


Genomics-assisted improvement of resistance to insect pests, diseases and nematodes in tomato: a critical appraisal of discovery, durability and deployment
Abstract
Tomato (Solanum lycopersicum L.) is the most produced vegetable crop worldwide and sustains losses from an unusually broad spectrum of viruses, fungi, oomycetes, bacteria, root-knot nematodes, and phloem-feeding and leaf-mining insects. Two decades of genomic investment have transformed the discovery phase of resistance breeding, yet the traits deployed in commercial cultivars remain dominated by a small number of major loci introgressed from wild relatives, several of which have been compromised by pathogen adaptation. This critical narrative review examines whether, and where, genomic technologies have altered breeding outcomes rather than merely accelerating gene discovery. Literature was identified through publicly accessible scholarly indexes and appraised for design adequacy, replication, ecological realism, and the strength of the link between genotype and field performance. The evidence is organised around four themes: the shift from a single reference assembly to graph-based and telomere-to-telomere pangenomes; the mechanistic heterogeneity of characterised resistance loci and its consequences for durability; the persistent gap between quantitative trait locus detection and cultivar release; and the distinct evidentiary status of insect and nematode resistance, where causal genetic architecture is less resolved than for viral resistance. The available evidence indicates that genomic resources have substantially improved the resolution of resistance discovery and the precision of marker-assisted introgression, but have not yet demonstrably improved durability. Resistance erosion is documented for begomovirus, tobamovirus and orthotospovirus resistance, and for the single nematode resistance locus in general use. Editing of susceptibility genes offers a mechanistically distinct route, although fitness costs and regulatory heterogeneity constrain translation. Insect resistance depends largely on trichome-borne specialised metabolites whose genetic control is polygenic and environmentally labile, and validated field evidence remains sparse. Priorities include multi-environment durability trials with explicit pathogen population monitoring, systematic quantification of fitness penalties associated with edited susceptibility alleles, and integration of vector and virus resistance within single genetic backgrounds. Confidence in present conclusions is limited by the geographical concentration of studies and by short evaluation horizons.
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1. Introduction
Tomato occupies an unusual position among horticultural crops. It is simultaneously a commodity of global economic weight and the principal model system for the genetics of fleshy fruit development, and this dual role has concentrated genomic investment on a single species to a degree matched by few other vegetables. Tomatoes were the most produced vegetable worldwide in 2022, at approximately 186 million tonnes, ahead of onions and cucumbers (Food and Agriculture Organization of the United Nations, 2023). Production spans open-field processing systems, high-input protected cultivation, and smallholder production in tropical and subtropical regions, and each of these systems presents a different biotic constraint profile. The consequence is that resistance breeding in tomato must satisfy heterogeneous and sometimes conflicting requirements rather than a single dominant target.
The biotic pressures are correspondingly broad. Begomoviruses transmitted by Bemisia tabaci Gennadius, tobamoviruses transmitted mechanically and through seed, and orthotospoviruses transmitted by thrips, all cause severe and recurrent epidemics. Fungal and oomycete pathogens including Phytophthora infestans (Mont.) de Bary, Fusarium oxysporum Schltdl. f. sp. lycopersici, Verticillium dahliae Kleb. and Oidium neolycopersici L. Kiss remain economically significant across production systems, while the bacterial wilt pathogen Ralstonia solanacearum (Smith) Yabuuchi et al. constrains cultivation throughout the humid tropics. Root-knot nematodes of the genus Meloidogyne Göldi are a persistent soil-borne constraint, and insect herbivores including B. tabaci, Phthorimaea absoluta (Meyrick) and Helicoverpa armigera Hübner cause both direct damage and, in the case of vectors, indirect losses through virus transmission. The breadth of this spectrum means that resistance improvement in tomato is not a single breeding problem but a set of loosely coupled problems whose solutions compete for the same genetic and logistical resources.
The genomic era in tomato began in earnest with the release of a reference assembly for the cultivar Heinz 1706 together with a draft assembly of the wild relative Solanum pimpinellifolium L. (The Tomato Genome Consortium, 2012). That resource established the coordinate system on which most subsequent mapping, marker development and comparative work in the crop has depended. Within a decade it had been superseded in ambition, first by graph-based pangenomes constructed from hundreds of accessions (Zhou et al., 2022), and more recently by telomere-to-telomere super-pangenomes assembled to support stress-resilience breeding (Shi et al., 2026) and by phylogenomic analyses that place cultivated tomato within the wider Solanum section Lycopersicon (J. Yu et al., 2025). Parallel advances in association genetics, genomic prediction and genome editing have been reviewed extensively for horticultural crops generally (Lou et al., 2026; Thomas et al., 2024) and for tomato disease resistance specifically (Amoroso & Andolfo, 2026; Wang et al., 2025).
The state of the field presents a striking asymmetry. Resistance discovery has accelerated markedly, yet the loci actually carried by widely grown commercial hybrids are, with few exceptions, those introgressed decades ago from a small number of wild accessions. Resistance to root-knot nematodes in cultivated tomato still rests principally on Mi-1, cloned more than twenty-five years ago (Vos et al., 1998). Resistance to tomato yellow leaf curl virus in most commercial material relies on the Ty-1 and Ty-3 alleles, subsequently shown to encode DFDGD-class RNA-dependent RNA polymerases (Verlaan et al., 2013). Tobamovirus resistance has depended on Tm-2², and orthotospovirus resistance on Sw-5b. Each of these has an accumulating record of erosion. Begomovirus isolates capable of overcoming Ty-3-mediated resistance have been characterised, with severity amplified at elevated temperature (Mondal et al., 2026). Tomato brown rugose fruit virus evades Tm-2² recognition by failing to induce receptor self-association (Ma et al., 2026). Strains of tomato spotted wilt virus that overcome Sw-5b have emerged, established and spread in major production regions (Macedo et al., 2024), and isolates capable of overcoming resistance in both tomato and pepper have been described (Forgia et al., 2026).
Existing reviews have generally addressed one component of this landscape at a time. Genome editing for disease resistance has been surveyed comprehensively (Amoroso & Andolfo, 2026), as has the manipulation of susceptibility genes in tomato (Wang et al., 2025). Genetic resistance in vegetable crops has been reviewed at a broader taxonomic scale (Thomas et al., 2024), and genomic selection in fruits and vegetables has been scoped systematically (Lee et al., 2024). Reviews of nematode management in tomato have concentrated on transgenic and editing approaches (Askri et al., 2026; Pan et al., 2026), and reviews of whitefly resistance have concentrated on the arthropod and its management (D. Li et al., 2023). What has not been assembled is a critical account that treats pathogens, nematodes and insects together and asks a specific question of the combined evidence: has the transition from linkage mapping to pangenome-scale genomics changed which resistances are deployed and how long they last, or has it principally changed the speed and resolution with which candidate loci are identified?
That question matters because the three biotic domains are not independent. Vector resistance modifies virus epidemiology, so that traits selected for insect deterrence have consequences for viral disease incidence (Marchant et al., 2020; Smeda et al., 2023). Root-knot nematode resistance and aphid resistance are conferred by the same locus (Vos et al., 1998), which couples above-ground and below-ground selection. Pyramiding schemes must accommodate loci from different wild donors with differing linkage drag burdens, and the resulting introgression load has been shown to leave a measurable signature on modern cultivar genomes (Yamamoto et al., 2024). Treating these domains separately, as most reviews do, obscures the trade-offs that determine what breeders can actually assemble in one genetic background.
1.1 Scope, Research Gap and Objectives
This review is bounded to cultivated tomato and its close wild relatives within Solanum section Lycopersicon, and to genetic and genomic approaches directed at resistance to insect pests, pathogens and plant-parasitic nematodes. It covers genomic resources and their use for resistance discovery, association and linkage-based mapping, marker-assisted introgression and pyramiding, genomic prediction, and targeted modification of resistance and susceptibility genes. Chemical control, biological control, cultural management, rootstock physiology unrelated to resistance genetics, abiotic stress tolerance, and fruit quality traits fall outside the scope except where they bear directly on the interpretation of resistance evidence. Post-harvest pathology and seed health regulation are excluded.
The specific gap addressed is the absence of an integrated critical appraisal that distinguishes what genomic technologies have demonstrably achieved in tomato resistance breeding from what has been claimed or projected. Prior reviews document the expansion of tools and the growing catalogue of mapped loci, but they seldom evaluate the strength of the evidence linking genomic discovery to field-validated, durable resistance, and they rarely confront the recurring pattern of breakdown in the loci that are actually deployed. Nor do they assess whether the evidentiary standards applied to viral resistance, where causal genes are frequently cloned and mechanisms defined, are matched in the insect and nematode domains, where resistance is more often quantitative, metabolically mediated and environmentally contingent.
Four objectives follow. The first is to evaluate how the transition from a single reference assembly to pangenome-scale resources has changed the resolution and reliability of resistance discovery, and to identify what this transition has not resolved. The second is to compare the mechanistic classes of characterised resistance loci across viral, fungal, bacterial, oomycete, nematode and insect targets, and to assess whether mechanistic class predicts durability. The third is to examine the gap between locus detection and cultivar deployment, including the methodological features of mapping studies that limit their translational value. The fourth is to derive prioritised research directions that are defensible on the basis of the appraised evidence rather than on technological aspiration.
The intended contribution is an evidence-calibrated synthesis that treats the three biotic domains as a single breeding problem with shared constraints, and that separates well-supported conclusions from preliminary or mechanistically plausible but unvalidated claims. Important exclusions are noted above; in addition, the review does not attempt exhaustive enumeration of every mapped locus, and does not assign formal risk-of-bias scores, since no recognised appraisal instrument was applied to the primary studies.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative design was selected in preference to a systematic review, scoping review or meta-analysis. The question posed is interpretive rather than enumerative: it asks whether a body of technological change has altered breeding outcomes, and this requires comparison of heterogeneous evidence types including genome assemblies, mapping studies, transgenic and editing experiments, field trials, and pathogen population surveys. These designs share no common effect measure, no comparable exposure definition and no consistent outcome scale, so quantitative pooling would be uninterpretable. A scoping review would map the literature without appraising it, and the central difficulty identified here concerns evidential strength rather than coverage. The narrative form permits comparison across evidence types while retaining explicit appraisal, provided that the search, selection and appraisal steps are reported transparently. The reporting was structured to satisfy the domains addressed by the Scale for the Assessment of Narrative Review Articles, which specifies justification of importance, statement of aims, description of literature searching, referencing of claims, evidence-appropriate presentation of data, and appropriate discussion of the evidence (Baethge et al., 2019). Adoption of a narrative design does not relax the requirements for transparency or for critical appraisal, and both were applied throughout.
2.2 Information Sources
Searching was conducted using publicly accessible scholarly indexes and metadata registries: Europe PubMed Central, which indexes PubMed and MEDLINE records together with open-access full texts in the life sciences; the PubMed E-utilities interface; Crossref Metadata Search, used both for discovery and for bibliographic verification; and the Directory of Open Access Journals. General web searching was used to locate authoritative institutional material. Bibliographic verification of every retained record, including author list, title, journal, year, volume, issue, page range or article number, and Digital Object Identifier, was performed through Crossref, with cross-checking against Europe PubMed Central where the two sources were both available.
No subscription database was accessible during the preparation of this review. Web of Science Core Collection, Scopus, CAB Abstracts and AGRICOLA were therefore not searched, and no claim is made regarding their coverage of the topic. This constitutes a real limitation on completeness, particularly for applied agronomic and regional literature, which is indexed more comprehensively in agricultural abstracting services than in biomedical indexes. Database searching was supplemented by backward citation inspection of recent reviews and by targeted searching for specific named loci and pathogen species identified during reading. Authoritative institutional material was drawn from the Food and Agriculture Organization of the United Nations.
2.3 Search Strategy and Search Period
Search concepts were developed from the review question and combined with Boolean operators. Four concept blocks were used. The host block combined tomato, Solanum lycopersicum, and the names of the principal wild relatives Solanum pimpinellifolium, Solanum habrochaites S. Knapp and D. M. Spooner, Solanum pennellii Correll, Solanum chilense (Dunal) Reiche and Solanum peruvianum L. The target block combined pathogen and pest terms including tomato yellow leaf curl virus, tomato brown rugose fruit virus, tomato spotted wilt virus, begomovirus, tobamovirus, orthotospovirus, Phytophthora infestans, Fusarium oxysporum, Verticillium dahliae, Ralstonia solanacearum, Xanthomonas, powdery mildew, Meloidogyne, root-knot nematode, Bemisia tabaci, whitefly, Tuta absoluta, Phthorimaea absoluta and Helicoverpa armigera. The mechanism and technology block combined resistance gene, susceptibility gene, nucleotide-binding leucine-rich repeat, quantitative trait locus, genome-wide association, genomic selection, genomic prediction, marker-assisted selection, pyramiding, introgression, pangenome, CRISPR and genome editing. The outcome and context block combined durability, resistance breaking, resistance breakdown, fitness cost, linkage drag, field evaluation and deployment.
A representative string, executed in Europe PubMed Central, was: (tomato OR "Solanum lycopersicum") AND (resistance OR tolerance) AND ("quantitative trait locus" OR "genome-wide association" OR pangenome OR CRISPR OR "marker-assisted selection") AND (Meloidogyne OR "Bemisia tabaci" OR begomovirus OR tobamovirus OR orthotospovirus OR Phytophthora OR Fusarium OR Ralstonia). Narrower strings were constructed for individual loci, for example (tomato AND "Ty-1" AND "tomato yellow leaf curl virus" AND resistance) and (tomato AND "Mi-1" AND Meloidogyne AND (temperature OR virulence OR breaking)). Crossref bibliographic searching used full or partial article titles for verification rather than for discovery.
The search period extended from 1998, the year in which the first tomato resistance gene against both a nematode and an insect was cloned and reported, to 9 June 2026, which was the final search date. Publications appearing after that date were not eligible. Foundational work published before 1998 was consulted where necessary to establish historical context but was not systematically searched.
2.4 Eligibility Criteria
Eligible publications were peer-reviewed journal articles reporting original research or scholarly reviews, together with reports from recognised intergovernmental bodies. Subject relevance required that the work address resistance or susceptibility to insects, pathogens or nematodes in cultivated tomato or its close wild relatives, or address a genomic resource, method or regulatory framework with direct bearing on that objective. Studies on other Solanaceae were eligible only where they informed the interpretation of tomato-specific evidence, for example through conserved gene function or shared pathogen populations.
Study designs eligible for inclusion comprised genome assembly and pangenome analyses, linkage and association mapping, genomic prediction studies, transgenic and genome-editing experiments with functional validation, controlled infestation or inoculation assays, field evaluations, pathogen and pest population surveys, and methodological or synthesis articles. Publications were restricted to English. Excluded were preprints, conference abstracts, trade publications, promotional material, patents used as evidence of efficacy, and any record whose bibliographic details could not be confirmed. Preprints identified during searching were noted but not cited, since peer-reviewed evidence was available for every theme developed. Retracted articles were not included, and searches for corrections and expressions of concern were run against retained records.
2.5 Screening, Duplicate Handling and Study Selection
Records returned by each search were screened first on title and abstract for subject relevance and publication type. Records passing that stage were assessed against the eligibility criteria using the abstract and, where the abstract was insufficient or the study was central to an argument, the full text where accessible. Duplicates arising from overlapping index coverage were identified by Digital Object Identifier and, where a Digital Object Identifier was absent from one record, by matched title and first-author surname; the record with the more complete and internally consistent metadata was retained. Several records were returned in both a preprint and a peer-reviewed form, and only the peer-reviewed version was considered.
Language restriction to English will have excluded relevant work, particularly regional agronomic literature from major producing countries. Sources that could not be retrieved in full text were retained only where the abstract and verified metadata were sufficient to support the specific claim made, and were not used for claims requiring methodological detail. No numerical screening counts are reported, because selection was purposive and iterative rather than systematic, and reporting counts would imply a procedural rigour that this design does not possess. No flow diagram is presented for the same reason.
2.6 Critical Appraisal and Evidence Synthesis
Retained studies were appraised against criteria appropriate to their design rather than by a single instrument. For mapping studies, appraisal considered population type and size, marker density, phenotyping protocol and its ecological realism, the number of environments and seasons sampled, whether effects were validated in an independent population, and whether reported loci were resolved to candidate genes or remained interval-level associations. For functional studies of resistance and susceptibility genes, appraisal considered whether independent transformation or editing events were compared, whether appropriate controls and complementation were included, whether challenge conditions reflected field inoculum pressure, and whether agronomic or fitness consequences were measured alongside the resistance phenotype. For field evaluations, appraisal considered replication, site and season number, whether pathogen or pest pressure was quantified rather than assumed, and whether the pathogen population present was characterised.
For pathogen and pest population studies, appraisal considered sampling frame, isolate number, geographical coverage and whether resistance-breaking phenotypes were confirmed by controlled inoculation rather than inferred from field symptoms. Genome assembly and pangenome studies were appraised on accession sampling breadth, assembly contiguity and completeness, and whether structural variants reported were functionally validated or remained computational predictions. Formal risk-of-bias scores were not assigned, since no recognised instrument was applied to the primary literature and the information available in many reports was insufficient to support such scoring.
Themes were developed inductively. Initial reading was organised by pathogen or pest group, but recurring cross-cutting problems emerged that did not respect those boundaries, notably the discovery-to-deployment gap, the mechanistic heterogeneity of deployed loci, and the environmental contingency of quantitative and metabolically mediated resistance. The synthesis was reorganised around these problems, with pathogen-group sections retained where the biology genuinely differs. Where studies disagreed, the disagreement was represented explicitly and the most plausible explanations were considered, including differences in pathogen population composition, environmental conditions, phenotyping protocol and genetic background. Where the evidence was insufficient to adjudicate, that was stated rather than resolved by preference for the more recent or more highly cited report.
3. Genomic Resources and the Changing Reference Framework for Resistance Discovery
The infrastructure available for resistance discovery in tomato has changed more than the resistances themselves. Understanding what that change has and has not delivered is a prerequisite for evaluating the domain-specific evidence that follows.
3.1 From a single reference assembly to pangenome representations
The Heinz 1706 assembly, released alongside a draft assembly of S. pimpinellifolium, provided the first genome-scale framework for tomato genetics and revealed genome triplication events shared across the Solanaceae (The Tomato Genome Consortium, 2012). Its practical value for resistance work was substantial but bounded. A single assembly from a processing cultivar represents one haplotype at each locus, and resistance loci are disproportionately located in regions of high structural and copy-number variation. Sequences absent from the reference are invisible to reference-based analyses, and introgressed segments from wild donors are precisely the sequences most likely to diverge from it.
The graph pangenome constructed from several hundred accessions addressed this limitation directly and demonstrated that structural variants captured heritability that had been missed by single-nucleotide polymorphism-based analyses anchored to a linear reference (Zhou et al., 2022). This is an important methodological result: it implies that a portion of the unexplained genetic variance in earlier association studies, including studies of resistance traits, was attributable to representation rather than to biology. More recent work has extended the approach through telomere-to-telomere assembly of multiple accessions to build a super-pangenome oriented explicitly towards stress-resilience breeding (Shi et al., 2026), and through phylogenomic and super-pangenome analysis that resolves relationships across the cultivated and wild gene pools (J. Yu et al., 2025). The conceptual trajectory across plant genomics generally, from structural pangenomes towards integration with functional data, has been articulated recently (Cochetel & Cantu, 2026), and the tomato clade has been described as a system in which genomic barriers to wild-relative exploitation are being progressively removed (Rose et al., 2025).
The strength of this evidence is uneven. Assembly quality and accession sampling are objectively verifiable and have improved demonstrably. The claim that pangenome resources will translate into improved resistance outcomes is, at present, a projection supported by mechanism rather than by demonstrated breeding gains. No study identified in this review reports a resistant cultivar whose development depended on pangenome-specific information and which would not have been achievable with earlier resources. The appropriate conclusion is that pangenome representations have removed a documented analytical bias, and that this is a necessary but not yet sufficient condition for improved outcomes.
3.2 Introgression load and the persistence of donor segments
Almost every major resistance in cultivated tomato originates in a wild relative, and each introgression carries linked donor sequence. Whole-genome resequencing of Japanese large-fruited cultivars has documented the genomic consequences of this history, showing how modern breeding has assembled a mosaic in which introgressed segments remain identifiable (Yamamoto et al., 2024). The practical implication is that pyramiding is constrained not only by the availability of resistance alleles but by the cumulative agronomic cost of the segments that accompany them.
Genomic tools have improved the management of this problem in a specific and measurable way. High-density genotyping permits selection for recombinants with shortened donor segments, and this represents a genuine and uncontroversial gain in precision relative to the low-density marker systems of earlier decades. Whether it has translated into shorter breeding cycles or superior finished cultivars is less well documented, because published breeding programmes rarely report the counterfactual. Marker-assisted pyramiding of resistance to tomato leaf curl disease and late blight has been reported for tomato with the explicit objective of stabilising production (Yerasu et al., 2025), and that study is among the clearer demonstrations that marker-based assembly of multiple resistances is operationally feasible. It does not, on its own, establish that the resulting combinations are durable, since durability requires evaluation over successive seasons against characterised pathogen populations.
3.3 Association genetics, prediction and the resolution problem
Genome-wide association study designs have been applied to tomato resistance traits with results that illustrate both the reach and the limits of the approach. Association analysis of resistance to Verticillium dahliae race 3 identified quantitative trait loci in a diverse panel (Adhikari et al., 2025), and association analysis of bacterial wilt resistance produced single-nucleotide polymorphism markers explicitly developed for breeding application (Bhunchoth et al., 2025). Both studies illustrate the characteristic strength of the design, which is the sampling of historical recombination across a diverse panel, and both illustrate its characteristic weakness, which is that population structure in cultivated tomato is strong and that the resulting associations frequently resolve to intervals rather than to genes. The wider methodological position of association studies in horticultural crops, including the sample-size and structure constraints that apply, has been reviewed recently (Lou et al., 2026).
Genomic prediction offers an alternative that does not require causal resolution, and its application across fruit and vegetable crops has been scoped systematically (Lee et al., 2024). That synthesis indicates that reported predictive abilities vary widely and that studies frequently rely on cross-validation within a single population and environment, which inflates apparent performance relative to the forward-prediction problem that breeders face. For resistance traits specifically, prediction is complicated by the fact that the trait is defined jointly by host genotype and pathogen population, so that a model trained against one pathogen population may transfer poorly. The evidence base is currently insufficient to determine whether genomic prediction improves genetic gain for resistance in tomato relative to phenotypic selection with marker assistance, and claims to that effect should be treated as provisional.
Table 1 compares the principal genomic resource classes now available for tomato resistance work according to what each demonstrably contributes and what it does not. The comparison indicates that the strongest evidence attaches to representational and analytical gains, whereas evidence for improved breeding outcomes remains indirect for every resource class. The table also makes explicit that the constraints differ in kind: pangenomes are limited by functional annotation rather than by sequence, whereas prediction is limited by the transferability of training data rather than by marker density. This distinction matters for prioritisation, because the two constraints require different remedies.
Table 1. Principal genomic resource classes applied to resistance improvement in tomato, with demonstrated contributions and residual constraints.
	Resource class
	Demonstrated contribution
	Residual constraint
	Supporting references

	Single reference assembly
	Coordinate system for mapping and marker design; comparative framework across Solanaceae
	Represents one haplotype; poor capture of donor-derived and structurally variable resistance regions
	The Tomato Genome Consortium (2012)

	Graph pangenome
	Recovery of heritability attributable to structural variation missed by linear-reference analyses
	Functional consequence of most catalogued variants not experimentally validated
	Zhou et al. (2022)

	Telomere-to-telomere super-pangenome
	Contiguous representation of repetitive and structurally complex regions across multiple accessions
	No published cultivar to date attributable specifically to this resource
	Shi et al. (2026); J. Yu et al. (2025)

	Whole-genome resequencing panels
	Documentation of introgression history and donor-segment persistence in elite material
	Descriptive rather than predictive with respect to agronomic cost of segments
	Yamamoto et al. (2024)

	Association mapping panels
	Detection of resistance-associated loci sampling historical recombination
	Strong population structure; associations frequently resolve to intervals, not genes
	Adhikari et al. (2025); Bhunchoth et al. (2025); Lou et al. (2026)

	Genomic prediction models
	Selection without causal resolution; applicable to polygenic resistance
	Predictive ability commonly estimated within one population and environment; transferability across pathogen populations untested
	Lee et al. (2024)


Note. Entries summarise contributions and constraints that are explicitly reported or directly evidenced in the cited sources. The table is illustrative of resource classes in current use and is not an exhaustive inventory of tomato genomic resources.
4. Virus Resistance: the Best-Characterised and Least Durable Domain
Viral resistance in tomato is the domain in which causal genes have most often been cloned and mechanisms defined, and it is also the domain in which breakdown is best documented. This combination makes it the most informative test case for whether mechanistic understanding predicts durability.
4.1 Begomovirus resistance: mechanistic diversity within a single disease target
Resistance to tomato yellow leaf curl disease has been assembled from several genetically and mechanistically distinct loci. The demonstration that Ty-1 and Ty-3 are allelic and encode DFDGD-class RNA-dependent RNA polymerases established that the most widely deployed begomovirus resistance in tomato does not operate through a canonical immune receptor (Verlaan et al., 2013). Subsequent work has extended the mechanistic range considerably. The Ty-6 locus has been shown to encode DNA polymerase delta subunit 1 and to confer broad resistance to geminiviruses (Shen et al., 2025), and allelic variation at the orthologous locus has been found to correlate with geminivirus resistance across a range of plant species (Gilbert et al., 2025). Recessive resistance at the ty-5 locus involves the messenger RNA surveillance factor Pelota, and transcriptomic dissection of the ty-5 resistance response has implicated an AP2/ERF transcription factor within the associated network (Padmanabhan et al., 2026). The prospects and the risks of targeting Pelota for engineered virus resistance have been assessed in detail (Majumdar et al., 2026), and the dual role of Pelota in virus infection, in which the same factor can act as a susceptibility factor or as a component of defence depending on context, has been examined explicitly (X. Li et al., 2025).
The mechanistic heterogeneity is genuinely striking. Three of the four best-characterised loci act through housekeeping or surveillance functions rather than through receptor-mediated recognition, which was not the expectation that dominated resistance-gene research when these loci were first mapped. This has a practical implication that is often understated: resistance of this kind is more accurately described as restriction of virus accumulation than as immunity, and phenotypes are therefore quantitative and dose-dependent rather than binary.
The durability record is mixed and, in places, poor. Characterisation of a naturally occurring begomovirus isolate capable of causing breakdown of Ty-3-mediated resistance demonstrates that resistance-breaking variants arise in the field, and that disease severity in resistant material was greater under elevated temperature (Mondal et al., 2026). The temperature dependence deserves emphasis, because it implies that durability assessments conducted under moderate conditions may systematically overestimate performance in the warm environments where the disease is most damaging. Field evaluation of commercial cultivars under natural disease pressure has documented substantial variation in performance among materials carrying nominally similar resistance (Acharya et al., 2026), which is consistent with allelic and background effects but also with heterogeneity in the local virus population.
An apparent discrepancy runs through this literature. Controlled inoculation studies frequently report strong resistance phenotypes, whereas field evaluations report partial and variable protection. The most plausible explanations are that field exposure involves mixed and sequential infection with multiple begomovirus species and strains, that inoculum pressure is higher and more prolonged, and that temperature and vector pressure interact with resistance expression. These explanations are not mutually exclusive and the available evidence does not permit their relative contributions to be quantified. Confidence in extrapolating controlled-environment resistance phenotypes to field performance should therefore be low.
4.2 Tobamovirus resistance and the disruption caused by tomato brown rugose fruit virus
Tobamovirus resistance in tomato had been regarded as one of the more stable achievements of resistance breeding until the emergence of tomato brown rugose fruit virus. Mechanistic work has established how the virus evades the deployed resistance: it avoids inducing self-association of the Tm-2² protein, thereby failing to trigger the receptor activation step on which resistance depends (Ma et al., 2026). This is a mechanistically specific evasion rather than a generalised loss of recognition, and it illustrates a broader point about receptor-mediated resistance, namely that a pathogen may escape detection through subtle modification of the interaction interface while retaining function of the underlying effector.
The response has been to revisit alternative resistance sources. An allele of Tm-1 derived from Solanum pennellii accessions has been shown to contribute substantially to resistance against tomato brown rugose fruit virus (Zois et al., 2025), and Tm-1-based rootstocks have been developed with the specific aim of impeding soil-mediated infection (Rochsar et al., 2026). The rootstock approach is notable because it decouples the resistance from the fruiting scion, which avoids the linkage-drag and quality penalties that have historically limited use of S. pennellii-derived segments in the scion genome. Its limitation is equally clear: rootstock-conferred protection addresses root-zone and soil-mediated inoculum but does not confer protection against mechanical transmission to the scion canopy, which is the dominant route in intensive protected production.
The evidence for Tm-1-based approaches is at present narrower than for Tm-2². It rests on a smaller number of studies, in fewer genetic backgrounds, and without the multi-decade field record that accumulated for the earlier resistance. Describing these as promising is defensible; describing them as durable is not, since durability can only be established retrospectively against a pathogen population under sustained selection.
4.3 Orthotospovirus resistance and the documented trajectory of Sw-5b erosion
Resistance conferred by Sw-5b has been the mainstay of tomato spotted wilt management in tomato, and its erosion has been documented with unusual completeness. Local emergence, establishment and subsequent spread of resistance-breaking strains have been characterised across fresh-market and processing production (Macedo et al., 2024). Integrated genomic and phenotypic analysis of strains overcoming both Sw-5b in tomato and Tsw in pepper has identified the genomic features associated with resistance breaking (Chinnaiah et al., 2026), and characterisation of Italian isolates has described double resistance-breaking strains affecting both crops together with the occurrence of a specific substitution in the avirulence determinant (Forgia et al., 2026).
The physiological consequences of infection by resistance-breaking strains in plants carrying Sw-5 have been examined, with impairment of photosynthesis and protein synthesis pathways observed in a manner dependent on virus accumulation (Prigigallo et al., 2025). This finding is analytically useful because it indicates that the resistance is not simply absent in the breaking interaction but that damage scales with viral titre, which is consistent with a partial and quantitative residual effect rather than complete failure. The study is limited by the small number of isolates examined and by controlled-environment conditions, so the field relevance of the residual effect is undetermined.
Two alternative strategies have been reported. Multigenic hairpin transgenes conferring resistance to multiple orthotospoviruses, including Sw-5 resistance-breaking tomato spotted wilt virus, have been demonstrated in tomato (Oliver et al., 2024), and a gene conferring broad-spectrum orthotospovirus resistance has been identified within the Solanaceae (Liu et al., 2025). Both represent genuine advances in the underlying science. Neither has been evaluated over multiple seasons against evolving virus populations, and RNA interference-based approaches in particular have a history in other pathosystems of narrower and less stable field performance than controlled assays suggest. The transgenic status of hairpin constructs also constrains deployment in jurisdictions where such material faces restrictive approval pathways.
Table 2 sets out the mechanistic class of the principal characterised resistance loci deployed against viruses in tomato alongside the documented status of each. Read across the rows, the table supports a conclusion that is central to this review: mechanistic class does not predict durability in any simple way. Receptor-mediated resistance conferred by Tm-2² and Sw-5b has been overcome, and so has resistance mediated by an RNA-dependent RNA polymerase. The determinant of erosion appears to be the intensity and duration of selection imposed by monogenic deployment across large contiguous areas rather than the biochemical route by which resistance operates.
Table 2. Mechanistic class and reported durability status of principal characterised virus resistance loci deployed in tomato.
	Locus or resistance source
	Target virus group
	Reported mechanistic basis
	Documented erosion
	Supporting references

	Ty-1 and Ty-3
	Begomovirus
	Allelic; DFDGD-class RNA-dependent RNA polymerases
	Breakdown of Ty-3-mediated resistance reported for a field isolate, with greater severity at elevated temperature
	Mondal et al. (2026); Verlaan et al. (2013)

	ty-5
	Begomovirus
	Recessive; messenger RNA surveillance factor Pelota, with an AP2/ERF component implicated in the response network
	Not established in the sources reviewed
	X. Li et al. (2025); Majumdar et al. (2026); Padmanabhan et al. (2026)

	Ty-6
	Begomovirus
	DNA polymerase delta subunit 1; allelic variation at orthologous loci associated with resistance in other species
	Not established in the sources reviewed
	Gilbert et al. (2025); Shen et al. (2025)

	Tm-2²
	Tobamovirus
	Receptor-mediated; activation requires induced self-association
	Evaded by tomato brown rugose fruit virus through avoidance of self-association
	Ma et al. (2026)

	Tm-1 (Solanum pennellii allele)
	Tobamovirus
	Not resolved in the sources reviewed; allele contributes major effect against tomato brown rugose fruit virus
	Not established; evidence base limited to recent studies
	Rochsar et al. (2026); Zois et al. (2025)

	Sw-5b
	Orthotospovirus
	Dominant resistance gene; recognition-dependent
	Resistance-breaking strains emerged, established and spread; double resistance-breaking strains affecting tomato and pepper described
	Chinnaiah et al. (2026); Forgia et al. (2026); Macedo et al. (2024); Prigigallo et al. (2025)


Note. “Documented erosion” refers to resistance-breaking phenotypes reported in the peer-reviewed sources retrieved for this review; absence of a report is not evidence that erosion has not occurred. Mechanistic descriptions are restricted to those explicitly reported in the cited sources.
5. Resistance to Fungal, Oomycete and Bacterial Pathogens
Resistance to cellular pathogens in tomato spans the full range from single dominant genes to broadly distributed quantitative variation, and the evidentiary character of the literature differs correspondingly. Where viral resistance research is dominated by cloned genes and defined mechanisms, work on fungal, oomycete and bacterial pathogens is dominated by mapped intervals and transcriptional descriptions, with comparatively few resolved causal genes.
5.1 The recognition layer and its incomplete characterisation in tomato
Plant immunity in the Solanaceae operates through both cell-surface receptors detecting conserved microbial patterns and intracellular receptors detecting pathogen effectors, and current understanding of the surface receptor layer in this family, including receptors relevant to parasitic interactions, has been reviewed recently (Leuschen-Kohl & Iyer-Pascuzzi, 2026). The genetic diversity available across the wider Solanum gene pool has been argued to constitute the principal underexploited resource for crop protection (Fenn et al., 2026). These positions are well supported in general terms. Their translation into tomato-specific outcomes is less advanced than the volume of publication suggests, because most reported resistance in this domain has not been resolved to a causal receptor.
Basal chemical defence provides a complementary layer. Two glycoalkaloid metabolism genes have been shown to contribute to alpha-tomatine biosynthesis and to basal defence in tomato (You et al., 2026), which establishes a functional link between a well-known specialised metabolite pathway and measurable disease outcomes. The wider evolutionary context of Solanaceae specialised metabolism, including the diversity and biosynthetic complexity of these compounds, has been synthesised comprehensively (Fiesel et al., 2022). The practical difficulty with metabolic defences is that they are frequently pleiotropic with fruit quality traits, so that selection for enhanced defence chemistry risks unacceptable effects on the harvested product. The available studies do not resolve how severe this constraint is in practice.
5.2 Quantitative resistance and the distance between mapping and deployment
Late blight resistance illustrates the pattern clearly. Quantitative trait loci for resistance to Phytophthora infestans have been identified in an interspecific recombinant inbred line population using genotyping by sequencing (Jia et al., 2025). The design is appropriate and the marker density adequate, but the outcome is a set of intervals whose transferability to elite backgrounds and whose stability across pathogen populations remain to be established. Marker-assisted pyramiding combining resistance to late blight with resistance to tomato leaf curl disease has been reported with the stated objective of stabilising production (Yerasu et al., 2025), which is a step closer to deployment. What neither study provides, and what the field generally lacks, is multi-season evaluation of pyramided material against characterised and monitored pathogen populations.
Bacterial wilt resistance follows a similar trajectory. Association analysis has identified loci and generated single-nucleotide polymorphism markers intended for breeding use (Bhunchoth et al., 2025), and comparative transcriptomic analysis with weighted correlation network construction has identified hub genes within a hormone-mediated defence network responding to Ralstonia solanacearum (C. Yu et al., 2026). The transcriptomic evidence is informative about the response but does not identify resistance determinants, since differential expression during infection is compatible with both causal involvement and downstream consequence. Treating hub-gene identification as equivalent to resistance-gene identification would be an overinterpretation, and the distinction is worth maintaining explicitly because the two are frequently conflated in this literature.
Verticillium wilt resistance has been analysed by association mapping against race 3, identifying quantitative trait loci in a diverse panel (Adhikari et al., 2025). Fusarium wilt occupies a distinct evidentiary position, because the pathogen side of the interaction is comparatively well characterised: pathogen genomics, pathogenesis and host resistance in interactions between solanaceous vegetables and Fusarium oxysporum have been synthesised recently (M. Li et al., 2026). Effector-based understanding of the pathogen improves the prospect of anticipating resistance breakdown, since the relevant avirulence determinants can in principle be monitored in field populations. Whether such monitoring is being conducted at a scale sufficient to inform deployment decisions is not established by the sources reviewed.
5.3 Susceptibility-gene editing: mechanistic promise and unresolved costs
Editing of susceptibility genes represents a mechanistically distinct approach, since loss of a host factor required by the pathogen is not readily circumvented by effector modification. Approaches to engineering tomato disease resistance through manipulation of susceptibility genes have been reviewed in detail (Wang et al., 2025), as have advances in genome editing for disease resistance breeding across crops (Amoroso & Andolfo, 2026). The most instructive individual study identified here concerns editing of the DND1 gene, which enhanced resistance to powdery mildew in tomato while incurring low fitness costs (R. Li et al., 2024). That study is valuable precisely because it measured the fitness consequence rather than reporting the resistance phenotype alone, and because loss-of-function mutations in susceptibility genes have a well-recognised tendency to carry pleiotropic penalties.
The wider evidence on fitness costs is thin. Most published susceptibility-gene editing studies in tomato report disease phenotypes under controlled inoculation and, where growth is reported at all, do so under non-competitive glasshouse conditions over a single generation. Costs that manifest under field competition, under abiotic stress, or across multiple seasons would not be detected by such designs. The claim that susceptibility-gene editing offers durable resistance at acceptable agronomic cost is therefore mechanistically plausible but empirically underdetermined for tomato, and the strength of the evidence should not be equated with that available for characterised dominant resistance genes.
A conceptually different engineering route has been demonstrated for late blight, in which a plant protease was engineered on the basis of pathogen-derived design principles, enhancing resistance (Huang et al., 2026). This approach targets the biochemical interface rather than the recognition event and is of considerable interest, although it remains a proof of concept evaluated under controlled conditions. Delivery technology has advanced in parallel, with heritable virus-induced germline editing demonstrated in tomato (Oh et al., 2025), which addresses the transformation bottleneck that has constrained editing in recalcitrant genotypes. Access to the resulting material in commercial breeding depends on regulatory frameworks, and analysis of the proposed European regulation for new genomic techniques indicates that the policy environment remains in flux with material consequences for food system objectives (Kardung et al., 2026).
Table 3 summarises the recurring methodological limitations identified across the appraised literature on resistance to cellular pathogens, together with their analytical consequences. The pattern that emerges is that the limitations are systematic rather than idiosyncratic: they arise from the standard designs used in the field, not from occasional poor practice. This has a direct bearing on how confidently mapping and functional results can be extrapolated, and it identifies the specific design changes that would most improve the evidence base.
Table 3. Recurring methodological limitations in the appraised literature on tomato resistance to cellular pathogens, with analytical consequences.
	Limitation
	Description
	Consequence for interpretation
	Supporting references

	Interval-level resolution
	Association and linkage studies frequently report loci without resolution to candidate genes
	Marker transferability across genetic backgrounds uncertain; causal allele unknown
	Adhikari et al. (2025); Bhunchoth et al. (2025); Jia et al. (2025); Lou et al. (2026)

	Single-environment phenotyping
	Resistance scored in one location or season, often under controlled inoculation
	Genotype-by-environment interaction unestimated; field performance not predictable
	Jia et al. (2025); Yerasu et al. (2025)

	Pathogen population not characterised
	Isolate identity or population composition at the evaluation site frequently unreported
	Durability cannot be assessed; apparent resistance may reflect local pathogen composition
	Chinnaiah et al. (2026); Forgia et al. (2026); M. Li et al. (2026)

	Expression treated as evidence of causation
	Transcriptomic and network analyses identify responsive genes rather than resistance determinants
	Hub genes may be downstream consequences of infection rather than causes of resistance
	C. Yu et al. (2026)

	Fitness costs unmeasured
	Editing and transgenic studies commonly report disease phenotype without competitive agronomic evaluation
	Net agronomic value of susceptibility-gene loss unquantified
	Amoroso & Andolfo (2026); R. Li et al. (2024); Wang et al. (2025)

	Proof of concept without field testing
	Engineering approaches validated under controlled conditions only
	Efficacy under field inoculum pressure and across seasons undetermined
	Huang et al. (2026); Oh et al. (2025)


Note. Limitations listed are those observed repeatedly across the sources cited and are characteristic of standard designs in the field rather than criticisms specific to individual studies.
6. Nematode Resistance: Structural Dependence on a Single Locus
Resistance to root-knot nematodes in cultivated tomato presents the clearest example in this crop of structural dependence on one genetic solution, and the consequences of that dependence are becoming visible.
6.1 Mi-1 and the constraints of a single deployed locus
The cloning of Mi-1 established that a single locus conferred resistance to both root-knot nematodes and the potato aphid Macrosiphum euphorbiae Thomas (Vos et al., 1998), and this remains the principal genetic resistance available to tomato growers against Meloidogyne species. Transcriptional analysis of tomato roots in near-isogenic material differing at Mi-1 has shown that the presence of the locus is associated with basal differences in root gene expression as well as with distinct responses during compatible and incompatible interactions (Rico et al., 2026). This is mechanistically informative and methodologically sound in its use of near-isogenic comparison, which controls for background effects that confound many resistance studies. It also indicates that Mi-1 is not phenotypically silent in the absence of challenge, which raises the possibility of constitutive costs that have not been systematically quantified.
Two constraints on Mi-1 are recognised in the field. The first is thermal instability, and the identification of Mi-9 as an NBS-LRR gene conferring heat-stable resistance to root-knot nematodes was explicitly framed as addressing this limitation (S. Chen et al., 2025). That study is important because heat sensitivity restricts the utility of Mi-1 in precisely the warm production environments where root-knot nematode pressure is greatest, and a heat-stable alternative would materially extend the geographical applicability of genetic resistance. The evidence at present rests on a small number of reports, and field validation across multiple environments has not been established.
The second constraint is virulence in nematode populations. Comparative assessment of host range has shown that virulent Meloidogyne incognita (Kofoid and White) Chitwood populations and Meloidogyne enterolobii Yang and Eisenback differ in their intrinsic host ranges (Konigopal et al., 2025), which bears directly on the management value of resistance in mixed-species fields. Where resistance-breaking populations are present, deployment of Mi-1 imposes selection without providing protection, and rotation-based management becomes correspondingly more important. The available population studies are geographically restricted, and the frequency of virulence in the major producing regions is not well established from the sources retrieved.
6.2 Meloidogyne enterolobii and the limits of the existing resistance
Meloidogyne enterolobii is not controlled by Mi-1, and its expanding distribution therefore represents a genuine gap rather than a degradation of an existing solution. Work on the tomato TGA transcription factor family has identified SlTGA03 as contributing to resistance against this species (J. Chen et al., 2026), which is among the more concrete leads currently available. The study identifies a candidate and provides functional evidence, but it does not yet constitute a breeding-ready resistance, since allelic variation in cultivated germplasm and effect size in field conditions remain to be characterised.
Broader assessments of the prospects for genetic modification in nematode control have surveyed the transferable lessons from other crops (Askri et al., 2026) and the emerging application of CRISPR-based technologies to root-knot nematode management (Pan et al., 2026). Both reviews are useful for orientation. Both also illustrate a recurring feature of this literature, which is that projected approaches substantially outnumber validated ones. Host-induced gene silencing and effector-targeted strategies are represented in the literature far more frequently than field-evaluated resistant lines.
6.3 Grafting as an interim solution and its evidentiary status
Grafting tomato scions onto resistant rootstocks provides a route to nematode management that does not require modification of the fruiting genotype. Evaluation of tomato scions grafted onto root-knot nematode-resistant brinjal rootstocks, complemented with biological control agents, has been reported within an integrated management framework (Poonia et al., 2025). The approach has an obvious practical appeal, particularly where high-value protected production can absorb the additional propagation cost. Its evidentiary status is nonetheless weaker than the frequency of publication implies. Trials are typically short, rootstock genotypes are heterogeneous across studies, and the nematode populations used are seldom characterised for virulence, so that comparability among reports is limited.
Grafting also has a specific structural limitation in relation to the argument of this review. It substitutes a management practice for genetic improvement in the crop itself, and where the rootstock resistance derives from the same or similar genetic sources, it does not reduce the selection pressure that drives virulence evolution. The approach is best understood as buying time rather than as a solution to the underlying dependence on a narrow resistance base.
7. Insect Resistance: Metabolic and Morphological Traits against Mobile, Adaptable Targets
Resistance to insect herbivores in tomato differs from resistance to pathogens in a way that has substantive consequences for how genomic tools can be applied. The traits involved are predominantly metabolic and morphological, their genetic control is polygenic, their expression is environmentally contingent, and the herbivore can move, choose and adapt behaviourally as well as physiologically.
7.1 Trichome-borne chemistry as the principal resistance mechanism
Glandular trichomes and the specialised metabolites they contain constitute the best-supported source of insect resistance in the tomato clade. The evolutionary diversification of Solanaceae specialised metabolism, including the acylsugars and terpenoids relevant to herbivore deterrence, has been documented comprehensively (Fiesel et al., 2022). The physical mechanism by which these defences are delivered has been characterised: rupture of glandular trichomes in tomato is an ultra-fast and sensitive response to insect contact (Popowski et al., 2025). That work is valuable because it establishes a biophysical basis for a defence that had often been described only in terms of chemical composition.
Acylsugar-mediated resistance has the strongest field evidence within this domain. The amount and chemical composition of acylsugars have been shown to affect Bemisia tabaci oviposition and development, and to affect tomato yellow leaf curl virus incidence, in field-grown plants (Smeda et al., 2023), extending earlier evaluation of acylsugar-mediated resistance against the vector and against virus transmission (Marchant et al., 2020). Two features of this evidence deserve emphasis. First, the effect depends on composition and not only on quantity, which means that selection on total acylsugar content is an inadequate proxy. Second, the demonstrated reduction in virus incidence establishes a direct link between a host metabolic trait and an epidemiological outcome, which is rare in this literature and analytically important.
Environmental contingency is a serious constraint. Sesquiterpene content in type VI trichomes of Solanum habrochaites falls under low red to far-red light ratios, with a corresponding increase in plant attractiveness to Phthorimaea absoluta females (Manzur et al., 2026). Low red to far-red ratios are characteristic of dense canopies and of shaded protected structures, which are precisely the conditions of intensive tomato production. The implication is that resistance selected and validated in open, well-spaced trials may be substantially weaker in commercial planting densities. This is a specific and testable concern that appears not to have been systematically addressed in the breeding literature.
Comparisons between cultivated tomato and its wild relatives support the view that domestication reduced defensive capacity, but the picture is not uniform. Differential defensive and nutritional traits among cultivated tomato and wild relatives have been shown to shape interactions with a specialist herbivore in ways that reflect the joint action of deterrence and nutritional quality (Salazar-Mendoza et al., 2023), and the response of Phthorimaea absoluta to wild and domesticated genotypes varies according to the trait combination present (Zannou et al., 2025). Treating wild germplasm as uniformly resistant would therefore be an oversimplification, and screening strategies that assay a single defensive compound risk misclassifying accessions.
7.2 Vector resistance, susceptibility factors and epidemiological coupling
Because Bemisia tabaci transmits the begomoviruses that cause the most damaging viral disease of tomato in warm regions, vector resistance and virus resistance are functionally coupled. Plant resistance mechanisms against whitefly and approaches to their engineering have been reviewed (D. Li et al., 2023). A specific and promising finding is that GOLDEN2-Like 1 orthologs act as conserved susceptibility targets of Bemisia tabaci in both Arabidopsis and tomato (van Kleeff et al., 2026). Conservation across distantly related hosts strengthens the inference that the gene function is genuinely required by the insect rather than reflecting an idiosyncratic feature of one host. The finding also raises an unresolved question, since GOLDEN2-Like transcription factors have established roles in chloroplast development, so that loss of function may carry photosynthetic costs. The available evidence does not resolve the magnitude of any such cost in tomato.
Combining virus and vector resistance in single genotypes has been evaluated directly, with multi-disease and insect-resistant tomato lines shown to enhance suppression of tomato yellow leaf curl Thailand virus (Prabhakar et al., 2025). This is one of the few studies identified that tests the combination rather than the components, and its results support the expectation that vector resistance contributes additional epidemiological benefit beyond that provided by virus resistance alone. The study is limited in geographical scope and in the number of virus and vector populations examined, so generalisation to other begomovirus-vector complexes should be cautious.
7.3 Transgenic insecticidal proteins and the boundary of genetic solutions
Expression of dual Cry1Ab and Cry1Ac genes under regulation of a proteinase inhibitor promoter has been shown to enhance resistance to the tomato fruit borer Helicoverpa armigera in tomato (Abbaszadeh et al., 2026). Two-gene stacking with tissue-preferential expression reflects sound resistance-management design, since it reduces the probability that a single change in the insect confers full resistance and limits unnecessary exposure. The general history of insecticidal protein deployment in other crops nonetheless indicates that resistance evolves where refuge strategies are not enforced, and no comparable resistance-management infrastructure exists for tomato in most producing regions. Regulatory acceptance is a further and in many jurisdictions decisive constraint, and analysis of the evolving European framework for new genomic techniques indicates continuing uncertainty about which products will reach the market and under what conditions (Kardung et al., 2026).
Assessed as a whole, the insect resistance literature is weaker than the pathogen literature in three specific respects. Causal genes underlying quantitative resistance are rarely identified, so marker-assisted transfer relies on interval markers with uncertain transferability. Field evaluation is less common than controlled choice and no-choice assays, and the two frequently disagree because behavioural responses under choice conditions do not predict population-level outcomes in monoculture. Environmental modulation of the traits concerned is substantial and is seldom incorporated into evaluation designs. These are not reasons to discount the domain, which contains the clearest demonstration in this review of a host trait affecting disease epidemiology, but they do mean that confidence in projections of field performance should be lower than for characterised major resistance genes.
Sections 6 and 7 have described a literature in which apparent contradictions are common. Table 4 sets out the principal points of conflict or qualification across the nematode and insect resistance evidence together with the most plausible explanations, since these two domains generate more unresolved discrepancy than the pathogen literature. The pattern indicates that most apparent conflicts are attributable to unmeasured environmental or population variables rather than to irreconcilable findings, which suggests that improved reporting of these variables would resolve a substantial proportion of the current uncertainty.
Table 4. Apparent inconsistencies in the tomato nematode and insect resistance literature, with candidate explanations and their evidential status.
	Observation
	Conflicting or qualifying evidence
	Most plausible explanation
	Supporting references

	Mi-1 provides effective root-knot nematode control
	Resistance is thermally constrained, prompting the search for heat-stable alternatives
	Temperature-dependent expression of resistance limits efficacy in warm environments where pressure is highest
	S. Chen et al. (2025); Vos et al. (1998)

	Mi-1 confers a discrete resistance phenotype
	Presence of the locus is associated with basal differences in root transcription in the absence of challenge
	Locus has constitutive effects; possible fitness consequences remain unquantified
	Rico et al. (2026)

	Genetic resistance manages Meloidogyne in tomato
	Meloidogyne enterolobii is not covered, and virulent Meloidogyne incognita populations differ in host range
	Resistance base is species- and population-specific rather than generic
	J. Chen et al. (2026); Konigopal et al. (2025)

	Trichome-borne sesquiterpenes deter herbivores
	Sesquiterpene content in type VI trichomes of Solanum habrochaites falls under low red to far-red light ratios, increasing attractiveness to Phthorimaea absoluta
	Defence chemistry is light-environment dependent; canopy density modifies expression of the trait
	Manzur et al. (2026)

	Wild relatives are more resistant to specialist herbivores than cultivated tomato
	Responses of Phthorimaea absoluta to wild and domesticated genotypes vary with the trait combination present
	Defensive and nutritional traits act jointly; single-trait comparisons are insufficient
	Salazar-Mendoza et al. (2023); Zannou et al. (2025)

	Acylsugar-mediated resistance reduces virus incidence
	Effect size depends on acylsugar amount and chemical composition, and on field conditions
	Vector deterrence is quantitative and composition-specific rather than absolute
	Marchant et al. (2020); Smeda et al. (2023)


Note. Candidate explanations are inferences drawn from the cited evidence and are not, in most cases, directly tested within the studies concerned. Where evidence is insufficient to adjudicate between explanations, this is stated in the accompanying text.
8. Cross-Cutting Constraints on Translation
Four constraints recur across all three biotic domains and account for much of the gap between discovery and deployment. Setting them out explicitly clarifies which research investments would be most likely to change outcomes.
8.1 Monogenic deployment and the structure of selection
The erosion documented for Sw-5b, Tm-2² and Ty-3 shares a common structure: a single resistance allele deployed across large contiguous areas of a genetically uniform crop, imposing intense and sustained directional selection on the pathogen population (Chinnaiah et al., 2026; Ma et al., 2026; Macedo et al., 2024; Mondal et al., 2026). The mechanistic route of the resistance varied among these cases, yet the outcome was similar, which supports the interpretation that deployment structure rather than mechanism is the dominant determinant. Pyramiding is the standard response, and it has been implemented in tomato (Yerasu et al., 2025), but pyramiding delays rather than prevents adaptation, and its effectiveness depends on the pyramided components being genuinely independent in the pathogen's evolutionary path. That independence is rarely demonstrated.
8.2 Phenotyping as the limiting factor
Across the appraised literature, genotyping resolution consistently exceeds phenotyping resolution. Mapping studies deploy dense marker coverage against disease scores collected in one or two environments using ordinal scales, and the resulting estimates of locus effect are correspondingly imprecise. This asymmetry has been recognised in the wider crop genomics literature and underlies the interest in higher-throughput phenotyping, but it is particularly consequential for resistance, where the phenotype depends on an interacting organism whose population composition is itself variable. Improvements in prediction accuracy will be bounded by phenotypic data quality regardless of marker density or model sophistication (Lee et al., 2024; Lou et al., 2026).
8.3 Breeding-cycle logistics
Even where a resistance allele is identified and validated, the time required to introgress it into multiple elite backgrounds, purge linkage drag, and evaluate the resulting material remains substantial. Approaches that reduce this burden are therefore relevant to resistance outcomes even when they are not resistance research as such. Engineering of crop flower morphology to permit robotised cross-pollination and accelerated generation advance has been demonstrated in tomato and related species (Xie et al., 2025), and heritable virus-induced germline editing removes a transformation bottleneck for genotypes that resist tissue culture (Oh et al., 2025). These are enabling technologies whose eventual effect on resistance deployment is plausible but not yet demonstrated.
8.4 The wild gene pool: accessibility rather than availability
Genetic diversity in wild relatives is repeatedly identified as the principal underexploited resource for crop protection (Fenn et al., 2026), and genomic characterisation of the tomato clade has substantially improved access to it (Rose et al., 2025; Shi et al., 2026; J. Yu et al., 2025). The binding constraint has shifted from knowing what diversity exists to moving it into elite backgrounds at acceptable cost. Resequencing of elite cultivars shows that the introgression history of the crop is already substantial (Yamamoto et al., 2024), and each additional segment adds to a cumulative burden. This reframing has practical consequences: investment in recombination-enhancing methods and in precise segment reduction may deliver more resistance improvement per unit of expenditure than further discovery in the wild gene pool.
Table 5 translates the analysis of Sections 3 to 8 into prioritised research needs, distinguishing the unresolved problem from the design that would address it. The prioritisation reflects the appraised strength of evidence rather than the novelty of the technology involved, and the immediate priorities are, in each case, evaluation problems rather than discovery problems. This is itself a finding of the review: the principal deficiency in the current evidence base is not a shortage of candidate loci but a shortage of rigorous evaluation of the loci already available.
Table 5. Prioritised research needs derived from the appraised evidence, with the deficiency addressed and the appropriate evaluation design.
	Priority area
	Deficiency in current evidence
	Appropriate design or improvement
	Time horizon
	Supporting references

	Durability evaluation of deployed loci
	Erosion documented retrospectively; no prospective monitoring linked to cultivar deployment
	Multi-season, multi-site trials of near-isogenic material with concurrent pathogen population genotyping
	Immediate
	Chinnaiah et al. (2026); Forgia et al. (2026); Macedo et al. (2024); Mondal et al. (2026)

	Fitness cost of edited susceptibility alleles
	Disease phenotype reported without competitive agronomic evaluation in most studies
	Replicated field trials of edited and unedited near-isogenic lines with yield and quality endpoints across environments
	Immediate
	Amoroso & Andolfo (2026); R. Li et al. (2024); Wang et al. (2025)

	Environmental modulation of trichome-based resistance
	Defence chemistry shown to vary with light environment, but breeding evaluation conducted under non-representative conditions
	Evaluation at commercial planting densities and under protected-structure light regimes, with metabolite quantification
	Immediate
	Manzur et al. (2026); Popowski et al. (2025)

	Integration of vector and virus resistance
	Components usually evaluated separately; combined effect tested in few studies and few regions
	Factorial evaluation of vector and virus resistance in a common background across contrasting vector-virus complexes
	Medium term
	Marchant et al. (2020); Prabhakar et al. (2025); Smeda et al. (2023)

	Resistance to Meloidogyne enterolobii
	Candidate genes identified; allelic variation in cultivated germplasm and field effect size unknown
	Association mapping in diverse germplasm with controlled inoculation, followed by validation in elite backgrounds
	Medium term
	J. Chen et al. (2026); Konigopal et al. (2025)

	Heat-stable nematode resistance
	Heat-stable alternative reported but not validated across environments
	Multi-environment evaluation across temperature regimes with quantified nematode population densities
	Medium term
	S. Chen et al. (2025); Rico et al. (2026)

	Functional annotation of pangenome variation
	Structural variants catalogued at scale; functional consequences largely unvalidated
	Systematic functional testing of resistance-region variants using editing and complementation
	Longer term
	Cochetel & Cantu (2026); Shi et al. (2026); Zhou et al. (2022)

	Reduction of linkage drag
	Introgression burden documented; methods for segment reduction not systematically compared
	Comparative evaluation of recombination-enhancing and precision-introgression approaches in common backgrounds
	Longer term
	Rose et al. (2025); Xie et al. (2025); Yamamoto et al. (2024)


Note. Time horizons are relative judgements based on the maturity of the underlying methods and the availability of materials, not on funding or regulatory timelines. Priorities are derived from the evidence appraised in this review and are not exhaustive.
9. Future Directions
The priorities set out below follow from the appraisal rather than from the availability of new technology, and they are ordered by the degree to which the current evidence is inadequate for decisions that breeders and growers must already make.
The most pressing need is prospective durability assessment. At present, erosion of Sw-5b, Tm-2² and Ty-3-mediated resistance has been characterised only after it occurred and after economic damage had been sustained (Chinnaiah et al., 2026; Ma et al., 2026; Macedo et al., 2024; Mondal et al., 2026). The evidence is inadequate because no published design links cultivar deployment area to concurrent pathogen population monitoring, so the rate at which virulence frequencies rise under defined selection cannot be estimated. The appropriate design is a multi-season network of sites in which near-isogenic materials differing at defined resistance loci are grown under commercial conditions while the local pathogen population is sampled and genotyped at each season. Outcome measures should include virulence allele frequency, disease incidence and severity, and marketable yield, so that the epidemiological and economic consequences can be related. Such a network would allow deployment recommendations, including rotation of resistance sources, to be made on evidence rather than on inference, and would provide the first quantitative basis for comparing the durability of mechanistically distinct resistances in this crop. The scale required is regional rather than national, since pathogen populations do not respect administrative boundaries, and the timescale is a minimum of five seasons.
The second priority is quantification of the agronomic cost of susceptibility-gene loss. Editing of susceptibility genes is advancing rapidly in tomato and is frequently presented as a durable alternative to receptor-mediated resistance (Amoroso & Andolfo, 2026; Wang et al., 2025), yet only a minority of studies measure fitness consequences, and the study that did so examined a single gene under favourable conditions (R. Li et al., 2024). The evidence is inadequate because loss-of-function alleles in genes with basal cellular roles are expected to carry costs that appear under competition and stress rather than under optimal glasshouse conditions. The appropriate design is replicated field evaluation of edited and unedited near-isogenic lines across contrasting environments, with yield, fruit quality and stress response measured alongside the disease phenotype, and with at least two seasons of data. Candidate targets should include the GOLDEN2-Like susceptibility factor identified for Bemisia tabaci, where a photosynthetic cost is mechanistically plausible (van Kleeff et al., 2026). Without such data, the comparison between susceptibility-gene editing and conventional resistance cannot be made on net agronomic value, which is the comparison that determines adoption.
The third priority concerns the environmental contingency of insect resistance. Trichome-borne sesquiterpene content declines under the low red to far-red light ratios characteristic of dense canopies, with a measurable increase in host attractiveness to Phthorimaea absoluta (Manzur et al., 2026). The evidence is inadequate because breeding evaluations of trichome-based resistance are typically conducted under spacing and light conditions unrepresentative of commercial production. The appropriate improvement is straightforward and inexpensive: evaluation of candidate materials at commercial planting density and under representative protected-structure light regimes, with concurrent quantification of the relevant metabolites, so that the genotype-by-environment interaction can be estimated rather than assumed. Outcome measures should include both herbivore performance and metabolite concentration, since the latter provides the mechanistic link. The immediate implication for practice is that current estimates of the value of trichome-based resistance in intensive systems may be optimistic.
The fourth priority is the integration of vector and virus resistance within single genetic backgrounds and across contrasting virus-vector complexes. Evidence that combining the two enhances viral disease suppression exists (Prabhakar et al., 2025), and evidence that acylsugar-mediated vector deterrence reduces virus incidence in the field exists (Smeda et al., 2023), but the combination has been tested in few backgrounds and few regions. The appropriate design is factorial evaluation of virus resistance, vector resistance, and their combination in a common elite background at sites representing distinct begomovirus species and vector biotypes. Outcome measures should include vector settling and reproduction, virus incidence over time, and yield, permitting the epidemiological contribution of vector resistance to be separated from the direct contribution of virus resistance. The policy implication is material, because vector resistance reduces reliance on insecticides whose use is increasingly constrained.
The fifth priority concerns nematode resistance, where dependence on a single locus is most acute. Resistance to Meloidogyne enterolobii is absent from cultivated germplasm in general use, and the candidate identified through analysis of the TGA family requires characterisation of allelic variation and field effect size before it can be used (J. Chen et al., 2026). Heat-stable resistance has been reported (S. Chen et al., 2025) but not validated across environments. The appropriate programme combines association mapping in diverse germplasm using controlled inoculation with characterised nematode populations, followed by validation of the strongest candidates in elite backgrounds under field conditions across a temperature gradient. Population densities and virulence status of the nematode populations must be reported, since the host-range differences between virulent Meloidogyne incognita populations and Meloidogyne enterolobii materially affect interpretation (Konigopal et al., 2025).
Two longer-term priorities follow. Functional annotation of the structural variation now catalogued in tomato pangenomes is required if those resources are to influence breeding rather than description, and this will require systematic editing and complementation of candidate variants in resistance-associated regions (Cochetel & Cantu, 2026; Zhou et al., 2022). Reduction of linkage drag associated with wild introgressions requires comparative evaluation of recombination-enhancing and precision-introgression methods in common genetic backgrounds, since the introgression burden of elite tomato is already substantial and each additional resistance adds to it (Yamamoto et al., 2024). Both would materially advance the field, the first by converting sequence-level knowledge into functional knowledge, the second by relaxing the constraint that currently limits how many resistances can be assembled in one cultivar.
10. Conclusions
The evidence assembled here supports a qualified assessment of genomics-assisted resistance improvement in tomato. Genomic resources have unambiguously improved the discovery phase. The transition from a single reference assembly to graph-based and telomere-to-telomere pangenome representations has removed a documented analytical bias against structurally variable regions, which is precisely where resistance loci are concentrated, and high-density genotyping has improved the precision with which donor segments can be tracked and reduced. These are well-supported conclusions resting on directly verifiable evidence.
The claim that these gains have translated into more durable resistance in the field is not supported by the available evidence. Across the three biotic domains examined, the resistances actually deployed in commercial tomato remain largely those introgressed from a small set of wild donors, and the best-documented recent developments concern their erosion rather than their replacement. Resistance breakdown has been characterised for begomovirus, tobamovirus and orthotospovirus resistance, and the single nematode resistance locus in general use is constrained by both thermal instability and virulent nematode populations. The mechanistic route by which a resistance operates does not appear to predict its durability; the structure of deployment, in which one allele is exposed across large uniform areas, appears to be the stronger determinant. This conclusion is well supported for the viral pathosystems, where population-level evidence exists, and is more tentative for nematodes and insects, where equivalent monitoring has not been conducted.
The three domains differ substantially in evidentiary maturity, and this difference should inform how their respective literatures are read. Viral resistance is characterised by cloned genes, defined mechanisms and documented population responses. Resistance to fungal, oomycete and bacterial pathogens is characterised by mapped intervals, transcriptional descriptions and comparatively few resolved causal genes, with a recurring tendency for expression evidence to be treated as though it established causation. Insect resistance rests on polygenic, metabolically mediated and environmentally labile traits whose expression varies with the light environment of the growing system, and its field evidence base, while containing the clearest demonstration in this review of a host trait altering disease epidemiology, is the thinnest of the three.
Susceptibility-gene editing is the most significant conceptual development of the period reviewed, because loss of a required host factor is not readily circumvented by pathogen effector modification. Its promise is mechanistic rather than demonstrated. The critical unknown is not whether resistance can be conferred, which has been shown, but what it costs agronomically under field competition and over successive seasons, and the great majority of published studies are not designed to answer that question.
The broader significance of this synthesis lies in the diagnosis it supports. The limiting factor in tomato resistance improvement is no longer the identification of candidate loci, nor access to genetic diversity, nor the technical capacity to modify the genome. It is the quality and duration of evaluation, and the structural tendency of the industry to deploy single resistances uniformly across large areas. Genomic technology has addressed the first set of constraints with considerable success and has, so far, left the second largely untouched. Directing a proportion of current investment from discovery towards prospective, population-aware evaluation would be the change most likely to alter outcomes, and the evidence reviewed here indicates that such a shift is both feasible with existing materials and overdue.
11. Limitations
This review is a narrative synthesis and carries the limitations intrinsic to that design. Study selection was purposive and iterative rather than exhaustive, and although the search strategy, sources and eligibility criteria were reported transparently and appraisal criteria were applied consistently, the possibility of selection bias in the identification of studies and of interpretive bias in their appraisal cannot be excluded. A different reviewer applying the same criteria to the same literature might weight individual studies differently, particularly where evidence was mixed. No formal risk-of-bias instrument was applied, since none of the recognised tools is suited to the heterogeneous mixture of genome assemblies, mapping studies, functional experiments and field evaluations considered here, and because many reports lacked the methodological detail such instruments require.
Access to subscription databases was not available during preparation. Web of Science Core Collection, Scopus and the principal agricultural abstracting services were not searched, and their absence is likely to have reduced coverage of applied agronomic literature, regional breeding reports and older conference-derived material more than it reduced coverage of molecular studies, which are well represented in the biomedical indexes that were accessible. Restriction to English will have compounded this, since much applied tomato breeding work from the largest producing countries is published in other languages. The evidence base assembled here is therefore likely to over-represent molecular and mechanistic work relative to applied breeding practice.
Heterogeneity among the included studies was substantial and precluded any quantitative synthesis. Study designs ranged from computational assembly analyses through controlled inoculation experiments to multi-site field evaluations, and outcome measures included disease severity scores, virus titre, nematode reproduction factors, insect development parameters, metabolite concentrations and yield, with no common scale. Effect sizes were therefore compared qualitatively, and statements about the relative strength of different resistances should be read as informed judgements rather than as quantitative comparisons.
Geographical representation among the included studies is uneven, with concentration in a limited number of research-intensive countries and comparatively sparse representation of tropical smallholder production systems, where the disease and pest pressures examined are frequently most severe. Publication bias is a plausible concern throughout, since studies reporting effective resistance or successful editing are more likely to be published than those reporting failure, and this asymmetry would tend to inflate the apparent efficacy of the approaches reviewed. The field is developing rapidly, particularly in genome editing and pangenome analysis, and conclusions drawn about the current state of these areas will date more quickly than conclusions about resistance durability. Long-term evidence is scarce across all three biotic domains, and evaluation horizons in most included studies were one or two seasons, which is inadequate for the durability questions that are central to this review.
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