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A B S T R A C T

Plants produce a vast array of specialized metabolites that serve as essential defenses against herbivores and pathogens. However, the capacity to produce these compounds differs substantially among plant species and is frequently diminished during domestication. Advances in synthetic metabolic engineering enable efficient elucidation and engineering of plant specialized metabolic pathways active in crop pest and pathogen resistance. This review summarizes strategies and workflows for selecting defensive meta- bolic pathways, identifying candidate biosynthetic genes, and rewiring native or introducing heterolo- gous pathways to enhance crop resistance to pests and pathogens. Strategies include weighted gene co-expression network construction, biosynthetic gene cluster scanning, and metabolite genome-wide association studies for pathway discovery, as well as transcriptional reprogramming, enzyme activity optimization, and transporter deployment for pathway engineering. We further discuss challenges in using synthetic metabolic engineering to enhance crop resistance and highlight the potential of artificial intelligence in addressing them.
© 2026 Crop Science Society of China and Institute of Crop Sciences, CAAS. Publishing services by Elsevier
B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).





1. Introduction

Plants produce an immense diversity of low molecular weight compounds. These compounds are conventionally classified into primary metabolites and specialized (or secondary) metabolites [1]. Although the distinction between these two types of com- pounds is not always clear, primary metabolites are, by definition, essential for plant growth and development, whereas specialized metabolites have functions in plant interactions with the environ- ment and other organisms [1–3]. Plant specialized metabolites (PSMs) can be further categorized into several classes, such as ter- penoids, phenylpropanoids and alkaloids [4,5]. In natural ecosys- tems, PSMs can act as toxins, feeding deterrents, or antibiotics that protect plants from herbivores and microbial pathogens (Fig. 1) [2–4]. In agriculture, however, decades of domestication
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and monoculture have eroded some of these natural defenses, as breeders generally pay more attention to yield and taste than to defense [6]. For example, breeders tend to select against bitter compounds that might be important for crop defense against pests, as exemplified by cucurbitacins in cucurbits such as cucumber, watermelon, and squash [7]. This recognition has spurred efforts to reintroduce or enhance specialized metabolite-based defenses in crops through metabolic engineering.
In recent years, advances in genome editing and synthetic biol- ogy have fueled the emergence of crop synthetic metabolic engi- neering [8], which combines synthetic biology and metabolic engineering. Increasing efforts have been directed toward using synthetic metabolic engineering to modify or transfer biosynthetic pathways in crops, thereby overproducing endogenous defense chemicals or generating heterologous protective compounds to increase crop resilience and to reduce reliance on synthetic pesti- cides [9,10]. This review summarizes key steps and strategies for engineering specialized metabolite pathways to enhance crop resistance, and discusses the associated challenges and future prospects.
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[bookmark: 2_Screening_metabolic_pathways_for_crop_][bookmark: _bookmark6]Fig. 1. Specialized metabolites play important roles in plant defense against pests and pathogens. Crops deploy diverse specialized metabolites to fend off pests and pathogens, such as ①glyceollins in Glycine max, ②momilactones in Oryza sativa, ③avenacins in Avena sativa, ④a-tomatine and acyl sugars in Solanum lycopersicum,
⑤triticein in Triticum aestivum, and ⑥DIMBOA in Zea mays.
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2. Screening metabolic pathways for crop defense engineering

Before engineering a crop defensive metabolic pathway, a crit- ical decision is which specialized metabolic pathway to target. Two complementary selection strategies are typically used: a chemistry-guided approach based on bioactive metabolite screen- ing, and a genetics-guided approach starting from identifying func- tional biosynthetic genes (Fig. 2).
In the chemistry-guided approach, plants are metabolically pro- filed under pathogen infection or herbivory to discover inducible or constitutive defense compounds, known as phytoalexins and phy- toanticipins. The crude plant extracts can be separated by liquid chromatography–mass spectrometry (LC–MS) or gas chromatogra- phy–mass spectrometry (GC–MS), followed by fractionation, purification and activity guided bioassays against target microbes or insects to identify candidate defense compounds. Structure–ac- tivity testing can further suggest which type of decoration enzymes might be critical for the bioactivity of candidate com- pounds. Almost all the phytohormones were discovered by this

metabolite oriented approach [11,12], and many plant defensive compounds have also been identified in this way. Well-known examples include the antimicrobial indole-derived phytoalexin, camalexins, from Camelina sativa leaves [13]; the antifungal sapo- nins, avenacins, from oat [14]; and the antimicrobial isoflavonoids, glyceollins, from soybean [15]. A very recently reported phy- toalexin identified by the metabolite oriented approach is eru- camide, which was isolated from Arabidopsis [16]. Erucamide binds Hypersensitive response and conserved C (HrcC), a compo- nent of the bacterial type III secretion system, to block injectisome assembly and effector secretion of diverse bacterial pathogens, thereby contributing to plant antibacterial immunity [16]. Chemistry-guided approaches do not depend on genomic data or genetic transformation. This approach, in theory, can be used to identify bioactive metabolites in any plant species with or without a sequenced genome.
The genetics-guided approach starts from biosynthetic genes
whose perturbation alters resistance, thereby nominating the underlying pathway and compounds [17–19]. In this approach,
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[bookmark: _bookmark7]Fig. 2. Discovery of crop defensive metabolites and elucidation of their biosynthetic pathways. Crop defensive specialized metabolites can be uncovered through either chemistry-guided or genetics-guided discovery strategies. Candidate biosynthetic genes can be identified using co-expression analysis, weighted gene co-expression network analysis (WGCNA), biosynthetic gene cluster (BGC) co-localization, or metabolite-based genome-wide association studies (mGWAS) at the population level. These candidates can then be functionally validated by genetic evidence, in vitro enzymatic assays, or pathway reconstitution in heterologous hosts. The main pros and cons of each strategy are indicated.



the biosynthetic genes can be identified through either forward or reverse genetics.
[bookmark: 3_Identification_of_candidate_biosynthet]The forward-genetics strategy starts from resistance phenotyp- ing of natural populations or artificially constructed mutant libraries, followed by genome-wide association study (GWAS) or transcriptome-wide association study (TWAS) to identify genetic loci responsible for observed phenotypes. These loci may encode biosynthetic enzymes or regulatory factors of specialized meta- bolic pathways, thereby nominating these pathways as candidates for further study. This forward-genetics strategy has led to the dis- covery of defense-related biosynthetic pathways such as those for cucurbitacins in cucurbits [7], acetylated tetra-acyl sucrose in tomato [20], and 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one glucoside (HDMBOA-Glc) in maize [21].
By contrast, the reverse-genetics strategy starts from a list of
candidate biosynthetic genes, often selected based on their induci- ble expression upon pest or pathogen attack. These candidate genes are then genetically manipulated (e.g., disrupted or overex- pressed), and the resulting plants are phenotyped to determine whether the targeted genes contribute to resistance. If confirmed, the corresponding biosynthetic pathways can then be elucidated. This reverse-genetics strategy is particularly suitable for plant spe- cies amenable to genetic transformation or virus-induced gene silencing (VIGS). A recent example is the discovery of the new indole cyanogenic antibacterial metabolite, 4-hydroxy-indole-3- carbonyl nitrile (4-OH-ICN), in Arabidopsis [22]. By mining tran- scriptome data, researchers identified CYP82C2, a cytochrome P450 gene strongly induced by pathogen attack but previously uncharacterized. Through untargeted metabolomics and co- expression analysis, they revealed that CYP82C2 defines a new branch of indole metabolism that generates 4-OH-ICN. Mutants defective in 4-OH-ICN biosynthesis, including cyp82C2, were more susceptible to Pseudomonas syringae, confirming a defensive role of 4-OH-ICN [22].
3. Identification of candidate biosynthetic genes

Co-expression and gene expression–metabolite correlation are widely used approaches for identifying candidate biosynthetic can- didates in plant defense metabolism [23–26]. When the biosyn- thetic route of a defense metabolite is entirely unknown, a practical first step is to perform an unbiased gene expression clus- tering analysis with methods such as weighted gene co-expression network analysis (WGCNA) and self-organizing maps (SOM) using transcriptomes spanning tissues, genotypes or treatments (Fig. 2) [27–30]. Co-expression modules are then linked to metabolite abundances measured in the same samples, yielding module– metabolite associations that highlight candidate biosynthetic genes for further experimental validation [31–37]. When some committed steps are already known for a defense pathway, co- expression analysis using the known biosynthetic genes as baits can serve as an alternative approach for identifying unknown can- didate biosynthetic or transporter genes (Fig. 2) [38–43]. OsCYP706C2, which diverts rice strigolactone biosynthesis to a non- canonical 4-oxo-methyl carlactonoate pathway branch, was identi- fied among genes co-expressed with the known strigolactone biosynthetic gene CCD8 [44]. Many enzymes involved in triter- penoid biosynthetic pathways have been identified based on their co-expression with dedicated oxidosqualene cyclases, enzymes that catalyze the first committed steps in triterpene biosynthesis [45–47]. Despite their widespread use, co-expression and gene expression–metabolite correlation approaches have limitations. Because transcriptional coordination does not necessarily imply functional coupling, co-expression analysis may generate false positives when genes are co-regulated by shared stress or develop- mental signals rather than participating in the same biosynthetic

pathway [29]. Tissue heterogeneity in bulk RNA-seq and metabolo- mics can obscure cell-type-specific biosynthetic signals, rendering co-expression analysis inefficient for capturing pathways dis- tributed across distinct cell types [48,49]. Moreover, when the biosynthesis and storage of target compounds occur in different cell or tissue types, co-expression and gene–metabolite association analyses may yield misleading candidate gene lists [50]. Therefore, co-expression and gene expression–metabolite correlation approaches should be complemented by additional lines of evi- dence, such as enzyme phylogenetic analysis and subcellular local- ization prediction, to refine candidate biosynthetic gene sets.
Recently, new techniques such as single-cell RNA sequencing (scRNA-seq), single-nucleus RNA sequencing (snRNA-seq), single- cell metabolomics, spatial transcriptomics, and spatial metabolo- mics (e.g., mass spectrometry imaging) have been developed to alleviate the heterogeneity problem and permit cell type-specific resolved gene expression and metabolic analysis, which is particu- larly useful for elucidating biosynthetic pathways that are active only in specific cell types or split between multiple different cell types [48,49,51]. ScRNA-seq has been used to uncover the multi- cellular compartmentation of monoterpenoid indole alkaloid (MIAs) biosynthesis in Catharanthus roseus: MIA biosynthesis ini- tializes in internal phloem-associated parenchyma cells, while the middle steps of this pathway occur mainly in epidermal cells, and the final steps are expressed exclusively in idioblast cells [52–54]. A method termed mpXsn (multiplexed perturbation × single nuclei) was developed to transcriptionally profile Taxus cells spanning tissues, cell types, developmental stages and elicitation conditions to identify the biosynthetic path- way for the anti-cancer therapeutic paclitaxel [55]. Using this snRNA-seq based approach, the authors discovered seven new genes involved in taxol biosynthesis, and revealed that paclitaxel biosynthetic genes segregate into at least three distinct expression modules, demonstrating the capability of snRNA-seq in resolving consecutive sub-pathways [55]. Although single-cell RNA-seq (scRNA-seq) and single-nucleus RNA-seq (snRNA-seq) have facili- tated cell-type-specific metabolic analyses, both approaches remain costly and have inherent technical limitations. scRNA-seq is susceptible to dissociation-induced transcriptional artifacts, as enzymatic and mechanical stress during protoplasting can activate stress-responsive gene expression and distort in vivo cellular states, while also being generally unsuitable for cryopreserved plant samples [56]. In contrast, snRNA-seq avoids protoplasting by isolating nuclei from intact or cryopreserved tissues, but pri- marily captures unspliced pre-mRNAs, which may underrepresent cytoplasmic transcripts, exhibit elevated dropout rates for mature mRNAs, and reduce apparent gene expression levels, thereby necessitating deeper sequencing and greater computational resources [48]. Consequently, these two approaches are best applied in a complementary manner, and their integration with spatial omics and bulk transcriptomic data provides a more robust framework for resolving cell-type-specific metabolic pathways.
Compared to single-cell or single-nuclei RNA-seq, single cell
metabolomics is more technically challenging due to the extremely low volume of single cells, the lack of efficient signal amplification mechanisms (cf. PCR in RNA-seq), and the large diversity in metabolite properties and concentrations [54]. Nevertheless, mass spectrometry imaging-based spatial metabolomics, such as MALDI-MSI or DESI-MSI, has been successfully employed to show the in situ distributions of a number of small molecules including
flavonoids and steroids at a resolution down to 5–10 lm [57,58].
Pioneering work in animals and humans has shown simultaneous spatial profiling of small molecules and gene expression at the single cell level within the same section or consecutive sections [59,60]. Such an approach has not yet been reported for plants. The combination of spatial transcriptomics and spatial



metabolomics at single cell resolution, while preserving cell posi- tion context, represents an exciting and promising technological advance that will greatly facilitate the elucidation of complex PSM biosynthetic pathways.
[bookmark: 4_Validating_candidate_biosynthetic_gene]In addition to transcriptomic and metabolic data, genome sequence data can also guide the discovery of candidate genes of a given PSM biosynthetic pathway (Fig. 2), as some plant biosyn- thetic pathway genes are organized as biosynthetic gene clusters (BGCs) [61]. Unlike the typical dispersed arrangement of function- ally related genes in plant genomes, BGCs are operon-like clusters of adjacent/tightly linked biosynthetic genes that participate in the same metabolic pathway [62,63]. Plant BGCs can be computation- ally predicted from genome sequences using algorithms such as plantiSMASH [64]. Thousands of BGCs have been predicted from published plant genomes, among which over 50 have so far been experimentally characterized [65–67]. The first identified plant BGCs include the 5-gene DIBOA cluster in maize [68], the 5-gene thalianol cluster in Arabidopsis [69], and the 12-gene avenacin clus- ter in oat [70]. Such clustering is thought to facilitate coordinated regulation and inheritance of complex pathways [65,67]. The dis- covery of this clustering phenomenon now makes it possible to identify biosynthetic pathway genes based on genome location, so accelerating the elucidation of biosynthetic pathways of this type. Plant BGCs also facilitate the discovery of unexpected compo- nents involved in target metabolic pathways but would not other- wise have been shortlisted based on empirical inference [71–73].
Metabolite-based genome-wide association studies (mGWAS)
have emerged as a powerful approach for discovering biosynthetic genes in recent years [74]. mGWAS link natural variation in metabolite abundance to genome-wide polymorphisms, enabling unbiased discovery of biosynthetic enzymes, transporters, and reg- ulators that shape specialized-metabolism pathways, even when pathways are only partially known or entirely unknown. Impor- tantly, mGWAS identifies biosynthetic genes at the population level, leveraging natural genetic diversity across hundreds of accessions to capture allelic variants underlying metabolic traits (Fig. 2). Therefore, mGWAS can not only guide pathway elucidation but also provide natural alleles of biosynthetic genes/transporters/ regulators that might be used for further pathway engineering. This strategy was used to identify structural genes and regulators involved in flavonoid, isoflavonoid, terpenoid, and alkaloid biosyn- thesis in crops such as rice, maize, and soybean [75], including three phenolamide BGCs involved in crop resistance to pathogens [76–78]. It should be noted that the efficacy of mGWAS may be constrained by the incomplete detection or annotation of metabo- lites [75]. Moreover, metabolite levels are highly susceptible to environmental influences, which introduces noise that can mask the weak signals of genetic factors, leading to underestimated her- itability or false negatives [79,80]. Despite these limitations, mGWAS remains a useful strategy for deciphering biosynthetic pathways and metabolic regulatory mechanisms harnessing popu- lation information.
4. Validating candidate biosynthetic genes

Once candidate biosynthetic genes have been identified, the next step is to validate their enzymatic function and establish the pathway ordering. One validation approach is gene disruption or overexpression in the native plant. This might not be necessary for candidate biosynthetic genes identified by mGWAS (as mGWAS itself is based on genetic evidence) but is highly desirable for can- didate genes identified by co-expression or BGC co-localization. While overexpressing a gene, either constitutively or inductively, is straightforward, there are a few different options for knocking out or knocking down a gene, such as CRISPR, RNAi, and virus induced gene silencing (VIGS) [17,81]. CRISPR systems (Cas9/

Cas12a) provide precise, multiplexable loss-of-function tests directly in crops and is particularly critical for specialized metabo- lism genes that have homologs with high sequence similarity, as RNAi- or VIGS-mediated knockdown of these homologous genes often meets off-target problems. In contrast, RNAi- and VIGS- mediated knockdown have the potential to simultaneously knock down several homologous genes by targeting regions with high sequence similarity. In transformation-recalcitrant species, hairy root cultures offer an alternative system to obtain genotype-to- chemotype readouts.
In vitro enzymatic assays using purified proteins is a classical approach to validate individual catalytic steps (Fig. 2). Compared with in vivo genetic analyses, in vitro assays circumvent cellular complexity such as genetic redundancy and compensatory rewir- ing. They also help to elucidate catalytic mechanisms, including substrate specificity and cofactor usage, and can distinguish cat- alytic functions from scaffolding roles. On the downside, the loss of physiological context may lead to problems or even failure: some plant enzymes require specific post-translational modifica- tions, cofactors, partner proteins, or subcellular microenviron- ments that are difficult to replicate in vitro (for example, most P450s require a membrane environment and appropriate redox partners [82]), and some substrates may be unavailable or unstable outside the cell. But in vitro enzymatic assays remain indispensable for providing direct biochemical evidence that a candidate gene encodes the predicted catalytic function and for determining enzyme kinetics.
Pathway reconstitution in a heterologous host is a common
strategy for elucidation of PSM pathways (Fig. 2). Escherichia coli or baker’s yeast are conventional hosts for this purpose. However, heterologous reconstruction of plant metabolic pathways in micro- bial chassis is often complicated by differences in subcellular com- partmentalization, availability of substrates and cofactors, and lack of necessary post-translational modifications [83]. In the past dec- ade, a wild relative of tobacco, Nicotiana benthamiana, has become a popular heterologous host for PSM pathway reconstitution. As a plant chassis, N. benthamiana provides native compartmentation (plastid/ER/vacuole), plant-specific post-translational modifica- tions, as well as proper membrane environments and redox part- ners for membrane enzymes such as P450s. The N. benthamiana system is based on Agrobacterium-mediated transient expression, which enables high efficiency gene delivery and flexible multi- gene combination. Multiple genes can be simultaneously delivered into N. benthamiana in a single agroinfiltration [46,84]. This sup- ports stepwise ‘‘build-up” plus ‘‘drop-out” gene controls to estab- lish enzyme function and order. Moreover, the N. benthamiana transient expression system can be readily scaled up by replacing manual syringe infiltration with vacuum infiltration, so providing sufficient agro-infiltrated biomass for isolating and purifying path- way products [85]. These products can then be subjected to mass spectroscopy, NMR or X-ray after crystallization to determine their structure, and can also serve as substrates or authentic compounds for in vitro enzymatic assays.
Validation strategies for candidate biosynthetic genes vary
markedly in evidentiary strength, success rate, cost-effectiveness, and time investment. Genetic perturbation in the native host pro- vides the most physiologically relevant evidence but is frequently constrained by low transformation efficiency, long generation times, and genetic redundancy [86]. In vitro enzymatic assays enable rapid and direct assessment of catalytic activity, yet may fail to fully recapitulate native physiological contexts, particularly when unknown cofactors, partner proteins, or subcellular environ- ments are required [87]. Heterologous pathway reconstruction in plant chassis systems such as Nicotiana benthamiana offers a prac- tical intermediate approach, enabling relatively fast functional testing in a plant-compatible context, although interpretation can



[bookmark: 5_Engineering_crop_metabolic_defense_pat][bookmark: 5.1_Increasing_the_expression_of_biosynt][bookmark: 5.3_Increasing_the_catalytic_ability_of_][bookmark: 5.4_Utilization_of_scaffold_proteins_and]be complicated by endogenous metabolic background and host enzyme activities [88,89]. Accordingly, effective pathway valida- tion is best achieved through a stepwise strategy that integrates complementary validation methods.

5. Engineering crop metabolic defense pathways

Crop synthetic metabolic engineering aims to augment or reprogram a plant biosynthetic pathways to achieve spatiotempo- rally controlled biosynthesis of target metabolites. In the context of defense, the goal is to enhance the plant chemical arsenal against pests and pathogens without detriment to growth or product qual- ity. This goal can be achieved either by modification of the native biosynthetic pathways of target crops or by introduction of heterogenous pathways from a different host species (Fig. 3).

5.1. Increasing the expression of biosynthetic genes

[bookmark: 5.2_Improving_the_protein_stability_of_b][bookmark: 5.5_Downregulating_competing_metabolic_b]This can be achieved by using constitutive/stress-inducible/tis sue-specific promoters, inserting natural or artificial enhancers, or removing silencers (e.g., uORFs). Overexpression of hydroxycinnamoyl-CoA quinate: hydroxycinnamoyl transferase (HQT) 2 × CaMV35S promoter in tomato resulted in higher levels of CGA and increased resistance to infection by Pseudomonas syrin- gae [90]; CRISPR/Cas9-mediated knockout of three uORFs in the tomato SlTDC1 promoter de repressed serotonin biosynthesis and increased its accumulation in a transgene free manner [91]; knock- ing in a 10-bp heat-shock element into promoters of cell-wall- invertase genes augmented their heat-responsive upregulation with associated heat-stress resilience in tomato and rice [92]. Another approach is to manipulate key transcription factors (TFs) that control the expression of target biosynthetic genes. Some of these transcription factors, so-called master regulators, can regu- late the expression level of multiple genes in a PSM pathway, and their overexpression level can have a predominant impact on the PSM biosynthesis [93]. Identification of such transcription fac- tors can greatly facilitate the manipulation of PSM biosynthetic gene expression. Examples include the MYB family member MYB75/PAP1/ANT1 that regulates anthocyanin biosynthesis and transport in Arabidopsis and tomato [94,95], the APETALA2/Ethy- lene Response Factor (AP2/ERF) family member GAME9 that con- trols the biosynthesis of steroidal alkaloids in solanaceous species [96], and the basic leucine zipper transcription factor OsT- GAP1 that regulates the coordinated expression of all the five clus- tered genes (OsCPS4, OsKSL4, CYP99A2, CYP99A3, and OsMAS) of momilactone biosynthetic pathway in rice [97].
5.2. Improving the protein stability of biosynthetic enzymes

In many plant biosynthetic pathways, the protein levels of the enzymes are subjected to negative feedback regulation and con- strained post-translationally by the ubiquitin–proteasome system and ER-associated degradation. Deleting or mutating product- sensing motifs or degrons, knocking out kinases that promote the enzymes degradation, adding stabilizing N-/C-terminal tags, re- targeting enzymes to compartments that shield them from turn- over, or co-expressing scaffolds or chaperones to improve folding, could decouple enzyme proteins from negative feedback circuits and improve their stability, thereby raising pathway flux. Trunca- tion of the N terminal transmembrane domain of HMGR, a rate- limiting enzyme in terpenoid/steroid biosynthesis that produces mevalonate, eliminates its ER-associated degradation, resulting in increased production of mevalonate and downstream terpenoid/ steroid compounds [98]. In tomato, knockout of SlCDPK27 and

SlCDPK26, calcium-dependent protein kinases that promote phosphorylation-dependent degradation of SlSUS3, raised fruit glucose and fructose levels by up to 30%, increasing perceived sweetness without reducing fruit weight or yield [99].

5.3. Increasing the catalytic ability of biosynthetic enzymes

By using protein engineering techniques such as site-directed mutagenesis, directed evolution, and enzyme structure optimization, the kinetic properties and substrate specificity of critical enzymes may be improved. Rational design informed by crystal structures or computational modeling can identify amino acid residues implicated in substrate binding and catalytic activity, thus guiding targeted mod- ifications. In the engineering of taxadiene synthase, site directed mutagenesis guided by computational simulations resulted in a 2.4-
fold increase in the production of taxadien 5a-ol [100], a precursor
in taxol biosynthesis. Structure-guided computational design of NphB enzyme variants (named M23 and M31) increased its catalytic turn- over toward cannabigerolic acid (CBGA) ∼ 1000-fold, enabling
gram-per-liter scale synthesis [101]. Moreover, even the substitution
of a single or a few amino acids can alter the product profile of enzymes [102,103], highlighting the great potential of protein engi- neering for tailoring enzyme activity.

5.4. Utilization of scaffold proteins and enzyme complexes

Recent studies indicate an important role of scaffold proteins in supporting the biosynthesis of some plant specialized metabolites. These scaffold proteins, catalytically active or not, interact with biosynthetic enzymes to form an enzyme complex, which improves product yield and specificity. Two Arabidopsis membrane steroid-binding proteins (MSBPs) have been identified as the scaf- folds for three monolignol P450 monooxygenases (C4H, C3′H and F5H) and physically organize them as enzyme complexes on the ER to facilitate lignin biosynthesis [104]. In Solanaceae, a cellulose synthase-like protein (GAME15) was found to be an ER-localized scaffold for two P450s and one 2-oxoglutarate/Fe(II)-dependent dioxygenase and play an essential role in the biosynthesis of ster- oidal defense metabolites [26,72]. More recently, a nuclear trans- port factor 2 (NTF2)-like protein, FoTO1, was shown to be crucial for promoting the formation of the desired product and reducing
side products during the first oxidation catalyzed by T5aH in the
Taxol pathway [55]. Identification of such scaffold proteins or design of artificial scaffolds/linker peptides to form active enzyme complex could be an effective way to enhance the catalytic activity and product specificity of biosynthetic enzymes.

5.5. Downregulating competing metabolic branches

Some plant metabolic pathways share the same precursors/sub- strates and thus compete with each other. Therefore, blocking or downregulating competing metabolic branches can redirect meta- bolic flux to synthesize desired compounds. Naringenin is a shared substrate for both the isoflavonoid and flavonoid/anthocyanin biosynthetic pathways. Repressing anthocyanin biosynthesis through transcription repressors such as AtMYB60 can greatly increase the yields of isoflavonoids [105]. Partially blocking steroid biosynthesis can direct the common shared substrate 2,3-oxidosqualene towards triterpene biosynthesis. Triterpenes and sterols come from 2,3-oxidosqualene, and sad1 oat mutants that are defective in the first committed step in synthesis of b-amyrin-derived triterpenes (that is unable to cyclize 2,3- oxidosqualene to b-amyrin) accumulated elevated levels of sterols [106].
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[bookmark: _bookmark8]Fig. 3. Crop metabolic engineering toward enhanced resistance. An integrated design-build-test-learn (DBTL) framework for engineering crop metabolic pathways to enhance resistance while balancing growth and defense. The design phase defines target crops, resistance traits, metabolites, and pathways, and applies strategies such as enzyme activity and expression optimization, metabolic flux modulation, heterologous pathway introduction, and transporter engineering. The build phase involves DNA synthesis, assembly, and genome editing. The test phase evaluates resistance performance, metabolite accumulation, and growth or yield effects. In the learn phase, multi- level data are integrated using AI to guide iterative optimization.



5.6. [bookmark: 5.6_Optimizing_the_distribution_of_defen][bookmark: 5.7_Introduction_of_heterogeneous_metabo][bookmark: 6_Challenges_in_crop_defensive_metabolic][bookmark: 6.1_Pathogen_adaptation_and_resistance_d]Optimizing the distribution of defensive compounds

[bookmark: 6.2_Crop_growth-defense_tradeoff]Spatial control is a key aspect of crop synthetic metabolic engi- neering. Ideally, a defensive metabolite should be produced only where it is needed, and it should be sequestered away from the edible parts of the plant. This is essential for mounting effective plant resistance against pathogens and herbivores while minimiz- ing metabolic costs and reducing possible negative effect on crop yield and quality. To achieve this aim, the expression and activity of transporters can be engineered to optimize the distribution of target metabolites. Knocking out the UMAMIT or GTR transporters responsible for glucosinolate seed loading abolished the accumula- tion of glucosinolates in seeds but had no strong reduction in glu- cosinolate levels in mature silique valves, so eliminating the anti- nutrient effect of glucosinolates but reserving their protective function [107,108]. In sorghum, engineering the strigolactone transporters SbSLT1/2 to modulate root strigolactone export inhib- ited Striga infestation without reducing yield, highlighting trans- porter engineering as a strategy to balance crop yield with resistance [109].

5.7. Introduction of heterogeneous metabolic pathways

Introducing heterologous metabolic pathways into crop species represents a transformative approach that overcomes the repro- ductive isolation barriers of conventional breeding and expands the diversity and effectiveness of chemical defense against pests and pathogens. This strategy involves transferring key enzymatic steps or regulatory factors from donor organisms-such as other plant species, microorganisms, or even animals-into recipient crops to confer novel defensive traits. By integrating genes encod- ing enzymes not naturally present within a crop genome, this approach enables a non-host plant to produce a set of entirely new defensive compounds or significantly elevate existing defense mechanisms beyond natural limits. Introducing the wild-tomato 7- epi-zingiberene pathway into cultivated tomato by expressing cis- farnesyl diphosphate synthase and zingiberene synthase from wild tomato in type VI glandular trichomes of cultivated tomato resulted in increased resistance to herbivores [92]; rice engineered with the soybean isoflavone synthase (IFS) gene gains the biosyn- thesis of isoflavones and shows increased resistance to blast fungus (Magnaporthe oryzae) [110]. The transfer of the N-caffeoylputres cine–(Z)-3-hexenal conjugate (CPH) pathway from Nicotiana atten- uata into Vicia faba and Solanum chilense renders these plants resis- tant to leafhoppers (Empoasca) [111]. Another example from a recent study demonstrated that transgenic cotton engineered for heterologous caffeine biosynthesis by introducing three key N- methyltransferase genes (CaXMT1, CaMXMT1, and CaDXMT1) from Coffea arabica through multigene transformation strongly deterred Helicoverpa armigera [112]. In addition, there are also numerous examples where heterologous metabolic pathways have been introduced for purposes other than increasing plant defense, such as the astaxanthin-producing rice generated by incorporating the astaxanthin biosynthetic pathway [113], the purple tomato that accumulates exceptionally high levels of anthocyanins through the expression of two snapdragon transcription factors [114], and the widely used RUBY reporter that produces the red pigment betanin as a visible selection marker [115]. These examples high- light the feasibility and great potential of transferring heterologous metabolic pathways across species. It should be noted that crops engineered with heterologous metabolic pathways are typically subject to more stringent regulatory requirements for commercial- ization, and these constraints should be carefully considered at early stages of pathway design.
6. 
Challenges in crop defensive metabolic engineering

6.1. Pathogen adaptation and resistance durability

A critical challenge for the long-term success of crop metabolic engineering is the evolutionary adaptation of pests and pathogens in response to engineered chemical defenses. Unlike qualitative resistance conferred by single immune receptors, metabolic defenses typically operate through quantitative, dose-dependent, and often multi-target mechanisms. But engineered metabolic traits can still impose strong selection pressures, particularly when defense metabolites are constitutively produced at high levels or rely on a single dominant compound [116]. In contrast, inducible or stress-responsive deployment of metabolic defenses, restricted spatially to specific tissues or temporally to infection or herbivory events, can reduce unnecessary metabolic costs while limiting sus- tained exposure of attackers to the selective agent [92,117]. Simi- larly, pathway-level engineering that produces mixtures of structurally or mechanistically distinct metabolites is likely to be more evolutionarily robust than strategies centered on a single enzymatic step or compound, as simultaneous adaptation to mul- tiple chemical modes of action is inherently more difficult.
Sustainable deployment of engineered metabolic resistance
therefore requires deliberate design principles. Gene stacking of multiple biosynthetic pathways with complementary defense mechanisms (such as R gene-mediated resistance), precise spa- tiotemporal regulation of metabolite accumulation, and integra- tion with endogenous immune signaling networks can increase durability [118–120]. Lessons from the large-scale deployment of Bt crops are particularly instructive. Practices such as pyramiding resistance traits, maintaining refuges to preserve susceptible pest populations, and implementing systematic resistance monitoring have proven essential for delaying resistance evolution [121,122]. While metabolite-based defenses differ fundamentally from Bt toxins in their biochemical diversity and ecological context, these deployment frameworks provide a valuable conceptual template for metabolic engineering. Advances in unmanned aerial vehicles (UAV) and AI-assisted field-level surveillance offer opportunities to detect early signs of adaptive shifts in pest or pathogen popula- tions [123]. Incorporating such monitoring frameworks into the deployment pipeline of metabolically engineered crops will be essential for ensuring durable resistance and sustainable agricul- tural impact.

6.2. Crop growth-defense tradeoff

The growth-defense tradeoff represents a fundamental biologi- cal constraint in crop metabolic engineering, arising from competi- tion for cellular resources (e.g., carbon and nitrogen) between defense metabolism and growth-related processes. Constitutive activation of specialized metabolic pathways frequently leads to reduced biomass accumulation, delayed development, or yield penalties, thereby limiting the practical utility of many otherwise effective resistance traits [124]. Consequently, successful meta- bolic engineering for crop resistance must move beyond static enhancement of defense pathways toward dynamic and context- dependent regulatory strategies.
One widely applicable approach involves the use of pathogen-
or herbivore-inducible promoters, which restrict defense metabo- lite production to periods of biotic challenge and thereby minimize unnecessary resource allocation under non-stress conditions. In rice, for example, the pathogen-responsive promoter OsHEN1 is specifically activated upon infection by pathogens such as Magna- porthe oryzae, and precise temporal control of IPA1 expression



[bookmark: 6.3_Regulatory_challenges_and_commercial][bookmark: 7_Prospects_and_outlook_for_metabolic_en]using OsHEN1 increases disease resistance while avoiding the growth inhibition associated with constitutive expression [117]. In parallel, spatial regulation, achieved through tissue- or cell- type-specific expression and transporter engineering, further con- fines defensive compounds to sites of attack while avoiding growth-critical or edible tissues. Localized production of 7-epi- zingiberene in type VI glandular trichomes of tomato increased resistance to herbivores [10]. In addition, emerging biosensor- based and feedback loop engineering strategies offer promising avenues to couple pathway activity to immune signaling outputs or metabolite concentrations, enabling self-limiting and reversible defense activation. For instance, the OsSTK sensor in rice senses sucrose signals mediated by carbon allocation changes during pathogen infection, coordinating sakuranetin synthesis with pho- tosynthesis to avoid the trade-off caused by carbon competition [125]. Collectively, these approaches shift crop metabolic engineer- ing from constitutive ‘‘overproduction” toward precision control and fine-tune growth–defense trade-off, which is essential for achieving durable resistance without compromising crop productivity.

6.3. Regulatory challenges and commercial viability

The successful deployment of engineered traits ultimately depends on regulatory approval, public acceptance, and commer- cialization feasibility. Regulatory frameworks for genetically engi- neered crops vary considerably across major agricultural markets and are increasingly determined by the nature of the genetic mod- ification, rather than by the breeding objective itself. In general, regulatory policies governing transgene-free genome-edited crops tend to be less stringent than those applied to conventional trans- genic crops. In the United States and several other countries, genome-edited crops that do not contain foreign DNA are often regulated in a manner similar to conventionally bred varieties. The European Union applies a more precautionary regulatory framework, under which most genome-edited crops remain sub- ject to GMO legislation, while regulatory policies in China and other regions continue to evolve [126,127]. The United Kingdom has recently brought into force the Genetic Technology (Precision Breeding) Regulations 2025, under which precision-bred organ- isms (PBOs) generated using genome-editing technologies are sub- ject to a simplified approval pathway [128]. By contrast, crops engineered with heterologous biosynthetic pathways or foreign DNA integration are generally regulated as genetically modified organisms (GMOs), and their commercialization typically requires comprehensive molecular characterization, toxicological assess- ment, and environmental risk analysis [126–128].
Public acceptance represents an additional and often underesti-
mated challenge in the deployment of metabolically engineered crops. Traits that deliver clear societal and environmental benefits, such as reduced pesticide inputs, increased sustainability, or improved food safety, are more likely to gain public support [129–131]. From a design perspective, strategies that restrict metabolite accumulation to non-edible tissues or minimize unin- tended compositional changes may further alleviate public con- cerns and facilitate broader acceptance [129–131]. In addition, intellectual property considerations can strongly influence the translational potential of crop metabolic engineering, as patents covering biosynthetic enzymes, regulatory elements, and genome-editing technologies may complicate technology transfer and commercialization [132]. Integrating regulatory, societal, and intellectual property considerations into the early stages of meta- bolic pathway design will therefore be essential for moving beyond proof-of-concept studies toward scalable and commercially viable agricultural applications.
7. 
Prospects and outlook for metabolic engineering

Engineering plant specialized metabolite pathways represents a frontier for the improvement of crop resilience and nutrition [133,134]. By tapping into the rich repertoire of plant chemical defenses—and even extending it with synthetic designs—we can create crop varieties that are better equipped to thrive against bio- tic stresses. Built on the integration of genetics, synthetic biology, and natural-product chemistry, crop synthetic metabolic engineer- ing is enabling a new generation of crops that are chemically forti- fied yet environmentally friendly.
One key step towards improving pathway elucidation efficiency is to elevate the accuracy of candidate biosynthetic gene identifica- tion. A short but accurate candidate gene list will save many efforts for downstream validation. Recent developed single cell/nuclei transcriptomic greatly elevates the resolution of co-expression analysis, thereby improving its efficacy [53,55]. Another promising emerging approach involves linking spatial transcriptomics with spatial metabolomics, which enabled gene expression-metabolite correlation analysis at the single cell level in animal and human research [51]. Successful combination of spatial transcriptomics and spatial metabolomics in a single section or adjacent sections would increase the efficacy of gene expression-metabolite correla- tion analysis and facilitate the identification of candidate biosyn- thetic genes.
The rapid development of artificial intelligence (AI) is expected to improve metabolic efficiency and reduce experimental costs. AlphaGenome, a foundation model developed by DeepMind, is designed to enable base-pair–level prediction of gene regulatory features across megabase-scale genomic sequences [135], while AlphaFold has already been widely used in predicting protein structures and interactions, as well as in guiding protein engineer- ing [136,137]. One example of AI application in secondary metabo- lism is elucidation of the function of ‘‘orphan enzymes”, which have low sequence similarity with known enzymes and cannot be identified or annotated by the conventional protein sequence BLAST approach. Large predicted protein structure database gener- ated by AI tools like Alphafold or ESM now enables structure-based BLAST, such as Foldseek [138], which provides a new approach for studying orphan enzymes. Moreover, enzyme language models and machine learning frameworks trained on large-scale reaction databases can predict substrate-product relationships, catalytic motifs, and reaction classes, enabling better prediction of enzyme functions [139,140]. For instance, the AI model DeepES, which uses the ESM-2 pre-trained model to process protein sequences com- bined with biosynthetic gene cluster information, achieves 86% prediction accuracy in predicting the reaction class of enzymatic activities of orphan enzymes from human gut bacteria [141].
Beyond enzyme annotation, generative AI is emerging as a pow-
erful tool for de novo enzymes and even metabolic pathways. At the protein level, in addition to improving the activity of native enzymes, AI-based methods have recently been deployed in de novo design of several enzymes, such as serine hydrolases designed using RFdiffusion with an ensemble generation method [142], enzymes capable of catalyzing retro-aldol reaction and the Morita-Baylis-Hillman reaction designed using Riff-Diff method [143], and zinc metallohydrolases designed using RFdiffusion2 [144]. At the gene regulatory level, generative models trained on genomic and epigenomic data enable the rational design of syn- thetic promoters, enhancers, and cis-regulatory architectures to fine-tune enzyme expression in a tissue-, developmental-, or stress-specific manner [145]. At the pathway level, AI-assisted metabolic flux modeling integrates multi-omics constraints to identify bottlenecks, rebalance precursor allocation, and optimize flux distribution under physiological conditions [146,147]. Genera-
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[bookmark: _bookmark14][bookmark: Declaration_of_competing_interest][bookmark: _bookmark15][bookmark: Acknowledgments][bookmark: _bookmark17][bookmark: _bookmark16]Synthetic biology provides a versatile framework to experimen- tally validate and engineer AI-predicted cis-regulatory elements and protein variants [149], and CRISPR enables precise editing or insertion in target crop genome [81]. The integration of AI- assisted design and learning, synthetic biology-guided construc- tion, and CRISPR-mediated delivery and testing establishes a pow- erful design-build-test-learn (DBTL) cycle (Fig. 3). This iterative framework enables efficient elucidation of the enzyme sequence- activity and crop genome-resistance relationship and facilitates the translation of these insights into practical crop metabolic engi- neering strategies. With appropriate regulatory policies, crop metabolic engineering has the potential to rationally design and construct resilient crops, offering a promising avenue for ensuring global food security under the combined pressures of climate change and population growth.
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