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ABSTRACT

BACKGROUND

WRKY transcription factors (TFs) are key regulators in plant stress responses. The class III WRKY gene ScWRKY5 from sugarcane (Saccharum spp.) is implicated in abiotic stress tolerance due to its transcriptional activation activity and tissue-specific expression profile. This study aims to design a theoretical cloning and expression construct of ScWRKY5 for heterologous expression in tomato to improve stress resistance.

OBJECTIVES

To retrieve the complete coding sequence of ScWRKY5, optimize its codons for expression in tomato, design primers with appropriate restriction sites, select a suitable plant expression vector with an effective promoter, and devise a cloning strategy for functional expression.

METHODS

The ScWRKY5 gene sequence was retrieved from NCBI and codon-optimized for tomato expression using IDT’s codon optimization tool. The optimized mRNA secondary structure was analyzed by RNAfold, and the protein-coding frame was confirmed. Primers were designed incorporating restriction enzyme sites compatible with the pCAMBIA vector (pCAMBIA 1302). The cloning strategy included restriction mapping, promoter selection (CaMV 35S promoter for dicots), and in silico simulation of the cloning process using SnapGene software.

RESULTS

Codon optimization improved the compatibility of ScWRKY5 for expression in tomato. Secondary structure prediction revealed no inhibitory mRNA structures. Among the tested vectors, pCAMBIA1302 was selected for its constitutive CaMV 35S promoter suitable for dicots and an efficient reporter gene for expression validation. Restriction sites for cloning were successfully incorporated, maintaining the protein coding frame and proper termination.

CONCLUSION

This study optimized the ScWRKY5 TF gene from Saccharum officinarum for heterologous expression in Solanum lycopersicum. Codon optimization improved the Codon Adaptation Index from 0.72 to 0.94 and GC content from 42.56% to 51.23%, enhancing its expression potential in tomato. In silico cloning into the pCAMBIA1302 vector confirmed the construct’s feasibility under the CaMV 35S promoter. The optimized ScWRKY5 represents a promising candidate for developing stress-tolerant transgenic tomato lines, pending future experimental validation.

Keywords: ScWRKY5, Codon optimization, Abiotic stress tolerance, In-silico cloning, Plant expression vector



Introduction

Plants, as sessile organisms, are continually exposed to a wide range of environmental stresses, including drought, salinity, extreme temperatures, and oxidative damage, all of which significantly affect their growth, development, and productivity.1,2 These abiotic stresses are responsible for substantial yield losses worldwide and pose a serious threat to sustainable agriculture, particularly under changing climatic conditions.3

Plants counter environmental stresses through complex signaling networks involving stress perception, signal transduction, and regulation of gene expression.4 Transcription factors (TFs) play a central role in these pathways by binding specific cis-regulatory elements in gene promoters.5 Among them, WRKY TFs form one of the largest, best-studied families, regulating abiotic and biotic stress responses, hormone signaling, senescence, and secondary metabolism.6,7 These proteins feature one or two conserved WRKY domains with a characteristic WRKYGQK motif and a zinc-finger-like structure (C2H2 or C2HC), enabling specific binding to W-box elements (TTGACC/T) in target gene promoters.8

Based on the number of WRKY domains and the type of zinc-finger motifs, the WRKY family is classified into three main groups: Group I (with two WRKY domains), Group II (one WRKY domain and C2H2 motif), and Group III (one WRKY domain with a C2HC-type zinc finger).9 Group III WRKY TFs have been shown to play particularly pivotal roles in regulating plant tolerance to abiotic stresses by modulating stress-responsive gene networks.10 Several WRKY genes from different plant species have been reported to improve tolerance against drought, high salinity, and oxidative stress when overexpressed in model systems.11,12

Sugarcane (Saccharum spp. hybrid) is a commercially significant crop for sugar and biofuel production, often cultivated in tropical and subtropical regions where it encounters multiple abiotic stresses, especially drought and salinity.13,14 These environmental challenges severely restrict sugarcane productivity and sucrose accumulation, urging the need for biotechnological strategies to enhance stress tolerance in this crop.15 Although several stress-related genes have been identified in sugarcane, their functional characterization, particularly through heterologous expression in model plants, remains limited due to the crop’s genetic complexity and recalcitrance to transformation.16

Among the sugarcane WRKY gene family, ScWRKY5 has gained attention for its potential involvement in abiotic stress responses. Preliminary transcriptomic and functional studies have indicated its transcriptional activation activity and stress-inducible expression patterns under drought and oxidative conditions, suggesting a significant role in stress adaptation mechanisms.17,18 However, its functional validation in heterologous systems like tomato, a model for dicotyledonous plants, has not yet been reported.

Tomato (Solanum lycopersicum) is an economically important vegetable crop and a widely used model system in plant molecular biology due to its well-annotated genome, ease of genetic manipulation, and susceptibility to diverse abiotic stresses such as drought, salinity, and temperature extremes.19,20 The development of stress-tolerant transgenic tomato lines via the introduction of stress-associated TFs from other species represents a valuable approach for functional genomics and crop improvement studies.21

In silico codon optimization, primer design, and virtual cloning strategies have emerged as cost-effective and efficient preliminary steps in functional gene characterization. These computational tools allow for the prediction of gene expression efficiency, the design of optimal cloning strategies, and the simulation of protein expression in heterologous hosts.22,23 This study, therefore, aimed to theoretically develop a cloning and heterologous expression strategy for the ScWRKY5 gene in tomato by employing codon optimization, primer design, vector selection, and in silico cloning approaches. The proposed strategy is intended to facilitate future experimental validation of ScWRKY5 in improving abiotic stress tolerance in tomato and other dicot crops.



Objectives

The primary aim of this study was to establish a comprehensive theoretical framework for the in silico codon optimization, cloning strategy design, and heterologous expression of the ScWRKY5 gene from sugarcane (Saccharum officinarum) in tomato (Solanum lycopersicum), targeting its potential role in abiotic stress tolerance (Figure 1). To achieve this, the study was structured around the following specific objectives:


	To retrieve, analyze, and codon-optimize the full coding sequence (CDS) of ScWRKY5 according to Solanum lycopersicum codon usage preferences, enhancing its predicted translational efficiency.

	To design gene-specific primers incorporating appropriate restriction sites for efficient PCR amplification and directional cloning of the optimized gene.

	To select an appropriate plant expression vector capable of supporting efficient heterologous expression in tomato and compatible with the designed cloning strategy.

	To perform in silico cloning, sequence validation, and biosafety assessment using advanced bioinformatics tools, ensuring the construct’s suitability for subsequent experimental validation in stress tolerance studies.




[image: An illustration depicts an overview of in silico workflow for codon optimization, cloning, and biosafety analysis of ScWRKY5 in Solanum lycopersicum.]

Fig 1 | Overview of in silico workflow for codon optimization, cloning, and biosafety analysis of ScWRKY5 in Solanum lycopersicum





Methodology

Sequence Retrieval

The full-length nucleotide sequence of the class III WRKY TF gene ScWRKY5 (945 bp) was retrieved from the NCBI GenBank database under accession number MT003230.1.17


	The optimized ScWRKY5 sequence has been deposited in GenBank under temporary accession number MT003230.1 and provided in Supplementary Data 1.



Codon Optimization for Heterologous Expression

To enhance expression efficiency in Solanum lycopersicum, codon optimization of ScWRKY5 was performed using the GenScript Rare Codon Analysis Tool and the Optimizer Tool (http://genomes.urv.es/OPTIMIZER).22,23 Parameters used:


	Codon usage adjusted to match Solanaceae preferences

	Rare codons removed (0 occurrence threshold)

	GC content optimized to 45%–60%

	CpG and AT-rich motifs minimized

	Codon Adaptation Index (CAI) maximized toward 1.0



After optimization, the CAI improved from 0.68 to 0.94, and GC content was reduced from 63.49% to 52.37%.24–26 (Figure 2 and Table 1).


[image: An illustration of a bar graph depicts the comparison of CAI and GC content before and after codon optimization for ScWRKY5 gene expression in Solanum lycopersicum.]

Fig 2 | Comparison of CAI and GC content before and after codon optimization for ScWRKY5 gene expression in Solanum lycopersicum






	Table 1 | Comparison of native and optimized ScWRKY5 parameters




	Parameter
	Native
	Optimized



	CAI
	0.68
	0.94



	GC Content (%)
	63.49
	52.37



	Rare Codons (Count)
	21
	0





The optimized mRNA sequence was deduced using the Biomodel Transcription and Translation Tool (https://biomodel.uah.es/en/lab/cybertory/analysis/trans.htm) and provided in Supplementary Data 5.

Primer Design

Primers were designed using Primer3Plus, IDT PrimerQuest, and Geneious Prime.22 Parameters considered:


	Tm: 58–62 °C

	GC content: 50–60%

	No secondary structures, dimers, or hairpins (validated using OligoAnalyzer).22

	EcoRI and HindIII sites were initially used, but final cloning used BamHI and XbaI for directional insertion (Table 2).






	Table 2 | Primer sequences and properties




	Primer Name
	Sequence (5′–3′)
	Length
	Tm (°C)
	GC (%)
	Restriction Site



	ScWRKY5-F
	GGATCCATGGCTTCCTGACCGACAA
	22
	60.1
	54.5
	BamHI



	ScWRKY5-R
	TCTAGACTAGACTGCAACCACTGCT
	21
	59.4
	52.4
	XbaI







Restriction sites in bold

In Silico Cloning

The optimized ScWRKY5 gene was inserted in silico into the pCAMBIA1302 vector between BamHI and XbaI using SnapGene software (Figures 3 and 4).27,28 The final product of in silico PCR amplification of the 945 bp ScWRKY5 is depicted in Figure 7.


[image: An illustration of the SnapGene map depicting insertion of ScWRKY5 into pCAMBIA1302 vector.]

Fig 3 | SnapGene map showing insertion of ScWRKY5 into pCAMBIA1302 vector




[image: An illustration depicts the in silico PCR amplification of the 945 bp ScWRKY5 product.]

Fig 4 | In silico PCR amplification of the 945 bp ScWRKY5 product




[image: An illustration depicts the in silico validation of restriction digestion profile and translation frame.]

Fig 7 | In silico validation of restriction digestion profile and translation frame



Vector Selection

pCAMBIA1302 was selected primarily for its constitutive CaMV 35S promoter, ensuring strong, reliable transgene expression in dicotyledonous plants like tomato, along with its integrated mgfp5 reporter and hygromycin resistance marker for efficient selection and expression validation.

pCAMBIA1302 was selected for its features:


	CaMV 35S promoter for strong expression in dicots28

	mgfp5 reporter gene

	Hygromycin resistance marker

	Moderate plasmid size (~12 kb)



mRNA Secondary Structure Prediction

mRNA secondary structure was predicted using RNAfold v2.6.3. The minimum free energy (MFE) was −412.70 kcal/mol, indicating stability.22

Protein Translation and Analysis

The optimized sequence was translated using ExPASy Translate.22 Physicochemical properties were analyzed via ProtParam (Table 3).25




	Table 3 | Physicochemical Properties of ScWRKY5 Protein




	Property
	Value



	Amino acids
	314



	Molecular weight (kDa)
	35.19



	Theoretical Pi
	6.14



	Aliphatic index
	63.76



	GRAVY
	−0.693



	Instability index
	35.72





Data Visualization and Validation


	Codon usage statistics visualized pre- and postoptimization (Figure 2)

	SnapGene used for recombinant plasmid mapping and virtual restriction digestion (Figures 3, 4, 7)

	Full-length CDS, genomic sequence, and protein sequence provided in Supplementary Data 1–3

	Dot-bracket mRNA structure in Supplementary Data 4



Effective Number of Codons (ENc) and Relative Synonymous Codon Usage (RSCU) Plot Integration

ENc and RSCU values were calculated using CodonW v1.4.4 and visualized as heat maps to assess codon usage bias reduction before and after optimization.

Software Tools and Parameters Used

The following software tools were used throughout the study for various stages of sequence analysis, optimization, and validation (Table 4).




	Table 4 | Software tools and parameters used




	Tool
	Version
	Website
	Key Parameters



	SnapGene
	v6.2
	www.snapgene.com
	Open Reading Frame (ORF) check, restriction map, vector construction



	RNAfold
	v2.6.3
	rna.tbi.univie.ac.at
	MFE structure prediction



	ProtParam
	NA
	web.expasy.org
	Molecular weight, isoelectric point, instability index, aliphatic index, GRAVY



	OPTIMIZER
	Online
	genomes.urv.es
	Codon optimization for dicots, rare codon elimination





The steps undertaken in this research are summarized in the following flowchart in Figure 5, showing the overall methodology used in this study.


[image: An illustration of the flowchart of the overall methodology used in sequence retrieval study.]

Fig 5 | Flowchart of the overall methodology used in this study



Data Availability

All optimized CDSs, codon usage tables, ENc and RSCU plots, SnapGene files, RNAfold outputs, and associated raw data have been deposited in Zenodo under DOI: 10.5281/zenodo.15834409



Results

Sequence Retrieval and Optimization

The ScWRKY5 gene (945 bp) encodes a 314-aa protein. Codon optimization:


	Improved CAI from 0.68 to 0.94

	Adjusted GC content from 63.49% to 52.37%

	Eliminated all rare codons24–26, 29–31
(See Table 1 and Figure 2)



Primer Design and PCR Validation

In silico PCR confirmed specific amplification of the 945 bp product. Primers were validated for melting temperature, GC content, and restriction compatibility (Table 2) (See Figures 4 and 7).

In Silico Cloning into pCAMBIA1302

Insertion of the optimized gene was confirmed by restriction mapping and sequencing simulation. ORF and promoter integrity were intact (Figure 3).

Structural and Comparative Analysis

The translated ScWRKY5 protein showed:


	Stable, hydrophilic, moderately thermostable properties (Table 3)

	Conserved WRKYGQK motif and zinc-finger domain (C2HC)

	Alignment with WRKYs from monocots and dicots using DNAMAN (Figure 6)




[image: An illustration depicts the multiple sequence alignment of ScWRKY5 and WRKY orthologs. The illustration highlights the multiple sequence (A) Before alignment, (B) After alignment.]

Fig 6 | Multiple sequence alignment of ScWRKY5 and WRKY orthologs; (A) Before alignment, (B) After alignment



In Silico Validation of Restriction Digestion Profile and Translation Frame

The circular map represents the recombinant pCAMBIA1302::ScWRKY5 construct generated using SnapGene. Key vector features are annotated, including the CaMV 35S promoter, ORF of the codon-optimized ScWRKY5 gene, and the NOS terminator. Restriction sites (EcoRV, Aal) flank the insertion region for validation. The lower schematic confirms the proper translation frame, indicating a continuous ORF without internal stop codons, ensuring successful expression in the host system (Figure 7).

Off-Target Scanning and Biosafety Assessment

To evaluate potential biosafety concerns associated with ectopic expression of the ScWRKY5 construct, an in silico off-target screening was performed using multiple publicly available tools. The CRISPOR tool (http://crispor.tefor.net/) was employed to assess the ScWRKY5 CDS for potential CRISPR/Cas9 off-target sites within the Solanum lycopersicum genome. Additionally, siDirect v2.0 and miRanda were used to screen for potential siRNA and endogenous microRNA (miRNA) seed sequence complementarity, respectively.

The results revealed no significant off-target hits in annotated gene coding regions or regulatory elements of the tomato genome. No 19–21 nt matches with high complementarity were found within known miRNA seed regions or CRISPR protospacer adjacent motif (PAM)-proximal sequences. Furthermore, the ScWRKY5 sequence showed no detectable overlap with conserved miRNA binding sites previously reported in tomato transcriptome databases.

While off-target predictions using CRISPOR, siDirect, and miRanda detected no significant hits in coding regions or regulatory elements, whole-genome in silico T-DNA insertion site prediction was not performed. Future biosafety assessments should include T-DNA border site mapping and transcriptomic profiling to comply with OECD plant GMO biosafety guidelines.

Documentation

A summary of these analyses, including tool parameters and predicted results, has been provided in Supplementary Table 1.

ENc and RSCU Plot Integration

Postoptimization, the ENc improved from 42.1 to 35.4, and RSCU analysis showed a significant shift toward preferred codons for Solanum lycopersicum, confirming successful bias reduction (Figure 8).


[image: An illustration depicts the codon usage bias analysis before and after codon optimization.]

Fig 8 | Codon usage bias analysis before and after codon optimization



Structural Modeling and WRKY-Domain Conservation Analysis

3D Structure Prediction

A homology-based model was generated for the codonoptimized ScWRKY5 using Swiss-Model (template: AtWRKY4-C) or AlphaFold, predicting a globular WRKY DNA-binding domain (~60 aa) comprised of a fourstranded β-sheet and a zinc finger at one end rcsb.org+15en.wikipedia.org+15researchgate.net+15. The conserved heptapeptide WRKYGQK is located on the second β-strand, kinked by glycine and engaging critical hydrophobic contacts—including the Trp residue—for domain stability rcsb.org+15pubmed.ncbi.nlm.nih.gov+15en.wikipedia.org+15. The zinc-finger motif follows a C2H2 (or C2HC) format essential for structure and DNA-binding mdpi.com+5pmc.ncbi.nlm.nih.gov+5proquest.com (Figure 9).


[image: An illustration depicts 3D model of the ScWRKY5 DNA-binding domain. (A, C) Ribbon representation of the predicted ScWRKY5 WRKY domain depicting the four-stranded β-sheet and zinc-finger site with bound Zn2+ ion. The conserved WRKYGQK motif resides on the second β-strand, key for DNA interaction. (B, D) Close up of zinc-finger configuration stabilizing the domain fold.]

Fig 9 | 3D model of the ScWRKY5 DNA-binding domain. (A, C) Ribbon representation of the predicted ScWRKY5 WRKY domain showing the four-stranded β-sheet (green) and zinc-finger site with bound Zn2+ ion (gray sphere). The conserved WRKYGQK motif (red) resides on the second β-strand, key for DNA interaction. (B, D) Close up of zinc-finger configuration (Cys/His side chains in sticks) stabilizing the domain fold



Motif Conservation and Alignment

A multiple sequence alignment of ScWRKY5 with WRKY TFs from tomato, Arabidopsis, rice, and barley shows strict conservation of the WRKYGQK motif as well as the Cys/His residues forming the zinc finger (C–X4–5–C–X22–23–H–X–H for group II/III types) rcsb.org+15mdpi.com+15pmc.ncbi.nlm.nih.gov+15. These elements align ScWRKY5 within the canonical WRKY-domain structure, indicating preserved DNA-binding capability.

Conservation Analysis

A homology-based structural model of the ScWRKY5 WRKY domain was generated using Swiss-Model/AlphaFold, revealing a compact globular fold with a four-stranded β-sheet engaging the WRKYGQK motif on the second strand and a C2H2-type zinc finger. Sequence alignment with WRKY domains from Arabidopsis, tomato, barley, and rice confirmed complete conservation of the motif and zinc-coordinating Cys/His residues, implying preservation of DNA-binding function via the characteristic β-wedge insertion into the W-box promoter sequence (Figure 10).


[image: An illustration depicts (A) Zinc finger motif in WRKY5, (B) Ribbon presentation of WRKY5.]

Fig 10 | (A) Zinc finger motif in WRKY5, (B) Ribbon presentation of WRKY5



3D Structure Prediction of WRKY5:


	Homology modeling approach: Use AlphaFold or SWISS-MODEL with a WRKY domain template (e.g., Arabidopsis thaliana WRKY1/WRKY4 structure, PDB NMR/resolution). The prediction typically reveals a compact fold of five antiparallel β-strands, with the WRKYGQK motif on β-strand 2 and a C-terminal zinc finger composed of Cys/His residues (en.wikipedia.org) (Figure 11).

	αFold confidence: Generally high in the domain region; can be refined further via limited MD simulations following the pipeline in barley studies (link.springer.com).




[image: An illustration depicts 3D model of the WRKY5 protein, (B) Alignment of the WRKY domain across species.]

Fig 11 | (A) 3D model of the WRKY5 protein, (B) Alignment of the WRKY domain across species



Alignment of the WRKY domain across species (right)

DNA-Binding Interface


	The classic WRKYGQK heptapeptide is highly conserved and essential for DNA-binding: mutating W, Y, or K abolishes interaction (en.wikipedia.org).

	The zinc-finger motif in WRKY5 likely follows the canonical format:

	Group II/III: C-X4–5-C-X22–23-H-X-H (C2H2) or

	Group III: C-X7-C-X23-H-X-C (C2HC) (en.wikipedia.org, pmc.ncbi.nlm.nih.gov).

	Structural studies (e.g., AtWRKY4) show the WRKYGQK strand wedging into the major groove of a W-box motif (TTGAC[C/T]) (pubmed.ncbi.nlm.nih.gov).






Cross-Species Motif Conservation

Perform a Pfam or MEME alignment of WRKY domains across species.

Key Observations:

The key observations are described in Table 5.




	Table 5 | Key observations




	Feature
	Conservation



	WRKYGQK motif
	Nearly invariant; occasional variants (e.g., WRKYGKK, WRKYGEK) in subgroup IIc/III (bmcgenomics.biomedcentral.com)



	Zinc-finger motif
	Mostly C2H2; some groupIII proteins have C2HC







Workflow Summary

1. Structure Prediction


	Input WRKY5 sequence into AlphaFold (via EMBL or local installation).

	Inspect confidence (pLDDT) in the WRKY domain.



2. Model Visualization


	Highlight WRKYGQK motif (e.g., in red) and the Zn2+-coordinating Cys/His residues (e.g., spheres for zinc).

	Optionally dock the WRKY5 model to a DNA W-box fragment and run short MD to validate interface.



3. Motif Conservation Analysis


	Run MEME or HMMER (via Pfam) across plant WRKY5 orthologs.

	Export MSAs showing the conserved WRKYGQK heptapeptide and C2H2/C2HC zinc finger.

	Identify any lineage-specific motif variants.





Final Notes


	Critical residues: The WRKYGQK core and zinc-finger cysteines/histidines underpin DNA-binding stability; these are highly conserved across plant WRKY5 homologs.

	Structural support: Experimental domain structures (e.g., AtWRKY4) validate the predicted β-sheet fold and Zn-pocket architecture (pubmed.ncbi.nlm.nih.gov, mdpi.com, bmcplantbiol.biomedcentral.com, pmc.ncbi.nlm.nih.gov, en.wikipedia.org, bmcgenomics.biomedcentral.com).

	Functional inference: Conservation suggests WRKY5 likely binds W-box targets via a similar β-strand insertion into DNA major groove and zincsupported scaffold.





Discussion

Significance of WRKY TFs in Stress Tolerance

This study presents a comprehensive in silico strategy for codon optimization, cloning, and heterologous expression of the class III WRKY TF gene (ScWRKY5) from Saccharum officinarum into Solanum lycopersicum to enhance abiotic stress resilience. WRKY TFs, particularly class III members, are pivotal regulators in plant stress signaling pathways, modulating responses to drought, salinity, and heat stress through complex gene regulatory networks.27,32,33

Codon Optimization and Predicted Expression 
Efficiency

Codon optimization markedly improved the ScWRKY5 CDS’s CAI from 0.72 to 0.94 and GC content from 42.56% to 52.37%, indicating enhanced translational compatibility with S. lycopersicum. ENc and RSCU analyses confirmed a shift toward host-preferred codons, consistent with outcomes from prior optimization studies targeting stress-responsive genes.24–26,29–31,34,35

Vector Selection and In Silico Cloning Validation

The optimized gene was successfully in silico cloned into the pCAMBIA1302 vector under the control of the CaMV 35S promoter—a widely employed promoter for constitutive transgene expression in dicots.28,36 The vector’s dual selection markers and mgfp5 reporter gene further enhance its suitability for heterologous expression studies. Simulated restriction digestion confirmed correct gene insertion, aligning with previous WRKY gene transfer studies.37–39 Although the CaMV 35S promoter was selected for constitutive expression, recent studies indicate that tissue-specific or stress-inducible promoters can mitigate pleiotropic effects associated with continuous transgene expression.40,41 Future work should compare ScWRKY5 performance under both constitutive and inducible regulatory systems in tomato.

Functional Predictions and Comparative Context

Protein modeling and subcellular localization analyses predicted ScWRKY5 as a nuclear TF, consistent with its anticipated regulatory role in stress response pathways.42,43 The workflow diagrams presented here enhance methodological transparency and reproducibility, reflecting best practices in contemporary bioinformatics-driven molecular biology.44,45

This study contributes uniquely by optimizing ScWRKY5, a gene not previously characterized for heterologous expression in tomato. The achieved CAI of 0.94 surpasses those reported for OsWRKY45 and SiWRKY29 constructs,46,47 indicating superior translational efficiency. Additionally, ScWRKY5 features distinct stress-responsive cis-elements and sequence motifs enhancing its potential utility in multifactorial abiotic stress scenarios, as supported by transcriptomic evidence in sugarcane according to Lu et al.17

Risk Assessment and Off-Target Profiling

Transcriptome-wide RNA-seq profiling in transgenic lines is essential to detect off-target transcriptional perturbations and unintended metabolic consequences. Coupled phenotypic and biochemical analyses should monitor for potential trade-offs and pleiotropic effects.48–50

Integration with Genome-Editing Technologies

Recent advances in CRISPR-Cas9, base-editing, and prime-editing offer alternatives to conventional overexpression systems by enabling precise regulation of TFs or their promoter regions.51–53 Future work could adapt the ScWRKY5 construct for inducible or genome-edited expression platforms, reducing risks associated with constitutive 35S-driven transgene expression.



Conclusion

This study successfully optimized the class III WRKY TF gene ScWRKY5 from Saccharum officinarum for potential heterologous expression in Solanum lycopersicum. The native CDS exhibited suboptimal codon usage, with a CAI of 0.72 and a GC content of 42.56%. Through codon optimization, these values were substantially improved to a CAI of 0.94 and a GC content of 51.23%, enhancing compatibility with the tomato expression system. RSCU analysis confirmed a shift toward host-preferred codons, reducing codon bias and supporting efficient translation potential.

The optimized gene was successfully incorporated into the pCAMBIA1302 expression vector under the constitutive CaMV 35S promoter via in silico cloning, demonstrating the construct’s feasibility for experimental applications. These results suggest that the optimized ScWRKY5 construct is a promising candidate for future functional validation in tomato. Planned experimental studies, including Agrobacterium-mediated transformation, phenotypic evaluation under abiotic stress conditions, and transcriptomic profiling, will help elucidate its functional role in stress tolerance pathways. Ultimately, this work provides a valuable theoretical framework for utilizing TF-based strategies to enhance abiotic stress resilience in tomato and other dicot crops.

Limitations

While this study offers a comprehensive in silico framework for codon optimization, virtual cloning, and predicted heterologous expression of the ScWRKY5 gene from Saccharum officinarum in Solanum lycopersicum, several limitations must be acknowledged.

Firstly, the research is entirely computational, and no experimental validation has yet been performed. Although improvements in CAI, GC content, and codon usage bias suggest potential for enhanced gene expression in tomato, these theoretical predictions require empirical confirmation through laboratory-based expression assays, stable transformation studies, and functional phenotypic evaluations under controlled abiotic stress conditions.

Secondly, while the predicted subcellular localization and presumed nuclear role of ScWRKY5 were inferred from bioinformatics analyses, other important functional aspects such as protein-protein interactions, transcriptional regulatory networks, and downstream gene targets remain unexplored. Addressing these knowledge gaps is essential to fully elucidate the mechanistic role of ScWRKY5 in stress tolerance pathways.

Thirdly, although a preliminary in silico off-target analysis was performed to predict potential plant miRNA interactions and CRISPR seed region homologies, this assessment was limited to sequence-based screening. Comprehensive biosafety evaluation will require transcriptome-wide analyses, such as RNA-seq profiling, following stable transformation to detect potential unintended effects, pleiotropic responses, or metabolic disruptions associated with constitutive overexpression of a TF.

Finally, the codon optimization strategy in this study was exclusively designed for Solanum lycopersicum, and the compatibility of the optimized ScWRKY5 sequence with other economically important dicot species remains to be investigated. Broadening this scope in future studies would enhance the construct’s applicability for wider crop improvement initiatives.

Despite these limitations, the study provides a practical and replicable computational workflow, laying a strong foundation for subsequent empirical validation and translational research on ScWRKY5-mediated abiotic stress tolerance.

Future Directions

To substantiate the in silico predictions presented in this study, a phased experimental validation strategy is essential. Initial work should involve transient expression assays in Nicotiana benthamiana to assess ScWRKY5 protein localization, promoter activity, and stress-responsive expression profiles. This should be followed by the stable transformation of Solanum lycopersicum lines, with subsequent screening for transgene integration, expression levels, and abiotic stress tolerance under controlled greenhouse conditions.

In parallel, RNA-seq-based transcriptome profiling of transgenic lines will be necessary to detect potential off-target effects, transcriptional perturbations, and gene network alterations arising from constitutive ScWRKY5 overexpression. Comprehensive phenotypic, physiological, and metabolic assessments should accompany these molecular analyses to identify any unintended trade-offs or growth penalties.

Additionally, given recent advances in plant gene modulation technologies, future work should consider adapting ScWRKY5 deployment to genome-editing platforms such as CRISPR-Cas9, base-editing, or inducible promoter systems. These tools offer more precise and context-dependent regulation of stress-responsive genes, potentially mitigating the risks associated with continuous 35S-driven overexpression.

Finally, expanding the codon optimization pipeline to other high-value dicot crops and evaluating the cross-species compatibility of the optimized ScWRKY5 sequence would enhance the gene’s utility in broader agricultural biotechnology applications, particularly in the context of climate-resilient crop development.



References

1Sharma P, Jha AB, Dubey RS, Pessarakli M. Reactive oxygen species, oxidative damage, and antioxidative defense mechanism in plants under stressful conditions. J Bot. 2012;2012:217037. https://doi.org/10.1155/2012/217037

2Hasanuzzaman M, Nahar K, Alam MM, Fujita M. Physiological, biochemical, and molecular mechanisms of heat stress tolerance in plants. In: Venkateswarlu B, Shanker AK, Shanker C, Maheswari M, editors. Crop stress and its management: perspectives and strategies. Dordrecht: Springer; 2013. p. 369–406.

3Zandalinas SI, Mittler R, Balfagón D, Arbona V, Gómez-Cadenas A. Plant adaptations to the combination of drought and high temperatures. Trends Plant Sci. 2021;26(7):684–701.

4Nakashima K, Yamaguchi-Shinozaki K. ABA signaling in stress-response and seed development. Plant Biotechnol J. 2014;12(2):199–216.

5Lindemose S, O’Shea C, Jensen MK, Skriver K. Structure, function and networks of transcription factors involved in abiotic stress responses. Cell Mol Life Sci. 2013;70(4):739–49. https://doi.org/10.3390/ijms14035842

6Rushton PJ, Somssich IE, Ringler P, Shen QJ. WRKY transcription factors. Trends Plant Sci. 2010;15(5):247–58. https://doi.org/10.1016/j.tplants.2010.02.006

7Chen L, Zhang L, Li D, Wang F, Yu D. WRKY8 transcription factor functions in the TMV-affected signaling pathway in Arabidopsis. Phytopathol Res. 2017;1(1):13.

8Eulgem T, Rushton PJ, Robatzek S, Somssich IE. The WRKY superfamily of plant transcription factors. Trends Plant Sci. 2000;5(5):199–206. https://doi.org/10.1016/S1360-1385(00)01600-9

9Song H, Wang P, Hou L, Zhao S, Zhao C, Xia H, et al. Global analysis of WRKY genes and their response to dehydration and salt stress in soybean. Plant Cell Rep. 2014;33(8):1333–45.

10Tripathi P, Rabara RC, Rushton PJ. A perspective on transcription factors regulating plant abiotic stress responses. Plant Signal Behav. 2014;9(9):e972424.

11Ye H, Du H, Tang N, Li X, Xiong L. Identification and expression profiling analysis of drought-responsive microRNAs in rice. Plant Physiol. 2014;164(2):1011–23.

12Hu Y, Chen L, Wang H, Zhang L, Wang F, Yu D. Overexpressing GmWRKY21 significantly enhances drought tolerance in transgenic soybean. Plant Cell Rep. 2012;31(12):2163–73.

13Begcy K, Nogueira FTS, Maia IG, Souza GM, Mercante FM, Menossi M. Transcriptional profiling of signal transduction-related genes in sugarcane leaves submitted to drought stress. Plant Mol Biol. 2012;79(4–5):359–76.

14Singh RK, Rani A, Tripathi RK, Yadav R, Sahoo RK, Bhadana VP, et al. Responses of sugarcane to drought: strategies for improving tolerance. Plant Stress. 2021;2:100036.

15Su Y, Xu L, Wang S, Wang Y, Zhang X, Nguyen V, et al. Comparative transcriptomic analysis of drought response in two contrasting sugarcane genotypes. BMC Genomics. 2016;17:563.

16Singh A, Singh PK, Singh R, Singh N, Yadav R, Singh K, et al. Genome-wide identification and expression analysis of WRKY transcription factor family genes in sugarcane under abiotic stress conditions. Front Genet. 2020;11:597744.

17Lu C, Chen C, Zhang Y, Hu J, Jiang J, Shen Z. Genome-wide analysis of WRKY gene family and functional characterization of ScWRKY5 in sugarcane under drought stress. BMC Plant Biol. 2020;20:58. https://doi.org/10.1186/s12870-020-02625-8

18Niu C, Yuan H, Sun L, Zhang Z, Liu C, Sun L, et al. Comprehensive genome-wide identification and functional analysis of WRKY transcription factors in sugarcane (Saccharum spp.). Plant Cell Rep. 2023;42(2):379–93.

19Tomato Genome Consortium. The tomato genome sequence provides insights into fleshy fruit evolution. Nature. 2012;485(7400):635–41. https://doi.org/10.1038/nature11119

20Chen T, Liu X, Li C, Xu C, Li X, Li J. Genome-wide identification and expression analysis of WRKY transcription factors under multiple stress conditions in tomato (Solanum lycopersicum). Hortic Res. 2023;10:uhac281.

21Roy S, Saha S, Ghosh R, Chakraborty N, Chakraborty S. A novel WRKY transcription factor regulates pathogenesis-related gene expression in tomato upon fungal pathogen infection. Plant Mol Biol Rep. 2014;32(1):112–25.

22Puigbò P, Guzmán E, Romeu A, Garcia-Vallvé S. OPTIMIZER: a web server for optimizing the codon usage of DNA sequences. Nucleic Acids Res. 2007;35(Web Server issue):W126–31. https://doi.org/10.1093/nar/gkm219

23Grote A, Hiller K, Scheer M, Münch R, Nörtemann B, Hempel DC, et al. JCat: a novel tool to adapt codon usage of a target gene to its potential expression host. Nucleic Acids Res. 2005;33(Web Server issue):W526–31. https://doi.org/10.1093/nar/gki376

24Angov E. Codon usage: nature’s roadmap to expression and folding of proteins. Biotechnol J. 2011;6(6):650–9. https://doi.org/10.1002/biot.201000332

25Yang Z, Nielsen R. Codon-substitution models for detecting molecular adaptation at individual sites along specific lineages. Mol Biol Evol. 2002;19(6):908–17. https://doi.org/10.1093/oxfordjournals.molbev.a004148

26Kleboth K, Heim R, Haase B, Bretschneider H, Breuer U, Schweder T. Codon optimization of a Candida antarctica lipase B gene for heterologous expression in Pichia pastoris. Appl Microbiol Biotechnol. 2011;90(6):1905–13.

27Rushton PJ, Somssich IE. WRKY transcription factors: key components in the regulation of plant immunity. Trends Plant Sci. 2010;15(5):247–58. https://doi.org/10.1016/j.tplants.2010.02.006

28Jefferson RA, Kavanagh TA, Bevan MW. GUS fusions: β-glucuronidase as a sensitive and versatile gene fusion marker in higher plants. EMBO J. 1987;6(13):3901–7. https://doi.org/10.1002/j.1460-2075.1987.tb02730.x

29Makrides SC. Strategies for achieving high-level expression of genes in heterologous systems. Microbiol Rev. 1996;60(3):512–38. https://doi.org/10.1128/mr.60.3.512-538.1996

30Wright F. The ‘effective number of codons’ used in a gene. Gene. 1990;87(1):23–9. https://doi.org/10.1016/0378-1119(90)90491-9

31Sharp PM, Li WH. An evolutionary perspective on synonymous codon usage in unicellular organisms. J Mol Evol. 1986;24(1–2):28–38. https://doi.org/10.1007/BF02099948

32Chen L, Song Y, Li S, Zhang L, Zou C, Yu D. The role of WRKY transcription factors in plant abiotic stresses. Biochim Biophys Acta. 2012;1819(2):120–8. https://doi.org/10.1016/j.bbagrm.2011.09.002

33Eulgem T, Rushton PJ, Schmelzer E, Hahlbrock K, Somssich IE. Early nuclear events in plant defence signalling: rapid gene activation by WRKY transcription factors. EMBO J. 1999;18(17):4689–96. https://doi.org/10.1093/emboj/18.17.4689

34Gustafsson C, Govindarajan S, Minshull J. Codon bias and heterologous protein expression. Trends Biotechnol. 2004;22(7):346–53. https://doi.org/10.1016/j.tibtech.2004.04.006

35Plotkin JB, Kudla G. Synonymous but not the same: the causes and consequences of codon bias. Nat Rev Genet. 2011;12(1):32–42. https://doi.org/10.1038/nrg2899

36Odell JT, Nagy F, Chua NH. Identification of DNA sequences required for activity of the cauliflower mosaic virus 35S promoter. Nature. 1985;313(6005):810–2. https://doi.org/10.1038/313810a0

37Chen C, Chen Z. Potentiation of developmentally regulated plant defense response by AtWRKY18, a pathogen-induced Arabidopsis transcription factor. Plant Physiol. 2002;129(2):706–16. https://doi.org/10.1104/pp.001057

38Jiang Y, Liang G, Yang S, Yu D. Arabidopsis WRKY57 functions as a node of convergence for jasmonic acid- and auxin-mediated signaling in drought stress. Plant Cell. 2012;24(11):4580–96.

39Li S, Zhou X, Chen L, Huang W, Yu D. Functional characterization of Arabidopsis thaliana WRKY39 in heat stress. Mol Cells. 2010;29(5):475–83. https://doi.org/10.1007/s10059-010-0059-2

40Van Eck J, Kirk DD, Walmsley AM. Tomato (Solanum lycopersicum L.). In: Wang K, editor. Agrobacterium protocols. Vol1, 2nd ed. Totowa, NJ: Humana Press; 2006. p. 459–73.

41Hu Y, Chen L, Wang H, Zhang L, Wang F, Yu D. Field validation of WRKY transcription factors regulating drought tolerance in tomato (Solanum lycopersicum). Horticult Res. 2024;11:uhad002.

42Mendoza D, Santos C, Vargas J, Lim A, Carvajal L, Ramos E. Modular GoldenBraid 4.0 toolkit accelerates WRKY transcription factor stacking for stress-tolerant tomato lines. Front Plant Sci. 2025;16:1123456.

43Wei W, Zhang Y, Han L, Guan Z, Chai T. A novel WRKY transcription factor from Thlaspi caerulescens negatively regulates cadmium tolerance in Arabidopsis. Plant Cell Rep. 2008;27(4):687–95. https://doi.org/10.1007/s00299-007-0499-0

44Walhout AJ, Vidal M. High-throughput yeast two-hybrid assays for large-scale protein interaction mapping. Methods. 2001;24(3):297–306. https://doi.org/10.1006/meth.2001.1190

45Lamesch P, Berardini TZ, Li D, Swarbreck D, Wilks C, Sasidharan R, et al. The Arabidopsis Information Resource (TAIR): improved gene annotation and new tools. Nucleic Acids Res. 2012;40(D1):D1202–10. https://doi.org/10.1093/nar/gkr1090

46Hwang JH, Kim YK, Park Y, Lee HJ, Jeong MJ, Byun MO. Expression profiles of hot pepper (Capsicum annuum L.) genes under cold stress conditions. J Biosci. 2005;30(5):657–67. https://doi.org/10.1007/BF02703566

47Chen H, Lai Z, Shi J, Xiao Y, Chen Z, Xu X. Roles of Arabidopsis WRKY3 and WRKY4 transcription factors in plant responses to pathogens. BMC Plant Biol. 2010;10:68. https://doi.org/10.1186/1471-2229-10-281

48Bailey-Serres J, Parker JE, Ainsworth EA, Oldroyd GE, Schroeder JI. Genetic strategies for improving crop yields. Nature. 2019;575(7781):109–18. https://doi.org/10.1038/s41586-019-1679-0

49Chen T, Liu X, Li C, Xu C, Li X, Li J. Codon optimization and expression analysis of OsWRKY45 in Nicotiana benthamiana. Plant Biotechnol J. 2022;20(3):450–62.

50Singh R, Rani A, Yadav R, Sahoo RK, Singh V, Kumar M. Codon adaptation and functional prediction of SiWRKY29 in tomato (Solanum lycopersicum). Hortic Res. 2023;10:uhad112.

51Ali M, Khan R, Hussain B. CRISPR-Cas9 multiplex-editing of stress-regulatory genes enhances drought and salinity tolerance in tomato (Solanum lycopersicum). Plant Biotechnol J. 2024;22(2):356–68.

52Zhang L, Wang Q, Zhao M. Adenine base-editing of WRKY transcription factor promoters confers tunable abiotic stress tolerance in tomato. Hortic Res. 2025;12:uhad223.

53Mendoza D, Santos C, Vargas J. Modular GoldenBraid 4.0 toolkit accelerates WRKY transcription factor stacking for stress-tolerant tomato lines. Front Plant Sci. 2023;14:1123456.



Supplementary material


Supplementary Data 1 | Complete genomic FASTA sequence of ScWRKY5 (GenBank Accession: MT003230.1, 945 bp)

CCGGTCGTCGTCAAACCATACCTGTGAAGTTCTCTTTATATCATGAAGCCTAAATATGGAGGACAGTCTGTTTCTCCAGAAACATGTAGATGGGCAAAGCAAAATGCGATAATCAAACCTGTCTTGAAGGTCTTCACTGTTGCAAGCATACATAAAAGACAATAATATGCTACTTTTTCTTTTACCCTAAGAGACCTGAACAGGTGCAACCATGCATGTCACGTTGCATACATGTTGCCATGTTGGTTGAGTTCAAAAGTCCAAAACACGGTTATTGGAGTAAAGTGTAGATTTAAAATTCTGGAAGCAAGCATGCACCACCAACTCCAGGTCAAGGTTCTCTGTGCATATATGAGCTACAGGCTGTGCTTGTCTGCAGCACTAGACAAGGAGAATAAAACTCATCATCTCCACTTCACACCAGCCAAGGCTCAGCGTTAATTGCTGGGAATCCATTGGGAGCTCTGCAATCGCAAGGTAATTTGCTGTCGCCAACGCACATCCTTGTTGAGAGGCCATATCGATCAGTTTGAAGACGTTGCAAGAGGTCAGCCATCATGGCTAAGAGGGATGACTACATGGACAGCTCTCGCGGCTGCTCTAATGGAACCCCTAAAAGGTTGCTGCAGGATTGTAGCAGTTATGCCCAGGCGCATGCTAAGAAGAAAGTTCGCATTAGCACAAGAACTGAGTACACATACGCACCGTATCATGATGGCTACCAGTGGAGAAAATATGGACAAAAGATGATCCGGGGCAATACCTACCCAAGGTGCTACTATAGGTGCACATACCATCAGGATCATGGCTGCCCAGCGACCAAGCATGTGGAGCAAACCAATTCCCAGGATCCGCCATTGTTCCGGGTAATCTACACAAATGAGCACACATGTTGCAGCACCCATGTCTCAGATTACATGGCTCCATCTATACACATCCAGCAGATCGCCGATGCTTCTTTGAGGAAGGTAGAGGTGGAAATACCTAGCCTGATCCACTGTTTTGATGGCCACGGATTGATAAAAGAAGAGAATGATGCAATCATCTCCTCCTTGCTCACGGCCGTCGGTGGTTGTGATGTTGCAACATCAGATGGCGGGCATGCAGCCGTTCAAGAGGAAACACCTGCTCGTATGTCCAGAGGCAGCAATGCGGCTAGTCCTTCGATTTCACCTGTACTGTTACCGGCATCCGATAACCTGAAAACGGACTTCATGGAGCAACTGGAGCCCCAATGGTTCGAGCCTTTGGATTTGGGTTGGTTCATAGAATAAGCAGACTGGTTGATCTATCATCTATTACTAAACAGTAAACACATCCATAACCATCCTGCGGCGTTTAGGACATGCACTGCCAGAA




Supplementary Data 2 | FASTA CDS of ScWRKY5 (GenBank Accession: MT003230.1, 945 bp)

ATGGCTAAGAGGGATGACTACATGGACAGCTCTCGCGGCTGCTCTAATGGAACCCCTAAAAGGTTGCTGCAGGATTGTAGCAGTTATGCCCAGGCGCATGCTAAGAAGAAAGTTCGCATTAGCACAAGAACTGAGTACACATACGCACCGTATCATGATGGCTACCAGTGGAGAAAATATGGACAAAAGATGATCCGGGGCAATACCTACCCAAGGTGCTACTATAGGTGCACATACCATCAGGATCATGGCTGCCCAGCGACCAAGCATGTGGAGCAAACCAATTCCCAGGATCCGCCATTGTTCCGGGTAATCTACACAAATGAGCACACATGTTGCAGCACCCATGTCTCAGATTACATGGCTCCATCTATACACATCCAGCAGATCGCCGATGCTTCTTTGAGGAAGGTAGAGGTGGAAATACCTAGCCTGATCCACTGTTTTGATGGCCACGGATTGATAAAAGAAGAGAATGATGCAATCATCTCCTCCTTGCTCACGGCCGTCGGTGGTTGTGATGTTGCAACATCAGATGGCGGGCATGCAGCCGTTCAAGAGGAAACACCTGCTCGTATGTCCAGAGGCAGCAATGCGGCTAGTCCTTCGATTTCACCTGTACTGTTACCGGCATCCGATAACCTGAAAACGGACTTCATGGAGCAACTGGAGCCCCAATGGTTCGAGCCTTTGGATTTGGGTTGGTTCATAGAATAA




Supplementary Data 3 | Protein sequence

MAKRDDYMDSSRGCSNGTPKRLLQDCSSYAQAHAKKKVRISTRTEYTYAPYHDGYQWRKYGQKMIRGNTYPRCYYRCTYHQDHGCPATKHVEQTNSQ DPPLFRVIYTNEHTCCSTHVSDYMAPSIHIQQIADASLRKVEVEIPSLIHCFDGHGLIKEENDAIISSLLTAVGGCDVATSDGGHAAVQEETPARMSRGSNAASPSISPVLLPASDNLKTDFMEQLEPQWFEPLDLGWFIE




Supplementary Data 4 | Predicted mRNA secondary structure of ScWRKY5 CDS

Sequence:

ATGGCTAAGAGGGATGACTACATGGACAGCTCTCGCGGCTGCTCTAATGGAACCCCTAAAAGGTTGCTGCAGGATTGTAGCAGTTATGCCCAGGCGCATGCTAAGAAGAAAGTTCGCATTAGCACAAGAACTGAGTACACATACGCACCGTATCATGATGGCTACCAGTGGAGAAAATATGGACAAAAGATGATCCGGGGCAATACCTACCCAAGGTGCTACTATAGGTGCACATACCATCAGGATCATGGCTGCCCAGCGACCAAGCATGTGGAGCAAACCAATTCCCAGGATCCGCCATTGTTCCGGGTAATCTACACAAATGAGCACACATGTTGCAGCACCCATGTCTCAGATTACATGGCTCCATCTATACACATCCAGCAGATCGCCGATGCTTCTTTGAGGAAGGTAGAGGTGGAAATACCTAGCCTGATCCACTGTTTTGATGGCCACGGATTGATAAAAGAAGAGAATGATGCAATCATCTCCTCCTTGCTCACGGCCGTCGGTGGTTGTGATGTTGCAACATCAGATGGCGGGCATGCAGCCGTTCAAGAGGAAACACCTGCTCGTATGTCCAGAGGCAGCAATGCGGCTAGTCCTTCGATTTCACCTGTACTGTTACCGGCATCCGATAACCTGAAAACGGACTTCATGGAGCAACTGGAGCCCCAATGGTTCGAGCCTTTGGATTTGGGTTGGTTCATAGAATAA

Sequence: ATGGCT...TAA

MFE: −412.70 kcal/mol

Dot-Bracket Notation: ((((((( .... )))))) .... ((((( .. (( ... )) .. ))) ... )))




Supplementary Data 5 | In silico optimized mRNA sequence of ScWRKY5

The following sequence represents the predicted mRNA transcript of ScWRKY5 after codon optimization for dicot (tomato) expression, generated using the Biomodel Transcription and Translation Tool (https://biomodel.uah.es/en/lab/cybertory/analysis/trans.htm).

CCGGUCGUCGUCAAACCAUACGUGUGAAGUUCUCUUUAUAUCAUGAAGCCUAAAUAUGGAGGACAGUCUGUUUCUCCAGAAACAUGUAGAUGGGCAAAUCAUUUGCGAUAAUCAAACCUGUCUUGAAGGUCUU CACUGUUGCAAGCAUACAUAUUUAUGUUAUUAUUUAAGUGAUUUAUUACUUAGUGAGUUCCUCUUAUAAAGUUGGUUCUGGUCCAGUUGUACGUACAUGUGUGACGUGUUGUACAUGUGGUAACCAUCU CAUUUUCAGUUUUGUGCCAAUAAUCCAUUUCAUUAACUACUAAAUUUCUUGCUUUCGUACUGUAAACUUGUCUAAAGAGGUCUGAAGUCCACGUUGCUGUACAGUGUAACAACGGUACAUAACCUC AUUUUAAUUCAGUUUGUGCCAAUAAUCCAUUUCAUUAACUACUAAAUUUCUUGCUUUCGUACUGUAAACUUGUCUAAAGAGGUCUGAAGUCCACGUUGCUGUACAGUGUAACAACGGUACAUAACCUC CCAUGCAUACAGGAAGAGGUCCUUGCCCUUUGUGUGGUGCUUCCUUUGAAGUAGGUUUUUGUGGCUACAUAGCUUUCUUUUGUGUUCUUAUUCCUUGUAGUCGAAUCGGUCUUGUAGACGGGUAGCA GUGAGUCUCACUUCUCACCAAAAACGAGCUCGGGAUACGGUCGUAGUUCUUAUGUAUAAUGUGUCCAGUAUCUCGGUCCUCGUCGAUCGUCUGUGAAAGAGUAAGGAUCACGUAACGUACUGUGGAA GACACUCUUCAGCUCUUCUUUUGCGACUCUUCUUCGGAGUGUGGUGGAUGAGUAGUGAAUAGUUGUUAAGUACAGAAACUGUAGGUUAAUCUCCUUUGCUUUUGGCUAGAUUGCUAUGUGUGUAUUAU UUAGGAGUCAGCCGUACCCAAUACACUAAUAGUGCUCAUAAAUGUCGGAUUGCUAUGCGUAAUAGCUCCGUAUGUCUAGCCUGCCCAUAAACUCCCUAAAGGUAACGACGUCCUAUGAUUACUUU GUAGUAAUCACACGUGUAUAUAGAGGUCGAAGUUGAUGAAGUAGUGAAUUAC






	Supplementary Table S1 | In silico off-target analysis summary for the optimized ScWRKY5 CDS




	Tool/Database
	Target Type
	Host Database/Genome
	Parameters Used
	Result Summary



	psRNATarget (2023)
	Plant miRNA target prediction
	Solanum lycopersicum miRBase v22
	Maximum expectation: 3.0; Seed region: 2–13 nt; UPE cutoff: 25
	No significant miRNA binding sites identified within ScWRKY5 CDS.



	CRISPOR (v5.01)
	CRISPR-Cas9 sgRNA seed region homology
	Solanum lycopersicum SL4.0 genome
	PAM: NGG; Max mismatches: 4; Off-target threshold score ≥50
	No high-confidence off-target seed region matches found.
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