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			Abstract | Zucchini yellow mosaic virus (ZYMV) presents a major threat to the global cucurbit crop production, highlighting the urgent need for safe and effective vaccine strategies. This study aimed to employ a comprehensive in silico approach to identify immunogenic epitopes from the ZYMV capsid protein, targeting B-cell, cytotoxic T lymphocyte (CTL), and helper T lymphocyte (HTL) responses. B-cell epitope prediction using ABCpred and SVMTrip revealed high-scoring, overlapping sequences, particularly in the 38–57 region, with strong antigenicity and favorable safety profiles (i.e., non-allergenic and non-toxic). For CTL epitope identification, NetMHCpan analysis highlighted the potent MHC Class I binders, including ASHQQFSSW, LEYKPDQIEL, and GSHGKIVPR. Notably, GSHGKIVPR overlapped with the predicted B-cell regions, supporting its potential for inclusion in a multi-epitope vaccine. HTL epitopes predicted via NetMHCIIpan included immunodominant peptides such as PDQIELYNTRASHQQ (86–100), capable of eliciting robust CD4⁺ T-cell responses. The final vaccine construct incorporated the most promising epitopes, linked appropriately, and combined with an adjuvant. Physicochemical characterization indicated a stable, soluble, and immunogenic protein (instability index: 24.35; GRAVY: –0.722; pI: 9.11), with favorable predicted half-lives across the multiple expression systems. Structural modeling confirmed correct folding and surface accessibility of epitopes. Validation through Ramachandran plot and Z-score analysis further supported the structural integrity of the construct. Overall, these findings point to a promising multi-epitope vaccine candidate against ZYMV, meriting experimental validation and further development.
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			Introduction

			Plant viruses represent a major threat to global agriculture, infecting a wide range of host species and causing significant crop losses (Di Carli et al., 2012; Abdel Razek et al., 2025; Farag et al., 2025). Among them, Zucchini yellow mosaic virus (ZYMV)-a member of the Potyviridae family poses a serious risk to cucurbit production worldwide, with notable economic impact (Ahsan et al., 2023; Chinnadurai, 2024; Bibiano et al., 2025). Central to ZYMV’s infectivity and host interactions is its coat protein (CP), which plays a critical role in viral assembly, transmission, and immune recognition (Simmons et al., 2013; Ahsan et al., 2023).

			The ZYMV CP is a 31-kDa protein that assembles into flexuous and filamentous virions approximately 680–730 nm long and 11–13 nm wide. These virions consist of about 2,000 CP subunits encapsidating a ~9.6 kb RNA genome (Gal-On, 2007; Abdel-Razek et al., 2025). Processed from the C-terminal end of the viral polyprotein, the CP is highly immunogenic and capable of triggering robust immune responses in host plants (Ullah et al., 2003). Several studies have mapped specific antigenic regions within the CP using monoclonal antibodies (MAbs), aiding in the development of diagnostic tools and cross-protection strategies (Tian et al., 2014).

			Synthetic peptides and site-directed mutagenesis were applied to full-length ZYMV cDNA clones to precisely identify the CP epitopes recognized by monoclonal antibodies (MAbs) CC11 and DD2. These antibodies demonstrated the ability to successfully distinguish between wild-type and mutant virus strains during mixed infections in muskmelon plants. This specificity underscores their valuable role in strain differentiation and highlights their potential application in plant virology diagnostics and disease management (Liu et al., 2016; Farag et al., 2025). Genetic variations in the CP among different ZYMV isolates also influence the aphid transmissibility and pathogenicity. For instance, specific mutations have been shown to restore vector transmission capability without compromising viral replication, emphasizing the CP’s multifaceted roles in virus-host-vector dynamics (Kimman et al., 2007; Güller and Usta, 2019).

			Proteomics has emerged as a powerful tool for studying viral proteins and their interactions with host factors. Several advanced techniques such as two-dimensional gel electrophoresis (2-DE) and differential in-gel electrophoresis (DIGE) have been applied to investigate host responses in virus-resistant transgenic plants, revealing changes in protein expression profiles associated with infection (Di Carli et al., 2010). Additionally, proteomic analyses have helped to distinguish between compatible and incompatible plant-virus interactions, providing insights into the molecular basis of plant defense mechanisms (Viswanathan and Früh, 2007; Kundu et al., 2013; Lum and Cristea, 2016).

			The objective of this study was to conduct a comprehensive proteomic and immune-informatic analyses of ZYMV CP from diverse isolates, with the goal of identifying immunogenic epitopes relevant for vaccine design and serological diagnostics. By integrating molecular, immunological, and bioinformatics approaches, the current study intended to advance the understanding of the CP-mediated immune recognition and support the development of effective tools for early detection and management of ZYMV infections in cucurbit crops.

			Materials and Methods

			Identification of immunogenic epitopes

			The coat protein sequence of the ZYMV Egy-23 isolate (accession number BFF82037.1) was obtained from GenBank (https://www.ncbi.nlm.nih.gov/protein/). To identify potential immunogenic regions, epitope prediction was conducted using immune-informatics tools available through the Immune Epitope Database (IEDB), specifically the Bepipred Linear Epitope Prediction 2.0 algorithm (Jespersen et al., 2017).

			B cell epitope prediction 

			B-cell epitope prediction is a crucial step in identifying the antigenic regions that can effectively stimulate antibody production, potentially replacing the whole antigens. For linear B-cell epitope prediction, the SVMTriP (Yao et al., 2012), ABCpred (Saha et al., 2006), and Bepipred 2.0 tools available at the Immune Epitope Database and Analysis Resource (IEDB) (Ras-Carmona et al., 2021) were utilized. These tools, which relied on sequence properties, amino acid scales, and hidden Markov models (HMMs), are recognized for their high accuracy and strong performance based on area under the curve (AUC) scores (Bukhari et al., 2022).

			Prediction of linear B-cell epitopes

			Identifying linear B-cell epitopes is essential for pinpointing the antigenic regions capable of inducing specific antibody responses, potentially serving as alternatives to whole-antigen vaccines. In this study, 3 established tools-SVMTriP (Yao et al., 2012), ABCpred (Saha et al., 2006), and Bepipred 2.0 (Ras-Carmona et al., 2021) were employed through the Immune Epitope Database (IEDB) platform. These algorithms leveraged sequence-based features, including amino acid physicochemical properties and machine learning models such as hidden Markov models (HMMs) and supported vector machines, were known for their robust predictive performance as demonstrated by their high AUC values (Bukhari et al., 2022).

			Prediction of T-cell epitopes

			T-cell epitope identification is essential for understanding the antigen presentation and eliciting the targeted cellular immune responses. Epitopes bound by MHC Class I molecules were typically 8–12 amino acids in length and recognized by CD8⁺ T cells, which differentiated them into cytotoxic T lymphocytes (CTLs). In contrast, MHC Class II molecules, particularly those associated with the HLA-DR complex, presented longer peptides (9–22 amino acids) to CD4⁺ T cells, initiated their differentiation into T helper lymphocytes (THLs). For the prediction of both MHC-I and MHC-II binding peptides, the NetMHCpan and NetMHCIIpan servers were used (Reynisson et al., 2020); offering reliable binding affinity estimates based on neural networks and peptide-HLA interaction data.

			Evaluation of antigenicity, allergenicity, and toxicity

			To ensure the safety and immunogenic potential of the selected epitopes, a series of predictive tools was employed. VaxiJen v2.0 (Doytchinova and Flower, 2007) was used to assess the antigenicity based on the physicochemical properties, and independent of sequence alignment. AllerTOP v2.1 (Dimitrov et al., 2014) was utilized to evaluate the likelihood of allergenic responses, while ToxinPred (Gupta et al., 2013) predicted the potential toxicity. This integrative analysis helped to prioritize epitopes with strong immunogenic profiles and low risks of allergenicity or toxicity.

			Design and validation of the chimeric vaccine construct

			A multi-epitope chimeric vaccine was designed by integrating immunodominant B-cell, CTL, and HTL epitopes into a single construct. To enhance immunogenicity, the PADRE peptide (AKFVAAWTLKAAA) was incorporated at the N-terminal as an adjuvant. Structural flexibility and domain separation were optimized using four commonly employed linkers: EAAAK, AAY, GPGPG, and KK, following established design strategies (Kyte and Doolittle, 1982; Naveed et al., 2021; Tarrahimofrad et al., 2022; Yazdani et al., 2023; Elrashedy et al., 2024). To achieve a compact and effective construct, overlapping epitopes were merged, maintaining high immunogenic potential while minimizing redundancy. The final vaccine sequence was organized as follows:
Adjuvant → EAAAK linker → CTL epitopes → AAY linker → HTL epitopes → GPGPG linker → B-cell epitopes → KK linker → 6×His tag. Post-construction, the vaccine candidate underwent evaluation for antigenicity, allergenicity, and toxicity using VaxiJen v2.0, AllerTOP v1.0, and ToxinPred, respectively. Additionally, physicochemical properties such as stability, molecular weight, isoelectric point, and hydropathicity were analyzed using Expasy’s ProtParam tool (Gasteiger et al., 2005), confirming the construct’s suitability for further experimental validation.

			Three-dimensional structure modeling of the vaccine construct

			Protein structure prediction is a critical component of computational biology, employing several methods such as homology modeling, fold recognition, and ab initio prediction. Several state-of-the-art platforms developed to support these approaches. Among them, I-TASSER (Zhou et al., 2022) stands out for its high accuracy, utilizing iterative fragment assembly simulations and ranked among the top performers in CASP7–CASP14 experiments. SWISS-MODEL (Waterhouse et al., 2018) offered an automated pipeline for homology modeling, leveraging a large database of experimentally resolved structures. Other notable tools include Phyre2 (Kelley et al., 2015), which employed fold recognition techniques for modeling remote homologs, and GalaxyWEB (Ko et al., 2012) that refined protein structures via energy minimization and loop modeling. The Robetta server (Kim et al., 2004) provided integrated structure prediction capabilities, combining both homology-based and ab initio methods. Additionally, AlphaFold (Evans et al., 2021) developed by DeepMind, represented a major advancement in the field by accurately predicting protein structures directly from amino acid sequences, as demonstrated in CASP13. These tools collectively enabled accurate modeling of the chimeric vaccine’s tertiary structure, essential for downstream validation and docking analyses.

			Refinement of predicted protein models

			Refining protein structures is essential to improve the accuracy of initial models by correcting the local distortions and enhancing the atomic-level details. Web-based platforms such as DeepRefiner (Shuvo et al., 2021), GalaxyRefine (Heo et al., 2013), ModRefiner (Xu and Zhang, 2011), and 3Drefine (Bhattacharya et al., 2016) employed multiple techniques like energy minimization and molecular dynamics simulations, to enhance both global conformation and local structural features. These tools optimized the key structural aspects, such as hydrogen bonding networks, and applied composite physics-based and knowledge-based force fields to reduce steric clashes and improve overall model quality (Feig and Mirjalili, 2016). The refined structures served as more reliable inputs for subsequent analyses, including docking, epitope accessibility evaluation, and molecular interaction studies.

			Structural model evaluation

			Comprehensive quality assessment (QA) is crucial for validating predicted protein models. A range of structural validation tools and metrics were used to evaluate model accuracy in terms of fold geometry, atomic interactions, and stereochemical properties. Key evaluation scores included GDT-TS and GDT-HA (Moult et al., 2014), TM-score (Zhang and Skolnick, 2004), RMSD (Moult et al., 2014), MolProbity (MP) score and clash score (Chen et al., 2010), Z-score and QMEAN (Eramian et al., 2006), and Ramachandran plot statistics (Laskowski et al., 1993). These metrics collectively assessed model topology, interatomic contacts, and backbone conformation.

			For this study, model evaluation was performed using a suite of established web servers, including GalaxyRefine (Heo et al., 2013), ModRefiner (Xu and Zhang, 2011), ProQ (Benkert et al., 2011), ProSA-web (Wiederstein and Sippl, 2007), and the Ramachandran Plot Server (Kleywegt and Jones, 1996). Additional assessments were conducted via the QMEAN Server (Studer et al., 2020) and TM-align (Zhang and Skolnick, 2004; Zhang and Skolnick, 2005) for structural alignment and similarity scoring. Model quality was further validated using the SAVES v6.0 suite (Hooft et al., 1996), which integrated multiple programs including ERRAT (Colovos and Yeates, 1993), VERIFY 3D (Lüthy et al., 1992), PROVE (Pontius et al., 1996), PROCHECK (Laskowski et al., 1993), and WHATCHECK (Hooft et al., 1996). Together, these tools provided a robust framework for ensuring the structural reliability of the refined vaccine model.

			Secondary structure prediction

			The secondary structure of the designed vaccine was predicted using the PredictProtein server (Shi et al., 2023), a comprehensive meta-platform that integrates multiple tools to forecast structural and functional protein features. These include α helices, β strands, coils, solvent accessibility, trans-membrane helices, coiled-coil regions, disulfide bonds, and intrinsically disordered regions. The platform utilized a range of neural network architectures and sequence-based features, offering varying levels of prediction accuracy based on protein size and input quality. Additional methods such as RaptorX, known for its high-performance contact prediction in CASP12 and CASP13, as well as PSIPRED, SOPMA, Porter, YASPIN, and PROTEUS, were also considered. These tools employed diverse machine learning algorithms to classify the secondary structure elements, further supporting reliable structural modeling of the vaccine candidate.

			Tertiary structure modeling and refinement of the chimeric vaccine

			The 3D structure of the chimeric vaccine was predicted using AlphaFold 3 (Abramson et al., 2024), a state-of-the-art deep learning tool known for its high accuracy in protein structure prediction, as demonstrated in the CASP13 competition. The initial model was subsequently refined using the GalaxyRefine server (Ko et al., 2012) to improve both global topology and local structural features. Refinement involved energy minimization and molecular dynamics simulations, optimizing hydrogen bonding networks and applying composite physics- and knowledge-based force fields for atomic-level adjustments (Feig and Mirjalili, 2016). These refinements enhanced the model stability and accuracy, making the structure suitable for downstream applications such as docking and interaction studies. Structural validation was performed using ERRAT and the SAVES v6.0 meta-server (Colovos and Yeates, 1993), confirming the quality and reliability of the refined 3D model.

			Results

			Comparative analysis of predicted B-cell epitopes from ZYMV capsid protein

			Table 1 presents a comparative overview of B-cell epitope predictions derived from the ZYMV capsid protein using two computational tools: ABCpred and SVMTrip. The identified epitopes exhibited high antigenicity scores, indicating a strong likelihood of eliciting an immune response. Of particular interest is the region spanning amino acids 38 to 57, where both tools predicted overlapping sequences with notably high scores “AVTKDKDVNAGSHGKI” (39–54) from ABCpred and “AAVTKDKDVNAGSHGKIVPR” (38–57) from SVMTrip, scoring 1.0776 and 1.2196, respectively. This overlap suggested a conserved and highly immunogenic region that may be suitable for vaccine or diagnostic applications. Furthermore, all predicted peptides were classified as non-allergenic and non-toxic, supporting their safety profile and potential for further experimental development. The convergence of results from both prediction tools enhanced confidence in the immunological relevance of this epitope-rich segment.

			MHC class I binding predictions for ZYMV capsid peptides

			The results of MHC Class I binding predictions for peptides derived from the ZYMV capsid protein as analyzed using the NetMHCpan server are presented in Table 2. Peptides with binding scores closer to 1.0 were indicative of strong affinity towards MHC Class I molecules, and were thus more likely to be recognized by the cytotoxic T lymphocytes (CTLs). Among the top-ranking candidates were ASHQQFSSW (score: 0.9878), LEYKPDQIEL (0.9269), and GSHGKIVPR (0.9182), highlighting their potential for inclusion in CTL-targeted vaccine formulations. In addition to binding affinity, several peptides, most notably LEYKPDQIEL and GSHGKIVPR-demonstrated high antigenicity scores (1.5081 and 1.3423, respectively), indicating a strong capacity to stimulate immune responses. All listed peptides were classified as non-allergenic and non-toxic, reinforcing their suitability for therapeutic applications. Importantly, GSHGKIVPR overlapped with a region identified in the B-cell epitope analysis (Table 1), suggesting its potential as a multi-epitope candidate capable of activating both humoral and cellular immune responses. 

			Table 1: B-cell epitope prediction of the Zucchini yellow mosaic virus capsid protein using ABCpred and SVMTrip servers.

			
				
					
					
					
					
					
				
				
					
							
							Epitope type

						
							
							Location

						
							
							Antigenicity

						
							
							Allergenicity

						
							
							Toxicity

						
					

					
							
							Using ABCpred server

						
					

					
							
							GEKTVAAVTKDKDVNA

						
							
							33-48

						
							
							0.8273

						
							
							Non-Allergen

						
							
							Non-Toxic

						
					

					
							
							SDAAEAYIEMRNAEAP

						
							
							175-191

						
							
							0.7786

						
							
							Non-Allergen

						
							
							Non-Toxic

						
					

					
							
							SGTQPTAADAGATKKD

						
							
							1-15

						
							
							0.8727

						
							
							Non-Allergen

						
							
							Non-Toxic

						
					

					
							
							ILDIDHLLEYKPDQIE

						
							
							75-90

						
							
							0.7736

						
							
							Non-Allergen

						
							
							Non-Toxic

						
					

					
							
							DVNAGSHGKIVPRLSK

						
							
							45-60

						
							
							0.9049

						
							
							Non-Allergen

						
							
							Non-Toxic

						
					

					
							
							AVTKDKDVNAGSHGKI

						
							
							39-54

						
							
							1.0776

						
							
							Non-Allergen

						
							
							Non-Toxic

						
					

					
							
							AREAVAQMKAAALSNV

						
							
							224-239

						
							
							0.5823

						
							
							Non-Allergen

						
							
							Non-Toxic

						
					

					
							
							Using SVMTrip server

						
					

					
							
							AAVTKDKDVNAGSHGKIVPR

						
							
							38-57

						
							
							1.2196

						
							
							Non-Allergen

						
							
							Non-Toxic

						
					

				
			

			Table 2: MHC class I epitope prediction of the Zucchini yellow mosaic virus capsid protein using NetMHCpan server.

			
				
					
					
					
					
					
					
				
				
					
							
							Sequence type

						
							
							Position

						
							
							Score

						
							
							Antigenicity

						
							
							Allergenicity

						
							
							Toxicity

						
					

					
							
							ASHQQFSSW

						
							
							96-104

						
							
							0.987838

						
							
							0.5134

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							LEYKPDQIEL

						
							
							82-91

						
							
							0.926936

						
							
							1.5081

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							GSHGKIVPR

						
							
							49-57

						
							
							0.918162

						
							
							1.3423

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							TEYDLNEQQM

						
							
							110-119

						
							
							0.813299

						
							
							0.8343

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							TVAAVTKDK

						
							
							36-44

						
							
							0.795015

						
							
							1.1065

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							RAREAVAQMK

						
							
							223-232

						
							
							0.781470

						
							
							0.5504

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							NEQQMGVVM

						
							
							115-123

						
							
							0.777604

						
							
							0.9947

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							VAQMKAAAL

						
							
							228-236

						
							
							0.758701

						
							
							0.8594

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							NAKPTLRQI

						
							
							162-170

						
							
							0.750842

						
							
							0.8938

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							ATTSEETER

						
							
							251-259

						
							
							0.574930

						
							
							0.7251

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							TARDVNRNM

						
							
							261-269

						
							
							0.154824

						
							
							0.5258

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

				
			

			Table 3: MHC class II epitope prediction of the Zucchini yellow mosaic virus capsid protein using NetMHCIIpan-4.3 server.

			
				
					
					
					
					
					
					
				
				
					
							
							Sequence type

						
							
							Position

						
							
							Score

						
							
							Antigenicity

						
							
							Allergenicity

						
							
							Toxicity

						
					

					
							
							RKTTVLRKNVTEVDY

						
							
							138-152

						
							
							0.1974

						
							
							0.5075

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							PDQIELYNTRASHQQ

						
							
							86-100

						
							
							0.9577

						
							
							0.8238

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							REAVAQMKAAALSNV

						
							
							225-239

						
							
							0.5691

						
							
							0.6045

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							AAEAYIEMRNAEAPY

						
							
							177-191

						
							
							0.2956

						
							
							0.9594

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							ARDVNRNMHTLLGVN

						
							
							262-276

						
							
							0.0778

						
							
							0.6031

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							TQPTAADAGATKKDK

						
							
							3-17

						
							
							0.1098

						
							
							1.0748

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							AYIEMRNAEAPYMPR

						
							
							180-194

						
							
							0.1440

						
							
							1.0876

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

					
							
							QVRTEYDLNEQQMGV

						
							
							107-121

						
							
							0.0912

						
							
							0.9435

						
							
							Non-allergen

						
							
							Non-Toxic

						
					

				
			

			MHC class II binding predictions and antigenicity for ZYMV capsid peptides

			As analyzed using NetMHCIIpan-4.3, the MHC Class II binding predictions for peptides derived from the ZYMV capsid protein are summarized in Table 3. Each peptide was evaluated based on its predicted binding affinity to MHC II molecules, as well as its antigenicity, allergenicity, and toxicity, to assess its capacity to trigger CD4⁺ T-helper cell responses. The peptide PDQIELYNTRASHQQ (residues 86–100) exhibited the highest binding score (0.9577), expressing it as a particularly promising candidate for MHC II presentation. While binding affinities varied across the peptides, several stood out for their strong antigenic potential, including AYIEMRNAEAPYMPR (1.0876), TQPTAADAGATKKDK (1.0748), and QVRTEYDLNEQQMGV (0.9435). These values displayed the peptides capacity to elicit a robust immune activation. Notably, all predicted peptides were found to be non-allergenic and non-toxic, supporting their suitability for safe therapeutic application. In addition, some peptides overlapped with epitopes previously identified in the MHC Class I and the B-cell predictions, particularly those spanning residues 86–100 and 177–194, highlighting potential multi-epitope regions capable of stimulating both humoral and cellular immune responses.

			Overlapping B-cell, CTL and THL epitopes from zymv capsid protein for multi-epitope vaccine design

			Table 4 presents a curated selection of overlapping B-cell, cytotoxic T lymphocyte (CTL), and helper T lymphocyte (THL) epitopes identified from the ZYMV capsid protein using a comprehensive in silico pipeline. incorporating ABCpred, NetMHCpan (MHC I), and NetMHCIIpan (MHC II). These overlapping sequences were of particular interest due to their potential to activate multiple arms of the immune system. A notable example is the peptide AAVTKDKDVNAGSHGKIVPR (residues 38–57), which appeared in both B-cell and CTL predictions, overlapping with CTL epitopes TVAAVTKDK and GSHGKIVPR, indicated its potential to induce both humoral and cellular immune responses. Similarly, the sequences AREAVAQMKAAALSNV (224–239) and REAVAQMKAAALSNV (225–239) were identified as shared B-cell and THL epitopes, emphasizing the immunogenic relevance of the C-terminal region of the protein. Regions such as 1–17

			Table 4: Final overlapping B-cell and T-cell Epitopes of the Zucchini yellow mosaic virus capsid protein predicted using ABCpred, NetMHCpan, and NetMHCIIpan servers.

			
				
					
					
					
				
				
					
							
							Epitope type

						
							
							Position

						
							
							Sequence

						
					

					
							
							B-Cell-01

						
							
							1-15

						
							
							SGTQPTAADAGATKKD

						
					

					
							
							B-Cell-02

						
							
							38-57

						
							
							AAVTKDKDVNAGSHGKIVPR

						
					

					
							
							B-Cell-03

						
							
							75-90

						
							
							ILDIDHLLEYKPDQIE

						
					

					
							
							B-Cell-04

						
							
							175-191

						
							
							SDAAEAYIEMRNAEAP

						
					

					
							
							B-Cell-05

						
							
							224-239

						
							
							AREAVAQMKAAALSNV

						
					

					
							
							CTL-01

						
							
							36-44

						
							
							TVAAVTKDK

						
					

					
							
							CTL-02

						
							
							49-57

						
							
							GSHGKIVPR

						
					

					
							
							CTL-03

						
							
							82-91

						
							
							LEYKPDQIEL

						
					

					
							
							CTL-04

						
							
							96-104

						
							
							ASHQQFSSW

						
					

					
							
							CTL-05

						
							
							110-119

						
							
							TEYDLNEQQM

						
					

					
							
							CTL-06

						
							
							162-170

						
							
							NAKPTLRQI

						
					

					
							
							CTL-07

						
							
							223-232

						
							
							RAREAVAQMK

						
					

					
							
							CTL-08

						
							
							251-259

						
							
							ATTSEETER

						
					

					
							
							CTL-09

						
							
							261-269

						
							
							TARDVNRNM

						
					

					
							
							THL-01

						
							
							3-17

						
							
							TQPTAADAGATKKDK

						
					

					
							
							THL-02

						
							
							68-100

						
							
							PDQIELYNTRASHQQ

						
					

					
							
							THL-03

						
							
							107-121

						
							
							QVRTEYDLNEQQMGV

						
					

					
							
							THL-04

						
							
							180-194

						
							
							AYIEMRNAEAPYMPR

						
					

					
							
							THL-05

						
							
							225-239

						
							
							REAVAQMKAAALSNV

						
					

					
							
							THL-06

						
							
							262-276

						
							
							ARDVNRNMHTLLGVN

						
					

				
			

			(e.g., SGTQPTAADAGATKKD and TQPTAADAGATKKDK) and 68–100 (e.g., PDQIELYNTRASHQQ) were also represented across multiple immune pathways, suggesting they may function as immunodominant hotspots with strong potential for eliciting a comprehensive immune protection. Altogether, the selected epitopes spanned diverse regions of the capsid protein, offering broad epitope coverage that could help reduce the risk of immune escape. These multi-functional sequences were well-suited for the development of multi-epitope vaccines, synthetic peptide formulations, and/or serological diagnostic tools, aimed to generate targeted, robust, and safe immune responses.

			Physicochemical properties and stability analysis of the ZYMV multi-epitope vaccine construct

			A detailed overview of the physicochemical characteristics of the engineered multi-epitope vaccine construct targeting the ZYMV capsid protein is provided in Table 5. Comprising 343 amino acids and with a molecular weight of 36.78 kDa, the construct fell within the optimal size range for expression and delivery in the heterologous systems. The predicted isoelectric point (pI) of 9.11 indicated a basic protein, suggesting it carried a net positive charge at the physiological pH. This was further supported by the composition of 44 positively charged residues (Arg + Lys) versus 38 negatively charged residues (Asp + Glu), which may influence solubility and interaction with the host components. The chemical formula (C₁₆₀₀H₂₅₂₇N₄₇₉O₄₉₉S₁₀) (PubChem) reflected a compact structure with sulfur-containing residues, which could support disulfide bond formation, contributing to structural integrity. An instability index of 24.35 (below the threshold of 40) suggested the protein was stable and unlikely to be degraded rapidly under the prevailing physiological conditions. Predicted half-lives were favorable across expression platforms: 4.4 hours in mammalian cells (in vitro), over 20 hours in yeasts (in vivo), and more than 10 hours in E. coli. These results supported its suitability for both laboratory research and large-scale production. The aliphatic index of 60.61 suggested moderate thermostability, enhancing its shelf life and storage potential. Additionally, a Grand Average of Hydropathicity score of –0.722 indicated that the protein was hydrophilic, which supported solubility and proper folding-essential features for efficient expression and immune accessibility. 

			Table 5: Physicochemical properties of the constructed multi-epitope vaccine candidate against Zucchini yellow mosaic virus.
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							ZYMV vaccine

						
					

					
							
							Number of amino acids
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							Molecular weight

						
							
							36,778.18Da

						
					

					
							
							Theoretical pI

						
							
							9.11

						
					

					
							
							Total number of negatively charged residues (Asp + Glu)

						
							
							38

						
					

					
							
							Total number of positively charged residues (Arg + Lys)

						
							
							44

						
					

					
							
							Formula

						
							
							C1600H2527N479O499S10

						
					

					
							
							The estimated half-life 

						
							
							4.4 hours (mammalian reticulocytes, in vitro)

						
					

					
							
							>20 hours (yeast, in vivo)

						
					

					
							
							>10 hours (Escherichia coli, in vivo)

						
					

					
							
							Instability index

						
							
							24.35

						
					

					
							
							Aliphatic index

						
							
							60.61 

						
					

					
							
							Grand average of hydropathicity 

						
							
							-0.722 

						
					

				
			

			Secondary structure prediction and structural insights of the ZYMV multi-epitope vaccine

			The secondary structure of the ZYMV vaccine construct was predicted using the Predict Protein server, providing a comprehensive overview of its structural composition. Results indicated the predominance of α helices, comprising 58.60% of the structure, alongside 4.04% β sheets, and 37.19% random coils, reflecting a folding pattern typical of stable proteins. Surface accessibility analysis further showed that approximately 46.36 % of the amino acid residues were likely exposed on the protein surface, identifying potential sites for immune system recognition. The remaining 53.64% of the residues were buried within the core, contributing to the overall structural stability. This combination of exposed and buried regions suggested a well-balanced conformation that favored proper folding, stability, and efficient immune interaction, supporting the construct’s potential for further experimental validation and vaccine development.

			Tertiary structure prediction, refinement and structural validation of the ZYMV multi-epitope vaccine

			The structural design and validation of the multi-epitope vaccine candidate strongly supported its stability, feasibility, and immunogenic potential (Figure 1a). The epitopes were strategically organized, beginning with the PADRE adjuvant, followed by CTL, HTL, and B-cell epitopes, separated by EAAAK linkers. 

			[image: A close-up of a diagramAI-generated content may be incorrect.]

			Figure 1: Illustration of the designed vaccine construct targeting the ZYMV coat protein. The engineered vaccine sequence was organized to enhance the immunogenicity and structural stability. It began with the PADRE adjuvant (depicted in black) at the N-terminal, linked via a five-residue EAAAK linker (shown in red) to ensure structural separation and functional independence of the domains. The construct included CTL epitopes (green), HTL epitopes (blue), and B-cell epitopes (purple), each connected by red-colored EAAAK linkers to maintain flexibility and spacing (a). The 3D cartoon model (b) visually demonstrates the predicted tertiary structure of the vaccine, while the Ramachandran plot (c) provides a stereochemical assessment via analyzing the backbone dihedral angles, verifying the model’s conformational reliability. Finally, the Z-score analysis (d) evaluated the overall model quality and thermodynamic stability, supporting its potential for downstream experimental validation and vaccine development.

			This arrangement promoted functional compartmentalization, enhancing the immunological role of each segment while maintaining structural integrity and minimizing interference among the epitopes. The predicted tertiary structure (Figure 1b) revealed a compact and well-organized fold essential for effective antigen presentation and molecular stability. Computational modeling confirmed that key epitopes were surface-exposed and accessible to the immune cells, critical for vaccine efficacy. The Ramachandran plot (Figure 1c) provided a stereochemical assessment of the protein backbone, showing a high proportion of residues in the favored and allowed regions, indicating an energetically favorable conformation with minimal steric clashes. Finally, the Z-score (Figure 1d) assessed the overall model quality by comparing it to the known experimental structures. Its position within the expected range for native proteins confirmed the vaccine construct’s stable, native-like fold, supporting its suitability for in vitro expression and subsequent preclinical studies.

			Discussion

			The findings of this study offer a thorough characterization of the multi-epitope vaccine candidate targeting the ZYMV capsid protein. By integrating in silico epitope prediction, structural modeling, and physicochemical evaluation, the obtained results highlight the vaccine’s potential for effective immunization and diagnostic development. Key insights from each analysis component are discussed below. B-cell epitope prediction using ABCpred and SVMTrip identified several highly antigenic peptides, including AVTKDKDVNAGSHGKI (ABCpred) and AAVTKDKDVNAGSHGKIVPR (SVMTrip), both showing strong immunogenic potential. Previous literatures support the correlation between elevated antigenicity scores and enhanced immune responses, particularly for viral capsid proteins (Sette and Fikes, 2003; Smith et al., 2020). The consistent overlap of epitopes predicted by both tools, especially within the 38–57 amino acid regions, adds confidence to these results. Additionally, the classification of all the predicted epitopes as Non-Allergen and Non-Toxic improves their safety prospects, a critical factor for therapeutic use (Di Pasquale et al., 2016). This convergence also points towards the feasibility of designing multi-epitope vaccines capable of eliciting both humoral and cellular immunity, potentially providing broad-spectrum protection against ZYMV (Tan et al., 2023).

			The MHC Class I binding analysis identified several peptides with strong affinity to the MHC Class I molecules, a key factor in activating cytotoxic T lymphocytes (CTLs). Peptides such as ASHQQFSSW, LEYKPDQIEL, and GSHGKIVPR showed particularly high binding scores, highlighting their potential for CTL-targeted immunotherapies. These results are consistent with the previous findings reported by Hoof et al. (2009), who emphasized the critical role of high MHC I binding affinity in effective CTL responses. Additionally, peptides like LEYKPDQIEL and GSHGKIVPR exhibited elevated antigenicity, suggesting a strong capacity to stimulate immune activation (Liu et al., 2025). The classification of all peptides as Non-Allergen and Non-Toxic further supports their safety profile, an essential consideration in vaccine design and diagnostic applications. This underscores the importance of early allergenicity and toxicity screening, as reported by Lee et al. (2018), in ensuring candidate suitability for therapeutic use.

			MHC Class II binding plays a pivotal role in activating helper T lymphocytes (THLs), which are essential for orchestrating the adaptive immune responses. Among the peptides analyzed, PDQIELYNTRASHQQ exhibited the highest binding affinity, marking it as a strong candidate for THL-focused vaccine development. This aligns with prior study highlighting the importance of MHC II peptide presentation in eliciting effective helper T-cell responses during vaccination (Seder et al., 2008). Additional peptides such as AYIEMRNAEAPYMPR, TQPTAADAGATKKDK, and QVRTEYDLNEQQMGV demonstrated elevated antigenicity, reinforcing their potential to activate THLs (Chen et al., 2021). Notably, several MHC II peptides overlapped with the epitopes predicted for MHC I and B-cell responses, indicating promising multi-epitope vaccine targets capable of inducing broad immune activation. The synergistic incorporation of both MHC I and II epitopes has been shown to enhance immune responses and provide more comprehensive protection, as demonstrated in a recent study conducted by Zhao et al., (2025).

			The curated list of overlapping B-cell, CTL, and THL epitopes underscores the immunogenic promise of shared sequences that engage multiple arms of the immune system. For example, the peptide AAVTKDKDVNAGSHGKIVPR (38–57) overlapped between B-cell and CTL epitopes, indicating its potential to stimulate both antibody-mediated and cellular immune responses. This finding is consistent with a previous study demonstrating that multi-epitope vaccines targeting diverse immune pathways can generate stronger and more comprehensive immunity (Wang et al., 2019). Similarly, epitopes such as AREAVAQMKAAALSNV and REAVAQMKAAALSNV from the capsid’s C-terminal region appeared in both B-cell and THL predictions, highlighting this region’s capacity to provoke a broad immune activation. Identifying these multi-epitope regions is especially valuable in minimizing the risk of immune evasion caused by viral mutations, a key consideration for ensuring durable vaccine efficacy (De Vincenzo et al., 2014). Collectively, these overlapping epitopes provided a robust basis for a multi-epitope vaccine strategy aimed at eliciting synergistic immune responses across the different components of the immune system, in accordance with Feng et al. (2019).

			The physicochemical analysis of the multi-epitope vaccine indicated that the construct was well-optimized for expression and delivery. With a molecular weight of 36.78 kDa, the vaccine construct falls within the optimal range for efficient protein expression in heterologous systems. Its theoretical isoelectric point (pI) of 9.11 suggests a basic nature, potentially enhancing solubility and facilitating interactions with host biomolecules (Pramanik et al., 2018). An instability index of 24.35 further implied that the vaccine was structurally stable and likely to resist rapid degradation in physiological environments, corroborating findings revealed by Freyer et al. (2012) that link low instability indices to improved protein longevity in the biological systems.

			Secondary structure prediction using the Predict Protein server showed that α helices dominated the vaccine’s architecture (58.60 %), accompanied by smaller fractions of β sheets (4.04 %) and random coils (37.19 %). The abundance of α helices was characteristic of the stable proteins and played a critical role in protein-protein interactions and antigen presentation (Xie et al., 2023). Such helical structures have been implicated in enhancing epitope stability and functionality in various viral vaccines (Graham et al., 2019). Meanwhile, the notable presence of random coils likely provides flexibility to the construct, facilitating dynamic interactions with antigen-presenting cells and immune receptors (Hua and Hou, 2020). This structural flexibility may prove beneficial in exposing epitopes effectively, supporting a broad and potent immune response.

			Moreover, surface accessibility analysis indicated that 46.36 % of the residues were exposed, aligning with a previous study that highlight the importance of surface-exposed regions for effective immune recognition (Parvizpour et al., 2020). The remaining 53.64 % of residues were buried, contributing to the structural integrity and compactness of the vaccine construct. This balance between exposed and buried residues was crucial for maintaining stability under physiological conditions, consistent with previous observations from other multi-epitope vaccine designs (Bai et al., 2024; Liu et al., 2025).

			The tertiary structure prediction of the ZYMV multi-epitope vaccine demonstrated a compact and well-organized conformation critical for efficient antigen presentation and molecular stability. The epitopes were methodically arranged, starting with the PADRE adjuvant at the N-terminus, followed by CTL, HTL, and B-cell epitopes, each separated by EAAAK linkers. This configuration was intentionally designed to optimize the individual function of each epitope while preserving the overall structural integrity. Using linkers to separate distinct functional domains is a common strategy in multi-epitope vaccine design, ensuring correct spatial orientation for enhanced immune activation (Tan et al., 2023). Notably, incorporating the PADRE adjuvant boosted the immune responses by facilitating the activation of both T-helper cells and B-cells, thereby increasing the vaccine immunogenicity, as supported by prior studies (Alexander et al., 2004; Rahman et al., 2020). The EAAAK linker played a vital role in maintaining sufficient separation among the epitopes, preventing steric clashes, and minimizing potential interference, ultimately enhancing the vaccine construct’s effectiveness (Mortazavi et al., 2024).

			The Ramachandran plot offered a detailed stereochemical assessment of the vaccine’s protein backbone. The large proportion of residues located within the favored and allowed regions suggested that the construct adopted a stable and energetically favorable conformation, crucial for correct folding and overall stability (Negahdaripour et al., 2018). This observation is consistent with a prior research linking favorable Ramachandran plot distributions to enhanced protein stability and a lower risk of mis-folding (Duan et al., 2020). Proper tertiary structure organization is vital for effective antigen presentation, as it ensures epitopes are optimally displayed to the immune system (Takahashi, 2003). Consequently, the strong stereochemical properties of the vaccine construct bode well for its successful expression in vitro and its immunogenicity in vivo.

			The Z-score, a measure of overall protein model quality, confirmed that the ZYMV vaccine construct adopted a stable and native-like fold, falling within the expected range for experimentally determined protein structures. Z-scores serve as a benchmark for assessing the accuracy of computational models, with values closer to zero indicating a more realistic and reliable conformation (Benkert et al., 2011). This validation reinforces the likelihood that the vaccine construct will maintain a stable and functional 3D structure under the experimental conditions. Structural integrity is essential to ensure that epitopes remain surface-exposed and accessible to the immune system. A previous study highlighted that proper protein folding and stability significantly impacted the vaccine effectiveness via enhancing the immune recognition and response (Jaenicke, 2007). Therefore, the favorable Z-score supports the suitability of the ZYMV vaccine candidate for preclinical studies and further experimental evaluation.

			Conclusions and Recommendations

			In summary, this study successfully developed a promising multi-epitope vaccine candidate targeting ZYMV through an extensive in silico methodology. By combining the B-cell, cytotoxic T lymphocyte (CTL), and helper T lymphocyte (HTL) epitopes characterized by high antigenicity, safety, and structural soundness, the construct demonstrated a strong potential to elicit effective and specific immune responses. The structural validation and physicochemical profiling further confirmed the vaccine’s stability, solubility, and immunogenic properties, supporting its candidacy for further development. Given these encouraging computational findings, it is recommended that the vaccine undergoes thorough experimental validation, including both laboratory-based (in vitro) and animal model (in vivo) studies, to verify its immunogenicity and protective capability against ZYMV. Future investigations should also assess the expression efficiency of the construct in appropriate plant or microbial systems. Moreover, field trials is are highly recommended to determine the vaccine’s real-world effectiveness in safeguarding cucurbit crops from natural viral infection. Comprehensive safety evaluations of the vaccine must also be performed to exclude any allergenic or toxic risks, facilitating its potential application within integrated strategies for managing plant viral diseases.
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Proteomic Analysis and Immunogenic Characterization of Multi-
Epitopes Predicted from the Zucchini yellow mosaic virus Coat Protein
for Immunization and Diagnostic Tool Development
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Abstract | Zucchini yellow mosaic virus (LZYMV) presents a major threat to the global cucurbit crop production,
highlighting the urgent need for safe and effective vaccine strategies. This study aimed to employ a comprehensive
in silico approach to identify immunogenic epitopes from the ZYMV capsid protein, targeting B-cell, cytotoxic T
lymphocyte (CTL), and helper T lymphocyte (HTL) responses. B-cell epitope prediction using ABCpred and
SVMTrip revealed high-scoring, overlapping sequences, particularly in the 38-57 region, with strong antigenicity and
tavorable safety profiles (i.c., non-allergenic and non-toxic). For CTL epitope identification, NetMHCpan analysis
highlighted the potent MHC Class I binders, including ASHQQFSSW, LEYKPDQIEL, and GSHGKIVPR.
Notably, GSHGKIVPR overlapped with the predicted B-cell regions, supporting its potential for inclusion in a
multi-epitope vaccine. HT'L epitopes predicted via NetMHClIpan included immunodominant peptides such as
PDQIELYNTRASHQQ (86-100), capable of eliciting robust CD4" T-cell responses. The final vaccine construct
incorporated the most promising epitopes, linked appropriately, and combined with an adjuvant. Physicochemical
characterization indicated a stable, soluble, and immunogenic protein (instability index: 24.35; GRAVY: —-0.722;
pl: 9.11), with favorable predicted half-lives across the multiple expression systems. Structural modeling confirmed
correct folding and surface accessibility of epitopes. Validation through Ramachandran plot and Z-score analysis
turther supported the structural integrity of the construct. Overall, these findings point to a promising multi-
epitope vaccine candidate against ZYMYV, meriting experimental validation and further development.
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