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Abstract Grouper Iridovirus (GIV) infection induced cell death in grouper spleen cells and
caused serious systemic diseases with more than 90% mortality. Therefore, effective strategies
are critically needed to prevent economic losses and maintain the sustainability of grouper
aquaculture. Using immuno-bioinformatics, this study aimed to create a multi-epitope vaccine
(MEV) that would be effective against GIV. The GIV major capsid protein sequences were
retrieved from the NCBI proteome database. Out of 284 epitopes, 17 CTL, 12 HTL, and 10 B-cell
epitopes were predicted to be antigenic, non-allergenic, and non-toxic. 10 highly antigenic and
overlapping epitopes were shortlisted. To generate full-length epitope vaccine candidates, the
selected antigenic epitopes were fused with linkers and adjuvants. Four sets of different linker
combinations (no linker, GGS, EAAK, GGGS, GPGPG, KK, and AAY) were tested and compared
for their antigenicity, allergenicity, and toxicity using several servers. Molecular dynamics
simulations with GROMACS were used on the modelled 3D structures to examine their stability.
The results of vaccine candidate sequences screening and MD simulation predicted that the
structure with GGS linker is relatively stable with a high antigenic index, non-allergenic, and non-
toxic. The designed MEYV in the present study could be a potential candidate for further vaccine
production process against GIV.
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Introduction

Grouper known as Epinephelus spp. is a mariculture fish species that is economically important and
widely cultured in Southeast Asian countries including China, Japan, and Taiwan, and occur mostly on
corals and rock reefs [1]. According to the Food and Agriculture Organisation (FAQ) report for 2022, the
global demand for Epinephelus species in the production of main aquaculture species has increased by
2.7% [2]. Nevertheless, as the aquaculture industry developed, the possibility of infectious diseases
affecting this species has increased [3]. Grouper iridovirus (GIV) has been an emerging concern in Asian
countries and shows a broader geographical distribution including China, Japan, South Korea, Taiwan,
Singapore, Indonesia, and Malaysia [4], [5], [6], [7], [8], [9], [10]. In Malaysia, epizootic grouper iridovirus
isolates from five grouper species have been reported in Sabah including brown-marbled grouper
(Epinephelus fuscoguttatus), humpback grouper (Cromileptes altivelis), giant grouper (E. lanceolatus),
orange-spotted grouper (E. coioides) and hybrid grouper (E. fuscoguttatus ¢ x E. lanceolatus 3) [11].
Recently, GIV isolates from two grouper species namely the Tiger grouper hybrid (Epinephelus sp.) and
the Coral trout (Plectropomus leopardus) have been identified in Peninsular Malaysia [5].
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GIV has also been recorded from various grouper species in different countries including brown-spotted
grouper (Epinephelus tauvina) in Singapore [12] tiger grouper (E. fuscoguttatus) in Indonesia [13], hybrid
grouper (red spotted grouper E. akaara x E. malabaricus) in Taiwan [14] yellow grouper (E. awoara) [15],
giant grouper (E. lanceolatus) [16], orange-spotted grouper (E. coioides) and hybrid grouper (E.
fuscoguttatusQ x E. lanceolatusd) in China [17] Iridoviridae are large icosahedral cytoplasmic DNA
viruses with particle sizes varying from 120 to 350 nm. To date, the members of family Iridoviridae are
classified into two subfamilies: (1) Alphairidovirinae (genera Ranavirus, Megalocytivirus and
Lymphocystivirus) and (2) Betairidovirinae (genera Iridovirus, Chloriridovirus, and Decapodiridovirus)
[18]. Grouper iridovirus belongs to the subfamily Alphairidovirinae which infects mainly vertebrates such
as bony fish, amphibians, and reptiles. GIV infects a wide range of ages, from fingerlings to spawners
and the disease exhibits fatal histopathological signs, including liver and spleen enlargement with
haemorrhage [19]. Other symptoms of the infected groupers include abnormal swimming and dark
colouration of the body surface [20].

Grouper iridovirus (GIV) poses a severe threat to the aquaculture industry, with devastating economic
consequences and potential for widespread impact. Recent studies have quantified its severity, revealing
a staggering 93% cumulative mortality rate in giant gourami and grouper populations within just 12 days
of infection, as observed in Taiwan [21]. This alarmingly high fatality rate not only decimates grouper
stocks but also facilitates the rapid spread of the disease, creating a vicious cycle of infection and
population decline [22]. The virus's ability to cross species barriers affects other commercially important
fish like dwarf gourami [23], further amplifies its detrimental impact on aquaculture production. With
significant economic losses reported across the industry [24], the quantifiable severity of GIV
underscores the urgent need for effective management strategies to mitigate its impact on global fish
aquaculture.

Reverse vaccinology by immuno-bioinformatics tools has become particularly crucial in human and
animal health, and this approach has also recently been applied to marine species. A recent study used
reverse vaccinology to screen and identify the potential vaccine against fish pathogen, Photobacterium
damselae subsp. piscicida [25]. Another software-aided vaccine design was reported to develop a novel
peptide vaccine against fish pathogens namely Edwardsiella tarda and Flavobacterium columnare using
a single epitope vaccine [20]. However, this single-epitope vaccine technique is still limited compared to
the multi-epitope vaccine design (MEV) where it can recognise immunogenic epitopes with highly
targeted immune responses. Therefore, MEV design is an effective strategy to combat most infectious
diseases.

The fish immune system is comprised of both innate and adaptive cell-mediated immune mechanisms.
The innate immune system fights off initial infections and ilinesses first and the main components include
cytotoxic T cells, dendritic cells, NK cells, and macrophages [26]. The first line of defence is the physical
barriers (skin, gills, and mucous membranes) followed by humoral and cellular defence barriers [27]. The
innate immune system plays a crucial role in maintaining homeostasis and preventing the invasion of
microbes. It effectively eliminates a wide range of pathogens and aids in activating the adaptive immune
response [28]. Recent studies have examined the innate immune mechanisms involved in interactions
between pathogens and hosts, and how these mechanisms are conserved across different animal
species. These studies have provided new evidence that is reshaping our understanding of innate
immunity The adaptive immune system provides a highly specific to a specific antigen and long-lasting
response to pathogens [29]. The key components of the adaptive immune system are T cell receptors
(TCRs), major histocompatibility complexes (MHC), immunoglobulins (Igs), and recombination-activating
genes (RAG). These components first emerged in the first jawed fish, which include cartilaginous and
teleost fish [30].

Vaccination stands as a cornerstone in the defence against pathogenic organisms, contributing
significantly to the sustainability of aquaculture, as emphasized by [31]. Today's vaccine technology is
very precise, focusing on specific pathogenic parts. This is usually done by using subunit or recombinant
DNA/RNA particle vaccines [32]. These vaccines centre on the production of antigens, substances that
trigger both innate and adaptive immune responses, a fundamental defence mechanism that guards
organisms against pathogenic invaders. Notably, the role of certain pathogenic components, like the
major capsid protein (MCP), has become more important in the development of vaccines because of
how they cause diseases. For example, in viral erythrocytic necrosis (VEN), the virus needs the MCP to
getinto the host cell. This makes it a great target for lowering the costs of the disease [33]. Furthermore,
the major capsid protein of Grouper Iridovirus, as identified by [34], has been recognised not only as a
potential biomarker for infected cells but also as a pivotal element in the development of effective
vaccines.
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The field of immunoinformatics uses prediction tools for many immunobiotechnology and immunomics
processes to make vaccines, kits, and biological products that help treat cancer, allergies, and infectious
diseases [35]. The use of bioinformatics can help in dangerous substance detection, tissue
transplantation ease, and MHC genotyping. Furthermore, bioinformatics enables a better understanding
of the functions and interactions of toll-like receptors (TLRs). The first example of such a procedure is
reverse vaccinology. Reverse Vaccinology (RV) is a powerful and novel in silico vaccine design approach
that overcomes the limitations of current vaccinology methods. It involves a computational-based
analysis called subtractive genomics, which is used to prioritise drug targets and vaccine candidates
[36]. This approach directly screens genome sequence assemblies, making it a robust method for
identifying potential targets and candidates. Reverse vaccinology shortens the time required for vaccine
development and evaluation of efficacy against targets [37].

In this study, a MEV against GIV was designed utilising a combination of multiple deep-learning methods

in immune-bioinformatics and structural analysis. To optimise the design of a MEV, it is necessary to
consider a number of factors, including the selection of included antigenic epitopes, the use of linkers,
and the addition of adjuvants.

Materials and Methods

Data Retrieval

The genome of grouper iridovirus (GIV) (GenBank ID: GCA_006465545.1) [38] was used as the basis
for this study. From this genomic data, the proteome of GIV was retrieved from the National
Biotechnology Information Centre (NCBI). The NCBI provides advanced, significant information through
databases such as genomic and genetic data in biotechnology including biomedical, ecological, and
agricultural research [39]. Following analysis, six non-redundant protein sequences of major capsid
proteins (MCP) were selected as potential antigenic target proteins in FASTA format.

Epitopes Prediction and Validation

Prediction of MHC Class | and MHC Class Il Binding Epitope

The prediction of MHC class 1 and MHC class Il binding epitopes were performed using the Immune
Epitope Database (IEDB) consensus method, the MHCPred server and the RANKEP online servers.
The IEDB tool (http://www.iedb. org) was used to predict the MHC class Il binding epitope using different
prediction methods similar to the MHC class | binding epitope approach [40]. Lengths of 9 and 15 mer
were performed using the IEDB recommended method. RANKEP server
(http://imed.med.ucm.es/Tools/rankpep.html) was used to identify peptide binders to MHC | and MHC I
molecules from protein sequence by position-specific scoring method (PSSM) [41]. MHCPred server
(http://www.ddg-pharmfac.net/mhcpred/MHCPred/) predicted binding affinity to MHC |l epitopes with an
accuracy of about 90 % [41], [42].

Helper T-Lymphocytes (HTL) and Cytotoxic T-Lymphocytes (CTL) Epitopes Mapping

To identify cytotoxic T-lymphocyte (CTL), NetCTL1.2 servers (http://www.cbs.dtu.dk/services/NetCTL/)
were used [43]. This server provides an integrative output by combining proteasomal cleavage (C-
terminal), Transporter Associated with Antigen Processing (TAP) transport efficiency, and MHC class |
affinity.  Helper  T-lymphocyte (HTL) predicted using NetMHCII pan 4.0 server
(https://services.healthtech.dtu.dk/service.php?NetMHClIpan-4.0) which has an affinity to MHC Il [44].

B-Cell Epitope Prediction

Linear B-cell epitopes were predicted by ABCpred and BepiPred. The ABCpred server
(http://crdd.osdd.net/raghava/abcpred/) is based on fixed-length patterns of an artificial neural network
with a five-fold cross-validation accuracy of 65.93% [45]. An artificial neural network (ANN) network is
an information-processing paradigm because of the densely interconnected and parallel structure of the
mammalian brain’s processing details. BepiPred server (http://www.cbs.dtu.dk/services/BepiPred/)
predicted linear B -epitope by applying a combination of a hidden Markov model and propensity scale
method [46].

Immunogenicity Prediction and Vaccine Properties Evaluation

Antigenicity Evaluation
Antigenicity evaluation is a vaccine property that shows either epitope or antigen by inducing the immune
system with antibodies to develop a mechanism to defence. Based on the antigenicity evolution of the
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protein, two servers, VaxiJen and AntigenPro were used. The VaxiJen server (http://www.ddg-
pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) works based on the alignment-independent prediction of
protective antigen with an accuracy of 70% to 89% based on the target organism [47]. ANTIGENpro
(http://scratch.proteomics.ics.uci.edu/) server is a sequence-based, alignment-free, and pathogen-
independent predictor, which predicts antigenicity based on the obtained result by protein microarray
data analysis [48].

Allergenicity Evaluation

The allergenicity evaluation of the designed vaccines was performed using two servers. AllerTOP v.2.0
server (https://www.ddg-pharmfac.net/AllerTOP/index.html) is based on autocross covariance (ACC)
transformation of protein sequences into uniform equal-length vectors [49]. The k-nearest (kKNN)
algorithm is used to sort the proteins into two groups: allergens and non-allergens. It works 88.7% of the
time with a training set of 2210 known allergens from different species and 2210 non-allergens from the
same species. AlgPred server (http://crdd.osdd.net/raghava/algpred/) classifies between allergens and
non-allergens using a hybrid approach with an accuracy of 85% [50].

Toxicity Evaluation
The ToxinPred server (https://webs.iiitd.edu.in/) was used to predict how toxic the epitopes would be.
This server uses machine learning to do this based on different properties of the peptides [51].

Construction of Multi-Epitope Vaccine and Structural Analysis

The selected epitopes for the constructed multi-epitope vaccine (MEV) were selected based on being
100% conserved, overlapping, highly immunogenic, non-allergic, non-toxic, and having strong binding
affinity with MHC alleles. Clustal Omega serves were used to align and overlap the sequences [52]. The
three-dimensional (3D) structure of the vaccine was constructed using I-TASSER [53]. The quality of the
model was evaluated using ERRAT and PROCHECK [54], [55], which includes Ramachandran plot
analysis to validate the stereochemical quality.

Physicohemical Parameter Evaluation

The ExPasy ProtParam server (http://web.expasy.org/protparam/) was used to figure out the molecular
weight (mv), isoelectric point, instability index, aliphatic index, half-life, and gravy score of the target
protein [56].

Molecular Interaction of Immunogenic Vaccine Using Molecular Docking
It is essential for the vaccine to interact with the target immune cell receptor and generate a stable
immune response. To study the interaction, molecular docking will be performed by High Ambiguity
Driven protein—protein DOCKing server (HADDOCK) version 2.4 [57]. The three-dimensional crystal
structure of TLR5 (PDB ID: 3J0A, resolution: 26.0 A) was obtained from the RCSB Protein Data Bank
(https://www.rcsb.org/) for molecular docking and simulation analysis with the conjugated vaccine
construct. The best structure after refinement from each docked complex will be chosen and their binding
affinity will be calculated. HADDOCK server produces a docking score (Z score), which denotes the
standard deviations of a given cluster concerning the mean of all the groups generated. The best-docked
multi-epitope is one with the minimum Z score. The interacting residues between the vaccine and the
receptor will be mapped using PDBsum (https ://www.ebi.ac.uk/thorn ton-srv/datab
ases/pdbsum/Generate.html) [58]. UCSF Chimera and Ligplot software [59] will be used to visualise the

3D and 2D docked complex interactions.

Molecular Dynamic Simulation of Multi-Epitope Vaccine

The designed multi-epitope vaccine and the TLR5-docked complex were subjected to MD simulation
using the GROMACS 2021 software package [60]. CHARMM36 force field was chosen for the simulation
[61] and the simple point charge (SPC) water model was used for the molecules of water. To preserve
the neutrality of the system, sodium and chloride counterions were added. The protein was put into a
periodic boundary condition (PBC), and the Particle Mesh Ewald (PME) summation method was used to
improve the electrostatic interactions. This method used the Coulomb potential to figure out long-range
electrostatics. The system was energy minimized using 5000 steps from the steepest descent algorithm,
followed by equilibration for 100 ps of solute-position-restrained MD. We used the Linear Constraints
(LINCS) algorithm to set all bond lengths in each system and then did restrained MD with a 2-fs time
step on each system. All resulting trajectories were analysed after the MD simulation using GROMACS
utilities to assess and evaluate the conformational behaviour of the docked complex. The surfaces of
structural conformation in all trajectories were generated using UCSF Chimera [62]. VMD [63] was used
to visualise the trajectory of the interaction throughout the simulations. The MD simulations were
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conducted in duplicate for a duration of 100 ns (100,000 ps). To assess the stability, flexibility, and
hydrogen bonding of the vaccine complex, GROMACS utilities were used to calculate root mean square
deviation (RMSD), root mean square fluctuation (RMSF), and hydrogen bonds.

Results and Discussion

Sequence Analysis

The major capsid protein (MCP) of Grouper Iridovirus (GIV) exhibits a high degree of sequence
conservation, with 100% homology among five GIV isolates over a 1,392 base pair region and 96-99%
similarity with other Ranavirus isolates [64]. This high conservation underscores its crucial structural and
functional role in the virus. The MCP is an excellent target for developing epitope vaccines due to several
factors: It is the main component of iridoviruses and plays significant roles in virus structure and
pathogenesis, making it essential for viral spread [65], [66]. As a highly conserved gene, it ensures broad
coverage against multiple strains [34], [67]. The MCP forms the predominant structural component of
the virus particle's icosahedral shell, encapsulating the dsDNA complex [68]. This prominence and
accessibility on the virus surface make it an ideal target for antibodies. Furthermore, its essential nature
means that antibodies targeting MCP are more likely to effectively neutralize the virus. The MCP's
potential as a protective antigen further supports its candidacy for vaccine development, as highlighted
by recent research [69]. These characteristics, along with minor variations allowing for strain
differentiation, make the MCP an optimal choice for epitope-based vaccine development against GIV
and related iridoviruses. In this study, data on the proteome of GIV were obtained from the National
Biotechnology Information Centre (NCBI) (http://www.ncbi.nlm.gov/), and major capsid proteins were
chosen as potential antigenic target proteins. From 126 proteins, 6 non-redundant protein sequences
were selected. The selection of six GIV non-redundant protein sequences for epitope prediction was
based on a primary criterion of sequence uniqueness. Proteins with 100% sequence identity were
considered redundant, and only one representative sequence from such sets was retained. This
approach eliminated duplicate sequences, ensuring a diverse set of proteins for epitope analysis.

Epitopes and Immunogenicity Prediction

MHC Class | and MHC Class Il Binding Epitope Prediction

To design a comprehensive multi-epitope vaccine against Grouper Iridovirus (GIV), both MHC-| and
MHC-II binding epitope predictions were performed using the IEDB and NetMHC server databases.
These predictions aimed to identify potential T cell epitopes from GIV proteins that could elicit both
cytotoxic T lymphocyte (CTL) and helper T lymphocyte (HTL) responses.

The high-ranked results of the different servers showed several overlaps, indicating segments with a
higher probability of antigenicity. The results are presented in Table 1 and Table 2. Epitopes binding to
MHC-I and MHC-II and having overlapping properties were chosen for further study. Two key prediction
scores were analyzed: IC50 and Rank. The IC50 value represents the concentration of a peptide required
to inhibit 50% of the binding of a standard peptide, with lower values indicating stronger binding affinity.
Peptides with IC50 < 500 nM are considered strong binders, while those with IC50 < 5000 nM are weak
binders. The Rank score represents the percentile rank of the predicted IC50 value compared to a set
of random natural peptides, with lower Rank indicating stronger binding.

The MHC-I prediction focused on 9-mer peptides, which are typically presented to CD8* T cells. Based
on IC50 and Rank scores, five CTL epitopes were selected: YTGYHMYSY (amino acids 379-387),
ATDIAGGLA (233-241), LANMGVEYY (356-364), FTSVDPYYF (354-362), and YTAASPVYV (311-319).
These peptides demonstrated high predicted binding affinities to MHC-I molecules, suggesting their
potential to effectively stimulate CD8* T cell responses against GIV-infected cells. For MHC-I| prediction,
which represents antigens to CD4* T cells, we analyzed 15-mer peptides. Three epitopes with high
binding affinity scores were selected: TPEIKLLDTNRLGAN (amino acids 86-100),
RIGYDNMIGNTSDMT (147-161), and TVEAYVYMTVGLVSN (244-258). These epitopes are predicted
to effectively stimulate helper T cell responses, which are crucial for coordinating the overall immune
response against GIV.

The identification of both MHC-I and MHC-II binding epitopes is significant for developing a robust multi-
epitope vaccine against GIV. MHC-I molecules present antigens to CD8* T cells, which are essential for
direct killing of virus-infected cells. Conversely, MHC-II molecules present antigens to CD4* T cells,
which provide crucial help for both cellular and humoral immune responses [70]. By incorporating both
types of epitopes, our proposed vaccine design aims to stimulate a comprehensive immune response
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against GIV. The selected CTL and HTL epitopes demonstrate great binding affinity scores for their
respective MHC molecules, suggesting they are strong candidates for inclusion in a multi-epitope
vaccine construct. This approach could potentially elicit a broad and effective immune response,
targeting multiple viral proteins and engaging both arms of the adaptive immune system simultaneously.

Table 1. Predicted MHC | -binding epitopes with strong binding level

Genbank ID Peptide Start End Ic50 Rank
Sequence (a.a) (a.a) (nM)

QCW63927.1 YTGYHMYSY 379 387 11.96 0.02
ATDIAGGLA 233 241 2121 0.25

LANMGVEYY 356 364 337.65 0.3

AEI85923.1 YTGYHMYSY 379 387 11.96 0.02
ATDIAGGLA 233 241 2121 0.25

LANMGVEYY 356 364 337.65 0.3

ANRO02346.1 YTGYHMYSY 379 387 11.96 0.02
ATDIAGGLA 233 241 212.1 0.25

LANMGVEYY 356 364 337.65 0.3

AQA28569.1 YTGYHMYSY 379 387 11.96 0.02
ATDIAGGLA 233 241 212.1 0.25

LANMGVEYY 356 364 337.65 0.3

AAV91066.1 YTGYHMYSY 379 387 11.96 0.02
ATDIAGGLA 233 241 2121 0.25

LANMGVEYY 356 364 337.65 0.3

FTSVDPYYF 354 362 338.22 0.3

YTAASPVYV 311 319 517.15 0.4

Table 2. Predicted MHC Il -binding epitopes with strong binding level

GenBank ID Peptide Start End 1c50 Rank
Sequence (a.a) (a.a) (nM)

QCW63927.1 TPEIKLLETNRLGAN 86 100 5.91 0.18
RIGYDNMIGNTSDMT 147 161 33.53 4.01

TVEAYVYMTVGLVSN 244 258 12.37 0.99

AEI85923.1 TPEIKLLETNRLGAN 86 100 5.91 0.18
RIGYDNMIGNTSDMT 147 161 33.53 4.01

TVEAYVYMTVGLVSN 244 258 12.37 0.99

ANR02346.1 TPEIKLLDTNRLGAN 86 100 5.91 0.18
RIGYDNMIGNTSDMT 147 161 33.53 4.01

TVEAYVYMTVGLVSN 244 258 12.37 0.99

AQA28569.1 TPEIKLLETNRLGAN 86 100 5.91 0.18
RIGYDNMIGNTSDMT 147 161 33.53 4.01

TVEAYVYMTVGLVSN 244 258 12.37 0.99

AAV91066.1 TPEIKLLDTNRLGAN 86 100 5.91 0.18
RIGYDNMIGNTSDMT 147 161 33.53 4.01

TVEAYVYMTVGLVSN 244 258 12.37 0.99
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Helper T-Lymphocytes (HTL) and Cytotoxic T-Lymphocytes (CTL) Epitopes Mapping

The segments that overlapped in the previous investigation were cross-referenced with the results of
HTL and CTL epitope mapping. The shared segments were then leveraged for the selection of epitopes
in the designed vaccine. Each segment underwent evaluation for allergenicity, antigenicity, and toxicity,
with results detailed in Table 3. All data from these analyses were thoroughly compared to pinpoint
regions with a variety of epitopes, high antigenicity, and that were non-allergenic and non-toxic - all
crucial for integration into the vaccine construct. Epitopes not meeting these criteria were subsequently
excluded.

Table 3. Final selected CD8* and CD4"* T-cell epitopes

GenBank ID Peptide CTL/ Antigenicity Allergenicity Toxicity
Sequence HTL  Vaxigen  Antigen AllerTop AlgPred ToxinPred  Toxicity

QCW63927.1 YTGYHMYSY CTL 0.6086 ANTIGEN NON-ALLERGEN 0.31 -0.73 Non-Toxin
ATDIAGGLA CTL 0.6061 ANTIGEN NON-ALLERGEN 0.4 -0.91 Non-Toxin
LANMGVEYY CTL 0.7305 ANTIGEN NON-ALLERGEN 0.26 -0.74 Non-Toxin
RIGYDNMIGNTSDMT HTL 0.6197 ANTIGEN NON-ALLERGEN 0.29 -1.05 Non-Toxin
TVEAYVYMTVGLVSN HTL 0.7482 ANTIGEN NON-ALLERGEN 0.29 -1.57 Non-Toxin
AEI85923.1 YTGYHMYSY CTL 0.6086 ANTIGEN NON-ALLERGEN 0.31 -0.73 Non-Toxin
ATDIAGGLA CTL 0.6061 ANTIGEN NON-ALLERGEN 0.4 -0.91 Non-Toxin
LANMGVEYY CTL 0.7305 ANTIGEN NON-ALLERGEN 0.26 -0.74 Non-Toxin
RIGYDNMIGNTSDMT HTL 0.6197  ANTIGEN NON-ALLERGEN 0.29 -1.05 Non-Toxin
TVEAYVYMTVGLVSN HTL 0.7482 ANTIGEN NON-ALLERGEN 0.29 -1.57 Non-Toxin
ANR02346.1 YTGYHMYSY CTL 0.6086 ANTIGEN NON-ALLERGEN 0.31 -0.73 Non-Toxin
ATDIAGGLA CTL 0.6061 ANTIGEN NON-ALLERGEN 0.4 -0.91 Non-Toxin
LANMGVEYY CTL 0.7305 ANTIGEN NON-ALLERGEN 0.26 -0.74 Non-Toxin
TPEIKLLDTNRLGAN HTL 0.5486 ANTIGEN NON-ALLERGEN 0.36 -1.15 Non-Toxin
RIGYDNMIGNTSDMT HTL 0.6197 ANTIGEN NON-ALLERGEN 0.29 -1.05 Non-Toxin
TVEAYVYMTVGLVSN HTL 0.7482  ANTIGEN NON-ALLERGEN 0.29 -1.57 Non-Toxin
AQA28569.1 YTGYHMYSY CTL 0.6086 ANTIGEN NON-ALLERGEN 0.31 -0.73 Non-Toxin
ATDIAGGLA CTL 0.6061 ANTIGEN NON-ALLERGEN 0.4 -0.91 Non-Toxin
LANMGVEYY CTL 0.7305 ANTIGEN NON-ALLERGEN 0.26 -0.74 Non-Toxin
RIGYDNMIGNTSDMT HTL 0.6197 ANTIGEN NON-ALLERGEN 0.29 -1.05 Non-Toxin
TVEAYVYMTVGLVSN HTL 0.7482  ANTIGEN NON-ALLERGEN 0.29 -1.57 Non-Toxin
AAV91066.1 YTGYHMYSY CTL 0.6086. ANTIGEN NON-ALLERGEN 0.31 -0.73 Non-Toxin
ATDIAGGLA CTL 0.6061 ANTIGEN NON-ALLERGEN 0.4 -0.91 Non-Toxin
LANMGVEYY CTL 0.7305 ANTIGEN NON-ALLERGEN 0.26 -0.74 Non-Toxin
TPEIKLLDTNRLGAN HTL 0.5486 ANTIGEN NON-ALLERGEN 0.36 -1.07 Non-Toxin
RIGYDNMIGNTSDMT HTL 0.6197  ANTIGEN NON-ALLERGEN 0.29 -1.05 Non-Toxin
TVEAYVYMTVGLVSN HTL 0.7482 ANTIGEN NON-ALLERGEN 0.29 -1.57 Non-Toxin
AEI85908.1 FTSVDPYYF CTL 1.2800 ANTIGEN NON-ALLERGEN 0.36 -0.75 Non-Toxin
YTAASPVYV CTL 0.5953 ANTIGEN NON-ALLERGEN 0.4 -1.41 Non-Toxin
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B-Cell Epitope Prediction (Linear and Conformational B-Cell Epitopes)

The linear B-cell epitopes were identified through a comprehensive analysis using advanced prediction
tools including ABCpred and BepiPred. The detailed results of this analysis are presented in Table 4.
Out of all the overlapping B-cell segments, only two exhibited both high antigenicity and demonstrated
non-allergenic, non-toxic properties. Consequently, these specific epitope sequences were chosen for
incorporation into the vaccine construct.

Table 4. Linear B cell epitopes prediction

GenBank ID Peptide Antigenicity Allergenicity Toxicity
Sequence

Vaxigen Antigen AllerTop AlgPred ToxinPred Toxicity

QCW63927.1 GSTNYGRLTNASITVT 1.2317 ANTIGEN ALLERGEN 0.01 -1.07 Non-
Toxin

NVHVDMRFSHAVKALF 0.9985 ANTIGEN NON- 0.27 -1.27 Non-

ALLERGEN Toxin

YVYMTVGLVSNVERCA 0.5517 ANTIGEN ALLERGEN 0.09 -1.68 Non-

Toxin

NVIPISATDIAGGLAD 1.0242 ANTIGEN NON- 0.52 -1.14 Non-

ALLERGEN Toxin

AEI85923.1 GSTNYGRLTNASITVT 1.2317 ANTIGEN ALLERGEN 0.01 -1.07 Non-
Toxin

NVHVDMRFSHAVKALF 0.9985 ANTIGEN NON- 0.27 -1.27 Non-

ALLERGEN Toxin

YVYMTVGLVSNVERCA 0.5517 ANTIGEN ALLERGEN 0.09 -1.68 Non-

Toxin

NVIPISATDIAGGLAD 1.0242 ANTIGEN NON- 0.52 -1.14 Non-

ALLERGEN Toxin

ANR02346.1 GSTNYGRLTNASITVT 1.2317 ANTIGEN ALLERGEN 0.01 -1.07 Non-
Toxin

NVHVDMRFSHAVKALF 0.9985 ANTIGEN NON- 0.27 -1.27 Non-

ALLERGEN Toxin

YVYMTVGLVSNVERCA 0.5517 ANTIGEN ALLERGEN 0.09 -1.68 Non-

Toxin

NVIPISATDIAGGLAD 1.0242 ANTIGEN NON- 0.52 -1.14 Non-

ALLERGEN Toxin

AQA28569.1 GSTNYGRLTNASITVT 1.2317 ANTIGEN ALLERGEN 0.01 -1.07 Non-
Toxin

NVHVDMRFSHAVKALF 0.9985 ANTIGEN NON- 0.27 -1.27 Non-

ALLERGEN Toxin

YVYMTVGLVSNVERCA 0.5517 ANTIGEN ALLERGEN 0.09 -1.68 Non-

Toxin

NVIPISATDIAGGLAD 1.0242 ANTIGEN NON- 0.52 -1.14 Non-

ALLERGEN Toxin

AAV91066.1 GSTNYGRLTNASITVT 1.2317 ANTIGEN ALLERGEN 0.01 -1.07 Non-
Toxin

NVHVDMRFSHAVKALF 0.9985 ANTIGEN NON- 0.27 -1.27 Non-

ALLERGEN Toxin

YVYMTVGLVSNVERCA 0.5517 ANTIGEN ALLERGEN 0.09 -1.68 Non-

Toxin

NVIPISATDIAGGLAD 1.0242 ANTIGEN NON- 0.52 -1.14 Non-

ALLERGEN Toxin

AEI85908.1 GSTNYGRLTNASITVT 1.2317 ANTIGEN ALLERGEN 0.01 -1.07 Non-
Toxin

NVHVDMRFSHAVKALF 0.9985 ANTIGEN NON- 0.27 -1.27 Non-

ALLERGEN Toxin

YVYMTVGLVSNVERCA 0.5517 ANTIGEN ALLERGEN 0.09 -1.68 Non-

Toxin

NVIPISATDIAGGLAD 1.0242 ANTIGEN NON- 0.52 -1.14 Non-

ALLERGEN Toxin
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Construction of Multi-Epitope Vaccine and Structural Analysis

Out of 284 epitopes, 17 CTL, 12 HTL and 10 B-cell epitopes were predicted to be antigenic, non-
allergenic, and non-toxic. Ten epitopes that are highly antigenic and overlap were chosen. These include
five CTL epitopes, three HTL epitopes, and two B-cell epitopes. These selected epitopes were
incorporated into the construct along with two TLR agonist adjuvants. Specifically, the flagellin sections
responsible for TLR5 binding and activation [71], were chosen. This encompassed two segments from
the N-terminal head and C-terminal tail (Figure 1). In addition, RS09, a short peptide TLR4 agonist [72],
[73] , and PADRE, a universal T-helper epitope (Pan HLA-DR reactive epitope) [74] were included. The
generation of full-length epitope vaccine candidates involved fusing the selected antigenic epitopes using
a combination of linkers and adjuvants (Figure 2).

Four distinct engineered vaccine constructs (V1, V2, V3, and V4) were designed using four sets of

different linker combinations (no linker, GGS, EAAK, GGGS, GPGPG, KK, and AAY):

1. V1: The selected antigenic epitopes and adjuvants were fused without a linker.

2. V2: The selected antigenic epitopes and adjuvants were fused using GGS linkers.

3. V3: Adjuvants were joined using EAAAK linkers. CTL, HTL, and B-cell epitopes were joined by
GGGS, GPGPG, and KK respectively.

4. V4: Adjuvants were joined using EAAAK linkers. CTL epitopes were joined by AAY linkers, and HTL
and B-cell epitopes were joined by GPGPG linkers. AAY linkers were used to connect CTL epitopes,
while GPGPG linkers were used to connect HTL and B-cell epitopes.

The Ramachandran plot and ERRAT analyses (Table 5) were used to check the structure quality of the
predicted model. All the modelled vaccine structures were evaluated using PROCHECK and contributed
to the generation of the Ramachandran plot. For a model to be considered reliable, a minimum of 90%
of its residues should reside in the allowed region. All vaccine structures exceeded this threshold,
affirming their high reliability. Furthermore, the ERRAT scores for all constructed models exceeded 50%,
indicating good quality. All engineered vaccine constructs underwent testing and comparison for their
antigenicity, allergenicity, and toxicity using several servers.
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Figure 1. Schematic representation of the final multi-epitope vaccine construct
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Protein zequence 3D ztructure
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Figure 2. (Left side) Protein sequence of the designed multi-epitope vaccine. (Right side) Predicted 3D structures of
the designed multi-epitope vaccine
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Evaluation tools Evaluation scheme Vaccine candidates Score Normal
range of the
score
PROCHECK The number of residues in the allowed regions V1 98.4% >80%
based on Psi/Phi Ramachandran plot V2 99%
V3 98%
V4 98%
ERRAT The overall quality of nonbonded atomic V1 75.7% >50%
interaction V2 82.8%
V3 73.8%
V4 74.1%

Immunogenicity Prediction and Vaccine Properties Evaluation

The study looked at four different engineered vaccine constructs (V1, V2, V3, and V4) to see how they
affected the immune system, caused allergies, were toxic, and had other physical and chemical
properties (Table 6). The prediction of antigenicity was performed using VaxiJen v.2.0 and Antigenpro
v.2.0, maintaining a threshold value of 0.4 for Vaxigen v.2.0. Notably, all the developed multi-epitope
considered antigens exhibited an antigenicity score greater than 4.0, signifying their substantial
immunogenic potential. Predictions of allergenicity using AllerTOP v.2.0 and Algpred consistently yielded
non-allergenic profiles for all vaccine constructs, confirming their absence of allergenic properties.
Toxicity analysis utilising ToxinPred pinpointed a potential toxin region (Position: 195-204) in V3 and V4,
necessitating further investigation and potential modification in this construct. Consequently, V4 and V3
were excluded from further consideration due to the identified potential toxin region. Furthermore, arrays
of physicochemical properties were scrutinised, revealing noteworthy characteristics including negative
GRAVY scores indicative of hydrophilicity, and stability classifications based on the instability index (II)
designating all vaccine constructs as stable. Aliphatic index values (V1: 95.24, V2: 86.97, V3: 86.56, V4:
87.9) further suggested favourable thermostability. Additionally, the molecular weights of the vaccine
constructs (V1: 44135.25, V2: 46750.62, V3: 48659.15, V4: 49065.63) aligned with anticipated ranges
for effective vaccine candidates. In conclusion, these in-depth analyses demonstrate that the engineered
vaccine constructs possess a high immunogenic potential, a low allergenicity level, and other generally
favourable physical and chemical properties. This positions them as viable candidates for further
refinement and in-depth evaluation in the pursuit of an optimal vaccine candidate.

Table 6. Antigenicity, allergenicity, toxicity, and several physicochemical properties evaluation of the multi-epitope vaccine construct

Linker V1 V2 V3 V4
Antigenicity Vaxigen v.2.0 0.5318 0.5176 0.5691 0.4860
Prediction ANTIGEN ANTIGEN ANTIGEN ANTIGEN
Antigenpro v.2.0 0.915671 0.937271 0.930226 0.924468
Allergenicity AllerTOP v.2.0 NON-ALLERGEN NON-ALLERGEN NON-ALLERGEN NON-ALLERGEN
Prediction Algpred 0.23 0.24 0.24 0.28
NON-ALLERGEN NON-ALLERGEN NON-ALLERGEN NON-ALLERGEN
Toxicity ToxinPred NON-TOXIN NON-TOXIN TOXIN- TOXIN-
AKAKFVAAWT AKAKFVAAWT
Position: 195-204 Position: 195-204
Physicochemical GRAVY -0.19 -0.219 -0.263 -0.211
Properties Molecular Weight 44135.25 46750.62 48659.15 49065.63
(MV)
Instability index (I1) 28.93 29.59 28.05 26.25
Stability based on stable stable stable stable
(1
Aliphatic Index 95.24 86.97 86.56 87.9
Pi 5.18 5.18 5.91 5.25
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Molecular Interaction of Inmunogenic Vaccine Using Molecular Docking
The HADDOCK 2.4 server was used to perform molecular docking to examine the interaction between
V2 and TLR5. 137 structures were clustered into 12 clusters by HADDOCK analysis, accounting for 68%
of the water-refined models produced by HADDOCK. The cluster with the lowest HADDOCK score is
considered the most reliable cluster. The HADDOCK refinement server was used to further refine a
representative model from this top-performing cluster, which resulted in the clustering of 20 structures
into one cluster, which accounted for all of the water-refined models produced. A strong binding affinity
between the vaccine and the receptor is shown by the HADDOCK score of 140.7 4.4, with a lower
number indicating better docking. Notably, the buried surface area (BSA) of 2569.8 +/- 151.9 2 denotes
the protein surface's close proximity to and minimal exposure to water. The identification of the complex
with the lowest energy and least structural deviation is made possible with the use of the RMSD scores,
which are crucial in evaluating the effectiveness of docking experiments. The docked complex's low
RMSD score is evidence of its high-calibre model. Figure 3 depicts the docked complex along with
multiple strong hydrogen bonds
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Figure 3. The 3D structure of the designed vaccine (V2) with TLR5: (A) in surface representation and
(B) in cartoon representation. (C) LigPlot 2D schematic representation of the interaction profile.
Highlighted are the specific binding regions and molecular interactions that facilitate complex formation

The aquaculture industry has been significantly impacted by the emergence of GIV, leading to disease
outbreaks that jeopardize grouper production and economic growth [75], [76]. In response,
immunoinformatics methods have gained traction for designing multi-epitope vaccines (MEVs), offering
a cost-effective and expedited approach to vaccine development [77], [78]. These epitope or peptide-
based vaccines present a promising alternative to traditional vaccine methods due to their distinct
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advantages. In our study, epitopes were meticulously selected for MEV construction. These epitopes
met rigorous criteria, including preservation, overlap, high immunogenicity, and strong MHC allele
binding affinity, while also being non-allergenic and non-toxic. The final selection comprised ten epitopes:
five cytotoxic T lymphocyte (CTL) epitopes, three helper T lymphocyte (HTL) epitopes, and two B-cell
epitopes. However, a challenge with epitope vaccines is their relatively lower protection levels when
used alone. To address this, we combined antigenic epitopes with adjuvants and helper peptides in
vaccine design. Specifically, we integrated two Toll-like receptor (TLR) agonists, flagellin and RS09, to
potentiate the immune response.TLRs, functioning as pattern recognition receptors, are pivotal in
recognizing microbial surface antigens, bridging the innate and adaptive immunity [79], [80]. The
synergistic effect of combining multiple TLR agonists in vaccines has been validated in prior research
[81], [82].

Flagellin's efficacy is enhanced when fused directly to antigens, likely due to synchronized delivery to
Antigen-Presenting Cells (APC) and TLR5 activation [83], [84]. Flagellin comprises four domains: DO
and D1, which represent the conserved N and C domains involved in binding and TLRS5 signalling and
D2 and D3, the middle domains known for their immunodominance and contribution to its antigenicity.
To optimize our vaccine's molecular weight and prevent anti-flagellin antibody formation, we modified
flagellin by substituting its D2 and D3 domains with selected vaccine components, retaining only its N
and C termini (head and tail). This approach aligns with methodologies employed in previous studies
[85], [86]. Alongside TLR agonists, we incorporated the helper peptide, PADRE, to further enhance the
vaccine's immunogenicity.

Linkers also referred to as 'spacers', play a crucial role in the design of multi-epitope vaccines (MEV) or
peptide-based vaccines. They are indispensable for mediating interdomain interactions, ensuring
structural stability, and optimising vaccine functionality. Without appropriate linkers, the fusion of
epitopes can lead to misfolding in the three-dimensional structure, diminished yield in vaccine production,
and impairment of bioactivity. In this study, we developed four distinct engineered vaccine constructs
(V1, V2, V3, and V4) utilizing four different sets of linker combinations (no linker, GGS, EAAK, GGGS,
GPGPG, KK, and AAY). Subsequently, each of the engineered vaccine constructs was subjected to
comprehensive assessment for their antigenicity, allergenicity, and toxicity through multiple server-based
analyses.

Of the constructs, V2 emerged as the most promising, exhibiting superior stability, especially when
bound to multiple epitopes. While all constructs displayed significant immunogenicity, V3 and V4 were
found to contain potential toxin regions, excluding them from further consideration. All the multi-epitope
antigens that were evaluated showed significant immunogenicity, above the minimum threshold.
Crucially, they demonstrated non-allergenic characteristics, confirming their safety with regards to
allergic responses. Nevertheless, the investigation of toxicity revealed the presence of probable toxin
regions in V3 and V4, leading to their rejection from further consideration. The physicochemical
evaluations demonstrated positive characteristics, highlighting the overall potential of these modified
vaccine structures. Proceeding from this preliminary evaluation, molecular dynamics simulations were
performed to determine stability. Significantly, V2 consistently exhibited enhanced stability when bound
to several epitopes, especially when compared to V1 (supplementary file). The exceptional stability of
V2, along with its potent immunogenicity, makes it the most viable option for a multi-epitope vaccine.
Further refinement and thorough examination are needed to fully assess its potential, representing
tremendous progress in vaccine research.

Molecular docking was utilised to study the interaction between V2 and TLR5. TLR5 is a preferred target
for molecular docking studies with vaccine constructs due to its crucial role in immune response
activation. In fish, TLR5 exists in membrane-bound (TLR5M) and soluble (TLR5S) forms, both detecting
bacterial flagellin but with different roles in the signalling cascade [70]. TLR5 recognition triggers both
innate and adaptive immune responses, enhancing antigen presentation and cytokine production.
Successful molecular docking of various vaccine constructs, including epitope-based and multi-epitope
vaccines, with the TLR5 receptor has been demonstrated in multiple studies [87], [88], [89] . These
docking analyses reveal specific binding interactions, such as hydrogen bonds and electrostatic
interactions, suggesting the vaccine constructs can effectively bind and activate the TLR5 receptor.
These structural insights provide valuable information about potential mechanisms of action and guide
vaccine design, making TLR5 a valuable target for developing effective vaccines against both bacterial
and viral pathogens in fish.

The docking analysis reveals a complex interaction between the vaccine construct and TLRS5, involving
nine hydrogen bonds and various amino acid residues. Key TLR5 residues include His371, Tyr345,
Cys24, Ser302, Arg664, and His262, which interact with complementary residues on the vaccine
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construct. Specifically, the vaccine residues Gly255, Glu251, Met347, Ser208, Asp165, Thr154, and
Lys194 form complementary interactions with the TLR5 residues, suggesting a good fit between the
vaccine and the receptor. This specific binding profile is crucial for the vaccine's effectiveness, as it
ensures proper activation of TLR5 and subsequent immune response initiation.

Targeting this region of TLRS is a sensible approach for vaccine development against grouper iridovirus
(GIV). The multiple interaction points provide specificity and stability, likely leading to sustained receptor
activation. This binding can potentially enhance both innate and adaptive immune responses, offering
comprehensive protection against the target pathogen. The specificity of the interaction may result in
fewer off-target effects, potentially leading to a safer vaccine. Additionally, understanding these specific
interactions can guide the design of future vaccines targeting TLR5 or similar receptors. However, while
these computational results are promising, further in vivo and in vitro experimental assessments are
necessary to fully validate the efficacy and safety of this vaccine candidate against GIV.

Molecular Dynamic Simulation of Multi-Epitope Vaccine

Subsequently, molecular dynamics simulations of V2 were extended to 100 ns to assess its stability with
TLR5. The RMSD analysis of the designed multi-epitope vaccine against Grouper Iridovirus reveals
distinct stability profiles in its apo form and in complex with TLRS (Figure 4). In the apo form, the V2
demonstrates moderate flexibility, with RMSD values stabilizing around 1.5-2.0 nm and slight variations
between replicates. This flexibility suggests the vaccine can adapt its conformation, which may be
beneficial for binding. In contrast, the V2-TLR5 complex exhibits lower and more consistent RMSD
values (0.8-1.2 nm after initial equilibration), indicating enhanced structural stability upon binding. This
increased stability in the complex form is crucial, as it suggests a persistent and well-defined interaction
between the vaccine and its target receptor. The consistency between replicates in the complex form
further supports the stabilizing effect of TLR5 binding. These results collectively suggest that the
designed vaccine (V2) possesses favourable structural properties - flexibility in its unbound state to
facilitate binding, and stability in its bound state to maintain effective interaction with TLR5. Such
characteristics support the potential efficacy of the vaccine in engaging the immune system and eliciting
a robust response against Grouper Iridovirus.
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Figure 4. RMSD trajectories of (A) Apo V2 and (B) V2-TLR5 complex during 100 ns molecular
dynamics simulation. The MD simulations were conducted in duplicates (referred to as R1 and R2)
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The RMSF (Root Mean Square Fluctuation) graphs provide insights into the flexibility of the designed
multi-epitope vaccine against Grouper Iridovirus, both in its apo form and in complex with TLR5 (Figure
5). In the apo form, the vaccine exhibits variable flexibility across its residues. Most regions show RMSF
values between 0.5-1.5 nm, with some peaks reaching up to 2.0-2.5 nm, particularly around residues
200-250. This suggests areas of high flexibility, which could be important for initial receptor recognition
and binding. The two replicates show similar overall patterns, indicating consistency in the flexible
regions.The complex form (vaccine with TLR5) demonstrates generally lower RMSF values, mostly
below 1.0 nm, with fewer and lower peaks compared to the apo form. This reduced flexibility suggests
that binding to TLR5 stabilizes the vaccine structure. Notable exceptions are the N-terminal region
(residues 1-50) and C-terminal region (after residue 400), which retain higher flexibility in the complex.

These results indicate that the designed vaccine has adaptable regions in its unbound state, potentially
facilitating initial interactions with TLRS5. Upon binding, the vaccine structure becomes more rigid, which
could promote stable and specific interactions with the receptor. The retained flexibility at the termini in
the complex form may allow for fine-tuning of the binding or accommodate interactions with otherimmune
components. The consistency between replicates in both forms supports the reliability of these
observations. Overall, this RMSF analysis suggests that the designed vaccine possesses a balance of
flexibility and stability that could contribute to its effectiveness in engaging the immune system against
Grouper Iridovirus.
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Figure 5. RMSF trajectories of (A) Apo V2 and (B) V2-TLR5 complex during 100 ns molecular dynamics
simulation. The MD simulations were conducted in duplicates (referred to as R1 and R2)

The graph illustrates the hydrogen bonding between a designed multi-epitope vaccine and TLR5 over a
100 ns simulation, with two replicates shown in black and red (Figure 6). Both replicates demonstrate a
fluctuating but persistent number of hydrogen bonds, typically ranging from 5 to 25. The first replicate
(black) shows slightly higher bond numbers on average, with peaks reaching about 25 bonds, while the
second replicate (red) generally stays below 20 bonds. These results indicate a stable and dynamic
interaction between the vaccine and TLRS throughout the simulation.

The consistent presence of hydrogen bonds suggests that the designed vaccine maintains a stable
association with TLR5, which is crucial for its potential effectiveness. The fluctuations in bond numbers
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reflect the dynamic nature of protein interactions in a physiological-like environment. The maintenance
of a minimum of around 5 hydrogen bonds in both replicates indicates key interaction points that remain
consistently engaged. Overall, this analysis supports the potential efficacy of the designed vaccine
against Grouper Iridovirus, suggesting it could effectively engage the immune system through its
interaction with TLRS.
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Figure 6. Hydrogen bonds trajectories of V2-TLR5 complex during 100 ns molecular dynamics
simulation. The MD simulations were conducted in duplicates (referred to as R1 and R2).

Conclusions

Our findings highlight the potential of the V2 construct as a promising MEV against GIV. While preliminary
results are encouraging, further refinement and rigorous testing are essential to validate its efficacy.
Subsequent research should focus on in vivo testing of the V2 construct, assessing its immunogenicity,
safety, and protective efficacy in relevant animal models. Additionally, exploring alternative adjuvants
and optimizing vaccine delivery methods can further enhance its potential.

Conflicts of Interest

The author(s) declare(s) that there is no conflict of interest regarding the publication of this paper.

Acknowledgement

This work was supported by Universiti Malaysia Terengganu through Talent and Publication
Enhancement Research Grant (UMT/TAPE-RG/2020/55298) and Ministry of Higher Education (MoHE)
Malaysia through Fundamental Research Grants Scheme (FRGS/1/2021/STG01/UMT/02/2).

References

[1] Yu, Q.,, Xu, S., Zhang, J., Wang, Y., & Liu, Y. (2020). Selection and characterization of aptamers for specific
detection of iridovirus disease in cultured hybrid grouper (Epinephelus fuscoguttatus @ x E. lanceolatus 3).
Chinese Journal of Analytical Chemistry, 48(5), 650-661. https://doi.org/10.1016/S1872-2040(20)60021-4

[2] Food and Agriculture Organization. (2022). The state of world fisheries and aquaculture 2022. FAO.
https://doi.org/10.4060/ccO0461en

[3] Ou-yang, Z., Wu, H,, Liu, Y., Chen, X., & Yang, Y. (2012). Selection and identification of Singapore grouper
iridovirus vaccine candidate antigens using bioinformatics and DNA vaccination. Veterinary Immunology and
Immunopathology, 149(1-2), 38—45. https://doi.org/10.1016/j.vetimm.2012.05.021

[4] Wei, J., Huang, Y., Zhu, W, Li, C., Huang, X., & Qin, Q. (2019). Isolation and identification of Singapore
grouper iridovirus Hainan strain (SGIV-HN) in China. Archives of Virology, 164(7), 1869-1872.
https://doi.org/10.1007/S00705-019-04268-Z

[5] Hazeri, M., Hj, H., Daud, M., Abba, Y., & Rahman Omar, A. (2017). Molecular characterization of grouper

10.11113/mjfas.v20n4.3391

774



MJFAS

Ishak et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 759-778

6]
(71

8]

9]

[10]

(1]

[12]

[13]

[14]

[19]

[16]

(171

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

iridovirus isolates from Peninsular Malaysia. Retrieved from https://sg.idtdna.com/site

Razak, A. A., Ransangan, J., & Sade, A. (2014). First report of Megalocytivirus (Iridoviridae) in grouper culture
in Sabah, Malaysia. Retrieved from http://www.ijcmas.com

Matsuyama, T., Saito, M., Shimizu, T., & Nakai, T. (2018). Antibody profiling using a recombinant protein—
based multiplex ELISA array accelerates recombinant vaccine development: Case study on red sea bream
iridovirus as a reverse vaccinology model. Vaccine, 36(19), 2643-2649.
https://doi.org/10.1016/j.vaccine.2018.03.059

Krishnan, R., Kim, J. O., Kim, J. O., Qadiri, S. S. N., Kim, S. J., & Oh, M. J. (2019). Immunoglobulin-like cell
adhesion molecules, nectins - Characterization, functional prediction and expression profiling from seven-band
grouper, Hyporthodus septemfasciatus. Aquaculture, 506, 387-393.
https://doi.org/10.1016/j.aquaculture.2019.04.009

Huang, S. M., Kuo, S. T., Kuo, H. C., & Chang, S. K. (2018). Assessment of fish iridoviruses using a novel cell
line GS-1, derived from the spleen of orange-spotted grouper Epinephelus coioides (Hamilton) and susceptible
to ranavirus and megalocytivirus. Journal of Veterinary Medical Science, 80(11), 1766-1774.
https://doi.org/10.1292/jvms.18-0078

Amanu, S., Sulistiyono, D., & Suardana, I. (2016). Detection of fish disease caused by iridovirus on grouper
(Epinephelus sp.) and pomfret star (Trachinotus blochii) with co-agglutination method in Tanjungpinang,
Indonesia. Journal of Agricultural Science and Technology B, 6, 121-128. https://doi.org/10.17265/2161-
6264/2016.02.007

Ransangan, J., Razak, A. A., & Sade, A. (2014). First report of Megalocytivirus (Iridoviridae) in grouper culture
in Sabah, Malaysia. Probiotic properties of fish intestinal bacteria to fish growth, survival, and immunity with
and without bacterial infection. Retrieved from https://www.researchgate.net/publication/264556498

Qin, Q., Chang, S., Ngoh-Lim, S., Gibson-Kueh, S., Shi, C., & Lam, T. (2003). Characterization of a novel
ranavirus isolated from grouper Epinephelus tauvina. Diseases of Aquatic Organisms, 53, 1-9.
https://doi.org/10.3354/daoc053001

Kurniasih, 1., Amanu, S., & Ismayasari, R. (2019, April). Studies on iridovirus infection among grouper fish
(Epinephelus sp.) cultured in Seribu Islands, Indonesia. In AIP Conference Proceedings (Vol. 2114, No. 1, p.
020037). American Institute of Physics Inc. https://doi.org/10.1063/1.5098416

Chao, C., Chen, C,, Lai, Y., Lin, C., & Huang, H. (2004). Histological, ultrastructural, and in situ hybridization
study on enlarged cells in grouper Epinephelus hybrids infected by grouper iridovirus in Taiwan (TGIV).
Diseases of Aquatic Organisms, 58, 127-142. https://doi.org/10.3354/daoc058127

Murali, S., Wu, M. F., Guo, I. C., Chen, S. C,, Yang, H. W., & Chang, C. Y. (2002). Molecular characterization
and pathogenicity of a grouper iridovirus (GIV) isolated from yellow grouper, Epinephelus awoara (Temminck
& Schlegel). Journal of Fish Diseases, 25(2), 91—100. https://doi.org/10.1046/j.1365-2761.2002.00343.x
Peng, C., Li, X, Zhao, J., Zhou, S., & Wu, L. (2015). Susceptibility of farmed juvenile giant grouper Epinephelus
lanceolatus to a newly isolated grouper iridovirus (genus Ranavirus). Veterinary Microbiology, 177(3—4), 270—
279. https://doi.org/10.1016/j.vetmic.2015.03.017

Xiao, H., Liu, Y., Zhang, X, Li, Z., & Wang, Y. (2019). Isolation and characterization of a ranavirus associated
with disease outbreaks in cultured hybrid grouper (@ Tiger Grouper Epinephelus fuscoguttatus x & Giant
Grouper E. lanceolatus) in Guangxi, China. Journal of Aquatic Animal Health, 31(4), 364-370.
https://doi.org/10.1002/aah.10090

Davison, A. J. (2017, January 1). Introduction to “ICTV virus taxonomy profiles”. Journal of General Virology.
Microbiology Society. https://doi.org/10.1099/jgv.0.000686

Huang, X., Wang, Y., Zhang, Y., & Lee, J. (2013). Characterization of an envelope gene VP19 from Singapore
grouper iridovirus. Virology Journal, 10(1), 354. Retrieved from http://www.virologyj.com/content/10/1/354
Mahardika, K., Muzaki, A., & Suwirya, K. (2009). Pathogenicity of grouper sleepy disease iridovirus (GSDIV:
Megalocytivirus, family Iridoviridae) to coral trout grouper Plectrophomus leopardus. [No publication details
available]

Sukenda, S., Gardenia, L., Zairin, M., Lusiastuti, A., & Alimudin, A. (2020). Identification of giant gourami
iridovirus (GGIV): A new infectious spleen and kidney necrosis virus (ISKNV) from natural outbreak in cultured
Osphronemus goramy. Aquaculture International, 28(3), 1069-1082. https://doi.org/10.1007/s10499-020-
00513-4

Li, P., Liu, S., Li, H., & Zhou, H. (2022). Antiviral activities of green tea components against grouper iridovirus
infection in vitro and in vivo. Viruses, 14(6), 1227. https://doi.org/10.3390/v14061227

Chuang, H. C., Chu, T. W., Cheng, A. C., Chen, N. Y., & Lai, Y. S. (2022). Iridovirus isolated from marine giant
sea perch causes infection in freshwater ornamental fish. Aquaculture, 548, 737588.
https://doi.org/10.1016/j.aquaculture.2021.737588

Qin, P., Munang'andu, H. M., Xu, C., & Xie, J. (2023, June 1). Megalocytivirus and other members of the family
Iridoviridae in finfish: A review of the etiology, epidemiology, diagnosis, prevention and control. Viruses. MDPI.
https://doi.org/10.3390/v15061359

Andreoni, F., Amagliani, G., & Magnani, M. (2016). Selection of vaccine candidates for fish pasteurellosis using
reverse vaccinology and an in vitro screening approach. In Methods in Molecular Biology (Vol. 1404, pp. 181—
192). Springer. https://doi.org/10.1007/978-1-4939-3389-1_12/COVER

Mokhtar, D. M., Zaccone, G., Alesci, A., Kuciel, M., Hussein, M. T., & Sayed, R. K. A. (2023). Main components
of fish immunity: An overview of the fish immune system. Fishes, 8(2), 93.
https://doi.org/10.3390/fishes8020093

Vargas, D., Rojas, F., Vargas, M., & Oyarzun, C. (2021). The analysis of live-attenuated Piscirickettsia
salmonis vaccine reveals the short-term upregulation of innate and adaptive immune genes in Atlantic salmon
(Salmo  salar): An in situ open-sea  cages study. Microorganisms, 9(4), 703.
https://doi.org/10.3390/microorganisms9040703

Riera Romo, M., Pérez-Martinez, D., & Castillo Ferrer, C. (2016). Innate immunity in vertebrates: An overview.

10.11113/mjfas.v20n4.3391

775


https://sg.idtdna.com/site
http://www.ijcmas.com/
https://www.researchgate.net/publication/264556498
http://www.virologyj.com/content/10/1/354
https://doi.org/10.3390/v15061359

MJFAS

Ishak et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 759-778

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]
[50]

[51]

[52]

(53]

[54]

Immunology, 148(2), 125-139. https://doi.org/10.1111/imm.12597

Kordon, A. O., Pinchuk, L., & Karsi, A. (2021). Adaptive immune system in fish. Central Fisheries Research
Institute. https://doi.org/10.4194/TRJFAS20235

Kordon, A. O., Pinchuk, L., & Karsi, A. (2022). Adaptive immune system in fish. Turkish Journal of Fisheries
and Aquatic Sciences, 22(4), 20235. https://doi.org/10.4194/TRJFAS20235

Ma, J., Bruce, T. J., Jones, E. M., & Cain, K. D. (2019). A review of fish vaccine development strategies:
Conventional methods and modern biotechnological approaches. Microorganisms, 7(11), 569.
https://doi.org/10.3390/microorganisms7110569

Mondal, H., & Thomas, J. (2022). A review on the recent advances and application of vaccines against fish
pathogens in aquaculture. Aquaculture Research, 53(8), 1567—1584. https://doi.org/10.1007/s10499-022-
00884-w

Sanijida, S., Mou, M. J., Islam, S. |., & Sarower-E-Mahfuj, M. (2022). An in-silico approach for identification of
potential natural antiviral drug candidates against Erythrocytic necrosis virus (Iridovirus) by targeting Major
capsid protein: A quantum mechanics calculations approach. International Journal of Life Sciences and
Biotechnology, 5(3), 294—315. https://doi.org/10.38001/ijlsb.1074392

Yu, Q., Liu, W, Liu, X., Zhang, Z., & Wang, H. (2019). Identification of Major Capsid Protein as a potential
biomarker of Grouper Iridovirus-infected cells using aptamers selected by SELEX. Frontiers in Microbiology,
10, 2684. https://doi.org/10.3389/fmicb.2019.02684

Ranjbar, M., Barati, M., & Shaterzadeh, Y. (2019). Novel applications of immuno-bioinformatics in vaccine and
bio-product developments at research institutes. Retrieved from http://www.rvsri.ir

Jalal, K., Arif, M., & Khan, M. (2022). Identification of vaccine and drug targets in Shigella dysenteriae sd197
using reverse vaccinology approach. Scientific Reports, 12(1), 16835. https://doi.org/10.1038/s41598-021-
03988-0

Parihar, R., Malviya, R., & Khan, R. (2022). Immunoinformatics and reverse vaccinomic approaches for
effective design. In Computational Approaches for Novel Therapeutic and Diagnostic Designing to Mitigate
SARS-CoV2 Infection: Revolutionary Strategies to Combat Pandemics (pp. 357-378). Elsevier.
https://doi.org/10.1016/B978-0-323-91172-6.00004-2

Tsai, C.-T., Ting, J.-W., Wu, M.-H., Wu, M.-F., Guo, |.-C., & Chang, C.-Y. (2005). Complete genome sequence
of the Grouper Iridovirus and comparison of genomic organization with those of other iridoviruses. Journal of
Virology, 79(4), 2010-2023. https://doi.org/10.1128/JV1.79.4.2010-2023.2005

Schoch, C. L., Seifert, K. A., Huhndorf, S. M., Robert, V., Spouge, J. L., & Levesque, C. A. (2020). NCBI
Taxonomy: A comprehensive update on curation, resources and tools. Database, 2020.
https://doi.org/10.1093/database/baaa062

Vita, R., Overton, J. A., Greenbaum, J. A., & Sidney, J. (2018). The Immune Epitope Database (IEDB): 2018
update. Nucleic Acids Research, 47(D1), D339-D343. https://doi.org/10.1093/nar/gky1006

Reche, P. A, Glutting, J. P., Zhang, H., & Reinherz, E. L. (2004). Enhancement to the RANKPEP resource for
the prediction of peptide binding to MHC molecules using profiles. Immunogenetics, 56(6), 405-419.
https://doi.org/10.1007/S00251-004-0709-7

Nezafat, N., Eslami, M., Negahdaripour, M., Rahbar, M. R., & Ghasemi, Y. (2017). Designing an efficient multi-
epitope oral vaccine against Helicobacter pylori using immunoinformatics and structural vaccinology
approaches. Molecular Biosystems, 13(4), 699—713. https://doi.org/10.1039/c6mb00772d

Larsen, M. V., Lundegaard, C., Lamberth, K., Buus, S., Lund, O., & Nielsen, M. (2007). Large-scale validation
of methods for cytotoxic T-lymphocyte epitope prediction. BMC Bioinformatics, 8(1), 424.
https://doi.org/10.1186/1471-2105-8-424

Reynisson, B., Lundegaard, C., & Peters, B. (2020). Improved prediction of MHC Il antigen presentation
through integration and motif deconvolution of mass spectrometry MHC eluted ligand data. Journal of
Proteome Research, 19(6), 2304-2315. https://doi.org/10.1021/acs.jproteome.9b00874

Saha, S., & Raghava, G. P. S. (2006). Prediction of continuous B-cell epitopes in an antigen using recurrent
neural network. Proteins: Structure, Function, and Bioinformatics, 65(1), 40-48.
https://doi.org/10.1002/prot.21078

Erik, J., Larsen, M. V., Lund, O., & Nielsen, M. (2006). Improved method for predicting linear B-cell epitopes.
BMC Bioinformatics, 2(1), 2. https://doi.org/10.1186/1745-7580-2-2

Doytchinova, I. A., & Flower, D. R. (2007). VaxiJen: A server for prediction of protective antigens, tumour
antigens and subunit vaccines. BMC Bioinformatics, 8(1), 4. https://doi.org/10.1186/1471-2105-8-4

Cheng, J., Randall, A. Z., Sweredoski, M. J., & Baldi, P. (2005). SCRATCH: A protein structure and structural
feature prediction server. Nucleic  Acids Research, 33(Web Server), W72-W76.
https://doi.org/10.1093/nar/gki396

Dimitrov, ., Bangov, I., Flower, D. R., & Doytchinova, I. (2014). AllerTOP v.2 - A server for in silico prediction
of allergens. Journal of Molecular Modeling, 20(6), 2278. https://doi.org/10.1007/s00894-014-2278-5

Saha, S., & Raghava, G. P. S. (2006). AlgPred: Prediction of allergenic proteins and mapping of IgE epitopes.
Nucleic Acids Research, 34(Web Server), W202—-\W209. https://doi.org/10.1093/nar/gkl343

Gupta, S., Kapoor, P., Chaudhary, K., Gautam, A., Kumar, R., & Raghava, G. P. S. (2013). In silico approach
for predicting toxicity of peptides and proteins. PLoS ONE, 8(9), e73957.
https://doi.org/10.1371/journal.pone.0073957

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., ... & Higgins, D. G. (2011). Fast, scalable
generation of high-quality protein multiple sequence alignments using Clustal Omega. Molecular Systems
Biology, 7(1), 539. https://doi.org/10.1038/msb.2011.75

MaccCarthy, E. A., Zhang, C., Zhang, Y., & KC, D. B. (2022). GPU-I-TASSER: A GPU accelerated I-TASSER
protein structure prediction tool. Bioinformatics, 38(6), 1754—-1755.
https://doi.org/10.1093/bioinformatics/btab871

Laskowski, R. A., MacArthur, M. W., & Thornton, J. M. (2012). PROCHECK: Validation of protein-structure

10.11113/mjfas.v20n4.3391

776


http://www.rvsri.ir/

MJFAS

Ishak et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 759-778

[59]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]
[71]

[72]

[73]

[74]

[79]

[76]

(77

[78]

[79]

coordinates. In International Tables for Crystallography (Vol. F, Ch. 21.4, pp. 684-687).
https://doi.org/10.1107/97809553602060000882

Razali, S. A., Sarah Diana, P., Shamsir, M. S., Mahadi, N. M., & Mohd lllias, R. (2016). Substrate and cofactor
binding interaction studies of galactitol-1-phosphate 5-dehydrogenase from Peptoclostridium difficile. J Teknol,
78(6), 199-210. https://doi.org/10.11113/jt.v78.7598

Gasteiger, E., Gattiker, A., Hoogland, C., Ivanyi, I., Appel, R. D., & Bairoch, A. (2003). ExPASYy: The proteomics
server for in-depth protein knowledge and analysis. Nucleic Acids Research, 31(13), 3784-3788.
https://doi.org/10.1093/nar/gkg563

Koukos, P. I., Kastritis, P. L., & Tsoumanis, A. (2020). An overview of data-driven HADDOCK strategies in
CAPRI rounds 38-45. Proteins: Structure, Function, and Bioinformatics, 88(8), 1029-1036.
https://doi.org/10.1002/prot.25869

Laskowski, R. A., Jabtonska, J., Pravda, L., Vafekova, R. S., & Thornton, J. M. (2018). PDBsum: Structural
summaries of PDB entries. Protein Science, 27(1), 129-134. https://doi.org/10.1002/pro.3289

Agrawal, R., Punarva, H. B., Heda, G. O., Vishesh, Y. M., & Karunakar, P. (2023). VinaLigGen: A method to
generate LigPlots and retrieval of hydrogen and hydrophobic interactions from protein-ligand complexes.
Journal of Biomolecular Structure and Dynamics, 1-4. https://doi.org/10.1080/07391102.2023.2266524

Pall, S., Hess, B., & Lindahl, E. (2020). Heterogeneous parallelization and acceleration of molecular dynamics
simulations in GROMACS. Journal of Chemical Physics, 153(13). https://doi.org/10.1063/5.0018516

Azemin, W.-A., Ishak, N. F., Saedin, M. A. A., Shamsir, M. S., & Razali, S. A. (2023). Molecular docking and
simulation studies of chloroquine, rimantadine and CAP-1 as potential repurposed antivirals for decapod
iridescent  virus 1 (DIV1).  Fish and  Shellfish  Immunology = Reports, 5, 100120.
https://doi.org/10.1016/j.fsirep.2023.100120

Goddard, T. D., Huang, C. C., & Ferrin, T. E. (2017). UCSF ChimeraX: Meeting modern challenges in
visualization and analysis. Protein Science. https://doi.org/10.1002/pro.3235

Razali, S. A., & Shamsir, M. S. (2020). Characterisation of a catalytic triad and reaction selectivity in the dual
mechanism of the catalyse hydride transfer in xylitol phosphate dehydrogenase. Journal of Molecular Graphics
and Modelling, 97, 107548. https://doi.org/10.1016/j.jmgm.2020.107548

Hazeri, M., Ibrahim, M. S., & Ismail, M. (2017). Molecular characterisation of Grouper Iridovirus isolates from
Peninsular Malaysia. Journal of Veterinary Malaysia, 29(1), 1-6. http://psasir.upm.edu.my/56837/1/JVM-2017-
Dr-Hassan.pdf

Draganova, E. B., Valentin, J., & Heldwein, E. E. (2021). The ins and outs of herpesviral capsids: Divergent
structures and assembly mechanisms across the three subfamilies. Viruses, 13(10), 1913.
https://doi.org/10.3390/v13101913

Xu, S. F., Wang, Y., Zhang, W., & Liu, Y. (2024). Development and immune evaluation of LAMP1 chimeric
DNA vaccine against Singapore grouper iridovirus in orange-spotted grouper, Epinephelus coioides. Fish and
Shellfish Immunology, 109, 109218. https://doi.org/10.1016/j.fsi.2023.109218

Ni, S. Z., Wang, Y. C., Zhao, J. H., & Zhang, L. (2021). Identification, histopathology, and phylogenetic analysis
of an iridovirus from cultivated silver pomfret in Zhejiang Province, East China. Aquaculture, 530, 735619.
https://doi.org/10.1016/j.aquaculture.2020.735619

Christiansen, A., Weiel, A., Winkler, A., Schug, A., & Reinstein, J. (2021). The trimeric major capsid protein of
Mavirus is stabilized by its interlocked N-termini enabling core flexibility for capsid assembly. Journal of
Molecular Biology, 433(7), 166859. https://doi.org/10.1016/j.jmb.2021.166859

Zhao, Z., Lu, X., & Zhang, X. (2023). Near-atomic architecture of Singapore grouper iridovirus and implications
for giant virus assembly. Nature Communications, 14(1), 37681. https://doi.org/10.1038/s41467-023-37681-9
Razali, S. A., Shamsir, M. S, Ishak, N. F., Low, C.-F., & Azemin, W.-A. (2023). Riding the wave of innovation:
Immunoinformatics in fish disease control. PeerJ, 11, e16419. https://doi.org/10.7717/peerj.16419/supp-1
Rhee, J. H., Khim, K., Puth, S., Choi, Y., & Lee, S. E. (2023). Deimmunization of flagellin adjuvant for clinical
application. Current Opinion in Virology, 60, 101330. https://doi.org/10.1016/j.coviro.2023.101330

Mahmoodi, S., Amirzakaria, J. Z., & Ghasemian, A. (2023). In silico design and validation of a novel multi-
epitope vaccine candidate against structural proteins of Chikungunya virus using comprehensive
immunoinformatics analyses. PLoS ONE, 18(5), e0285177. https://doi.org/10.1371/journal.pone.0285177
Mashhadi, M., Shirazi, A., Sadat, S. M., Haghighat, S., Roohvand, F., & Arashkia, A. (2023). Alum and a TLR7
agonist combined with built-in TLR4 and 5 agonists synergistically enhance immune responses against HPV
RG1 epitope. Scientific Reports, 13(1), 1-16. https://doi.org/10.1038/s41598-023-43965-3

Khan, A., Khanzada, M. H., Khan, K., Jalal, K., & Uddin, R. (2023). Integrating core subtractive proteomics and
reverse vaccinology for multi-epitope vaccine design against Rickettsia prowazekii endemic typhus.
Immunologic Research. https://doi.org/10.1007/s12026-023-09415-y

Liu, M., Zhang, Y., Chen, J., Li, X., & Wang, Y. (2020). The inhibitory activities and antiviral mechanism of
medicinal plant ingredient quercetin against grouper iridovirus infection. Frontiers in Microbiology, 11.
https://doi.org/10.3389/fmicb.2020.586331

Liu, M., Zhang, Y., Chen, J., Li, X., & Wang, Y. (2020). Antiviral abilities of Curcuma kwangsiensis ingredients
against grouper iridoviral infection in vitro and in vivo. Aquaculture Research, 51(1), 351-361.
https://doi.org/10.1111/are.14382

Razali, S. A., Shamsir, M. S., Ishak, N. F., Low, C. F., & Azemin, W. A. (2023). Riding the wave of innovation:
immunoinformatics in fish disease control. PeerJ. https://doi.org/10.7717/peerj.16419

Tan, C., Zhu, F., Pan, P., Wu, A.,, & Li, C. (2023). Development of multi-epitope vaccines against the
monkeypox virus based on envelope proteins using immunoinformatics approaches. Frontiers in Immunology,
14. https://doi.org/10.3389/fimmu.2023.1112816

Shanmugam, A., Rajoria, S., George, A. L., Mittelman, A., Suriano, R., & Tiwari, R. K. (2012). Synthetic toll
like receptor-4 (TLR-4) agonist peptides as a novel class of adjuvants. PLoS ONE, 7(2).
https://doi.org/10.1371/journal.pone.0030839

10.11113/mjfas.v20n4.3391

777


http://psasir.upm.edu.my/56837/1/JVM-2017-Dr-Hassan.pdf
http://psasir.upm.edu.my/56837/1/JVM-2017-Dr-Hassan.pdf

MJFAS

Ishak et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 759-778

(80]

[81]
[2]
[83]
[84]

(85]

(86]

[87]

(88]

(89]

Gupta, N., Regar, H., Verma, V. K., Prusty, D., Mishra, A., & Prajapati, V. K. (2020). Receptor-ligand based
molecular interaction to discover adjuvant for immune cell TLRs to develop next-generation vaccine.
International Journal of Biological Macromolecules, 152, 535-545.
https://doi.org/10.1016/j.ijjpiomac.2020.02.297

Castrodeza-Sanz, J., Sanz-Mufoz, I., & Eiros, J. M. (2023). Adjuvants for COVID-19 vaccines. Vaccines,
11(5), 902. https://doi.org/10.3390/vaccines11050902

Zhao, T., Wang, X., Zhang, Y., & Zhao, J. (2023). Vaccine adjuvants: Mechanisms and platforms. Nature
Reviews Immunology. https://doi.org/10.1038/s41392-023-01557-7

Gries, C. M., Mohan, R. R., Morikis, D., & Lo, D. D. (2019). Crosslinked flagella as a stabilized vaccine adjuvant
scaffold. BMC Biotechnology, 19(1), 48. https://doi.org/10.1186/s12896-019-0545-3

Yonekura, K., Maki-Yonekura, S., & Namba, K. (2003). Complete atomic model of the bacterial flagellar
filament by electron cryomicroscopy. Nature, 424(6949), 643-650. https://doi.org/10.1038/nature01830
Joshi, A., Pathak, D. C., Mannan, M. A., & Kaushik, V. (2021). In-silico designing of epitope-based vaccine
against the seven-banded grouper nervous necrosis virus affecting fish species. Network Modeling Analysis
in Health Informatics and Bioinformatics, 10(1), 1-12. https://doi.org/10.1007/s13721-021-00315-5

Rhee, J. H., Khim, K., Puth, S., Choi, Y., & Lee, S. E. (2023). Deimmunization of flagellin adjuvant for clinical
application. Current Opinion in Virology, 60, 101330. https://doi.org/10.1016/j.coviro.2023.101330

Islam, S. |., Mahfuj, S., Islam, M. J., Mou, M. J., & Sanjida, S. (2022). Use of integrated core proteomics,
immuno-informatics, and in silico approaches to design a multiepitope vaccine against zoonotic pathogen
Edwardsiella tarda. Applied Microbiology, 2(2), 414—437. https://doi.org/10.3390/applmicrobiol2020031
Atapour, A., Vosough, P., Jafari, S., & Sarab, G. A. (2022). A multi-epitope vaccine designed against blood-
stage of malaria: An immunoinformatic and structural approach. Scientific Reports, 12(1), 11683.
https://doi.org/10.1038/s41598-022-15956-3

Joshi, A., Pathak, D. C., Mannan, M. A., & Kaushik, V. (2021). In-silico designing of epitope-based vaccine
against the seven-banded grouper nervous necrosis virus affecting fish species. Network Modeling Analysis
in Health Informatics and Bioinformatics, 10(1), 37. https://doi.org/10.1007/s13721-021-00315-5

10.11113/mjfas.v20n4.3391

778



	Introduction
	Grouper known as Epinephelus spp. is a mariculture fish species that is economically important and widely cultured in Southeast Asian countries including China, Japan, and Taiwan, and occur mostly on corals and rock reefs [1]. According to the Food an...
	GIV has also been recorded from various grouper species in different countries including brown-spotted grouper (Epinephelus tauvina) in Singapore [12] tiger grouper (E. fuscoguttatus) in Indonesia [13], hybrid grouper (red spotted grouper E. akaara x ...
	Grouper iridovirus (GIV) poses a severe threat to the aquaculture industry, with devastating economic consequences and potential for widespread impact. Recent studies have quantified its severity, revealing a staggering 93% cumulative mortality rate i...
	Reverse vaccinology by immuno-bioinformatics tools has become particularly crucial in human and animal health, and this approach has also recently been applied to marine species. A recent study used reverse vaccinology to screen and identify the poten...
	The fish immune system is comprised of both innate and adaptive cell-mediated immune mechanisms. The innate immune system fights off initial infections and illnesses first and the main components include cytotoxic T cells, dendritic cells, NK cells, a...
	Vaccination stands as a cornerstone in the defence against pathogenic organisms, contributing significantly to the sustainability of aquaculture, as emphasized by  [31]. Today's vaccine technology is very precise, focusing on specific pathogenic parts...
	The field of immunoinformatics uses prediction tools for many immunobiotechnology and immunomics processes to make vaccines, kits, and biological products that help treat cancer, allergies, and infectious diseases [35]. The use of bioinformatics can h...
	In this study, a MEV against GIV was designed utilising a combination of multiple deep-learning methods in immune-bioinformatics and structural analysis. To optimise the design of a MEV, it is necessary to consider a number of factors, including the ...
	Materials and Methods
	Data Retrieval
	Epitopes Prediction and Validation
	Prediction of MHC Class I and MHC Class II Binding Epitope
	Helper T-Lymphocytes (HTL) and Cytotoxic T-Lymphocytes (CTL) Epitopes Mapping
	B-Cell Epitope Prediction
	Immunogenicity Prediction and Vaccine Properties Evaluation
	Antigenicity Evaluation
	Allergenicity Evaluation
	Toxicity Evaluation
	Construction of Multi-Epitope Vaccine and Structural Analysis
	Physicohemical Parameter Evaluation
	Molecular Interaction of Immunogenic Vaccine Using Molecular Docking
	Molecular Dynamic Simulation of Multi-Epitope Vaccine

	Results and Discussion
	Sequence Analysis
	Epitopes and Immunogenicity Prediction
	MHC Class I and MHC Class II Binding Epitope Prediction
	Helper T-Lymphocytes (HTL) and Cytotoxic T-Lymphocytes (CTL) Epitopes Mapping
	B-Cell Epitope Prediction (Linear and Conformational B-Cell Epitopes)
	Construction of Multi-Epitope Vaccine and Structural Analysis
	Immunogenicity Prediction and Vaccine Properties Evaluation
	Molecular Interaction of Immunogenic Vaccine Using Molecular Docking
	Molecular Dynamic Simulation of Multi-Epitope Vaccine

	Conclusions
	Conflicts of Interest
	Acknowledgement
	References

