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Abstract 

 
Since its identification in 2012, Middle East Respiratory Syndrome Coronavirus (MERS-CoV) has 

remained a persistent zoonotic and public health threat, with a case fatality rate exceeding 35%. The viral 

spike (S) protein, responsible for facilitates host cell entry and immune recognition, represents the 

primary target for vaccine and therapeutic development. Comprehensive characterization of spike 

protein genetic variability is therefore crucial for anticipating viral evolution, assessing immune escape 

potential, and guiding the development of pan-coronavirus vaccine strategies. This review compiles 

recent in silico studies examining variations in the MERS-CoV spike protein. The methods summarized 

encompass sequence-based phylogenetic studies, structural modeling, epitope prediction algorithms, 

and machine learning tools employed to assess the effects of mutations. These approaches together offer 

swift and economical frameworks for worldwide monitoring and functional forecasting. Computational 

analyses have delineated conserved residues with potential for vaccine development, identified emerging 

variant lineages, and simulated the effects of spike mutations. Nonetheless, significant challenges remain, 

such as limited global sampling, a lack of experimental validation, and insufficient representation of 

recombination dynamics. Future initiatives should aim to better integrate computational and 

experimental methods, create AI-enhanced surveillance systems, and design more comprehensive pan-

coronavirus immunogens. 
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1. Introduction 

As a novel betacoronavirus, Middle East Respiratory Syndrome Coronavirus (MERS-CoV) has 

caused severe respiratory illnesses with high mortality rates in 2012 [1,2]. The MERS-CoV virus 

has been responsible for over 2,500 confirmed cases across 27 countries [3,4] The disease has 

been fatal in 30-40% of cases [5,6] , making it one of the deadliest human coronaviruses we have 

ever encountered [7]. Unlike SARS-CoV-2, MERS-CoV exhibits limited human-to-human 

transmission [8,9], but maintains persistent circulation in dromedary camels [10,11], providing 

a continuous reservoir zoonotic reservoir [12,13]. 
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Spike (S) protein a 1,353 amino acid trimeric glycoprotein [14,15], plays a central role in 

MERS-CoV pathogenesis by binding dipeptidyl peptidase-4 (DPP4) receptors to facilitate virus 

entry into host cells [16–18]. CD26, which is also referred to as dipeptidyl peptidase-4 (DPP4), 

serves as the cellular receptor targeted by the MERS-CoV spike RBD. For the sake of clarity, this 

review consistently uses the term DPP4. 

The spike protein is composed of two functional subunits: S1, which contains the receptor-

binding domain (RBD) [19,20], and S2, which mediates membrane fusion [21,22]. Antibodies 

neutralize the spike protein because it is the most exposed viral antigen [20,23], which is why 

most vaccines are developed around it [24–26]. 

A viral spike protein's genetic variability affects its fitness, host range expansion, immune 

evasion, and therapeutic efficacy [27–29]. Mutations in the RBD may affect receptor binding 

affinity and specificity [18,30], potentially facilitating cross-species transmission and adaptation 

[30,31]. It is also possible for changes in neutralizing epitopes to compromise vaccine 

effectiveness or the binding of therapeutic antibodies [29]. Genetic diversity is essential for 

predicting viral evolution trajectories and designing robust countermeasures [32,33]. 

As a result of computing biology, large-scale sequence analyses, predictive modeling, and 

rapid hypothesis generation have revolutionized viral genetics research [28,34,35]. Due to 

advances in bioinformatic algorithms and machine learning approaches, genomic sequencing 

capacity has grown exponentially [36,37]. Data-driven methods now play a central role in 

tracking viral evolution and guiding countermeasures [35]. MERS-CoV offers unique 

advantages using data-driven approaches, including global sequence analysis, prediction of 

mutational effects [30,35], identification of conserved epitopes [35,38], and modelling of viral 

evolution [28,33]. Reviewing the pattern of genetic variability and structural-functional 

relationships of the MERS-CoV spike proteins, we aim to provide insight into the evolution of 

the virus and establish how it adapts. In addition, it outlines future directions for developing 

effective therapeutic strategies, vaccines, and data-driven approaches to monitor Coronavirus 

evolution. 

 

2. Materials and Methods 

This review is a narrative compiled using PubMed, Google Scholar with search terms including 

"MERS-CoV", "Middle East Respiratory Syndrome", "spike protein", "computational", 

"phylogenetic", "structural modeling", "epitope prediction", and "machine learning". Some of the 

work cited is included for its methodological contribution only. AI was used in language 

polishing. 

 

3. Spike Protein Genetic Variants 

There have been over 300 complete spike protein sequences deposited in public databases since 

the first MERS-CoV genome was sequenced in 2012 [2,8,28]. Five major lineages have been 

identified based on phylogenetic analyses (A, B, C, D, and E) with distinct geographic 

distributions and evolutionary histories [8,13,25]. 

 

3.1 Variable domains 
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Genetic variation in the MERS-CoV spike protein is heterogeneous, with elevated mutation rates 

in several regions [28,33]. 

 

3.1.1 Receptor-Binding Domain (RBD, residues 484-567) 

Approximately 2-3 times more mutations are accumulating in the RBD than in the overall spike 

protein [27,28], making it one of the most variable regions of the spike protein [18,19]. The DPP4 

receptor is directly contacted at positions 509, 511, and 526 of the variable sites [16,18]. Some 

mutations such as D510G, R511H, and A522V alter receptor binding affinity and may affect host 

adaptation[30,31]. 

 

3.1.2 N-terminal Domain (NTD, residues 18-353) 

In contrast to the RBD, the NTD contains several hypervariable loops that may serve as immune 

escape points[39]. Multiple lineages have shown clade-specific deletions and insertions in loops 

1 and 3, which modify antigenic surface and contribute to immune evasion [8,25,39], potentially 

affecting antibody recognition. 

 

3.1.3 Fusion peptide and heptad repeats: There is moderate variability in the fusion machinery 

[22,40], with mutations affecting the heptad repeat regions HR1 (residues 984-1104) and HR2 

(residues 1246-1295)[21,41]. Despite strong functional constraints, the fusion peptide (residues 

955-885) remains highly conserved[40,41]. 

 

3.2 Conserved Regions 

In spite of overall diversity, several spike protein regions remain highly conserved as shown in 

Table 1. 

 

 Furin cleavage site (residues 748-751): All sequenced isolates possess the RXXR motif 

[42,43] 

 Fusion peptide core (residues 955-975): Maintaining >95% sequence identity[40,41] 

 Transmembrane domain (residues 1296-1318): There are only synonym substitutions, 

indicating that it is highly conserved [14] 

 Cytoplasmic tail (residues 1319-1353): Signals associated with trafficking and assembly 

are conserved [44]. 

 

Table 1. Summary of conserved and variable regions in MERS-CoV spike protein 

Residue range Conserved regions Varibal regions 

residues 18-353   

residues 484-567   

residues 984-1104   

residues 955-885   

residues 1246-1295   

residues 748-751   

residues 955-975   

residues 1296-1318   
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3.3 Temporal evolution patterns 

While numerous prior studies have characterized the MERS-CoV spike gene as being mainly 

limited by purifying selection, this view does not entirely reflect the intricate nature of 

coronavirus evolutionary dynamics. Global dN/dS ratios frequently fail to accurately reflect 

adaptive changes because a small number of positively selected sites can be masked by 

numerous structurally conserved residues. Additionally, coronaviruses experience episodic 

adaptation bursts rather than steady directional evolution. The recent surge in available camel 

and human spike sequences has uncovered more RBD variations, especially at residues that 

interact with DPP4, indicating continuous refinement of receptor interactions. Furthermore, 

research on structural and molecular dynamics has repeatedly demonstrated that certain 

substitutions can impact binding affinity and conformational stability, even when the traditional 

selection criteria remain low. The latest evidence proposes a model in which the spike protein 

is predominantly conserved at a global level; however, it faces localized, intermittent, and 

functionally important adaptive pressures, especially within the receptor-binding 

domain.[13,28,30,45]. 

 

3.4 Recombination in MERS-CoV 

Recombination is a significant evolutionary mechanism influencing the diversity of the MERS-

CoV spike protein and must be considered when analyzing its genetic composition. Multiple 

independent studies have revealed that the spike gene, particularly the S1 region, harbors 

several recombination breakpoints originating from co-circulating camel coronaviruses.[25]. 

offered the initial definitive proof of recombination among lineages present in Saudi Arabia, 

uncovering mosaic genomes created through exchanges between different parental viral strains. 

Since this discovery, both phylogenetic analyses and breakpoint-scanning research have verified 

that recombination plays a role in the development of new spike configurations, speeds up 

antigenic diversification, and aids in the introduction of mutations that would not occur solely 

through gradual point substitutions. Including recombination in evolutionary evaluations is 

crucial because it affects lineage development, host adaptation, and the potential for 

transmission across species.[13,25,46]. 

 

3.5 Camel–human adaptation signatures  

Adaptation to specific hosts also plays a role in the diversity of spike proteins figure 1, especially 

in the receptor-binding domain, where sequence variations indicate optimization for species-

specific DPP4 variants. Structural comparisons revealed differences in DPP4 contact residues 

between camels and humans, and certain mutations in the RBD, such as D510G, R511H, and 

A522V, influenced the binding affinity depending on the host. Phylogenetic studies have further 

indicated that many changes in the spike protein originate in camels, the main reservoir, with 

only some being retained during occasional transmission to humans[13,30,31]. The results of the 

study highlight the importance of incorporating indicators of camel–human adaptation when 

analyzing the development of the MERS-CoV spike. 
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Figure 1. Evolutionary and genetic drivers of MERS-CoV spike protein diversity. 

 

4. Computational approaches 

4.1 Sequence analysis methods 

4.1.1 Multiple sequence alignment (MSA) 

To align MERS-CoV spike sequences, standard MSA algorithms such as MUSCLE, ClustalW, 

and MAFFT have been extensively used[34,35]. The alignment of hypervariable regions has 

been improved using advanced methods such as PRANK and GUIDANCE. In order to identify 

conserved motifs and functional domains, profile-based methods using Hidden Markov Models 

(HMMs) have been particularly effective[36,37]. 

 

4.1.2 Mutation detection and tracking: The development of real-time mutation surveillance 

pipelines incorporated tools such as GISAID's mutation tracking system and custom databases 

for MERS-CoV variants. A set of automated algorithms identifies emerging mutations, 

calculates their frequencies, and flags any potential significant changes based on structural or 

functional predictions[35,47]. 

 

4.2 Phylogenetic analysis 

4.2.1 Maximum likelihood methods 

MERS-CoV phylogenies have been constructed primarily using RAxML, IQ-TREE, and PhyML 

[8,13,48,49]. BEAST-based time-calibrated phylogenies have provided insights into evolutionary 

timescales and transmission dynamics[13]. For phylogenetic uncertainty and estimating 

confidence intervals, Bayesian approaches have proved especially useful[8,25]. 
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4.2.2 Phylogeographic analysis 

Geographic metadata and phylogenetic data were integrated to reveal patterns of viral spread 

and transmission [8,13]. A discrete phylogeography package such as BEAST has been used to 

map viral migration routes between nations and continents [13,25]. 

 

4.3 Structural modeling 

4.3.1 Homology modeling 

High-resolution crystal structures of MERS-CoV spike domains have enabled accurate 

homology modeling of variant sequences [15,18,19]. Mutations have been predicted using 

SWISS-MODEL, Phyre2, and AlphaFold2 [34,35,38]. 

 

4.3.2 Molecular dynamics simulations 

The kinetics of receptor binding and protein stability have been examined using MD simulations 

using GROMACS, AMBER, and NAMD [18,30]. 

 

4.3.3 Protein-protein interaction modeling 

Modeling spike-DPP4 interactions with docking algorithms (HADDOCK, ClusPro, Rosetta) has 

provided insight into how mutations affect binding affinity and specificity [16,18,30,31]. 

 

4.4 Epitope prediction 

4.4.1 B-cell epitope prediction 

The spike protein has been identified as a potential antibody binding site by linear and 

conformational B-cell epitope prediction tools such as BepiPred, ABCpred, and DiscoTope 

[34,35,47]. Improved prediction accuracy has been achieved through the use of support vector 

machines and neural networks [36,37,50]. 

 

4.4.2 T-cell epitope prediction 

A number of MHC class I and II binding prediction algorithms (NetMHCpan, IEDB tools) have 

been developed to identify potential T-cell epitopes for different HLA allotypes [37,50–52]. The 

applicability of predicted epitopes has been assessed based on population coverage analysis 

[34,35,38]. 

 

4.4.3 Epitope conservation analysis 

 In order to identify potential targets for pan-coronavirus vaccines, sequence-based and 

structure-based approaches were used to assess cross-coronavirus epitope conservation [53,54]. 

 

4.5 Machine learning and artificial intelligence 

4.5.1 Deep learning approaches 

The prediction of mutation effects, epitope immunogenicity, and viral fitness has been achieved 

with the use of convolutional neural networks and transformer models [50,52]. In order to 

predict the functional impact of novel mutations, large language models trained on protein 

sequences show promise [55]. 
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4.5.2 Ensemble methods. 

A combination of random forests and gradient boosting algorithms can predict mutation 

pathogenicity and immune escape potential by integrating multiple features (sequence, 

structure, evolution) [36–38]. 

 

5. Insights from computational studies 

5.1 Viral evolution and adaptation 

Based on bioinformatic studies, MERS-CoV spike protein evolution is primarily shaped by 

purifying selection [33,48], with dN/dS ratios consistently below 1.0 for most spike regions [45]. 

There is, however, evidence of positive selection at specific locations in the RBD, particularly 

those that are in contact with the DPP4 receptor [18,30]. Therefore, it is likely that overall 

structural integrity will be maintained while receptor binding is optimized [30,31].see Table 2  

Based on phylogenetic analyses, MERS-CoV evolution follows a "ladder-like" pattern rather 

than the "star-like" phylogenies observed in rapidly spreading viruses like SARS-CoV-2. [13,55] 

It is evident that this is due to the limited human-to-human transmission capacity of MERS-

CoV. This suggests that the majority of evolutionary changes in the camel population are due to 

zoonotic maintenance during this period [8–11,13]. 

 

5.2 Structural-functional relationships 

In molecular dynamics simulations, key insights have been obtained about how mutations affect 

spike protein function. The following are some of the key findings: 

 Receptor binding affinity: A D510G or R511H mutation in the RBD changes the 

electrostatic landscape of the receptor-binding interface [16,18], resulting in differences 

in DPP4 binding affinity ranging from a 2-fold decrease to a 3-fold increase [30] 

 Conformational stability: Mutations can shift the equilibrium between "closed" and 

"open" conformations of the spike protein [15,56]. Variants with an increased propensity 

to open may be more infectious but less stable [14,56] 

 Allosteric effects: Considering the entire spike protein structure is important because 

mutations outside the RBD can affect receptor binding through long-range allosteric 

mechanisms [30,56]. 

 

5.3 Immune escape predictions 

Researchers have identified several areas of potential immune vulnerability based on epitope 

mapping studies: 

 

5.3.1 Conserved neutralizing epitopes 

Several studies have identified highly conserved epitopes in the RBD and stem region that 

remain accessible across variants [20,23,29]. The DPP4-binding interface and cryptic epitopes 

exposed during conformational changes are examples of these [15,16,18,56]. 

 

5.3.2 Variable epitopes 
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The regions with high mutation rates often overlap with predicted B-cell epitopes[35,48], 

indicating immune-driven evolution. In contrast to other viruses, MERS-CoV has relatively 

limited genetic diversity [33,48]. 

 

5.3.3 Cross-reactive epitopes 

Epitopes that share epitopes with other coronaviruses have been identified using bioinformatic 

approaches [35,53,54], which have the potential to serve as targets for the development of pan-

coronavirus vaccines [26,57]. 

 

5.4 Host Range and zoonotic potential 

Based on a comparative analysis of spike-receptor interactions across species, it has been found 

that : 

 DPP4 Conservation: DPP4 is highly conserved across mammalian species, explaining 

MERS-CoV's broad host range. 

 Species-Specific Adaptations: The transmission patterns between camels and humans 

may be explained by certain mutations that optimize binding to specific DPP4 variants 

in the host[10,30,31]. 

 Barrier Identification: Molecular models have identified amino acid positions that may 

serve as barriers to cross-species transmission[30,58], allowing surveillance to be 

targeted. 

 

Table 1. Summary of computational approaches, functions, and key findings in MERS-CoV 

spike protein studies. 
Computational 

Approach 
Tools / Methods 

Function / 

Application 

Key Findings / 

Insights 
References 

Sequence Analysis 

MUSCLE, ClustalW, 

MAFFT, PRANK, 

GUIDANCE, HMMER 

Align spike protein 

sequences; identify 

conserved motifs and 

variable regions 

Revealed high 

variability in RBD and 

NTD; conserved 

regions in fusion 

peptide and 

transmembrane 

domains 

[34–36] 

 

 

Mutation Tracking 
GISAID pipeline, custom 

MERS databases 

Detect and monitor 

emerging spike 

mutations 

Tracked D510G, 

R511H, and A522V 

mutations affecting 

receptor binding and 

host adaptation 

 

[35,47] 

 

 

Phylogenetic Analysis 
RAxML, IQ-TREE, PhyML, 

BEAST 

Construct 

phylogenetic trees 

and infer 

evolutionary 

relationships 

Identified five major 

lineages (A–E); 

evolution dominated 

by purifying selection 

with adaptive hotspots 

in RBD 

[8,13,48] 

 

 

Phylogeographic 

Mapping 
BEAST discrete model 

Integrate phylogeny 

with geographic 

metadata 

Mapped MERS-CoV 

spread between 

countries; confirmed 

camel-to-human 

maintenance cycle 

[13,25] 

 

 

Structural Modeling 
SWISS-MODEL, Phyre2, 

AlphaFold2 

Build 3D models of 

spike variants 

Explained structural 

effects of RBD 

mutations on receptor 

[18,19,34] 
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binding and spike 

conformation 

Molecular Dynamics 

(MD) 

GROMACS, AMBER, 

NAMD 

Simulate spike–

receptor interactions 

and structural 

stability 

Showed mutations 

alter conformational 

stability and receptor 

affinity 

[15,30,56] 

 

 

Protein–Protein 

Docking 

HADDOCK, ClusPro, 

Rosetta 

Model spike–DPP4 

binding 

Quantified mutation-

driven changes in 

binding affinity across 

species 

[16,18,31] 

 

B-cell Epitope 

Prediction 

BepiPred, ABCpred, 

DiscoTope 

Predict linear and 

conformational 

antibody-binding 

sites 

Identified variable 

loops overlapping 

with neutralizing 

epitopes 

[34,35] 

 

T-cell Epitope 

Prediction 

NetMHCpan, IEDB, 

NetMHCIIpan 

Predict T-cell 

epitopes and HLA 

binding 

Discovered conserved 

epitopes suitable for 

multi-epitope vaccine 

design 

[35,37,52] 

 

Epitope Conservation 

Analysis 

Sequence/structure-based 

tools 

Assess conservation 

across coronaviruses 

Revealed cross-

reactive epitopes for 

pan-coronavirus 

vaccine design 

[53,54] 

 

Machine Learning / AI 
CNNs, Random Forest, 

Gradient Boosting 

Predict mutation 

pathogenicity and 

immune escape 

Improved accuracy in 

predicting 

immunogenicity and 

variant fitness 

[36,38] 

 

Large Language 

Models (LLMs) 

ProtBERT, ESM, 

transformer models 

Predict functional 

effects of novel 

mutations 

Emerging tools 

showing strong 

potential for mutation 

impact prediction 

[52,55] 

 

Cloud / Automated 

Pipelines 
Cloud genomic platforms 

Enable real-time 

variant detection and 

risk assessment 

Accelerated global 

genomic surveillance 

and analysis 

[35] 

 

 

5.5 Enhanced Computational Infrastructure 

5.5.1 Cloud-based platforms 

A scalable cloud computing platform could enable broader participation in surveillance 

activities by democratizing access to computationally intensive analyses [35].  

 

5.5.2 Automated pipelines 

By automating analysis pipelines, characterization of variants could be completed in a matter of 

hours rather than weeks [35]. 

 

5.5.3 Data integration Hubs 

The generation and testing of hypotheses could be accelerated using centralized platforms that 

integrate genomic, structural, and functional data [34,35]. 

 

5.6 Pan-Coronavirus approaches 

5.6.1 Universal vaccine design 

A computational approach could be used to identify conserved epitopes across coronavirus 

genera [35,53,54], which could lead to the development of broadly protective vaccines [26,57]. 
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5.6.2 Cross-species modeling: Incorporating host species diversity into advanced models could 

improve the prediction of zoonotic potential and spillover risks [30,58,59]. 

 

5.6.3 Phylogenetic forecasting: Through machine learning, proactive countermeasures could be 

developed by forecasting likely evolutionary trajectories [33,55]. 

 

5.7 Experimental integration 

5.7.1 High-throughput validation 

It would be possible to systematically validate bioinformatic predictions by deep mutational 

scanning and other high-throughput experimental techniques [35,47]. 

 

5.7.2 Computational-experimental feedback loops 

A continuous improvement in computational accuracy could be achieved through iterative 

cycles of prediction, testing, and model refinement [34,35]. 

 

5.7.3 Standardized benchmarks: By developing standardized datasets and benchmarks, data-

driven  methods can be evaluated and improved systematically [36,37]. 

 

6. Conclusions 

Computational methodologies have profoundly altered our comprehension of MERS-CoV spike 

protein variants, elucidating evolutionary trajectories, pinpointing conserved intervention 

targets, and forecasting the functional impacts of mutations. Through the utilization of sequence 

analysis, structural modeling, and machine learning techniques, scholars have delineated the 

landscape of spike protein variability and identified both susceptible and stable domain that 

may function as therapeutic targets. The discovery of highly conserved epitopes within the 

receptor-binding domain and fusion machinery presents promising avenues for the 

development of pan-coronavirus vaccines. Similarly, computational forecasts regarding the 

effects of mutations on receptor affinity and immune recognition have shaped risk assessment 

frameworks for newly emerging variants. Nevertheless, considerable constraints persist within 

the realm of contemporary data-driven  methodologies. The sparse and geographically skewed 

sequence data, the limited experimental corroboration of predictions, and the complexities 

involved in modeling intricate evolutionary phenomena such as recombination all inhibit our 

understanding. Moreover, the integration of molecular-level predictions with population-level 

dynamics is yet to be fully realized. Looking ahead, the confluence of sophisticated artificial 

intelligence techniques with enhanced surveillance systems and high-throughput experimental 

validation presents substantial promise as a complomentry to experiments done with either 

bioinformatics or wet lab. The establishment of real-time variant assessment frameworks, 

platforms for pan-coronavirus vaccine design, and predictive evolutionary models could 

substantially transform our readiness for future coronavirus threats. Ultimately, computational 

biology should not be perceived as a substitute for experimental methodologies, but rather as 

an enhancer and navigator for hypothesis generation and examination. The most significant 

advancements will emerge from the close integration of computational predictions with 

empirical validation, fostering virtuous cycles of discovery that deepen our understanding of 
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viral evolution and inform the development of robust countermeasures. The COVID-19 

pandemic has underscored the paramount significance of swift and precise variant assessment. 

Drawing upon insights gained from SARS-CoV-2, the coronavirus research community is 

strategically positioned to cultivate next-generation computational instruments capable of 

rapidly characterizing emerging MERS-CoV variants and directing public health interventions. 

The groundwork established by existing computational investigations of MERS-CoV spike 

variants serves as a pivotal stepping stone toward achieving this objective. 
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 الملخص
 

، من القضايا ٢0١٢، الذي تم اكتشافه لأول مرة في عام (MERS-CoV) يعُتبر فيروس متلازمة الشرق الأوسط التنفسية

 Spike). ويعُد بروتين الشوكة%3٥الصحية العامة البارزة بسبب ارتفاع معدل الوفيات المرتبط به، والذي يتجاوز 

protein)إن ة، المسؤول عن دخول الفيروس إلى الخلايا المضيفة، الهدف الرئيسي لتطوير اللقاحات والعلاجات المضاد .

فهم التغيرات الجينية في بروتين الشوكة يعُتبر أساسيًا للتنبؤ بتطور الفيروس وآليات هروبه المناعي وتصميم لقاحات شاملة 

-MERS لعائلة فيروسات كورونا. أصبحت المقاربات الحاسوبية أدوات حيوية لتحليل متغيرات بروتين الشوكة في فيروس

CoV لما توفره من طرق سريعة وفعاّلة من حيث التكلفة للمراقبة العالمية والنمذجة التنبؤية. يستعرض هذا البحث أبرز ،

الحاسوبية المتعلقة بمتغيرات بروتين الشوكة، بما في ذلك التحليلات التسلسلية المعتمدة على علم الوراثة التطوري، الدراسات 

، والمقاربات المعتمدة على التعلم الآلي. كما نبُرز كيف (epitopes) ودراسات النمذجة البنائية، وخوارزميات التنبؤ بالحواتم

ساعدت هذه الأساليب في تحديد المناطق المحفوظة المناسبة لاستهداف اللقاحات، وتتبع أنماط تطور الفيروس، والتنبؤ بالأثر 

 في للطفرات. وعلى الرغم من أن الدراسات الحاسوبية قدمت رؤى قيمة حول تنوع وتطور بروتين الشوكة في فيروسالوظي

MERS-CoV إلا أن هناك فجوات كبيرة لا تزال قائمة في مجالات جمع العينات على المستوى العالمي، والتحقق التجريبي ،

من التنبؤات، ودمج أحداث إعادة التركيب الجيني. وتشمل التوجهات المستقبلية تطوير أنظمة مراقبة مدعومة بالذكاء 

شاملة لفيروسات كورونا، وتحسين التكامل بين التحليل الحاسوبي والتجريبي لتسريع  الاصطناعي، ومنصات تصميم لقاحات

 .تطوير العلاجات المضادة للفيروسات
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