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Abstract
The high mutation frequency of the SARS-CoV-2 spike (S) gene undermines the 
reliability of S-based diagnostics. Identifying conserved protein epitopes that remain 
stable across SARS-CoV-2 variants is paramount in resource-limited settings. This 
study aims to identify conserved gene regions of SARS-CoV-2 using whole-genome 
sequencing and immunoinformatics to support the development of monoclonal 
antibody-based rapid diagnostics. SARS-CoV-2 positive samples (Ct ≤ 30) collected 
in Ethiopia (June–August 2022) from a retrospective study (n = 70) were sequenced 
using Illumina NextSeq-550. Conserved regions were identified via Multiple 
Alignment using Fast Fourier Transform, entropy plots, and mutation profiling. B-cell 
epitopes were predicted and assessed for antigenicity and cross-reactivity. Structural 
modeling was conducted using AlphaFold and visualization tools. High-quality 
whole-genome sequencing of 63 SARS-CoV-2 samples revealed conserved regions in 
the nucleocapsid gene across major variants. Three surface-exposed, antigenic, and 
non-allergenic B-cell epitopes were identified with low cross-reactivity to common 
human coronaviruses. Structural modeling and docking confirmed their accessibility 
and strong antibody binding, supporting their potential for robust diagnostic 
applications. In conclusion, conserved N protein epitopes identified in this study are 
promising targets for developing robust, variant-resistant rapid diagnostic tools.
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1. Introduction
The global emergence and persistence of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) have highlighted the critical need for reliable, rapid, and widely accessible 
diagnostic tools. While reverse transcription polymerase chain reaction (RT-PCR) is the 
current gold standard for SARS-CoV-2 detection, its reliance on specialized equipment 
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and skilled personnel limits its deployment in low-resource 
settings and impedes timely diagnosis during outbreaks.1,2 
Consequently, antigen-based rapid diagnostic tests 
(Ag-RDTs) have gained prominence as complementary 
tools due to their ease of use, cost-effectiveness, and potential 
for point-of-care deployment.3 Ag-RDTs primarily target 
the viral spike (S) and nucleocapsid (N) proteins. The S 
protein, which mediates viral entry via the angiotensin-
converting enzyme 2 receptor, is highly immunogenic 
but exhibits considerable genetic variability, particularly 
in regions subject to immune-driven selection.4,5 This 
variability, observed notably in variants of concern (VOCs) 
such as Alpha, Beta, Delta, and Omicron, can reduce the 
sensitivity and specificity of S-targeted diagnostic assays 
and may also affect vaccine-induced or infection-induced 
immune recognition.6,7

In contrast, the N protein is highly conserved, 
abundantly expressed, and elicits a strong early antibody 
response, making it a promising target for diagnostics.1,2 
Its structural and functional roles in viral RNA packaging 
and replication make it less prone to frequent mutations, 
providing greater stability across circulating variants.8 
Due to this high degree of conservation, N protein-based 
Ag-RDTs may maintain diagnostic performance even as 
new variants emerge.

Recent advances in immunoinformatics have enabled 
efficient in silico screening of viral proteins to identify 
conserved, antigenic, and structurally accessible epitopes 
that are suitable for monoclonal antibody (mAb) 
development.9 Such epitope-based approaches allow for 
the rational design of mAb-targeting strategies that can 
improve the sensitivity and specificity of diagnostic tools. 
Computational tools such as BepiPred, Immune Epitope 
Database (IEDB), and structural modeling software (e.g., 
University of California, San Francisco [UCSF] Chimera, 
AlphaFold, PyMOL) have facilitated the prediction of 
linear B-cell epitopes, assessment of antigenicity scores, 
and analysis of epitope surface accessibility, streamlining 
the development of diagnostics that are both robust and 
broad in variant coverage.10

Although many commercially available AgRDTs are 
designed to detect the SARSCoV2 N protein, the precise 
epitopes incorporated into these assays are proprietary, and 
their diagnostic performance has shown variability as new 
variants have emerged.11 AgRDTs remain valuable tools 
because they are inexpensive, provide results quickly, and 
can be deployed at decentralized testing sites. Nonetheless, 
their sensitivity may fluctuate depending on factors such as 
viral load, specimen quality, and epitope changes associated 
with evolving variants. With Omicron sublineages and 
their descendants, including XBBrelated and BA.2derived 

variants, continuing to circulate globally, there is an 
urgent need for diagnostic targets that remain robust 
despite ongoing viral evolution. Systematically identifying 
Nprotein epitopes that are evolutionarily conserved, 
immunogenic, and structurally accessible is therefore 
critical for informing the development of nextgeneration 
AgRDTs that maintain performance across variants. This 
need is especially pronounced in resourcelimited settings, 
where AgRDTs remain the primary pointofcare testing 
modality.

2. Materials and methods
2.1. Study design, period, and sample collection

We conducted a retrospective, laboratorybased 
experimental study. The samples used in this analysis were 
originally collected during Ethiopia’s fifth COVID19 wave, 
which occurred between June and August 2022. From the 
archived repository of the National Virology Reference 
Laboratory at the Ethiopian Public Health Institute 
(EPHI), we retrieved 150 confirmed SARSCoV2–positive 
specimens. All samples were nasopharyngeal swabs 
obtained from patients living in Addis Ababa, Oromia, 
Amhara, and the Southern Nations, Nationalities, and 
Peoples regions (Figure 1).

The EPHI serves as Ethiopia’s national reference 
laboratory for SARSCoV2 testing, and samples included in 
this study were originally submitted from multiple regions, 
as well as from diplomatic missions and international 
travelers. After diagnostic testing, specimens were stored at 
−80 °C for longterm preservation. For sequencing, samples 
were purposively chosen using their unique identifiers 
(IDs) from the national electronic database. Only 
specimens that were real-time quantitative polymerase 
chain reaction (RTqPCR)-positive with a cycle threshold 
(Ct) value of 30 or below were eligible. Based on these 
criteria and available sequencing capacity, 150 SARSCoV2–
positive samples were selected for analysis. Deidentified 
patient metadata, including demographic characteristics, 
clinical information, and RTqPCR results, were extracted 
from electronic records. Participants were subsequently 
categorized by age, sex, clinical presentation, underlying 
health conditions, travel history, and vaccination status.

2.2. Quality assurance

To improve the likelihood of obtaining highquality 
wholegenome sequences, all samples were retested using 
RTqPCR after thawing at room temperature. RNA was 
re-extracted using the BGI extraction kit (1000020261, 
Beijing Genomics Institute, China), and amplification 
was performed on the realtime polymerase chain reaction 
detection system (CFX96 Deep Well™, BioRad Laboratories, 
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United States) following standard operating procedures. 
All laboratory work was conducted in a biosafety level2 
facility at the National Virology Reference Laboratory. Of 
the 150 samples reanalyzed, 70 had Ct values of 30 or lower 
and were selected for wholegenome sequencing; samples 
with higher Ct values were excluded due to insufficient 
viral RNA. Sequencing of the 70 eligible RNA extracts was 
performed on the next-generation sequencing platform 
(Illumina NextSeq 550, Illumina, Inc., USA) at EPHI’s 
virology laboratory in March 2023. After bioinformatics 
processing, 63 genomes met the required quality criteria, 
defined as >80% genome coverage, absence of clustered 
mutations, and no unexpected stop codons, and were 
retained for downstream analyses.

2.3. Comparative genome analysis

Raw sequencing data were obtained in FASTQ format 
and processed for variant calling and consensus sequence 
generation. First, the FASTQ sequences’ quality was 
evaluated using the FastQC program (v0.11.9, Babraham 
Bioinformatics, UK), and then adapter sequences were 
trimmed from reads using Cutadapt software (v4.6, TU 
Dortmund University, Germany)12 to remove adaptor 
sequences and poor-quality reads. In addition, a dataset of 
118 globally representative SARS-CoV-2 sequences from 62 

countries (including the major variants) was downloaded 
from the Global Initiative on Sharing All Influenza Data 
(GISAID). Multiple sequence alignment (MSA) of local 
and global genomes was performed with the Multiple 
Alignment using Fast Fourier Transform (MAFFT; v7, 
Kyoto University, Japan). Mutation analysis was performed 
using Nextclade, CoV-Gene Linked by Underlying 
Evolution (v3.18.0, University of Edinburgh, UK), and 
SnpEff (v5.2, Leloir Institute Foundation, Argentina) to 
identify variant-specific and conserved regions across 
genomes. All viral genome sequences obtained from this 
study were submitted to the GISAID with accession ID 
from EPI_ISL_19147618 to EPI_ISL_1930265713 and the 
National Center for Biotechnology Information (NCBI) 
repositories with accession numbers from PQ140559 to 
PP069552.14

To identify conserved gene regions, MSA was 
performed between the generated sequences and a diverse 
dataset of global SARS-CoV-2 sequences downloaded 
from the GISAID database, representing major VOCs 
including Alpha, Beta, Delta, and Omicron. Alignment 
was performed using MAFFT, and sequence conservation 
was assessed with Jalview (v2.11.3.0 , University of Dundee, 
UK) and entropy plots; regions with low entropy and high 

Figure 1. The geographical map of Ethiopia showed the regions and districts where SARS-CoV-2 specimens were collected
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identity were considered highly conserved. Additionally, 
mutations and variant-specific changes were annotated 
using Nextclade.

Following the identification of conserved regions, B-cell 
linear epitope prediction was conducted using BepiPred 
(v2.0, Technical University of Denmark, Denmark) hosted 
by the IEDB Analysis Resource. Epitopes were screened 
for antigenicity using VaxiJen (v2.0, Medical University 
of Sofia, Bulgaria) with a threshold of 0.5; those scoring 
above this were further analyzed for allergenicity and 
toxicity using AllerTOP (v2.0, Medical University of Sofia, 
Bulgaria) and ToxinPred (v2.0, Council of Scientific and 
Industrial Research Institute of Microbial Technology, 
India), respectively. Cross-reactivity with common human 
coronaviruses (e.g., HCoV-229E, HCoV-OC43, and 
HCoV-NL63) was assessed via Basic Local Alignment 
Search Tool (BLASTp) to ensure specificity.

For structural validation, three-dimensional (3D) 
models of the SARS-CoV-2 N protein were obtained 
using AlphaFold (v2.3.0, DeepMind Technologies, UK) 
predictions. The predicted epitopes were mapped onto 
the 3D structure using PyMOL (v2.3, Schrödinger, LLC, 
USA) and UCSF Chimera (v1.17, University of California, 
San Francisco, USA) to evaluate surface accessibility 
and structural integrity. Solvent accessibility and epitope 
flexibility were examined using DynaMut. Molecular 
docking simulations were then performed using ClusPro 
(v2.0, Boston University, USA) to assess potential binding 

interactions between mAb fragments (Fabs) and the 
predicted epitopes.

3. Results
3.1. Whole-genome sequencing and genome quality

Whole-genome sequencing was successfully performed on 
SARS-CoV-2–positive clinical specimens from 63 samples 
collected between June and August 2022. The sequencing 
yielded high-quality reads with an average depth of >99 × 
and a genome coverage of over 99%. Quality assessment 
of raw reads showed minimal adapter contamination 
and low base-calling error rates. The final assembled 
genome sequences showed a high degree of similarity to 
the reference SARS-CoV-2 genome (NC_045512.2) with 
a consensus sequence identity of >99.8%. The assembled 
genomes were deposited in GISAID under accession IDs 
from EPI_ISL_19147618 to EPI_ISL_1930265713, and 
in NCBI repositories under accession numbers from 
PQ140559 to PP069552.14

3.2. Identification of conserved gene regions of 
SARS-CoV-2

Mutation profiling using Nextclade revealed widespread 
aminoacid substitutions in the S gene, including D614G, 
N501Y, P681R, and E484K. To visualize the structural 
distribution of these highfrequency mutations, the 
corresponding residues were mapped onto the 3D structure 
of the S protein (Figure 2), illustrating that many variable 

Figure 2. Structure of the SARSCoV2 spike glycoprotein (Protein Data Bank: 6ACC) with the receptorbinding domain in the down conformation. 
Residues highlighted in color represent highfrequency mutations identified in our dataset and in major variants of concern (e.g., D614G, N501Y, E484K, 
P681R). Conserved residues are shown in grey. This mapping illustrates the extensive distribution of S-protein mutations, supporting its reduced stability 
as a diagnostic target. Sources: https://www.epicov.org/epi3/frontend#1a1eca
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positions occur in surfaceexposed and functionally 
important regions.

To evaluate how strongly each position was conserved, 
we calculated Shannon entropy from the multiple sequence 
alignment. This metric reflects the amount of variation 
at a given amino-acid site: values near zero indicate that 
a position is highly conserved, whereas higher values 
indicate greater diversity. Across both the RNAbinding 
and dimerization regions, the N gene showed consistently 
low entropy (0.0–0.2), demonstrating limited variability. In 
contrast, the S gene displayed substantially higher entropy 
values (1.1–1.2), aligning with its welldocumented pattern 
of frequent mutations in circulating variants. Together, 
these results highlight the relative evolutionary stability of 
the N gene compared with other structural genes.

3.3. B-cell epitope prediction and antigenicity 
screening

Subsequent B-cell epitope prediction using BepiPred 
identified 17 potential linear epitopes from the conserved 
regions of the N protein. Eight of those exhibited 
antigenicity scores above 0.5 with VaxiJen, indicating 
strong potential as diagnostic targets. Among them, 
three epitopes, RRGPEQTQGNFG (residues 152–163), 
SSSRGTS (66–72), and DPNFKDQVILL (194–204), were 
prioritized for downstream analysis due to their high 
antigenicity scores of 0.81, 0.77, and 0.69, respectively, and 
their location within or near conserved functional domains 
(Figure 3).

3.4. Allergenicity, toxicity, and cross-reactivity 
filtering

All eight antigenic epitopes were evaluated for safety, and 
five were predicted to be non-allergenic using AllerTOP 
and non-toxic using ToxinPred. To assess the risk of 
cross-reactivity with endemic human coronaviruses, 
BLASTp searches were conducted against HCoV-229E, 
HCoV-OC43, HCoV-NL63, and HCoV-HKU1. Three 
epitopes (Section 3.3) showed low sequence identity, i.e., 
<30%, and E-values of >0.01, which indicates a low risk of 
cross-reactivity and confirms their diagnostic specificity 
(Table 1).

3.5. Structural mapping and solvent accessibility

Structural mapping of the three prioritized epitopes onto 
the AlphaFold Nprotein model showed that all candidates 
were at least partially solventexposed. RRGPEQTQGNFG 
(152–163) and DPNFKDQVILL (194–204) exhibited high 
SASA values (>70 Å2), while SSSRGTS (66–72) showed 
moderate exposure. Two epitopes (RRGPEQTQGNFG and 
SSSRGTS) were located within flexible coil regions, which 
are typically more accessible to antibody binding. These 
structural features support their suitability as diagnostic 
epitopes (Figures 4 and 5).

3.6. Molecular docking simulations

Finally, molecular docking simulations were conducted 
using ClusPro to evaluate the binding interaction between 
the predicted epitopes and Fabs. The docking results 

Figure 3. Antigenicity (VaxiJen score) of the sequenced epitopes
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Figure 4. Three-dimensional visualization of SARS-CoV-2 nucleocapsid

Figure 5. Solvent accessibility of sequenced epitopes
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indicated strong affinities, with ClusPro weighted score 
of −917.4 for RRGPEQTQGNFG, −812.6 for SSSRGTS, 
and −870.9 for DPNFKDQVILL. The RRGPEQTQGNFG 
epitope formed stable interactions via hydrogen bonds with 
key residues (R154, K157, D161), supporting its binding 
potential and utility in diagnostic design (Figure 6).

4. Discussion
In this study, we explored conserved regions within the 
SARS-CoV-2 genome as potential targets for mAb-based 
diagnostic tools. Through whole-genome sequencing of 
locally circulating strains, we found that while the S gene 
accumulated numerous mutations, the N gene remained 
remarkably conserved. This observation supports a 

growing body of evidence indicating that the N protein, 
particularly its RNA-binding and dimerization domains, is 
more genetically stable than the S protein and thus a better 
target for laboratory diagnosis.15 Previous studies have 
consistently highlighted the instability of the S gene due 
to immune selection pressure, especially following mass 
vaccination and widespread natural infections.16 Mutations 
such as D614G, N501Y, and E484K, commonly observed 
in our results, have been widely reported as key drivers 
of immune evasion and increased transmissibility.17 In 
contrast, the N gene’s lower mutation frequency aligns with 
earlier genomic surveillance reports from various areas 
that identified it as a functionally constrained region with 
limited antigenic drift.18,19 These features make the N gene 
an ideal target for diagnostic development.

Figure 6. Molecular docking ClusPro score of each epitope. Lower scores indicate stronger affinities.

Table 1. Overall measurements/scores of epitope sequences

Epitope sequence Position (N 
protein) VaxiJen score Allergenicity Toxicity Cross reactivity Solvent 

accessibility CluePro score

RRGPEQTQGNFG 152–163 0.81 Non-allergen Non-toxic None High −917.4

SSSRGTS 66–72 0.77 Non-allergen Non-toxic Low Moderate −812.6

DPNFKDQVILL 194–204 0.69 Non-allergen Non-toxic None High −870.9

Note: These results demonstrate that computational epitope prediction, combined with antigenicity screening, structural validation, and docking 
studies, can effectively identify conserved, non-allergenic, and surface-accessible B-cell epitopes that may serve as candidates for affordable diagnostic or 
immunological tools targeting SARS-CoV-2.
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The conserved analysis, supported by sequence 
alignment and entropy profiling, reinforced the N gene’s 
stability across multiple VOCs, including Alpha, Beta, Delta, 
and Omicron. This finding corroborates previous studies that 
demonstrated that the N protein retains structural integrity 
and sequence stability across a wide array of SARS-CoV-2 
genomes, even amid global viral evolution.19,20

Epitope prediction within conserved regions of the 
N protein further validated their diagnostic potential. 
Predicted B-cell epitopes showed strong antigenicity, 
surface accessibility, and structural flexibility, key features 
for effective recognition by host antibodies. These results 
are consistent with computational and experimental studies 
from Asia and Europe, which identified similar N-terminal 
and central N protein regions as immunodominant and 
suitable for serodiagnostic use.21,22 Notably, these studies 
also emphasized that linear epitopes located in flexible coil 
regions are more likely to be immunogenic, which aligns 
with our structural mapping results.

Furthermore, the predicted epitopes demonstrated 
minimal sequence similarity to common human 
coronaviruses, suggesting a low risk of cross-reactivity, a 
major concern in the development of SARS-CoV-2-specific 
diagnostic tools. This is in agreement with findings from 
previous studies that underscore the need to carefully filter 
epitopes for cross-reactivity with endemic coronaviruses, 
particularly in serological assays.8,23

Molecular docking simulations showed that the 
predicted epitopes bind stably to Fabs, providing 
preliminary evidence of their functional relevance. 
Comparable docking studies have demonstrated similar 
structural compatibility between predicted N protein 
epitopes and human immunoglobulins, further validating 
in silico approaches as a valuable screening tool for 
diagnostic development.24,25

The implications of these findings are significant for 
countries like Ethiopia, where access to cost-effective, 
variant-resistant diagnostics remains limited. By 
targeting stable regions of the SARS-CoV-2 genome and 
validating their immunological relevance, this study lays 
the groundwork for the design of lateral flow assays and 
enzyme-linked immunosorbent assays tailored to the 
local epidemiological context. Importantly, our approach 
can also serve as a template for monitoring emerging 
pathogens beyond COVID-19, especially in settings with 
limited laboratory infrastructures.

Nevertheless, the study’s computational nature is a 
limitation. While the results are promising, they require 
experimental validation through peptide synthesis, 
antibody-binding assays, and clinical performance 

evaluation. Such validation would be crucial to confirm 
the predicted epitopes’ diagnostic accuracy and to rule out 
false positives arising from structural or conformational 
effects not captured in silico.

5. Conclusion
The study’s findings support the use of the N protein as 
a stable, immunogenic target for SARS-CoV-2 diagnostics 
and highlight specific epitope candidates for further 
development. This integrative approach, combining 
genomic surveillance with structural immunoinformatics, 
can accelerate the identification of reliable diagnostic 
markers amid evolving viral landscapes.
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