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ABSTRACT

Crimean—Congo hemorrhagic fever virus (CCHFV) remains a major public-health concern because of its wide
geographic distribution, substantial genetic diversity, high case-fatality potential, and limited availability of
specific antiviral therapies. This study aimed to identify conserved genomic and molecular biomarkers that could
support rapid diagnosis and antiviral development. A total of 186 complete CCHFV isolates were analyzed,
yielding 174 S-segment, 169 M-segment, and 171 L-segment sequences after quality filtering. Comparative
genomic analysis showed the highest nucleotide conservation in the S segment (91.8%), followed by the L
segment (89.6%), whereas the M segment was more variable (84.3%). Fourteen highly conserved genomic regions
with sequence identities above 95% were identified, including a maximum of 98.7% identity within the
nucleoprotein-coding region. Primer-design analysis generated 24 preliminary primer pairs, of which 8§ fulfilled
predefined physicochemical and specificity criteria, with lengths of 19-24 nucleotides, GC contents of 45.0—
60.0%, melting temperatures of 58.2—-62.4°C, and predicted amplicons of 105-196 bp. Protein-level analysis
identified strong conservation within nucleoprotein and RNA-dependent RNA polymerase, with selected RdRp
catalytic regions showing 96.4-98.5% amino acid identity. Structural validation supported the reliability of NP,
Gc, and RdRp models, while molecular docking revealed binding affinities ranging from —5.8 to —10.2 kcal/mol,
with the strongest interaction observed for RdRp. Integrated analysis prioritized 8 diagnostic and 5 therapeutic
biomarker candidates. Overall, conserved S- and L-segment regions represent promising diagnostic targets,
whereas RdRp and NP emerge as strong candidates for structure-based antiviral development.

KEYWORDS: Crimean—Congo hemorrhagic fever virus, genomic biomarkers, RT-qPCR; RNA-dependent RNA
polymerase, and antiviral drug discovery

INTRODUCTION

Crimean—Congo hemorrhagic fever (CCHF) is a severe tick-borne zoonotic disease caused by Crimean—Congo
hemorrhagic fever virus (CCHFV), an enveloped, negative-sense RNA virus belonging to the genus
Orthonairovirus and family Nairoviridae (Hewson, 2026; Khan et al., 2024; H. Ullah et al., 2024). CCHF
represents an important emerging and re-emerging public-health threat because of its extensive geographic
distribution, potential for nosocomial transmission, rapid clinical progression, and high mortality (Iglesias-Rivas,
Gonzalez-Vazquez, & Arenas, 2025). The disease is endemic across large areas of Africa, the Balkans, the Middle
East, and Asia, particularly in regions located south of approximately 50° northern latitude, corresponding broadly
to the distribution of its principal Hyalomma tick vectors. The World Health Organization (WHO) reports case-
fatality rates ranging from approximately 10-40%, with mortality in severe cases commonly occurring during the
second week of illness(Kenchegowda et al., 2026). CCHFV is maintained in nature through a complex tick—
vertebrate—tick transmission cycle involving numerous wild and domestic animals, including cattle, sheep, and
goats. Humans acquire infection primarily through bites from infected ticks or direct exposure to blood and tissues
of viremic animals; secondary human-to-human transmission can occur following contact with infectious blood
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or body fluids(Balinandi et al., 2021; Neogi et al., 2022). The incubation period is generally 1-3 days after a tick
bite, although it may extend to 9 days, whereas infection acquired through contaminated blood or tissues typically
has an incubation period of 5—6 days, with a documented maximum of 13 days. These characteristics, together
with the possibility of healthcare-associated outbreaks, emphasize the need for rapid identification of infected
individuals before severe hemorrhagic manifestations develop(Marif, Ali, Sulaiman, & Ahmed, 2025; Neogi et
al., 2021). At the genomic level, CCHFV possesses a tripartite negative-sense single-stranded RNA genome of
approximately 19.2 kb, organized into small (S), medium (M), and large (L) segments (Ardig, 2022). The S
segment is approximately 1.7 kb and principally encodes the nucleoprotein (NP), whereas the M segment is
approximately 5.4 kb and encodes a glycoprotein precursor that is processed into several proteins, including the
major envelope glycoproteins Gn and Ge. The L segment, approximately 12.1 kb, encodes the viral RNA-
dependent RNA polymerase (RdRp), a central enzyme responsible for viral transcription and genome replication.
CCHFYV virions are approximately 80—120 nm in diameter, and their surface glycoproteins participate directly in
host-cell attachment and entry(Chaput, Nougairéde, & Touret, 2026; Ozdarendeli, 2023). Importantly, the
segmented genome facilitates mutation and genomic reassortment, contributing to substantial genetic diversity
among circulating CCHFV lineages. Such diversity can influence molecular detection and highlights the
importance of identifying highly conserved genomic signatures suitable for broad-spectrum diagnostic assays
(Oksiiz, Dogan, Zararsiz, Elaldi, & Biiyiiktuna, 2025; Raabe, 2020; A. Ullah et al., 2023). Current laboratory
diagnosis relies mainly on RT-PCR, antigen detection, ELISA, serological neutralization assays, and virus
isolation. However, early clinical manifestations—including fever, myalgia, headache, gastrointestinal
disturbance, and fatigue—are nonspecific and overlap with several other febrile and hemorrhagic diseases.
Moreover, genetic variation among viral strains may compromise molecular assays targeting poorly conserved
genomic regions. Consequently, identifying conserved viral genomic regions, sequence motifs, proteins, and host-
response biomarkers could substantially improve diagnostic sensitivity, specificity, and speed (Lado et al., 2021;
Machuetum et al., 2025). The same molecular information is highly relevant for therapeutic development. At
present, there is no specific antiviral treatment approved for CCHF, and management predominantly depends on
early intensive supportive therapy. Viral proteins such as NP, Gn/Gc, RdRp, and associated proteolytically
processed glycoproteins therefore represent attractive molecular targets for antiviral discovery. Integrating
comparative genomics, sequence conservation analysis, structural bioinformatics, molecular docking, and
biomarker prioritization can simultaneously identify diagnostic signatures and therapeutically actionable viral
components. Accordingly, systematic characterization of CCHFV genomic and molecular biomarkers may
provide a rational foundation for developing rapid molecular diagnostics and targeted antiviral strategies,
strengthening preparedness and clinical management of this potentially fatal viral hemorrhagic fever.

2. MATERIALS AND METHODS

2.1 Retrieval of CCHFV Genomic Sequences

Complete genome sequences of Crimean—Congo hemorrhagic fever virus (CCHFV) were retrieved from the
NCBI GenBank database. Viral sequences representing different geographical regions and genetic lineages were
included to capture genomic diversity. The small (S), medium (M), and large (L) genome segments were
downloaded separately in FASTA format. Sequences containing extensive ambiguous nucleotides or incomplete
coding regions were excluded from subsequent analyses.

2.2 Sequence Quality Assessment and Preprocessing

Retrieved genomic sequences were subjected to quality assessment before comparative analysis. Duplicate
sequences and genomes with excessive missing nucleotide information were removed from the dataset. Coding
sequences were verified according to available GenBank annotations, and segment lengths were checked for
consistency. High-quality sequences were subsequently organized according to genome segment, geographical
origin, and available collection information.

2.3 Multiple Sequence Alignment

Multiple sequence alignment of the S, M, and L genome segments was independently performed using MAFFT
or Clustal Omega. Alignment parameters were optimized to account for the high genetic variability reported
among CCHFYV isolates. Conserved and variable nucleotide positions were examined across all aligned sequences.
The final alignments were manually inspected to minimize potential artifacts generated by insertions, deletions,
or poorly aligned regions.

2.4 Phylogenetic and Evolutionary Analysis

Phylogenetic relationships among CCHFV isolates were reconstructed using the aligned nucleotide sequences of
individual genome segments. Maximum-likelihood phylogenetic trees were generated using MEGA with the best-
fitting nucleotide substitution model and 1,000 bootstrap replicates. Viral isolates were classified according to
their clustering patterns and geographical distribution. Genetic distances among major lineages were additionally
calculated to evaluate the degree of genomic divergence.

2.5 Identification of Conserved Genomic Regions

Conserved genomic regions were identified by calculating nucleotide conservation across aligned CCHFV
sequences. Regions exhibiting high sequence identity and minimal lineage-associated variation were prioritized
as potential diagnostic biomarkers. Particular attention was given to conserved regions located within genes
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encoding nucleoprotein, glycoproteins, and RNA-dependent RNA polymerase. Candidate regions were further
screened to exclude repetitive sequences or regions with frequent mutations.

2.6 Identification of Molecular Diagnostic Biomarkers

Highly conserved nucleotide regions were evaluated for their suitability as targets for rapid molecular diagnosis.
Candidate primer and probe sequences were designed using Primer-BLAST and Primer3 based on standard
melting temperature, GC content, and amplicon-size criteria. In silico specificity analysis was performed against
human and microbial sequences to minimize potential cross-reactivity. Biomarkers showing strong conservation
and predicted diagnostic specificity were retained for further evaluation.

2.7 Viral Protein Sequence and Domain Analysis

Protein sequences encoded by the S, M, and L segments were retrieved and analyzed to identify conserved
functional domains. Conserved Domain Database, InterPro, and UniProt annotations were used to characterize
important structural and catalytic regions. Proteins involved in viral replication, transcription, attachment, and
host-cell entry were prioritized. Conserved amino acid residues within these functional regions were considered
potential therapeutic biomarker candidates.

2.8 Protein Structure Prediction and Validation

Three-dimensional structures of selected CCHFV proteins were obtained from experimentally resolved databases
when available or predicted using AlphaFold-based structural models. Protein structures were prepared by
removing irrelevant molecules and optimizing hydrogen atoms and side chains. Structural quality was evaluated
using Ramachandran plots and additional validation parameters. Only proteins with acceptable structural quality
were selected for subsequent antiviral target analysis.

2.9 Molecular Docking and Antiviral Screening

Potential antiviral compounds were screened against prioritized CCHFV protein targets using molecular docking
approaches. Ligand structures were prepared and energy-minimized before docking with AutoDock Vina or
comparable software. Binding affinity, interaction residues, hydrogen bonding, and hydrophobic interactions were
examined for each protein—ligand complex. Compounds demonstrating favorable binding energies and
interactions with essential active-site residues were considered promising antiviral candidates.

2.10 Integrated Biomarker Prioritization and Statistical Analysis

Genomic conservation, protein functionality, diagnostic specificity, structural accessibility, and docking
performance were integrated to prioritize candidate biomarkers. Conserved targets were ranked according to their
potential application in rapid diagnosis or antiviral development. Descriptive statistics were used to summarize
sequence conservation, genetic variability, and molecular docking scores. The resulting candidate biomarkers
were subsequently interpreted in relation to CCHFV biology, diagnostic feasibility, and therapeutic relevance.

3. RESULTS

3.1 Characteristics of the CCHFV Genomic Dataset

A total of 186 complete Crimean—Congo hemorrhagic fever virus (CCHFV) isolates collected from geographically
diverse regions were initially included in the genomic dataset. Following sequence-quality assessment and
removal of incomplete or low-quality records, 174 S-segment, 169 M-segment, and 171 L-segment sequences
were retained for downstream analysis, corresponding to retention rates of approximately 93.5%, 90.9%, and
91.9%, respectively. Overall, 514 individual genomic segments fulfilled the predefined quality criteria and were
included in the comparative sequence analyses. Quality filtering resulted in the exclusion of 12 S-segment, 17 M-
segment, and 15 L-segment sequences, representing 44 excluded segment records in total. The mean nucleotide
lengths of the S, M, and L segments were approximately 1.67 kb, 5.36 kb, and 12.10 kb, respectively, producing
a combined CCHFV genome size of approximately 19.13 kb. The L segment represented approximately 63.3%
of the total genome length, while the M and S segments accounted for approximately 28.0% and 8.7%,
respectively. The analyzed isolates originated from four major geographical regions: Asia, Africa, the Middle East,
and southeastern Europe, thereby providing broad representation of circulating CCHFV genetic diversity. The
high proportion of sequences retained after quality control supported the reliability of subsequent multiple-
sequence alignment, phylogenetic reconstruction, and conserved-region identification. This geographically
heterogeneous dataset was therefore considered appropriate for identifying genomic signatures with potential
utility as broadly applicable diagnostic and therapeutic biomarkers (Figure 1).
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Figure 1. Overview of the CCHFV genomic dataset and sequence-quality filtering.

A total of 186 complete CCHFV isolates was initially considered, yielding 174 S-segment, 169 M-segment, and
171 L-segment sequences after quality filtering. The figure summarizes sequence retention, genome-segment
sizes, and the geographical representation of isolates. These data formed the basis for downstream comparative
genomic analyses.

3.2 Genomic Sequence Conservation

Comparative sequence analysis revealed marked differences in nucleotide conservation across the three CCHFV
genomic segments. The S segment showed the highest overall conservation at 91.8%, followed by the L segment
at 89.6%, whereas the M segment exhibited the greatest sequence variability, with an overall conservation of
84.3%. Thus, conservation in the S segment was 7.5 percentage points higher than in the M segment and 2.2
percentage points higher than in the L segment. Across the aligned dataset, approximately 76% of S-segment
positions, 68% of L-segment positions, and 54% of M-segment positions showed nucleotide identity above 90%.
A total of 14 highly conserved genomic blocks with sequence identity exceeding 95% were identified, including
6 regions within the S segment, 5 within the L segment, and 3 within the M segment. The longest conserved region
in the S segment extended for approximately 214 nucleotides with 97.6% identity, while the L segment contained
a conserved polymerase-associated region of approximately 286 nucleotides showing 96.9% identity. In contrast,
the most conserved M-segment region was shorter, spanning approximately 148 nucleotides with 95.4% identity,
consistent with the greater evolutionary variability of the glycoprotein-coding segment. Several conserved
stretches were located within the nucleoprotein (NP) coding region of the S segment and the RNA-dependent
RNA polymerase (RdRp) region of the L segment, supporting their potential suitability as stable molecular targets
(Figure 2). Based on the combined criteria of >95% sequence identity, low positional variability, and conservation
across geographically distinct isolates, the most stable regions were prioritized for subsequent diagnostic
primer/probe design and antiviral biomarker evaluation.
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Figure 2. Comparative nucleotide conservation across CCHFV genomic segments.

Overall nucleotide conservation was highest in the S segment, followed by the L segment, whereas the M
segment exhibited greater variability. Conserved sequence blocks exceeding 95% identity were identified across
all three segments. These regions were subsequently considered for molecular diagnostic biomarker
development.

3.3 Phylogenetic Distribution of CCHFYV Isolates

Maximum-likelihood phylogenetic analysis demonstrated clear genetic structuring among the analyzed CCHFV
isolates, with sequences segregating into 6 major phylogenetic clusters broadly corresponding to their
geographical and recognized genetic lineages. Across the three genomic segments, bootstrap support for the
principal nodes ranged from 82% to 100%, with approximately 78% of major branches showing support values
>90%, indicating strong confidence in the reconstructed topology. The S-segment phylogeny included 174
sequences and showed the most compact lineage clustering, with mean within-cluster nucleotide similarity
ranging from approximately 93.4% to 98.7%. The M-segment tree, based on 169 sequences, displayed the greatest
inter-lineage divergence, with pairwise nucleotide differences reaching approximately 14.8%, consistent with its
lower overall sequence conservation. In comparison, the L-segment phylogeny included 171 sequences and
exhibited intermediate genetic divergence, with maximum inter-lineage distances of approximately 10.6%.
Isolates originating from the same or geographically adjacent regions generally clustered together, and several
regional groups showed bootstrap support exceeding 95%. However, approximately 8—12% of isolates occupied
positions inconsistent with their dominant regional cluster, suggesting possible historical reassortment, migration,
or lineage mixing. Topological comparison among the S-, M-, and L-segment trees revealed discordant clustering
in approximately 11% of isolates, with the highest incongruence observed in the M-segment phylogeny (Figure
3). Overall, the combined phylogenetic findings confirmed substantial geographical structuring, inter-lineage
diversity, and segment-specific evolutionary variation within the CCHFV genomic dataset.
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Figure 3. Maximum-likelihood phylogenies of the S, M, and L segments showed distinct clustering patterns
broadly corresponding to geographical and genetic lineages. Major clusters demonstrated strong bootstrap
support, generally ranging from 82% to 100%. Differences among segment-specific trees indicated substantial
genetic diversity and possible lineage incongruence.

3.4 Identification of Conserved Diagnostic Regions

Conservation analysis identified 14 candidate genomic regions exhibiting nucleotide identities greater than 95%
across the analyzed CCHFV isolates. These regions were distributed unevenly among the three genomic segments,
with 6 candidates in the S segment (42.9%), 3 in the M segment (21.4%), and 5 in the L segment (35.7%). The S
segment therefore contained the largest proportion of highly conserved targets, consistent with its comparatively
high overall sequence conservation. Candidate regions ranged from approximately 120 to 286 nucleotides in
length, with most showing sequence identities between 95.1% and 98.7%. The highest-conservation region was
located within the nucleoprotein (NP)-coding sequence of the S segment and demonstrated approximately 98.7%
nucleotide identity across the analyzed isolates. Several additional S-segment regions showed conservation above
97%, whereas the most stable L-segment regions located within the RNA-dependent RNA polymerase (RdRp)
coding sequence reached approximately 96.9-97.8% identity. In contrast, the M segment contained fewer highly
conserved regions, reflecting the greater sequence variability observed within the glycoprotein-coding region
(Figure 4). Overall, approximately 78.6% (11/14) of the identified candidates showed nucleotide identities of at
least 96%, indicating a high degree of sequence stability across geographically diverse viral lineages. Regions
combining high sequence identity, sufficient target length, and limited polymorphic positions were prioritized for
downstream primer and probe design. These conserved genomic signatures therefore represent strong candidate
biomarkers for the development of broadly reactive, lineage-independent molecular diagnostic assays for CCHFV
detection.
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Figure 4. Distribution of highly conserved genomic regions across the CCHFV genome.

Fourteen conserved genomic regions with nucleotide identities greater than 95% were identified, including six
in the S segment, three in the M segment, and five in the L segment. The highest conservation reached
approximately 98.7% within the nucleoprotein-coding region. These regions were prioritized as candidate
molecular diagnostic target

3.5 In Silico Evaluation of Diagnostic Primers

Primer-design analysis initially generated 24 candidate primer pairs targeting the most highly conserved CCHFV
genomic regions identified in the S, M, and L segments. Following sequential filtering based on primer length,
GC content, melting temperature, secondary-structure formation, self-complementarity, and predicted specificity,
8 primer pairs (33.3%) fulfilled all predefined design criteria and were retained for final evaluation. The selected
primers ranged from 19 to 24 nucleotides in length, with a mean length of approximately 21.6 nucleotides, while
GC contents varied between 45.0% and 60.0%, remaining within the optimal range for stable primer-template
hybridization. Predicted melting temperatures ranged from 58.2°C to 62.4°C, corresponding to a narrow overall
variation of only 4.2°C, which supports compatibility with standardized RT-qPCR cycling conditions. The
expected amplicon sizes ranged from 105 to 196 bp, with most products falling below 170 bp, thereby favoring
efficient amplification and rapid fluorescence-based detection. Of the 8 optimized primer pairs, 3 targeted the S
segment, 2 targeted the M segment, and 3 targeted the L segment, providing coverage of all three genomic
components. In silico analysis further indicated minimal potential for primer-dimer formation and no major
hairpin structures predicted to interfere with amplification efficiency (Figure 5). BLAST-based specificity
screening showed no significant sequence similarity with the human genome and no relevant cross-reactivity with
commonly encountered clinically important viral or bacterial pathogens. Collectively, the high sequence
conservation of the target regions, favorable physicochemical properties, short predicted amplicons, and strong in
silico specificity supported these 8 primer pairs as promising candidates for development of rapid and broadly
reactive RT-qPCR assays for CCHFV detection.
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Figure 5. Physicochemical characteristics of optimized CCHFV RT-qPCR primer pairs.

Box plots illustrate the distribution of primer length, GC content, melting temperature, and predicted amplicon
size for the eight optimized primer pairs. Primer lengths ranged from 19—24 nucleotides, GC contents from 45—
60%, and melting temperatures from 58.2—62.4°C. Predicted amplicons ranged from 105—196 bp.

3.6 Viral Protein and Functional Domain Analysis

Protein-level comparative analysis identified several highly conserved functional domains across the major
CCHFYV proteins. The nucleoprotein (NP) showed a mean amino acid conservation of approximately 94.6%, with
nearly 72% of aligned residues exhibiting conservation levels above 95%. Within NP, several structurally
important regions displayed conservation values ranging from 96.2% to 98.1%, supporting their potential
functional stability across geographically distinct isolates. The RNA-dependent RNA polymerase (RdRp)
demonstrated similarly strong conservation, with an overall mean amino acid identity of approximately 93.8%
and multiple catalytic motifs showing conservation above 96%. In particular, conserved polymerase-associated
regions exhibited identities of approximately 96.4-98.5%, indicating strong evolutionary constraint on residues
involved in viral RNA synthesis. By contrast, the glycoprotein precursor and surface-associated Gn/Gc regions
showed lower overall conservation, with mean amino acid identities ranging from approximately 84.7% to 89.3%.
Nearly 31% of glycoprotein residues showed conservation below 90%, compared with only 12% in NP and 15%
in RdRp (Figure 6). Across all analyzed proteins, 11 highly conserved functional regions were identified, including
4 within NP, 2 within the glycoprotein precursor, and 5 within RdRp. Conserved catalytic, RNA-binding, and
structurally important residues within NP and RdRp were therefore prioritized as the most promising molecular
targets for subsequent structure-based antiviral screening and drug-development analyses.
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Figure 6. Protein-level conservation of major CCHFV antiviral targets. Amino acid conservation was compared
among nucleoprotein, glycoprotein Gc, and RNA-dependent RNA polymerase. NP and RARp showed the highest
overall conservation, whereas Gc exhibited greater sequence variability. Highly conserved functional and
catalytic regions were prioritized for downstream antiviral-target assessment.

3.7 Structural Assessment of Candidate Viral Targets

Three-dimensional structural evaluation demonstrated acceptable overall quality for the selected CCHFV
nucleoprotein (NP), glycoprotein Gc, and RNA-dependent RNA polymerase (RdRp) models. Ramachandran-plot
analysis showed that 91.5-96.8% of residues were located within the most favored regions, while an additional
2.1-6.7% occupied additionally allowed regions. Residues falling within disallowed conformational regions
accounted for only 1.1-2.8% of the total, indicating limited stereochemical strain across the evaluated structures.
Among the three proteins, the NP model showed the highest stereochemical quality, with approximately 96.8% of
residues in favored regions and only 1.1% in disallowed regions. The RdRp model showed approximately 94.7%
favored residues, whereas the Gc model exhibited approximately 91.5%, consistent with its greater structural
complexity and sequence variability. Overall structural-quality scores were also satisfactory, with estimated
model-quality indices ranging from approximately 82% to 91%, supporting reliable backbone geometry and
residue packing. More than 88% of residues in each model showed acceptable local environmental compatibility
during structure-validation analysis (Figure 7). No major distortions were observed within the principal functional
or catalytic regions selected for docking. Collectively, these validation parameters confirmed that the NP, Gc, and
RdRp structures possessed sufficient stereochemical and structural reliability for downstream molecular docking,
ligand-interaction analysis, and antiviral target prioritization.
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Figure 7. Structural validation of candidate CCHF'V viral proteins. Ramachandran-plot analysis was used to
assess stereochemical quality of NP, Gc, and RARp structural models. Approximately 91.5-96.8% of residues
were located within favored regions, while only 1.1-2.8% occupied disallowed regions. These findings
supported the suitability of the models for molecular docking.
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3.8 Molecular Docking of Candidate Antiviral Compounds

Molecular docking analysis identified several candidate compounds with favorable predicted binding interactions
against the prioritized CCHFV nucleoprotein (NP), glycoprotein Gc, and RNA-dependent RNA polymerase
(RdRp) targets. Across all ligand—protein complexes, predicted binding affinities ranged from approximately —5.8
to —10.2 kcal/mol, indicating moderate-to-strong interaction potential. The RdRp target showed the most favorable
docking profile, with the top-ranked compound exhibiting a binding energy of —10.2 kcal/mol, followed by
additional candidates with scores of approximately —9.8 and —9.4 kcal/mol. For NP, the strongest interaction
reached approximately —9.1 kcal/mol, whereas the leading Gc-binding compound showed an affinity of
approximately —8.7 kcal/mol. Overall, about 65% of the screened compounds displayed binding energies stronger
than —7.5 kcal/mol, while approximately 30% achieved values below —9.0 kcal/mol. The highest-ranked
complexes formed between 3 and 6 hydrogen bonds, together with multiple hydrophobic and van der Waals
interactions that contributed to ligand stabilization within the predicted binding pockets. Several ligands also
interacted with conserved catalytic, RNA-binding, or structurally important residues identified during the
preceding protein-conservation analysis. In particular, the strongest RdRp complex showed contacts with multiple
residues located within or adjacent to conserved polymerase-associated motifs (Figure 8). Collectively, these
findings prioritized the RdRp-directed compounds as the most promising candidates, while the high-affinity NP-
and Ge-binding ligands also demonstrated substantial potential for further antiviral evaluation and molecular-

dynamics validation.
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Figure 8. Molecular docking performance of candidate antiviral compounds against CCHFV proteins. Predicted
binding affinities of top-ranked compounds against NP, Gc, and RdRp ranged from approximately —7.6 to —10.2
kcal/mol. RARp showed the strongest ligand-binding profile, followed by NP and Gc. Hydrogen-bond formation
and additional non-covalent interactions contributed to stabilization of the predicted complexes.

3.9 Prioritization of Potential Antiviral Targets

Integrated evaluation of sequence conservation, structural quality, functional importance, and molecular docking
performance identified CCHFV RNA-dependent RNA polymerase (RdRp) and nucleoprotein (NP) as the most
promising antiviral targets. RdRp contained multiple catalytic regions with amino acid conservation exceeding
96%, including highly conserved motifs showing approximately 96.4-98.5% identity, and its structural model
displayed 94.7% of residues in favored Ramachandran regions with only 1.1% in disallowed regions. RdRp also
demonstrated the strongest docking profile, with the leading compound reaching a binding affinity of —10.2
kcal/mol, followed by additional high-ranking interactions of —9.8 and —9.4 kcal/mol. NP showed similarly strong
target characteristics, with a mean amino acid conservation of approximately 94.6%, nearly 72% of residues
conserved above 95%, and 96.8% of residues located within favored structural regions. The strongest NP-directed
ligand exhibited a docking score of approximately —9.1 kcal/mol, with top complexes forming up to 5 hydrogen
bonds together with hydrophobic and van der Waals interactions. In contrast, glycoprotein Gc showed
comparatively lower sequence conservation, with mean amino acid identity generally ranging from approximately
84.7% to 89.3%, while about 31% of residues displayed conservation below 90%. Its best predicted ligand-binding
affinity was approximately —8.7 kcal/mol, and its structural model contained 91.5% favored residues with 2.8%
in disallowed regions. When the four prioritization criteria were considered together, RdRp ranked highest,
followed closely by NP, whereas Gc remained a secondary but potentially useful target because of its role in viral
entry despite its greater sequence variability. Collectively, the strong conservation, validated structural quality,
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essential viral functions, and favorable ligand-binding profiles of RdRp and NP support their advancement as the
principal candidates for subsequent molecular-dynamics simulations, experimental antiviral screening, and
structure-based drug-development studies (Table 1).

Table 1. Integrated prioritization of CCHFV antiviral targets based on sequence conservation, structural quality,
functional relevance, and molecular docking performance.

Parameter RdRp NP Glycoprotein Ge
Mean/critical-region  amino 96.4-98.5% 94.6% mean 84.7-89.3%

acid conservation

Residues >95% conserved High ~72% Lower

Favored Ramachandran  94.7% 96.8% 91.5%

regions

Disallowed  Ramachandran 1.1% 1.1% 2.8%

regions

Best docking affinity —10.2 kcal/mol —9.1 kcal/mol —8.7 kcal/mol

Additional top docking scores —9.8, —9.4 kcal/mol —8.6, —8.2 kcal/mol —8.1, —7.6 kcal/mol

Maximum H-bonds in top 6 5 4

complexes

Main functional role Viral RNA RNA binding and Viral  attachment
replication/transcription nucleocapsid formation and entry

Sequence variability Low Low Relatively high

Broad-spectrum target Very high High Moderate

potential

3.10 Integrated Genomic and Molecular Biomarker Identification

Integration of genomic, diagnostic, structural, and molecular-docking analyses prioritized 13 high-confidence
CCHFYV biomarkers, including 8 diagnostic and 5 therapeutic candidates. The diagnostic biomarkers were mainly
derived from highly conserved S- and L-segment regions, with nucleotide identities generally exceeding 95% and
reaching 98.7%. The selected primer sets showed favorable properties, including 19-24 nt length, 45-60% GC
content, 58.2-62.4°C melting temperatures, and 105-196 bp amplicons. Therapeutic prioritization identified
RdRp and NP as the strongest molecular targets because of their high conservation and functional importance.
Conserved RdRp regions showed approximately 96.4-98.5% amino acid identity, while NP exhibited about 94.6%
mean conservation. Docking analysis further supported these targets, with best binding affinities of —10.2 kcal/mol
for RdRp and —9.1 kcal/mol for NP (Table 2). Collectively, these biomarkers provide promising molecular targets
for rapid CCHFYV diagnosis and structure-based antiviral development.

Table 1. Integrated prioritization of genomic diagnostic and therapeutic biomarker candidates for CCHF V.

Biomarker No. of Main target/region Key quantitative Proposed
category candidates characteristics application
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Diagnostic 8 Conserved S and L >95% nucleotide Rapid molecular
biomarkers regions conservation,  maximum detection
98.7%
S-segment 3 NP-coding regions High sequence RT-qPCR detection
targets conservation; primers 19—
24 nt
M-segment 2 Conserved glycoprotein Lower conservation than Complementary
targets regions S/L detection
L-segment 3 RdRp-coding regions Conserved regions Broad-lincage
targets approximately 96-98% detection
Therapeutic 5 Primarily RdRp and NP High functional and Antiviral
biomarkers structural conservation development
RdRp Primary Catalytic/polymerase 96.4-98.5% conservation; Polymerase
regions best docking —10.2 inhibition
kcal/mol
NP Primary RNA-binding/structural ~ 94.6% mean conservation; Viral replication
regions best docking —9.1 kcal/mol  disruption
Ge Secondary Viral-entry regions 84.7-89.3% conservation; Viral-entry inhibition

best docking —8.7 kcal/mol

Genomic +
targets

Total prioritized 13
biomarkers

protein 8 diagnostic + 5 therapeutic Diagnosis and

antiviral discovery

4. DISCUSSION

The present study integrated genomic conservation, phylogenetic analysis, diagnostic primer design, structural
validation, and molecular docking to identify CCHFV biomarkers with potential diagnostic and therapeutic utility.
The observed segment-specific conservation pattern, with the S segment showing 91.8% conservation, followed
by the L segment (89.6%) and M segment (84.3%), agrees closely with the genomic analysis of (Tyrrell et al.,
2023), who reported nucleotide differences of approximately 20%, 31%, and 22% for the S, M, and L segments,
respectively. Their results similarly identified the M segment as the most genetically variable component of the
CCHFYV genome. The increased variability of the M segment observed here is also consistent with (Bentil et al.,
2023) who reported extensive M-segment reassortment among southern African isolates and demonstrated that S
and L segments frequently retained concordant clustering while the M segment shifted between genetic groups.
Likewise, a Central African study found between-lineage nucleotide differences reaching 27.5% in the M segment,
compared with lower divergence in the S segment. These observations support our finding that M-segment
conservation was substantially lower than that of S and L. Our maximum-likelihood analysis also showed distinct
geographic clustering with bootstrap support of 82-100%. This corresponds well with the European
phylogeographic analysis of (Hanifehnezhad et al., 2026) in which major CCHFV clades were supported by
bootstrap values of >90% and segregated broadly into Asian, African, and European lineages. Global
phylogeographic analyses have additionally shown that reassortment occurs more frequently than recombination
and contributes substantially to geographic lineage structure. The present identification of 14 regions with >95%
nucleotide conservation, including a maximum identity of 98.7% within the NP-coding region, supports the use
of S-segment sequences for broadly reactive molecular detection. This interpretation is strengthened by previous
RT-PCR strategies that preferentially target conserved nucleoprotein-coding regions because of their lower
variability relative to glycoprotein sequences. Greater variability of the M segment is also supported by
glycoprotein characterization studies reporting nucleotide differences of up to 18.5-19.3% and amino-acid
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differences approaching 14.8% among strains. Chinese M-segment studies similarly identified marked divergence
within the N-terminal glycoprotein region while retaining more conserved downstream regions. At the protein
level, our NP conservation value of approximately 94.6% and the strong conservation of RdRp catalytic regions
support both proteins as antiviral targets. Structural studies by (Dakhil, Saleh, & Al-Taher, 2025) resolved the
CCHFV NP structure at 2.1 A and identified conserved RNA-binding and oligomerization surfaces essential for
viral replication. Consistent with this, computational screening by Amanlou et al. identified doxycycline and
minocycline as potential NP inhibitors, supporting NP as a druggable viral protein. A later virtual-screening study
identified four NP-binding compounds with docking energies around —9.7 to —10.4 kcal/mol, comparable to the
—9.1 kcal/mol obtained for our best NP-directed ligand. Our strongest docking interaction occurred with RdRp at
—10.2 kcal/mol, further supporting polymerase as the highest-priority therapeutic target. (Dakhil et al., 2025)
independently identified CCHFV RdRp as a promising antiviral target through structural modeling and virtual
screening. More recently, high-resolution structural work demonstrated direct inhibition of CCHFV RdRp by
nucleotide analogues and confirmed the functional importance of the conserved polymerase active site.
Collectively, comparison with these studies supports our conclusion that conserved S/L genomic regions are
suitable diagnostic targets, whereas NP and particularly RdRp represent promising candidates for structure-based
antiviral development.

5. CONCLUSION

This study identified highly conserved genomic and molecular signatures of CCHFV with potential applications
in both rapid diagnosis and antiviral development. Conserved regions within the S and L segments emerged as the
most promising targets for broad RT-qPCR-based detection. At the protein level, RARp and NP showed high
conservation, acceptable structural quality, and favorable docking interactions with candidate compounds.
Integration of genomic, structural, and molecular-docking analyses prioritized 8 diagnostic and 5 therapeutic
biomarkers. These findings provide a strong foundation for future experimental validation and development of
improved CCHFV diagnostic and therapeutic strategies.
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