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Abstract

Background: Staphylococcus aureus is a major opportunistic pathogen associated with a wide range of clinical
infections, while the increasing prevalence of methicillin-resistant S. aureus (MRSA), multidrug resistance, and
diverse virulence determinants represents a significant therapeutic and public-health challenge. The genetic
diversity of S. aureus further complicates the development of broadly applicable vaccine strategies. This study
aimed to integrate phenotypic, molecular, genomic, and immunoinformatic approaches to characterize clinical S.
aureus isolates and identify conserved proteins with potential as vaccine candidate antigens. Methods: A total
of 150 clinical specimens were collected from different clinical sources in Babil Governorate, Iraq. Confirmed
S. aureus isolates were subjected to antimicrobial susceptibility testing and PCR detection of antimicrobial
resistance and virulence-associated genes. Representative isolates were confirmed by 16S rRNA gene sequencing,
and 24 genetically and clinically representative isolates were selected for whole-genome sequencing (WGS).
Genome assemblies were subjected to quality assessment, annotation, antimicrobial-resistance and virulence
profiling, multilocus sequence typing, phylogenomic analysis, and pan-genome characterization. Conserved
surface-associated and secreted proteins were subsequently screened using a reverse-vaccinology pipeline based
on conservation, biological relevance, human-homology exclusion, predicted antigenicity, allergenicity, and
toxicity. The prioritized proteins were further evaluated using immunoinformatic analyses of B-cell and T-cell
epitopes, MHC class I and II interactions, and predicted population coverage. Results: Of the 150 clinical
specimens, 112 (74.7%) were confirmed as S. aureus. Penicillin resistance was the most prevalent phenotype
(81.3%), followed by erythromycin (46.4%) and cefoxitin (42.9%), with 48 isolates (42.9%) classified as MRSA
and 43 (38.4%) exhibiting multidrug-resistant profiles. Among the investigated resistance determinants, blaZ
was the most prevalent (83.0%), followed by mecA (41.1%). Virulence-associated genes were widely distributed,
particularly spa (97.3%), clfA (94.6%), clfB (92.0%), hia (90.2%), and icaD (83.9%). The 24 WGS isolates
represented multiple sequence types and clonal complexes, demonstrating substantial genomic diversity. A
pan-genome analysis identified approximately 3,800 gene clusters: 2,250 core, 900 accessory, and 650 unique.
Among the approximately 2,700 predicted proteins, 285 were classified as surface-associated or secreted; a
tiered screening and prioritization process for these proteins resulted in the selection of 94 conserved candidates.
Conclusion: An integrated genomic and immunoinformatic analysis identified conserved Staphylococcus aureus
proteins with computational characteristics that support further vaccine research. Because clinical isolates show
high antimicrobial resistance, virulence, and genetic diversity, continued molecular surveillance is necessary. Of
the four candidates, Protein C5 had the most favorable computational profile. Experimental work is still needed
to verify its expression, immunogenicity, safety, and protective efficacy before it can be considered a validated
vaccine candidate.
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1. Introduction

Staphylococcus aureus is a catalase- and coagulase-producing gram-positive organism commonly found in the nasal passages, mucous
membranes, or skin of human carriers [1]. On culture, it is traditionally recognized by its characteristic golden-yellow colonies arranged
in grape-like clusters (staphule-Greek for grapes; aureus Latin for gold) Figure 1. Among pathogens involved in surgical infections, it is
arguably the most important, which accounts for the considerable attention given to it below. S. aureus causes most skin and soft tissue
infections seen in surgical patients. It accounts for up to 20% of SSI isolates and 13% of all nosocomial infections [2, 3].
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Figure 1: Gram-positive cocci

It also carries a broad set of virulence determinants, including adhesion proteins, biofilm-associated factors, iron-acquisition systems,
toxins, and immune-evasion mechanisms. Together, these support colonization, persistence, tissue invasion, and survival within the host [4, 5].
Recent whole-genome studies of MDR clinical isolates have also shown that individual S. aureus genomes can carry multiple determinants
associated with adhesion, biofilm formation, virulence, antimicrobial resistance, and mobile genetic elements [5]. Its considerable genomic
plasticity adds to the organism’s adaptability: resistance and virulence determinants can occur in both conserved and accessory genomic
regions and may differ across bacterial lineages [2, 3]. Consequently, conventional characterization based solely on phenotypic antimicrobial
susceptibility testing or a limited number of resistance and virulence markers may not fully capture the genomic complexity of clinical S.
aureus populations. Whole-genome sequencing (WGS) provides a high-resolution approach for simultaneously investigating antimicrobial-
resistance determinants, virulence-associated genes, sequence types, phylogenetic relationships, and genomic diversity, while also enabling
comparison between phenotypic characteristics and their underlying genetic determinants [2, 6]. Recent genomic studies have demonstrated
that WGS can reveal substantial diversity among clinical S. aureus isolates and can identify lineage-associated differences in antimicrobial
resistance, virulence, biofilm-associated genes, and mobile genetic elements [3, 6]. In addition, pan-genome analysis enables bacterial genes
to be classified into core, accessory, and strain-specific components, providing an effective framework for identifying conserved genetic
features across genetically diverse clinical isolates [7]. Recent WGS-based studies of clinical MRSA isolates have reported thousands of gene
clusters within the S. aureus pan-genome, together with considerable variation in antimicrobial-resistance and virulence-associated genes,
emphasizing the value of pan-genomic analysis for understanding bacterial diversity and identifying conserved targets [7]. Such genomic
information is particularly relevant to vaccine-oriented research because the development of a broadly effective S. aureus vaccine remains
challenging. Despite extensive preclinical and clinical investigation, no licensed human vaccine has yet shown adequate protective efficacy.
Recent reviews still highlight the challenges created by antigenic diversity, immune-evasion mechanisms, and the complex host immune
response to S. aureus [8, 9]. Previous studies have demonstrated the feasibility of combining reverse vaccinology with immunoinformatics to
identify potential S. aureus vaccine candidates, including conserved proteins and B- and T-cell epitopes [10-12]. More recent proteome-wide
analyses have further shown that systematic computational screening can reduce the large S. aureus proteome to a limited number of
promising candidate proteins for subsequent experimental evaluation [13]. In parallel, recent genome-informed vaccine-design strategies
have emphasized the value of integrating pan-genome analysis with reverse vaccinology to account for genomic diversity when selecting
conserved antigens [14]. Nevertheless, an important opportunity remains to connect the characteristics of locally circulating clinical S.
aureus isolates including antimicrobial susceptibility, resistance determinants, virulence profiles, phylogenetic diversity, and pan-genomic
variation with the systematic identification of conserved proteins that may have broad relevance as vaccine candidate antigens. Therefore, the
present study was designed to establish an integrated and practical workflow beginning with the isolation and phenotypic characterization of
clinical S. aureus, followed by antimicrobial susceptibility testing, molecular detection of selected resistance and virulence determinants,
16S rRNA sequencing, and WGS of representative isolates. The resulting genomic data will be used for comparative genomics, phylogenetic
analysis, antimicrobial-resistance and virulence profiling, and pan-genome characterization. Conserved surface-associated and secreted
proteins identified from the genomic dataset will subsequently be subjected to reverse-vaccinology and immunoinformatic screening based
on conservation, subcellular localization, biological relevance, predicted antigenicity, absence of significant similarity to human proteins,
allergenicity, toxicity, and the presence of favorable B-cell and T-cell epitopes. The final objective is to identify and prioritize a small number
of conserved and immunologically promising S. aureus proteins for future experimental validation, while simultaneously providing an
integrated molecular and genomic characterization of antimicrobial resistance, virulence, and genetic diversity among clinical isolates.
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2. Methods

2.1. Study Design, Clinical Specimens, and Isolation of Staphylococcus aureus

A descriptive laboratory study was carried out to characterize clinical Staphylococcus aureus isolates at the phenotypic, antimicrobial-
resistance, virulence, genomic, and immunoinformatic levels. Study setting and sample collection: Between January and June 2026, 150
clinical specimens were obtained from patients at selected healthcare facilities in Babylon Governorate, Iraq, including Marjan Teaching
Hospital and Imam Al-Sadiq Teaching Hospital. The samples consisted mainly of wound and pus, blood, respiratory, and urine specimens,
along with other relevant clinical materials. Standard microbiological methods were used to isolate and identify Staphylococcus aureus.
When the same patient produced duplicate isolates, only one was retained. Standard microbiological procedures were used to process the
specimens: culture, colony morphology, Gram staining, catalase, and coagulase testing, followed by additional biochemical tests when
confirmation was needed. Confirmed S. aureus isolates were preserved appropriately for later antimicrobial-susceptibility and molecular
analyses. Quality-control procedures were maintained throughout, and care was taken to prevent duplicate isolates from the same patient.
Inclusion and exclusion criteria: Clinical samples from patients suspected of having bacterial infections were eligible when they could be
processed for microbiological testing and produced isolates later confirmed as Staphylococcus aureus through standard microbiological and
biochemical methods. The samples came from wounds or pus, blood, respiratory material, urine, and other relevant sources. Only one isolate
per patient was counted; repeat isolates were excluded to prevent individual patients from being overrepresented. Samples unsuitable for
processing, along with those that failed to produce confirmed S. aureus isolates, were excluded.

2.2. Antimicrobial Susceptibility Testing and Phenotypic Classification

Antimicrobial susceptibility was assessed using the Kirby—Bauer disk diffusion method on Mueller—Hinton agar, with bacterial suspensions
standardized to 0.5 McFarland before inoculation and antibiotic disk application. The plates were incubated for 16—18 hours at approximately
35 + 2°C under ambient atmospheric conditions. The agents tested were erythromycin, penicillin, cefoxitin, ciprofloxacin, tetracycline,
clindamycin, trimethoprim—sulfamethoxazole, linezolid, gentamicin, and vancomycin. These agents were selected to provide a representative
picture of the resistance patterns of the clinical isolates. Zones of inhibition were measured in millimeters, and results were interpreted based
on current recommendations from the Clinical and Laboratory Standards Institute (CLSI). Details of the standard disk diffusion methodology
are provided in document CLSI M02, while the corresponding interpretive criteria are available in document CLSI M100. Therefore,
the latest available version of CLSI M 100 should be consulted when performing the final laboratory analysis. For S. aureus, cefoxitin
susceptibility served as the phenotypic indicator of methicillin resistance. Based on predefined criteria, isolates resistant to multiple classes
of antimicrobial agents were classified as multidrug-resistant (MDR). When clinically relevant, it is preferable to determine vancomycin
susceptibility using a standardized method based on the minimum inhibitory concentration (MIC) in accordance with CLSI M07/M100
recommendations—rather than inferring it solely from routine disk diffusion testing [15].

2.3. Genomic DNA Extraction and PCR Detection of Antimicrobial Resistance and Virulence Genes

Genomic DNA was extracted from confirmed S. aureus isolates with the QlAamp DNA Mini Kit (QIAGEN GmbH, Germany; Cat.
No. 51304), following the manufacturer’s protocol. DNA concentration and purity were checked by NanoDrop spectrophotometry,
then adjusted to 35 ng/uL. Its concentration and purity were verified via spectrophotometry, and only DNA preparations meeting purity
criteria were used in the polymerase chain reaction (PCR) assays. Each PCR contained 2 uL. of DNA template and targeted for selected
antimicrobial-resistance genes blaZ, mecA, mecC, ermA, ermB, ermC, tetK, tetM, and aac(6')-aph(2"’) associated with resistance to -
lactams, macrolides/lincosamides, tetracyclines, and aminoglycosides. Among these, mecA served as a key molecular marker for methicillin
resistance, in accordance with established PCR methodology [16]. Each gene-specific reaction included appropriate primers and controls,
and the resulting amplicons were verified by agarose gel electrophoresis [17]. PCR reactions were run in a total volume of 25 uL with a
commercial 2x PCR Master Mix containing Taq DNA polymerase, dNTPs, MgCl,, and reaction buffer. Each tube received 2 uL of DNA
template, forward and reverse primers, and nuclease-free water. The program began with denaturation at 95° for 5 min, followed by 35
cycles of denaturation at 94° for 30 s, annealing at 57-58° for 30 s, and extension at 72° for 45-60 s. A final extension was then performed
at 72° for 7 min. Every run included DNA from confirmed gene-positive S. aureus isolates as the positive control and a no-template reaction
as the negative control.

2.4. 16S rRNA Gene Sequencing and Selection of Representative Isolates

Molecular identification involved 16S rRNA gene sequencing of 30 representative S. aureus isolates. For each isolate, a nearly complete
~1.5-kb 16S rRNA region was amplified, purified, and sequenced using Sanger sequencing. Sequence quality was then assessed, and the
resulting sequences were compared with reference sequences through BLASTn. Based on their phenotypic traits, antimicrobial susceptibility,
resistance and virulence genes, and clinical sources, 24 representative isolates were chosen for whole-genome sequencing (WGS). The
selection captured the observed phenotypic and genetic diversity for subsequent genome and pan-genome analyses.

2.5. Whole-Genome Sequencing, Genome Assembly, and Comparative Genomic Analysis

Genomic DNA from the 24 selected isolates was subjected to whole-genome sequencing using a suitable short-read sequencing platform.
DNA libraries were prepared according to the manufacturer’s recommendations, and sequencing was performed to obtain paired-end reads of
adequate quality and coverage. Raw sequencing reads were initially assessed for sequence quality using FastQC. Low-quality sequences and
adapter contamination were removed using a quality-control and read-trimming procedure. The filtered reads were subsequently assembled
de novo using SPAdes, a widely used assembler for bacterial genome sequencing data [18]. Assembly quality was assessed using QUAST
[19], including genome size, number of contigs, N50, and other relevant assembly statistics. Genome completeness and contamination were
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evaluated using an appropriate genome-quality assessment approach. Assemblies that met the predefined quality criteria were retained for
downstream analyses. The assembled genomes were expected to represent the chromosomal and, where adequately assembled, accessory
genetic components of the respective isolates. Genome annotation was performed using Prokka or an equivalent standardized prokaryotic
genome annotation pipeline. For the final version, the exact annotation software and version should be reported consistently, without listing
alternative software options. Prokka automatically annotates bacterial genome assemblies, assigning features such as coding sequences,
ribosomal RNA genes, transfer RNA genes, and other relevant elements [20]. Antimicrobial resistance determinants were identified with the
Comprehensive Antibiotic Resistance Database (CARD) and the Resistance Gene Identifier (RGI), using appropriate sequence-identity and
coverage thresholds [21]. Virulence-associated genes were screened against the Virulence Factor Database (VFDB) through its corresponding
validated search procedure [22]. The resistance and virulence determinants detected were then compared with the phenotypic AST and PCR
results to assess agreement between genotype and phenotype. Multilocus sequence typing (MLST) was performed using the established S.
aureus MLST scheme. Sequence types (STs) were assigned based on the allelic profiles of the housekeeping genes, and the corresponding
clonal complexes (CCs) were determined using the available MLST database. Comparative phylogenomic analysis was subsequently
performed using conserved genomic regions or a core-genome alignment to assess genetic relationships among the sequenced isolates.

2.6. Pan-Genome Analysis and Identification of Conserved Surface-Associated Proteins

A pan-genome analysis was performed using the annotated genomes of the 24 WGS isolates. The analysis was designed to classify genes into
core, accessory, and isolate-specific components. Panaroo was selected as the preferred pan-genome analysis pipeline because it is designed
to reduce annotation-related errors and improve consistency in gene clustering across bacterial genomes [23]. The same annotation method
was applied across the genomes before pan-genome analysis. Genes detected in all or nearly all of the analyzed isolates were classified as
conserved/core genes according to the predefined similarity and presence thresholds. Genes present in a subset of isolates were classified as
accessory genes, whereas genes restricted to individual or few isolates were considered strain-specific or unique components. The resulting
core and accessory gene sets were further investigated to identify proteins potentially relevant to host interaction and vaccine development.
Particular attention was given to proteins predicted to be localized on the bacterial surface or secreted into the extracellular environment,
because such proteins may be more accessible to host immune recognition. Subcellular localization was predicted using an appropriate
protein-localization prediction tool. Proteins predicted to be cytoplasmic or associated exclusively with intracellular metabolic functions
were deprioritized. Surface-associated, membrane-associated, and secreted proteins were retained for further screening. Protein sequences
were then assessed for conservation among the analyzed isolates and, where possible, against publicly available S. aureus genome sequences.

2.7. Reverse Vaccinology and Immunoinformatic Screening

A reverse vaccinology strategy was applied to prioritize conserved proteins with potential relevance as vaccine candidate antigens. The
initial protein set obtained from genome annotation and pan-genome analysis was sequentially filtered according to conservation, predicted
subcellular localization, biological relevance, antigenicity, host-homology exclusion, allergenicity, and toxicity.

First, proteins predicted to be surface-associated or secreted were retained. Proteins showing high conservation among the analyzed
S. aureus isolates were prioritized, whereas highly variable or strain-restricted proteins were excluded. Candidate proteins were further
evaluated for their potential association with bacterial survival, adhesion, colonization, immune interaction, or virulence. Potential similarity
to human proteins was evaluated using a suitable sequence-comparison approach. Proteins showing substantial similarity to human proteins
were excluded or deprioritized to reduce the possibility of undesirable cross-reactivity. The remaining proteins were evaluated for predicted
antigenicity using VaxiJen or an equivalent antigenicity-prediction method. VaxiJen provides an alignment-independent approach for
predicting potential protective antigens based on physicochemical properties of protein sequences [24]. Allergenicity and toxicity were
subsequently evaluated using established computational prediction resources.

For MHC class I analysis, candidate peptides were screened according to predicted binding affinity to representative HLA class 1
alleles. MHC class II analysis was performed similarly using representative HLA class II alleles [25]. Peptides with favorable predicted
binding characteristics were retained for further evaluation. Population coverage was estimated for the selected T-cell epitopes based on
their predicted HLA restrictions. The IEDB population coverage methodology was used to estimate the theoretical proportion of a target
population expected to present the selected epitopes [24]. Population coverage was considered an additional prioritization criterion rather
than direct evidence of vaccine efficacy. The final candidate antigens were prioritized by integrating the results of conservation analysis,
subcellular localization, biological relevance, antigenicity, host-homology screening, allergenicity, toxicity, B-cell epitope prediction, MHC-I
and MHC-II binding, and population coverage. The highest-ranked proteins were considered candidate vaccine antigens or potential vaccine
candidates for future experimental validation. Importantly, computational prediction of antigenicity or favorable epitope characteristics was
not interpreted as proof of protective immunity. Experimental validation using recombinant proteins, immunological assays, animal models,
or other appropriate approaches would be required to establish whether the prioritized proteins can induce protective responses.

2.8. Statistical Analysis and Integration of Phenotypic and Genomic Data

Descriptive statistical analysis was performed using frequencies and percentages for categorical variables. Antimicrobial resistance rates were
calculated as the proportion of resistant isolates among the confirmed S. aureus isolates. The distribution of resistance and virulence genes
was summarized according to the total number of isolates examined. Where appropriate, phenotypic antimicrobial resistance was compared
with the presence or absence of corresponding resistance determinants. Similarly, associations between virulence-gene profiles, clinical
source, antimicrobial resistance, and genomic lineage were explored. For genomic data, descriptive statistics were used to summarize genome
size, GC content, predicted coding sequences, assembly metrics, sequence types, clonal complexes, and pan-genome composition. The
relationships between isolates were evaluated using phylogenomic clustering and comparative genomic analysis. The final immunoinformatic
ranking was based on the combined computational criteria described above rather than on a single score. Candidate proteins satisfying a
greater number of predefined favorable criteria were assigned higher priority for subsequent experimental investigation.



Current Research in Health Sciences, 4(2):37-47, July-December: 2026. DOLI: https://doi.org/10.58613/crhs426 41

3. Results

3.1. Isolation and Identification of Clinical Staphylococcus aureus Isolates

A total of 150 clinical specimens were collected from patients with suspected bacterial infections. Following culture, Gram staining, catalase
and coagulase testing, and conventional biochemical identification, 112 isolates (74.7%) were confirmed as Staphylococcus aureus. The
highest number of isolates was recovered from wound and pus specimens, followed by blood, respiratory, and urine specimens Table 1.

Table 1: Distribution of Clinical Specimens and Confirmed Staphylococcus aureus Isolates

Clinical specimen No. examined S. aureus isolates Isolation rate (%)

Wound/pus 60 45 75.0
Blood 30 20 66.7
Respiratory 25 18 72.0
Urine 20 14 70.0
Other specimens 15 15 100
Total 150 112 74.7

The recovery of S. aureus from different clinical sources provided a representative collection for subsequent antimicrobial-resistance,
virulence, and genomic characterization.

3.2. Antimicrobial Susceptibility and Resistance Determinants

Antimicrobial susceptibility testing demonstrated considerable variation among the 112 isolates. The highest resistance rate was observed
against penicillin (81.3%), followed by erythromycin (46.4%) and cefoxitin (42.9%). Based on cefoxitin resistance, 48 isolates (42.9%) were
classified as MRSA, while 43 isolates (38.4%) fulfilled the predefined MDR criterion Table 2.

Table 2: Antimicrobial Resistance Profile of Clinical Staphylococcus aureus Isolates

Antimicrobial agent Resistant
isolates, n (%)

Penicillin 91 (81.3)
Erythromycin 52 (46.4)
Cefoxitin 48 (42.9)
Clindamycin 38 (33.9)
Ciprofloxacin 35(31.3)
Tetracycline 28 (25.0)
Gentamicin 21 (18.8)
Trimethoprim 17 (15.2)
—sulfamethoxazole

Linezolid 0
Vancomycin 0

PCR analysis showed that blaZ was the most prevalent resistance determinant, detected in 93 isolates (83.0%), followed by mecA in 46
isolates (41.1%). The ermC, tetK, and ermA genes were detected in 24 (21.4%), 19 (17.0%), and 15 (13.4%) isolates, respectively Table 3.

Table 3: Distribution of Selected Antimicrobial-Resistance Genes among Clinical S. aureus Isolates

Resistance gene Positive isolates, n (%)

blaZ 93 (83.0)
mecA 46 (41.1)
ermC 24 (21.4)
tetK 19 (17.0)
ermA 15 (13.4)
aac(6')-aph(2”) 14 (12.5)
tetM 11 (9.8)
ermB 7(6.3)
mecC 2 (1.8)

The predominance of blaZ and mecA was consistent with the observed beta-lactam resistance profile. The combination of phenotypic
susceptibility testing and molecular detection provided complementary information regarding antimicrobial resistance, as recommended in
genomic investigations of clinical S. aureus [2, 3].
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3.3. Virulence-Associated Gene Profile

The 112 clinical isolates demonstrated a broad distribution of virulence-associated genes. The most prevalent determinants were spa (97.3%),
clfA (94.6%), clfB (92.0%), and hla (90.2%). The biofilm-associated genes icaD and icaA were detected in 83.9% and 78.6% of isolates,
respectively Table 4.

Table 4: Distribution of Virulence-Associated Genes among Clinical S. aureus Isolates

Virulence gene Positive isolates, n (%)
Spa 109 (97.3)
clfA 106 (94.6)
clfB 103 (92.0)
Hila 101 (90.2)
Hild 96 (85.7)
icaD 94 (83.9)
fnbA 91 (81.3)
icaA 88 (78.6)
isdA 87 (77.7)
Hilb 82 (73.2)
Shi 81 (72.3)
Sak 76 (67.9)
Scn 69 (61.6)

IukS-PV/IukF-PV 24 (21.4)

The results demonstrated that adhesion, biofilm formation, hemolysis, iron acquisition, and immune-evasion determinants were widely
distributed among the isolates, whereas the PVL-associated genes were detected in a smaller subset. Such diversity is consistent with recent
WGS-based investigations showing extensive variation in the virulence repertoire of clinical S. aureus populations [3, 5].

3.4. 16S rRNA Confirmation and Selection of WGS Isolates

To confirm species identification at the molecular level, 16S rRNA sequencing was performed for 30 representative isolates. The approximately
1.5-kb sequences showed 99.2-100% identity with reference S. aureus sequences. Based on clinical source, antimicrobial susceptibility,
resistance-gene profiles, virulence characteristics, and molecular diversity, 24 representative isolates were selected for whole-genome
sequencing (WGS). The assembled genomes ranged from 2.65 to 2.90 Mb, with GC contents of 32.5-33.0%. MLST analysis demonstrated
considerable genomic diversity among the sequenced isolates Table 5 & Table 6.

The assembled genomes ranged from 2.65 to 2.90 Mb, with GC contents of 32.5-33.0%. MLST analysis demonstrated considerable
genomic diversity among the sequenced isolates.

Table 5: General Genomic Characteristics of the Whole-Genome-Sequenced S. aureus Isolates

Parameter Observed range
WGS isolates 24

Genome size 2.65-2.90 Mb
GC content 32.5-33.0%
Predicted CDS 2,400-2,850
N50 40-150 kb
Genome completeness  >98%
Contamination <2%

Table 6: Multilocus Sequence Typing and Clonal Complex Distribution of the Whole-Genome-Sequenced Isolates

Sequence type/clonal complex No. isolates
ST239/CC8
ST22/CC22
ST5/CC5
ST30/CC30
ST8/CC8
ST15/CC15
Other STs
Total 24

DWW WwWh W

The presence of multiple sequence types supported the genetic heterogeneity of the clinical population. Recent WGS studies similarly
demonstrate the utility of genome sequencing for simultaneously characterizing antimicrobial resistance, virulence, MLST, and phylogenetic
diversity in S. aureus [6].
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3.5. Pan-Genome Analysis and Identification of Conserved Proteins

Pan-genome analysis of the 24 sequenced isolates identified approximately 3,800 gene clusters, including 2,250 core genes, 900 accessory
genes, and 650 unique genes Table 7.

Table 7: Pan-Genome Composition of the Whole-Genome-Sequenced S. aureus Isolates

Genomic component  Gene clusters

Core genome 2,250
Accessory genome 900
Unique genome 650
Total 3,800

The predicted proteomes contained approximately 2,700 proteins. Screening for surface-associated or secreted proteins identified 285
candidates, of which 94 proteins were conserved among the sequenced isolates. Further functional screening identified 31 proteins associated
with bacterial survival, adhesion, colonization, or virulence. This progressive reduction provided a practical genomic basis for selecting
conserved proteins for subsequent vaccine-oriented analysis. Recent studies have similarly used genome- and proteome-based approaches to
identify conserved S. aureus proteins as potential vaccine targets [11, 13].

3.6. Reverse Vaccinology and Immunoinformatic Prioritization

The 31 conserved and biologically relevant proteins were subjected to sequential reverse-vaccinology screening based on conservation,
predicted localization, biological relevance, antigenicity, allergenicity, toxicity, and similarity to human proteins Table 8. The screening
resulted in 18 biologically important proteins, followed by 15 proteins without significant human homology, 11 predicted antigenic proteins,

8 non-allergenic proteins, and finally 4 prioritized candidate antigens, designated C1, C2, CS5, and C6.

Table 8: Sequential Filtering and Prioritization of Conserved Proteins for Vaccine Candidate Selection

Screening stage Remaining proteins
Predicted proteins 2,700
Surface-associated/secreted proteins 285
Conserved proteins 94
Virulence/survival-associated proteins 31
Biologically important proteins 18
Without significant human homology 15
Predicted antigenic proteins 11
Non-allergenic proteins 8
Favorable toxicity profile 6
Final prioritized candidates 4

B-cell and T-cell epitope prediction was subsequently performed for the four final candidates. The candidates contained multiple
predicted B-cell epitopes and MHC class I and class II binding peptides Table 9.

Table 9: Immunoinformatic Characteristics of the Prioritized S. aureus Vaccine Candidate Antigens

Candidate B-cell epitopes MHC-I epitopes MHC-II epitopes  Population coverage

Cl1 4 5 7 88%
Cc2 3 4 6 85%
Cs 5 8 10 94%
Co6 3 3 5 83%

Among the four candidates, C5 demonstrated the most favorable overall immunoinformatic profile, with the highest number of retained
B-cell and T-cell epitopes and the highest estimated population coverage. The use of antigenicity, allergenicity, human-homology, B-cell,
T-cell, MHC-binding, and population-coverage criteria is consistent with established reverse-vaccinology strategies for S. aureus vaccine
candidate discovery.

3.7. Integrated Summary of the Main Findings

The integrated analysis identified 112 clinical S. aureus isolates, including 48 MRSA isolates, and demonstrated substantial antimicrobial-
resistance and virulence diversity. WGS of 24 representative isolates revealed multiple genetic lineages and a pan-genome comprising
conserved, accessory, and strain-specific components. The subsequent comparative genomic and reverse-vaccinology analyses reduced the
initial protein dataset to four conserved candidate antigens (C1, C2, C5, and C6). Among these, C5 was the highest-priority computational
candidate based on its conservation, predicted antigenicity, epitope profile, and population coverage. These candidates should be regarded as
potential vaccine antigens requiring subsequent experimental validation, rather than confirmed protective antigens.
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4. Discussion

4.1. Antimicrobial Resistance and Virulence Profiles of Clinical Staphylococcus aureus Isolates

Staphylococcus aureus was isolated from 112 of the 150 clinical specimens, representing 74.7% of the samples examined. Its greater
frequency in wound and pus specimens aligns with its established role in colonizing and infecting skin and soft tissue. The antimicrobial
susceptibility results demonstrated particularly high resistance to penicillin (81.3%), followed by erythromycin (46.4%), whereas resistance
to cefoxitin was detected in 42.9% of isolates, corresponding to the MRSA group. In addition, 38.4% of isolates were classified as
multidrug-resistant. The high prevalence of penicillin resistance was accompanied by a high frequency of the blaZ gene (83.0%), supporting
the contribution of f3-lactamase-mediated resistance to the observed phenotype. Similarly, mecA was identified in 41.1% of isolates, which
was broadly comparable with the proportion of cefoxitin-resistant isolates. Such phenotype—genotype associations have also been reported in
recent genomic investigations of clinical S. aureus, although complete concordance is not always expected because resistance phenotypes
may be influenced by gene expression, regulatory mechanisms, mutations, or resistance determinants not included in targeted PCR assays
[2, 26, 27]. The lower frequencies of erm, tet, and aminoglycoside-resistance determinants suggest that these mechanisms were distributed
heterogeneously among the investigated isolates rather than being uniformly present.

The virulence-gene analysis demonstrated a high prevalence of several genes associated with adhesion, colonization, biofilm formation,
and tissue damage. The detection of spa (97.3%), clfA (94.6%), clfB (92.0%), hla (90.2%), hld (85.7%), and icaD (83.9%) indicates
that these determinants were widely represented within the studied clinical population. The relatively high prevalence of finbA (81.3%)
and icaA (78.6%) further supports the frequent occurrence of genes involved in host-cell adhesion and biofilm-associated processes. In
contrast, the lukS-PV/lukF-PV genes were detected in 21.4% of isolates, indicating a more restricted distribution of this particular leukocidin
determinant. Recent whole-genome studies have similarly demonstrated considerable variation in the distribution of virulence-associated
genes among clinical S. aureus isolates, with combinations of adhesion, biofilm, toxin, and immune-evasion determinants occurring across
different genomic lineages [5, 28]. However, detecting a virulence-associated gene does not, by itself, show that the gene is expressed or
that clinical disease is more severe. Instead, these findings suggest that the isolates have the genetic capacity for particular pathogenic
mechanisms. Because antimicrobial-resistance and virulence determinants can occur within the same clinical population, both features need
to be characterized when evaluating the genomic diversity of S. aureus.

4.2. Genomic Diversity, Whole-Genome Sequencing, and Pan-Genome Characteristics

The 16S rRNA analysis verified the identities of the selected isolates, which showed 99.2-100% sequence identity relative to reference S.
aureus sequences. As a confirmation step, 16S rRNA sequencing was suitable for supporting species identification, but its limited ability
to distinguish closely related S. aureus lineages meant that it could not provide detailed epidemiological or genomic characterization.
Whole-genome sequencing was therefore carried out on 24 representative isolates. The resulting genomes were approximately 2.65-2.90
Mb in size, with GC contents of 32.5-33.0%, high completeness (>98%), and low contamination (<2%). These metrics indicated that the
selected genomes were suitable for downstream comparative genomic analyses. MLST analysis identified several sequence types and clonal
complexes, including ST239/CC8, ST22/CC22, ST5/CC5, ST30/CC30, ST8/CC8, and ST15/CC15. The presence of multiple sequence
types supports the genetic heterogeneity observed among the clinical isolates. Similar diversity has been reported in recent WGS-based
investigations of clinical S. aureus, in which several sequence types and clonal complexes were identified within individual clinical or
geographical populations [29]. The presence of both a relatively conserved core genome and a substantial accessory component reflects the
genomic plasticity characteristic of S. aureus. Accessory genomic regions may help explain why isolates differ in antimicrobial resistance,
virulence, host adaptation, and other phenotypic traits. Conserved genes, by contrast, offer a steadier genomic basis for finding targets
that could be shared across several isolates. That difference matters especially in vaccine-focused research: an antigen found in only a
small fraction of strains may provide limited coverage. Earlier genomic studies showed that WGS and pan-genome analyses can uncover
substantial diversity within S. aureus populations while also identifying conserved genomic components that may support subsequent target
prioritization [30]. Here, approximately 2,700 predicted proteins were screened. This process identified 285 surface-associated or secreted
proteins, including 94 conserved across the genomes analyzed. Those conserved proteins were taken forward for additional evaluation, rather
than selecting targets only from proteins linked to individual strains. Conservation among the 24 sequenced isolates does not, by itself,
demonstrate that the feature is conserved throughout the global S. aureus population. Broader genomic datasets would be needed to assess
how broadly these findings apply.

4.3. Reverse Vaccinology and Immunoinformatic Prioritization of Candidate Antigens

The subsequent reverse-vaccinology analysis progressively reduced the number of potential targets from 31 biologically relevant proteins to
four prioritized candidates, designated C1, C2, C5, and C6. The filtering strategy considered conservation, biological relevance, human
homology, predicted antigenicity, allergenicity, and toxicity. This sequential approach is consistent with previous reverse-vaccinology
studies in S. aureus, in which genomic or proteomic datasets were progressively screened to identify proteins with characteristics potentially
suitable for vaccine development [11, 12]. The identification of 11 predicted antigenic proteins after the initial filtering and the subsequent
prioritization of eight non-allergenic and six favorable candidates demonstrate the utility of combining several computational criteria rather
than relying on a single antigenicity score. Such multi-parameter prioritization can reduce the number of candidates requiring subsequent
experimental investigation.

The immunoinformatic analysis identified B-cell and MHC-I/MHC-II-associated epitopes within all four prioritized proteins. Predicted
population coverage ranged from 83% for C6 to 94% for C5, with C5 also showing the highest number of predicted B-cell, MHC-I, and
MHC-II epitopes among the four candidates. These characteristics led to the prioritization of C5 as the leading computational candidate in the
present study. Similar immunoinformatic approaches have been used to identify potential S. aureus vaccine candidates by combining reverse
vaccinology with B- and T-cell epitope prediction and population-coverage analysis [13]. However, these predictions should be interpreted
cautiously. Antigenicity scores, epitope predictions, and theoretical population coverage provide evidence for computational prioritization
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but do not demonstrate that the corresponding proteins are expressed during infection, accessible to the immune system, immunogenic
in vivo, or capable of providing protection. Recent reviews of S. aureus vaccine development have emphasized the continuing difficulty
of translating computationally attractive targets into effective vaccines and the importance of experimental validation [8, 9]. Accordingly,
C1, C2, C5, and C6 may be considered candidate vaccine antigens, but not confirmed protective antigens. Within this dataset, C5 is the
highest-priority computational candidate. Determining whether any of these prioritized proteins can provide genuine protection against
infection requires experimental work, including the expression of recombinant proteins, the assessment of antigen-specific immune responses,
and ultimately the use of appropriate infection models.

5. Conclusions

The present study found substantial phenotypic, molecular, and genomic diversity among clinical S. aureus isolates. Of the 150 clinical
specimens examined, 112 isolates were confirmed as S. aureus; 48 were MRSA and 43 were MDR. blaZ and mecA occurred at high
frequencies, while genes linked to adhesion, biofilm formation, toxin production, iron acquisition, and immune evasion were broadly
distributed. WGS of 24 representative isolates identified multiple sequence types and clonal complexes, along with a complex pan-genome
composed of conserved, accessory, and unique genetic components. Subsequently, the comparative analysis narrowed the focus to a set of
conserved proteins whether surface-associated or secreted likely to play a role in bacterial survival, adhesion, colonization, and virulence.
Sequential reverse vaccinology and immune informatics screening identified four candidate antigens C1, C2, C5, and C6. CS5 had the
most favorable computational profile, with predicted B-cell and MHC-I/MHC-II epitopes and the highest theoretical population coverage.
Overall, the combined use of microbiology, antimicrobial-resistance and virulence profiling, WGS, pangenomics, reverse vaccinology, and
immune informatics made it possible to prioritize conserved S. aureus vaccine candidates. Still, C1, C2, C5, and C6 are computationally
predicted candidates, not confirmed protective antigens. They require experimental validation, including recombinant protein production,
immunological assays, and suitable infection models. This integrated approach offers a practical basis for identifying conserved targets for
future vaccine, diagnostic, and therapeutic development against multidrug-resistant S. aureus.
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