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Abstract

Staphylococcus aureus exhibits a dual lifestyle, transitioning from a commensal colonizer to pathogenic
bacterium with the ability to cause cross-species infections and survive in variable environments. This
adaptability is mainly driven by extensive genome plasticity facilitated by horizontal gene transfer (HGT).
This review discusses major strain lineages (MSSA, MRSA, HA-MRSA, CA-MRSA and LA-MRSA), nasal
colonization as key reservoir and outline the broad spectrum of diseases ranging from skin and soft tissue
infections (SSTIs) to invasive conditions and toxin-mediated food poisoning. Advances in staphylococcal
research including culture systems, molecular diagnostics, genomics, multi-omics approaches and in vivo
infection models are reviewed with emphasis on their contributions to understand metabolism, virulence,
resistance and host interactions. Additionally, highlighting the role of bacteriophages in HGT, therapy and
genetic engineering via transduction. Collectively, this review summarizes research focused on all major
dimensions of S.aureus biology, evolution and clinical relevance.
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Introduction

From an evolutionary perspective, the continual exchange of genetic material among pathogenic
nonpathogenic and environmental bacteria serves as a central driver of genetic diversity. Horizontal gene
transfer enables bacteria to rapidly acquire determinants of virulence, antibiotic resistance and metabolic
genes, collectively expanding adaptive potential. This dynamic genetic fluidity has played a pivotal role in
shaping bacterial pathogenicity and remains a major contributor to the global burden of infectious diseases,
morbidity and mortality.

In this context, Staphylococcus aureus exemplifies remarkable adaptive refinement. Once regarded as a
classical pyogenic bacterium of the 19" century, it has progressively evolved into a multidrug-resistant,
pyrogenic-toxin producing pathobiont of the 21st century. This evolutionary trajectory reflects not only its
ecological success but also extensive genome plasticity and regulatory flexibility [1]. Persistent global
surveillance of staphylococcal infections has been instrumental in our understanding of evolution of diverse
Staphylococcus aureus strains. Importantly, the clinically diverse infection profile of Staphylococcus aureus
has catalyzed advances in staphylococcal research and diagnostics, leading to improved detection and strain
characterization strategies [2,3].

This review brings together current understanding of S.aureus diversity, culture systems, experimental focus
areas and in vivo models used to interrogate its ability to shift between pathogenic-commensal lifestyle
plasticity as well as the different roles of bacteriophages.
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Reservoir Association and Relevant Strains:

The trajectory from penicillin-susceptible (PEN®) to resistance in Staphylococcus aureus illustrates how quickly
selective pressure can reshape bacterial populations. Following methicillin deployment, resistance emergence
highlights the organism’s notable adaptive resilience under antibiotic pressure which led to the classification
of S.aureus into methicillin-susceptible (MSSA) and methicillin-resistant (MRSA) groups.

Within clinical ecosystems, hospital-acquired MRSA (HA-MRSA) strains are most often associated with
healthcare exposure, indwelling devices and immunocompromised hosts. Their defining feature is not just
resistance, but in accumulation of multilayered antimicrobial defense, making them persistent contributors to
bloodstream and device-associated infections [4].

Outside hospitals, community-acquired methicillin-resistant Staphylococcus aureus (CA-MRSA) strains
emerged independently, circulating among healthy individuals. These strains often carry elevated virulence
and are strongly linked to skin and soft-tissue infections (SSTIs) [4].

Another branch of staphylococcal strains associated with animal farming and aquaculture form a livestock
reservoir. Thus, suggested that they were no longer confined to human-associated settings. The ST398
(CC398) lineage is recognized as livestock-associated methicillin-resistant Staphylococcus aureus (LA-
MRSA) with high pathogenicity and reservoir plasticity [5,6,7].

NCTC8325 (RN1) with its derivatives and Newman are the most frequently employed MSSA strains in
laboratory studies. MRSA research commonly relies on representative lineages including pulse field gel
electrophoresis (PFGE) type- USA100 (clonal complex 5 (CC5)) and USA200 (CC30). They are common HA/
CA-MRSA subgroup strains however; among MRSA lineages the most comprehensively studied and dominant
community-associated PFGE subtypes are USA300 (CC8) and USA400 (CC1) [8,9]. LA-MRSA CC398 and
derivatives continue to serve as a key model for understanding zoonotic versatility [10,11].

Nasal Carriage Dynamics:

The most dominant colonization site of this bacterium is the host anterior nares. The colonization state is
primarily asymptomatic, yet it retains the potential to progress towards subsequent bacterial infection. There
are three phenotypes associated with nasal carriage- the intermittent phenotype carriers have nares
sometimes colonized or uncolonized, the persistent phenotypes carriers form a smaller stable reservoir and
non-carrier phenotype are in minority with undetectable traces of colonization [12].

Spectrum of Human Diseases:

The spectrum of Staphylococcus aureus-associated disease ranges from skin and soft-tissue infections
(SSTIs) to life-threatening infective endocarditis, bacteremia (bloodstream infections- BSIs) and septic
arthritis/osteomyelitis (bone and joint Infections-BJIs) [13]. These clinical manifestations have led to profound
progress in research on Staphylococcus aureus pathogenesis, mechanisms of bacterial resistance, biofilm
biology, genomic evolution and characterization of critical biosynthesis pathways [4]. The ability of
Staphylococcus aureus to produce enterotoxin-mediated food poisoning (staphylococcal food poisoning- SFP)
highlights its capacity for disease independent of invasion, particularly during inadequate food processing and
storage [14].

Detection Approaches:

Laboratory and molecular approaches for Staphylococcus aureus identification encompass culture-based
isolation [15], biosensor-enabled detection [16], antigen detection assays [17] and high-resolution genomic
techniques [18,19]. Advances in molecular biology and microbial ecology have significantly expanded both
diagnostic precision and therapeutic development strategies.

In table 1, the relevant features discussed about the Staphylococcus aureus biology are summarized for a
quick reference.
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Table1. An overview of Staphylococcus aureus Biology.

Reservoir- i Spectrum of :
associated Repretse.ntatlve Nasal carriage p- Detechzn
REELES strains diseases approaches
USA100, USA200, SSTls, Culture-based
MSSA USA300, USA400, Intermittent,
’ BSls, Biosensor
HA-MRSA, CA- NM, Persistent, . A
\ s, ntigen assay
MRSA, LA-MRSA ST398, Non-carriers
NCTC8325 SFP genomic

Staphylococcal Research:
Experimental Growth systems:

Staphylococcus aureus is a Gram-positive bacterium with optimal growth at 37°C temperature and pH 7.4,
typically forming visible colonies within 12-36 hours. Research employs diverse culture systems, including
nutrient-rich media supporting robust growth [8], to defined minimal media to investigate metabolic
dependency [20,21], to specialized biofilm-promoting systems that mimic infection state [22] and selective
diagnostic media optimized for clinical detection [23].

Area of Research Interest:
Metabolic plasticity:

The ability of Staphylococcus aureus to thrive in both nutrient-rich and nutrient-limited environments reflects a
highly adaptable metabolic system. Key research areas include iron acquisition, carbohydrate and/or non-
carbohydrate utilization as diverse carbon sources and reliance on exogenous fatty acids for its phospholipid
layer [4,24-27].

Virulence factors and immune evasion:

Pathogenicity Staphylococcus aureus is not driven by a single determinant but by layered regulatory networks
of metabolic genes, immune circumvention and production of virulence determinants. These systems
collectively define its ability to transition from harmless colonizer to invasive pathogen [4, 25, 28-31].

Bacterial Resistance to Antibacterial agents:

The progressive accumulation of resistance determinants has substantially reshaped the antibiotic
susceptibility profile of Staphylococcus aureus. Resistance in Staphylococcus aureus arises through both
acquired and adaptive mechanisms. Acquired resistance involves stable genomic changes, including
spontaneous DNA mutations [32] or the horizontal gene transfer of mobile genetic elements like plasmids or
transposons encoding resistance. Conversely, a temporary reprogramming of bacterial gene expression when
exposed to antibacterial agent renders bacteria an adaptive resistance that dissipates when pressure is
removed [33]. This dual strategy continues to challenge therapeutic control and drives ongoing efforts to
restore susceptibility to antibiotics [4, 34, 35].

Experimental and Genomic Toolkits:

Whole-genome sequencing (WGS) provides a complete structural view of genetic potential [36], while the
Staphylococcus aureus genome is understood as a mosaic of conserved core functions and variable
accessory elements [37]. Functional interrogation now routinely employs WGS [38], random insertion of
transposon across the genome (Tn-seq) [39,40] and clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas9 editing systems in Staphylococcus aureus, enabling precise dissection of gene function [41].
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At the regulatory layer, RNA-Sequencing has uncovered a dense landscape of small RNAs in Staphylococcus
aureus. These include multifunctional components of the transcriptionally active genome. The size of sSRNA
may extend beyond 500 nucleotides and in some cases may also encode short peptides highlighting both
regulatory and coding potential. In Staphylococcus aureus, sSRNAs are broadly categorized as cis-associated
elements and trans-acting RNAs. Cis-associated regulation includes both cis-encoded antisense RNAs and
regulatory regions within mMRNAs (e.g., riboswitches), whereas trans-acting sSRNA are encoded at distinct loci
and act on distant targets. At the functional level, these non-coding RNAs fine tune gene expression through
RNA-RNA or RNA-protein interactions. Collectively, these elements integrate metabolism, virulence and
biofilm formation into a responsive regulator network [42-47].

The convergence of proteomic, metabolomic and transcriptomic is called multi-omics which has shifted S.
aureus research towards system-level interpretation. This enables us to examine a coordinated biological
network that defines metabolic state, virulence expression and environmental adaptation offering a deeper
understanding of bacterial physiology and pathogenicity [48- 50].

Models and Therapy:
Animal Infections:

Because S. aureus occupies multiple anatomical and ecological niches, experimental infection models span a
wide biological range. These in vivo models include abscesses formation [51], osteomyelitis [52-55], blood
stream infections (BSlIs) [56], pneumonia [57], endocarditis [58], mastitis [59], skin and soft tissue infections
(SSTls) [60] and biofilm associated systems [61-63]. These models are indispensable for evaluating efficacy
of vaccines and therapeutic agents, with each model capturing a different dimension of bacterial adaptive
pathogenic ability.

Bacteriophages:

Bacteria-eater “bacteriophages” was the term given by D’Herelle, who recognized their therapeutic potential
in treating bacterial infections. The concept was based on the lytic life cycle of phages, during which they
adsorb to the bacterial surface, introduce their genetic material, replicate within the host and lyse the bacterial
cell. Despite this early promise, the antibiotics discovery and success overshadowed phage therapy.

Nevertheless, phages continued to play a significant role in bacterial evolution through generalized
transduction, a form of horizontal gene transfer in which a random bacterial DNA fragment is mistakenly
packaged into phage capsid and transferred to the new bacterial host, thereby promoting bacterial genome
diversification. In addition to phages, plasmids, transposons and pathogenicity Islands contribute substantially
to bacterial adaptability, antibiotic resistance and pathogenicity.

Recent studies demonstrate the dual role of bacteriophages in lysing resistant clinical isolates and facilitating
HGT, while also serving as tools for genetic engineering via transduction, positioning them as key players in
genetic manipulation, antimicrobial strategy development and bacterial evolutionary research [64-68].

In table 2, the key Staphylococcus aureus experimental and research strategies are compiled.

Table 2: An overview of Staphylococcal Research.

Experimental growth Area of research Experimental and

Models and therapy
systems interest genomic toolkits

Nutrient-rich, chemically Metaboli WGS
- etabolism
defined, Tn-Seq Animal infections
Virulence CRISPR/Cas9

biofilm-promoting,
selective detection resistance
media Multi-omics

sRNA Bacteriophages

58
SVOA Micrabiology



Revisiting the Journey of Staphylococcus aureus: From Invisible to Invasive

Conclusions

Staphylococcus aureus persist across diverse host niches, from the nutrient-variable environment of the
anterior nares and skin to hostile deeper tissues during invasive infections. Its survival depends on constant
fighting for nutrients, microbial communities, immune surveillance and antibiotic pressure. Rather than relying
on fixed pathogenic traits, it reshapes through genetic plasticity, horizontal gene transfer and regulatory
flexibility. Evolutionary flexibility allows it to be the most successful bacterial pathogen and important model for
understanding bacterial pathogenesis and adaptation.
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