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ABSTRACT: Methicillin-resistant Staphylococcus aureus (MRSA) remains a significant global pathogen responsible for both
healthcare-associated and community-associated infections. Historically, the presence of Panton—Valentine leukocidin (PVL) served
as a key molecular marker distinguishing community-associated MRSA (CA-MRSA) from hospital-associated MRSA (HA-
MRSA). However, increasing evidence of genetic convergence between these lineages challenges the reliability of PVL as a
discriminating factor. Over time, the distinctions between community-associated (CA-MRSA) and hospital-associated (HA-MRSA)
strains have become increasingly blurred. This is largely due to the ongoing exchange of genetic material, clonal expansion, and the
dynamic nature of antibiotic resistance. In this review, we take a closer look at the molecular epidemiology of both CA-MRSA and
HA-MRSA, with particular attention to the structure and pathogenic role of Panton—Valentine leukocidin (PVL). We also examine
how the presence of PVL varies among different MRSA strains and discuss whether it still holds value as a marker in surveillance
efforts. Given the rapid evolution of bacterial genomes, we reflect on the clinical implications of relying on PVL for classification.
The review concludes by outlining future research priorities, especially the need for integrated genomic monitoring and more
comprehensive typing strategies to enhance MRSA management and improve patient care.
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1. Introduction

Staphylococcus aureus is an exceptionally versatile and resilient pathogen, capable of causing a wide spectrum of diseases.
Its clinical impact ranges from mild skin and soft tissue infections (SSTIs) to life-threatening conditions like bacteremia, pneumonia,
and endocarditis (Silva-Santana, 2025). The appearance of methicillin-resistant S. aureus (MRSA) in the early 1960s, remarkably
soon after methicillin was first introduced,signalled the start of a global struggle against antibiotic resistance (Larsen et al., 2022).
This resistance is primarily driven by the mecA gene, located on a mobile genetic element known as the staphylococcal cassette
chromosome mec (SCCmec). The mecA gene encodes an alternative penicillin-binding protein (PBP2a), which renders p-lactam
antibiotics ineffective (Mohammed et al., 2025).

Historically, MRSA strains were divided into two main categories based on their epidemiology: hospital-associated (HA-
MRSA) and community-associated (CA-MRSA). HA-MRSA was largely restricted to hospital environments, where it affected
immunocompromised patients and typically carried large SCCmec elements (types I-III), conferring resistance to multiple drug
classes. CA-MRSA, on the other hand, was identified in otherwise healthy individuals with no prior contact with healthcare facilities.
These strains often carried smaller SCCmec types (IV or V), displayed enhanced virulence, and tended to remain more susceptible
to non—fB-lactam antibiotics (Yamaguchi et al., 2020). By the 1990s, HA-MRSA had become endemic in hospitals around the world,
prompting infection control strategies to focus primarily on this phenotype (Uhlemann et al., 2014).

A distinguishing molecular feature of CA-MRSA has traditionally been the presence of Panton—Valentine leukocidin (PVL),
a cytotoxin linked to the development of SSTIs (Al-Halaq and Utba, 2023) and, in some cases, necrotising pneumonia—especially
in young and otherwise healthy individuals. For a time, detecting PVL was considered a strong marker of community-associated
MRSA origin (Mediavilla et al., 2012). Outbreaks were reported in schools, prisons, military barracks, and sports teams,
highlighting the pathogen's ability to thrive outside hospital settings. Several prominent CA-MRSA clones—most notably those
belonging to lineages such as ST8 (USA300), ST30, and ST80—have been found to carry genes encoding Panton—Valentine
leukocidin (PVL), a two-component toxin associated with the destruction of neutrophils and severe tissue damage. (Coombs et al.,
2020).
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However, over the past two decades, the boundaries between CA-MRSA and HA-MRSA have become increasingly porous.
Clonal expansion, horizontal gene transfer (HGT), and global dissemination of hybrid strains have contributed to the convergence
of genetic, phenotypic, and ecological features across MRSA lineages. Notably, PVL-positive MRSA strains are now frequently
identified in hospital environments, while CA-MRSA clones have acquired multidrug resistance and established a foothold in
nosocomial settings (Otto, 2013).

This review aims to critically examine the current relevance of PVL as a molecular marker in the classification and
surveillance of MRSA. We explore the molecular epidemiology of CA- and HA-MRSA, the structure and pathogenic role of PVL,
and the genetic mechanisms driving convergence. In light of increasing genomic plasticity, we assess whether PVL remains a
meaningful discriminator in the modern clinical and epidemiological landscape.

2. Molecular Epidemiology of CA-MRSA vs. HA-MRSA

The distinction between CA-MRSA and HA-MRSA has traditionally gone beyond clinical settings, resting heavily on unique
molecular signatures. These genetic markers have long informed diagnostic approaches and epidemiological tracking. However,
advances in genomic sequencing and surveillance have revealed a growing overlap between these strains, complicating their
classical classification (Deurenberg and Stobberingh, 2008).

2.1 SCCmec Typing and Genetic Background

Historically, HA-MRSA strains predominantly carry larger SCCmec types, namely I, II, or III, which frequently harbour
additional genes conferring resistance to multiple antibiotic classes, resulting in multidrug-resistant (MDR) phenotypes. These
strains are linked to well-known hospital-associated clones, including ST239, ST22, and ST5 (Yamaguchi ef al., 2020).

In contrast, CA-MRSA strains typically harbour smaller SCCmec elements—types IV or V—which generally do not carry
the extensive array of resistance genes found in HA-MRSA. As a result, these strains tend to remain more responsive to non—§3-
lactam antibiotics. Notable and well-documented CA-MRSA lineages include ST8 (USA300) in the United States, ST80 across
Europe and the Middle East, and ST30, which is prevalent throughout the Asia-Pacific region (Otto, 2013).

2.2 Clonal Complexes and Geographic Variability

The global distribution of MRSA clones shows significant regional variation, shaped by local evolutionary pressures and
patterns of transmission. In the Middle East, the ST80-1V clone is the predominant CA-MRSA strain, commonly linked to skin and
soft tissue infections and frequently harboring the PVL genes (Albrecht, 2013). Meanwhile, in North America, the USA300 clone
(ST8-1V) has emerged as the dominant CA-MRSA lineage, gradually replacing other strains. Notably, it has also made inroads into
hospital settings, highlighting its remarkable virulence and adaptability (Planet et al., 2015).

Interestingly, hospital-associated clones such as ST239-I1I and ST22-1V (EMRSA-15), which were once largely restricted to
healthcare environments, are now increasingly detected in community-acquired infections. This shift points to a changing ecological
landscape and further complicates the distinction between HA- and CA-MRSA strains (Otter and French, 2010).

2.3 Mobile Genetic Elements and Horizontal Gene Transfer

Recent advances in genomic analysis have highlighted the central role of HGT in shaping the evolution of MRSA. Mobile
genetic elements, such as plasmids, pathogenicity islands, transposons, and bacteriophages, act as key vehicles for the dissemination
of both resistance and virulence genes (Emamalipour et al., 2020). These elements often carry important determinants, including
those for PVL, enterotoxins, immune evasion mechanisms, and antibiotic resistance, allowing S. aureus to adapt rapidly to changing
environments (Malachowa and DeLeo, 2010).

This high degree of genetic mobility has led to increasing overlap between the genotypic and phenotypic profiles of CA-
MRSA and HA-MRSA. For instance, some CA-MRSA strains have acquired multidrug resistance plasmids, enabling them to
survive in hospital environments. At the same time, certain HA-MRSA strains have incorporated virulence factors like PVL,
enhancing their ability to cause infections in community settings (Otto, 2013).

2.4 Evidence of Convergence

Increasingly, reports worldwide—and particularly in the Middle East—describe the presence of PVL-positive HA-MRSA
and multidrug-resistant CA-MRSA in both hospital and outpatient environments. For instance, PVL-positive USA300 strains have
been isolated from intensive care units and surgical wards, areas traditionally dominated by HA-MRSA (Planet ef al., 2015). HA
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clones such as ST239 have occasionally been found to carry PVL genes, especially in Asia and the Middle East, regions with high
MRSA diversity (Mohamad Farook ef al., 2022). In Iraq, Ibrahim and Al-Mathkhury (Ibrahim and Al-Mathkhury, 2018) study
identified PVL-positive MRSA strains isolated from hospitalised patients, challenging the long-held notion that PVL is exclusive
to CA-MRSA.

These observations highlight an ongoing convergence in both genetic makeup and ecological distribution between CA - and
HA-MRSA. Consequently, classical classification systems based solely on PVL status or SCCmec type are becoming less reliable,
potentially leading to misclassification, obscured epidemiological trends, and challenges in infection prevention and control.

3. Panton—Valentine Leukocidin
3.1 Structure and Mechanism of Action

PVL is a bicompartmental pore-forming exotoxin produced by some strains of Staphylococcus aureus. It is composed of two
distinct protein subunits, LukS-PV and LukF-PV, which are encoded by the /ukS-PV and lukF-PV genes, respectively. These genes
are carried on a temperate bacteriophage (®Sa2) that integrates into the S. aureus genome, allowing horizontal transmission among
strains (Boakes et al., 2011).

PVL targets human polymorphonuclear leukocytes, particularly neutrophils, which are key effectors in the innate immune
response. The LukS-PV subunit initially binds to the C5a receptor on the surface of polymorphonuclear neutrophils (PMNs), where
it becomes phosphorylated by host protein kinases A or C. This phosphorylation is followed by the induction of calcium ion channels,
suggesting activation of intracellular signal transduction pathways that may trigger the production of interleukins and other
inflammatory mediators. Subsequently, LukS-PV recruits and oligomerizes with LukF-PV to form a transmembrane heptameric
pore (Hussain et al., 2022). This pore formation leads to osmotic lysis of neutrophils, the release of cytotoxic granules, reactive
oxygen species, and inflammatory mediators, and ultimately tissue necrosis and pus formation (Boyle-Vavra and Daum, 2007,
Hussain et al., 2022) (Figure 1). This mechanism is believed to enhance S. aureus survival by evading phagocytic clearance and
promoting inflammation (McGuinness et al., 2016).
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Figure 1: Molecular pathogenesis of PVL-SA infection, PVL pore formation on cell membrane, leukocytes and
epithelial cells adopted from Leistner ef al. (2022)
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Although PVL is not essential for all S. aureus strains, its presence has been repeatedly associated with enhanced virulence,
particularly in CA-MRSA strains that cause aggressive, purulent skin infections and necrotising pneumonia (Voyich et al., 2006).
3.2 Historical Association with Skin and Soft Tissue Infections

PVL first gained attention in the early 20th century when it was linked to furunculosis and severe cutaneous infections.
However, it was not until the rise of CA-MRSA in the 1990s and early 2000s that its clinical importance was firmly established.
Studies from that era reported that the majority of CA-MRSA isolates involved in SSTIs were PVL-positive, and PVL was proposed
as a major driver of the aggressive and necrotic nature of these infections (Mediavilla et al., 2012).

The link between PVL and necrotising pneumonia was also highlighted in several outbreaks and case series, where young,
previously healthy individuals developed rapidly progressive and often fatal pneumonia caused by PVL-positive S. aureus strains
(Costa et al., 2025). These findings elevated PVL to the status of a virulence hallmark of epidemic CA-MRSA clones such as
USA300 (ST8-1V) and ST80-1V.

Nevertheless, the precise role of PVL in virulence has since become a topic of debate. Animal models and human studies
have produced inconsistent results, some confirming its cytotoxic effects, while others suggest PVL is neither necessary nor
sufficient for severe infection in all contexts (Voyich et al., 2006). As a result, PVL is now considered a contributor to virulence,
particularly in skin infections, but not the sole determinant.

3.3 Global Prevalence and Distribution Among MRSA Strains

The prevalence of PVL varies widely across geographic regions and clonal types. In North America, the PVL-positive
USA300 clone is the predominant cause of CA-MRSA infections, especially SSTIs. Similarly, in Europe and the Middle East, ST80-
IV, another PVL-positive clone, is frequently associated with community outbreaks (Otto, 2013, Mediavilla et al., 2012, Mohamad
Farook et al., 2022). Locally 4% of PVL-positive MRSA has been implicated in SSTIs (Al-Halaq and Utba, 2023).

In Asia, however, PVL-positive strains are less common overall, with CA-MRSA infections often linked to PVL-negative
clones such as ST59. That said, PVL genes are increasingly being detected in traditionally hospital-associated clones, such as ST239
and ST22, especially in regions like the Middle East, South America, and parts of Asia (Zhao et al., 2023, Goudarzi et al., 2020).

In Iraq, PVL-positive MRSA strains isolated from hospitalised patients, providing compelling evidence of PVL’s spread into
HA-MRSA backgrounds, and further eroding the traditional molecular boundary between CA- and HA-MRSA (Ibrahim and Al-
Mathkhury, 2018, Jawad ef al., 2022, Hussein and Mohammed Saleh, 2024).

These observations suggest that PVL is no longer exclusive to community settings and that mobile genetic elements may be
facilitating its horizontal dissemination across S. aureus lineages globally. Consequently, the presence of PVL alone can no longer
be relied upon to infer strain origin or predict clinical severity.

4. The Clinical and Epidemiological Relevance of PVL Today

Over the past two decades, PVL has transitioned from a niche virulence factor to a prominent feature in discussions of
Staphylococcus aureus pathogenicity, particularly among CA-MRSA clones. However, the clinical and epidemiological relevance
of PVL has become increasingly complex and, at times, controversial.

4.1 Shifting Distribution and the Collapse of the CA/HA Dichotomy

Historically, PVL served as a molecular marker that helped distinguish CA-MRSA from HA-MRSA. Its high prevalence
among early CA-MRSA clones like USA300 and ST80, and near absence in hospital-associated strains, supported its use in
molecular epidemiology and outbreak investigations (Otter and French, 2012). However, this binary classification has steadily
eroded (Otter and French, 2010, Zhao et al., 2022).

Recent genomic studies and surveillance reports indicate that PVL genes are increasingly detected in hospital-associated
MRSA strains, especially in regions such as the Middle East, Latin America, and parts of Asia (Monecke ef al., 2012). The horizontal
transfer of PVL-carrying phages into hospital clones such as ST239 and ST22 has introduced PVL into settings previously
dominated by PVL-negative lineages, thus complicating the use of PVL as a lineage discriminator (Hsu ef al., 2015).

In parallel, multidrug-resistant CA-MRSA strains, some still PVL-positive, have been isolated from healthcare environments,
indicating that CA clones have not only gained resistance traits but have also successfully adapted to nosocomial niches (Mediavilla
etal.,2012).
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4.2 Correlation with Disease Severity: Conflicting Evidence

While PVL is strongly associated with skin and SSTIs and necrotising pneumonia, its causal role in disease severity remains
a subject of debate. Several studies have suggested that PVL-positive strains are more likely to cause abscesses and necrosis in
SSTIs, particularly in otherwise healthy individuals (Loffler et al., 2010, Gillet et al., 2002). In these contexts, PVL-mediated
neutrophil lysis may amplify local inflammation and tissue destruction.

However, animal models and clinical cohort studies have presented mixed results. Some murine and rabbit models showed
minimal impact of PVL on mortality or systemic infection severity (Voyich et al., 2006), while others highlighted PVL's role in
lung damage and leukocyte recruitment. Human studies, too, have failed to consistently correlate PVL status with worse outcomes
in pneumonia or bacteremia (Shallcross ef al., 2013). These discrepancies likely reflect strain background, host factors, and co-
expressed virulence genes.

Thus, while PVL may contribute to localised immune evasion and tissue pathology, it should not be regarded as the sole
determinant of clinical severity.

4.3 Implications for Infection Control and Surveillance

Given its shifting prevalence and ambiguous role in virulence, PVL is increasingly seen as an imperfect epidemiological
marker. Relying on PVL presence alone for CA-MRSA identification or outbreak tracing risks misclassification, particularly in
regions with high rates of PVL-positive HA clones.

Moreover, molecular diagnostics that target PVL genes without contextual genomic data may fail to capture the dynamic
nature of MRSA evolution. Whole-genome sequencing (WGS), which integrates SCCmec typing, core genome phylogeny,
virulence factor profiling, and resistance gene detection, is now considered the gold standard for strain classification and
epidemiological analysis (Uhlemann et al., 2014).

Nevertheless, PVL detection remains clinically relevant, especially in the context of severe SSTIs and necrotising pneumonia,
where its presence may prompt clinicians to anticipate aggressive disease progression and adjust management strategies accordingly
(Otto, 2013). Furthermore, in resource-limited settings, PVL detection by PCR still serves as a useful, if limited, surrogate marker
for highly virulent CA-MRSA strains.

5.Is PVL Still a Discriminating Factor in MRSA Surveillance?

For much of the early 2000s, PVL was regarded as a hallmark of CA-MRSA. Its strong correlation with severe skin infections,
distinctive molecular carriage on ®Sa2 phages, and frequent detection in emerging CA-MRSA clones made it an attractive
epidemiological marker for tracking strain origin and transmission (Boakes et al., 2011, Otto, 2013). However, as the
epidemiological and genetic landscapes of MRSA have evolved, the reliability of PVL as a discriminating factor has come into
question (Lakhundi and Zhang, 2018).

5.1 Molecular Convergence and Genetic Plasticity

One of the primary challenges undermining PVL’s utility as a lineage marker is the increasing convergence between CA -
MRSA and HA-MRSA strains. The HGT of PVL-encoding phages into traditionally hospital-associated clones, such as ST239 in
Asia and the Middle East, has introduced PVL into healthcare settings (Monecke et al., 2012). Simultaneously, PVL-positive CA-
MRSA clones like USA300 and ST80 have acquired multidrug resistance and now frequently cause nosocomial infections
(Uhlemann ef al., 2014). These shifts blur the once-clear molecular and clinical boundaries between community and hospital strains.

Furthermore, PVL carriage is not clonal; it is phage-mediated, mobile, and subject to loss or gain depending on selective
pressures. Strains may lose PVL phages without fundamentally altering their virulence potential or acquire them without
significantly changing pathogenic behaviour. This genomic plasticity means that PVL presence does not equate to functional
virulence or predict clinical outcomes with certainty (Otto, 2013, Shallcross et al., 2013).

5.2 Diagnostic and Surveillance Limitations

Despite its early promise, the use of PVL as a diagnostic marker has clear limitations. PCR-based assays for /ukF-PV/luksS-
PV genes can identify PVL-positive strains, but without additional genomic context, such as clonal lineage, SCCmec type, and
resistance profile, the results are insufficient for epidemiological classification. In high-burden regions where PVL-positive HA-
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MRSA strains are common, such as Iraq and other parts of the Middle East, PVL detection alone may misclassify isolates,
undermining infection control efforts (Ibrahim and Al-Mathkhury, 2018, Jawad et al., 2022, El Aila et al., 2023).

Modern surveillance increasingly relies on WGS, which allows for high-resolution typing, outbreak tracking, and
comprehensive virulence/resistance profiling (Uhlemann et al., 2014). WGS can accurately identify hybrid strains, trace
transmission events, and clarify the role of PVL within a broader genomic and epidemiological context.

5.3 Clinical Relevance and Contextual Value

Although PVL’s utility as a molecular discriminator is diminishing, it remains clinically relevant, particularly in severe SSTIs
and necrotising pneumonia. The detection of PVL may alert clinicians to increased risk of abscess formation or rapid tissue necrosis,
prompting more aggressive management strategies (Otto, 2013). In resource-limited settings, PVL testing via PCR remains a
practical tool, not for definitive classification, but as part of a composite assessment that includes clinical, demographic, and
phenotypic data.

Ultimately, PVL should be regarded as a context-dependent virulence factor, not a categorical marker. Its presence may
support certain clinical decisions or reinforce epidemiological trends, but it cannot stand alone as a reliable discriminator between
CA- and HA-MRSA in today’s interconnected genomic landscape.

6. Conclusion and Future Directions

The historical division between CA-MRSA and HA-MRSA once offered a practical framework for clinicians and
microbiologists alike. This dichotomy, long supported by differences in genetic makeup, antimicrobial susceptibility, and carriage
of virulence factors such as PVL, has grown increasingly porous. Mounting evidence of genomic convergence between CA- and
HA-MRSA lineages, through HGT, clonal expansion, and ecological adaptation, has challenged the utility of PVL as a reliable
molecular marker.

While PVL remains epidemiologically associated with severe skin and soft tissue infections, and its detection may have
clinical implications in specific settings, its role as a standalone discriminator between CA and HA origins is no longer tenable.
Strains previously considered “community-associated” now frequently exhibit hospital-adapted resistance profiles, and vice versa.
These changes reflect the fluidity of MRSA evolution, shaped by selective pressures within both healthcare and community
environments.

Future efforts should prioritize routine use of WGS in surveillance to track MRSA evolution, transmission, and mobile
genetic elements (Larsen ef al., 2022). Particular attention should be paid to emerging hybrid strains and clonal shifts that challenge
traditional classification.

Beyond SCCmec and PVL status, improved typing systems incorporating both core genome and accessory gene content are
needed to enhance epidemiological resolution (Lakhundi and Zhang, 2018).

Given the variable link between PVL and disease severity, further studies should clarify its role across diverse strains and
infection models. Other virulence factors, such as alpha-toxin, phenol-soluble modulins, and immune evasion genes, also warrant
investigation (Otto, 2013, Voyich et al., 2006).

In low-resource settings, PVL may still offer diagnostic value, but its interpretation must be guided by local epidemiology,
especially the spread of PVL-positive HA-MRSA.

As MRSA lineages increasingly converge, coordinated strategies across hospital and community settings are essential.
Integrated surveillance, stewardship, and education will be key to curbing transmission.

Ultimately, while PVL remains of interest, no single gene defines MRSA. Genomic tools must be used to navigate its growing
complexity.
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