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INTRODUCTION ii. To examine the breadth, feasibility, and
accuracy of these models.
eview question / Objective The iv. To assess whether these models have informed
g{ overarching aim of this scoping review is to
descriptively map existing evidence on

the development of rapid genetic diagnostic tests
or lead to other changes in treatment or clinical
genome-based predictive models for the
prediction of clinically relevant virulence

protocols.
phenotypes in S aureus infections. Specifically, this
review will aim to:

Background Staphylococcus (S.) aureus is one of
the deadliest bacterial pathogens worldwide. When

i. To identify the scope of clinically relevant S.
aureus virulence phenotypes that genome-based
models have been used to predict, including but
not limited to adhesion, toxicity, antibiotic
resistance, clot formation, and biofilm formation.

ii. To map what type of genetic data (e.g. aligned
genes, k-mers and/or single-nucleotide
polymorphisms) these models have been designed
for, and what sequencing technologies have been
used to collect this genetic data (e.g. short-read
sequencing, long-read sequencing, adaptive
sampling).

S. aureus is disseminated into the bloodstream it is
known as S. aureus bacteraemia (SAB). SAB has
high mortality rates of up to 30% with
approximately 300,000 deaths per year (1, 2).
Complications from a wide range of metastatic
infections including osteomyelitis, septic arthritis,
endocarditis (3, 4) and various device-associated
infections (5-7) are one of the driving factors of
high mortality rates. Several bacterial virulence
phenotypes effect the risk of complications and
mortality, such as antimicrobial resistance, toxin
production and biofilm production (3, 6, 8).
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Due to the high genetic diversity and severity
observed among SAB infections, identifying S.
aureus virulence features quickly and accurately is
vital to improve SAB outcomes (1, 6, 9). Rapid
molecular testing techniques, such as polymerase
chain reaction (PCR) amplification testing, have
seen a surge in popularity over the past 20 years in
diagnostics due to their speed and effectiveness,
with a majority of the clinical use of these test
being focussed on the identification of methicillin
resistant S. aureus based on the presence of
resistance-encoding genes such as femA, mecA or
mecC (10-12). Apart from methicillin resistance,
many other virulence phenotypes can be identified
by rapid genetic testing, such as the production of
Panton-Valentine leucocidin (13, 14) and toxic-
shock syndrome toxin (15). However, many other
virulence phenotypes are the result of complex
interplay between a large number of genes that are
too vast for traditional PCR testing. For example,
biofilm formation can be initiated and mediated by
various cell wall-anchored adhesive proteins (16),
while the extracellular polymeric component that
gives biofilm their mass varies between strains and
can be composed of glucosamine polymer (17),
extracellular DNA (18) and/or fibrillar protein (19).
As a result of this complexity, there is currently no
clinically relevant molecular diagnosis technique
for these complex phenotypes such as biofilm
production (9). Similarly, vancomycin resistance in
S. aureus can be mediated by genes within the
horizontally transferred vanA / vanB genes (20), or
through mutations in various chromosomal
enzymes and regulatory systems which control
cell-wall thickness and structure (21). Because of
these additional mutations which concur
vancomycin resistance, many phenotypically
vancomycin resistant S. aureus lack vanA / vanB
(22, 23), impeding traditional PCR testing and
highlighting the need to further understand the
genetic basis of vancomycin resistance.

Genome-based models are predictive models,
including machine-learning models (e.g. random
forest, gradient boosting, mixed-effects linear
model) (24, 25) and phylogeny-based models (e.g.
Scoary (26)), which utilise genomic and genetic
data to infer phenotypic features based on the
complex interplay across multiple different genes.
The first whole S. aureus genome was assembled
in 2001 (27), and since then, advances in clinically-
applicable sequencing technologies have enabled
the generation of whole-genome sequences within
36 hours of overnight SAB blood cultures (28),
potentially allowing for the analysis of whole S.
aureus genomes as a viable diagnostic alternative
to PCR-based approaches and traditional
microbiological characterisation (9).

Rationale Due to advances in the speed,
accuracy and cost-effectiveness of whole genome
sequencing technologies, genome-based models
may soon become a highly effective diagnostics
tool (28). Additionally, analysing more complex S.
aureus phenotypes based off data from whole
genome sequencing would allow for the
identification of the underlying genetic
mechanisms of S. aureus disease; the
identification of potential targets for innovative
treatments and the identification of novel S. aureus
phenotypes (25, 29).

Several genome-based modes for predicting S.
aureus phenotypic virulence features have seen
success in research settings in recent years, such
as models for predicting antibiotic resistance (25,
29, 30) or differentiating between S. aureus
infection versus carriage (24). For example, a study
by Wang and colleagues (31) utilised a support-
vector machine-learning model to identify multiple
virulence genes that significantly enhanced
resistance to a variety of antibiotics, including
map, Ipl2, sdrE, essG and ebh, highlighting the
ability of genome-based models to predict
complex phenotypic relationships. Work by
Rishishwar and colleagues (30) to differentiate
vancomycin-susceptible and intermediate
vancomycin-resistant S. aureus identified a set of
11 genes that could reliably differentiate
vancomycin resistance with an accuracy of 84%,
however this study was limited by its sample size
of 24 isolates. Another study (24) compared the
ability of various genome-based models to
differentiate infective S. aureus and commensal S.
aureus using a collection of 512 unique isolates.
Their strongest model, a mixed-effects linear
model, identified a set of 10 genes that achieved a
classification accuracy of 77%.

Despite the numerous genome-based models
employed in research settings, their ability to
translate into clinical practise needs to be better
understood. Additionally, many different genome-
based models have been utilised in S. aureus
research (and microbiology in general) (24, 25, 29),
making comparisons between studies difficult.
Thus, the scoping review will aim to descriptively
map evidence around the use of genome-based
models for the prediction of clinically relevant
virulence phenotypes in S. aureus by examining
the range of virulence phenotypes that successful
models have been designed for, comparing the
types and sources of genetic data used in each
model, the observed accuracies (and other model
evaluation statistics) of different type of genome-
based models, and investigating whether these
models have made an impact on the development
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of rapid genetic diagnostic tests or lead to other
changes in treatment or clinical protocols for S.
aureus infection. The findings of this scoping
review will help guide the future development and
implementation of genome-based models for S.
aureus virulence phenotype prediction by providing
valuable data to researchers on the potential
strengths and weaknesses of specific modelling
techniques and sequencing techniques in the
context of implementing these models within
clinical settings.

METHODS

Strategy of data synthesis A systematic search
of study title and abstracts across the four
electronic databases PubMed, Web of Science
Core Collection, EMBASE and the Bielefeld
Academic Search Engine (BASE) will be performed
to identify relevant peer reviewed studies. A set of
five seed articles (25, 30, 32-34) was used to
validate and guide the development of this search
strategy. Database-specific search strategies will
be developed according to the following keyword
search strategy: “Staphylococcus aureus” AND
(“machine-learning” OR “predictive model” OR
“gen* model” OR “gen* based” OR “gen*
sequence-based” OR “algorithm”) AND (GWAS OR
“genome wide” OR “gen* predictors” OR
“virulence genes” OR “whole genome” OR “gen*
markers” OR WGS OR SNP OR “k-mer”) AND
(phenotyp* OR infecti* OR pathogen* OR virulen®
OR toxi* OR resistan® OR susceptib*). Extracted
studies will be restricted to studies published from
1 January 2001 to 15 June 2026 of which English
full text is available.

Eligibility criteria We will use the PRISMA-ScR
checklist (35) and the 2024 Joanne-Briggs Institute
Manual for Evidence Synthesis (36) to guide the
development of this scoping review protocol and
identify eligible studies.

Eligible studies will be identified according to the
eligibility criteria outlined below:

i. Condition: The determination of S. aureus
virulence phenotypes (e.g. antibiotic resistance,
toxicity, etc.) based primarily on genetic data.

ii. Population: S. aureus clinical samples isolated
from patients with a S. aureus disease, which have
had their DNA sequencing data analysed by
genome-based models, including machine-
learning techniques (e.g. random forest, gradient
boosting, mixed linear model) and phylogeny-
based modelling techniques (e.g. Scoary).

iii. Intervention: Any genome-based models used
to predict virulence phenotypes in S. aureus. The
predictive elements can be any type of genetic

data (e.g. aligned genes, single nucleotide
polymorphisms, k-mers, gene copy numbers)
gathered using any sort of genetic sequencing
technology.

iv. Study design: Retrospective studies, diagnostic
accuracy studies, randomised controlled trials,
cohort studies, case-control studies, cross-
sectional studies, case series.

v. Availability: Full-text, English articles are
available.

vi. Time: Studies published from 1 January 2001 to
15 June 2026.

Studies will be excluded if they meet any of the
following exclusion criteria

i. Models utilising data exclusively from S. aureus
isolates not causing disease.

ii. Models utilising data from genetically modified
S. aureus.

iii. Models utilising isolates from non-human
sources.

iv. Studies where the virulence phenotype was
measured in a polymicrobial infection.

v. Studies that only used models to infer
phylogenetic relationships without predicting
virulence.

vi. Studies that used models that incorporated
data from multiple bacterial species and had no S.
aureus exclusive model.

vii. Studies of which full-text or English text is
unavailable for.

Source of evidence screening and selection
Study screening will be conducted in a two-level
process consisting first of title and abstract
screening, then a second level of full-text
screening. For level one screening, two reviewers
(SC and CB) will independently screen the title and
abstract of each study against the eligibility
criteria. Studies will be excluded from this review if
a single eligibility criterion is failed. Discordance
will be discussed between the reviewers, with a
third adjudicating reviewer (KM) used if agreement
cannot be reached. To verify the effectiveness and
rigor of this studies reliability criteria, this first level
of screening will be pilot tested on a random
sample of 25 titles and abstracts by two reviewers
(8C and CB), followed by a team meeting to
discuss discrepancies until a consensus among all
reviewers of 80% or more is achieved.For level two
screening, all studies that passed level 1 screening
will have their full text screened independently by
two reviewers (SC and CB) against the eligibility
criteria. Studies will be excluded from this review if
a single eligibility criterion is failed. Discordance
will be discussed between the reviewers, with a
third adjudicating reviewer (KM) used if agreement
cannot be reached.
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Data management Identified studies will be
imported into Covidence (https://
www.covidence.org). Removal of duplicates and
two-level study screening will be conducted by
reviewers using Covidence’s built-in tools. A data
extraction form will be developed using
Covidence’s data extraction tool will be used to
systematically extract data from each study. A
PRISMA-ScR flow-chart will be constructed to
maintain transparency around the number of
included and excluded studies at each stage of
study selection.

Reporting results / Analysis of the evidence A
data collection form developed a priori in
Covidence will be used to collect:

i. Study data: authorship, date published and study
design.

ii. Isolate collection data: sample size, country or
countries of origin, infection type, sub-population
type ie strain specific studies, sequencing platform
/ technology used.

iii. Model data: number of target genes / significant
k-mers / significant SNPs included in models, most
significant predictive genes, model outcome
phenotype/s, model type, software version, model
evaluation statistics (sensitivity, specificity,
accuracy, receiver-operating characteristic,
positive predictive value, negative predictive value,
etc.).

Once data collection is complete, study data will
be tabulated and presented descriptively in terms
of:

i. The breadth of models used across studies,
along with their accuracy (proportion of isolates
that were classified into the correct virulence
phenotypes by models) and other model
evaluation statistics.

ii. The type of genetic data utilised as predictors in
each study (aligned genes, k-mers or SNPs) and
how genetic data was sequenced and processed
(short-read, long-read sequencing, adaptive
sampling, etc.).

iii. The breadth and scope of S. aureus phenotypes
that genome-based models have been designed
for. The levels of phenotype were models designed
for (binary, categorical, continuous).

iv. The impact (measured in field weight citation
index) of each study. Study citations will be
searched for guidelines, patents, animal trials and
clinical trials to determine if they have made any
meaningful contribution to clinical practice.

Language restriction This scoping review will only
include studies of which their full-text is available
in English.

Country(ies) involved Australia.

Search strategies

PubMed search

“Staphylococcus aureus”[Title/Abstract] AND
(“machine learning”[Title/Abstract] OR “machine-
learning”[Title/Abstract] OR “predictive model”
[Title/Abstract] OR “geno* model”[Title/Abstract]
OR “geno*-based”[Title/Abstract] OR “geno*
based”[Title/Abstract] OR “geno* sequence-
based”[Title/Abstract] OR “gene* model”[Title/
Abstract] OR “gene*-based”[Title/Abstract] OR
“gene* based”[Title/Abstract] OR “gene~
sequence-based”[Title/Abstract] OR *“algorithm”
[Title/Abstract]) AND (GWASJTitle/Abstract] OR
“genome-wide”[Title/Abstract] OR “genome wide”
[Title/Abstract] OR “geno* predictors”[Title/
Abstract] OR “gene* predictors”[Title/Abstract] OR
“virulence genes” [Title/Abstract] OR “whole
genome”[Title/Abstract] OR “gene* markers”[Title/
Abstract] OR “geno* markers”[Title/Abstract] OR
“whole-genome”[Title/Abstract] OR WGS[Title/
Abstract] OR SNP[Title/Abstract] OR “k-mer”[Title/
Abstract] OR kmer(Title/Abstract] OR “k mer”[Title/
Abstract]) AND (phenotyp*[Title/Abstract] OR
infecti*[Title/Abstract] OR pathogen*[Title/Abstract]
OR virulen*[Title/Abstract] OR toxi*[Title/Abstract]
OR resistan*[Title/Abstract] OR susceptib*[Title/
Abstract]) AND 2001:2026[dp] AND (medline[sb]
OR “pubmed pmc”[sb])

Web of Science Core Collection search [Timespan:
2001-01-01 to 2026-06-15 (Publication Date)]
((Tl=(“Staphylococcus aureus”)) OR
AB=(“Staphylococcus aureus”)) AND
((TI=("machine learning” OR “machine-learning”
OR “predictive model” OR “geno* model” OR
“geno*-based” OR “geno* based” OR “geno”
sequence-based” OR “gene* model” OR “gene*-
based” OR “gene* based” OR “gene* sequence-
based” OR *“algorithm”)) OR AB=(“machine
learning” OR “machine-learning” OR “predictive
model” OR “geno* model” OR “geno*-based” OR
“geno* based” OR “geno* sequence-based” OR
“gene* model” OR “gene*-based” OR “gene*
based” OR “gene* sequence-based” OR
“algorithm”)) AND ((TI=(GWAS OR “genome-wide”
OR “genome wide” OR “geno* predictors” OR
“gene* predictors” OR “virulence genes” OR
“geno* markers” OR “gene* markers” OR “whole
genome” OR “whole-genome” OR WGS OR SNP
OR “k-mer” OR “kmer” OR “k mer”)) OR
AB=(GWAS OR “genome-wide” OR “genome
wide” OR “geno* predictors” OR “gene*
predictors” OR “virulence genes” OR “geno”
markers” OR “gene* markers” OR “whole genome”
OR “whole-genome” OR WGS OR SNP OR “k-
mer” OR kmer OR “k mer”)) AND ((Tl=(phenotyp*
OR infecti* OR pathogen* OR virulen* OR toxi* OR
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resistan® OR susceptib*)) OR AB=(phenotyp* OR
infecti* OR pathogen® OR virulen* OR toxi* OR
resistan* OR susceptib®))

EMBASE search [broad search mode]
'staphylococcus aureus':ti,ab,kw AND (‘machine
learning':ti,ab,kw OR 'machine-learning':ti,ab,kw
OR 'predictive model':ti,ab,kw OR 'geno*
model':ti,ab,kw OR 'geno*-based'ti,ab,kw OR
‘geno* based':ti,ab,kw OR 'geno* sequence-
based':ti,ab,kw OR 'gene* model'ti,ab,kw OR
'‘gene*-based':ti,ab,kw OR 'gene* based':ti,ab,kw
OR 'gene* sequence-based':ti,ab,kw OR
‘algorithm':ti,ab,kw) AND (gwas:ti,ab,kw OR
‘genome-wide':ti,ab,kw OR 'genome wide':ti,ab,kw
OR 'gen™ predictors':ti,ab,kw OR 'gen*
markers':ti,ab,kw OR 'virulence genes':ti,ab,kw OR
‘whole genome':ti,ab,kw OR 'whole-
genome':ti,ab,kw OR wgs:ti,ab,kw OR snp:ti,ab,kw
OR 'k-mer'ti,ab,kw OR 'kmer'itiab,kw OR 'k
mer':ti,ab,kw) AND ('‘phenotyp*':ti,ab,kw OR
'infecti*':ti,ab,kw OR 'pathogen*':ti,ab,kw OR
'virulen*':ti,ab,kw OR 'toxi*':ti,ab,kw OR
'resistan™":ti,ab,kw OR 'susceptib*':ti,ab,kw) AND
(2001:py OR 2002:py OR 2003:py OR 2004:py OR
2005:py OR 2006:py OR 2007:py OR 2008:py OR
2009:py OR 2010:py OR 2011:py OR 2012:py OR
2013:py OR 2014:py OR 2015:py OR 2016:py OR
2017:py OR 2018:py OR 2019:py OR 2020:py OR
2021:py OR 2022:py OR 2023:py OR 2024:py OR
2025:py OR 2026:py)

BASE search

“Staphylococcus aureus” (“machine learning”
“gen* model” “gen* based” “predictive model”
“gen* sequence-based” “algorithm”) (GWAS
“genome wide” “gen* predictors” “virulence
genes” “gen* markers” “whole genome” WGS SNP
“k*mer”) (phenotyp* infecti* pathogen* virulen™ toxi*
resistan* susceptib®) year:[2001 TO 2026] lang:en

Keywords Staphylococcus aureus; Scoping
Review; Genome-Based Models; Machine
Learning; Phenotypic Prediction; Virulence Factors.

Dissemination plans This scoping review's
findings will be disseminated through
presentations and seminars at Deakin University
(and affiliate organisations) and through publication
in an open-access peer-reviewed journal. The
results of this study will also form a portion of the
PhD thesis of author SC.

Contributions of each author
Author 1 - Samuel Collinson.

Email: sam.collinson@deakin.edu.au
Author 2 - Kirsty McCann.

Email: kirsty.mccann@deakin.edu.au
Author 3 - Sajal Saha.

Email: sajal.saha@deakin.edu.au

Author 4 - Eugene Athan.

Email: e.athan@deakin.edu.au
Author 5 - Carly Botheras.

Email: carly.botheras@deakin.edu.au
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