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A multi-hospital, clinician-initiated bacterial
genomics programme to investigate
treatment failure in severe Staphylococcus
aureus infections

Stefano G. Giulieri 1,2,3,4 , Marcel Leroi3,5, Diane Daniel1,6, Roy Chean7,8,
Katherine Bond1,2,9, Harry Walker10,11, Natasha E. Holmes 3,12,
Nomvuyo Mothobi13,14, Adrian Alexander15, Adam Jenney15,16, Carolyn Beckett17,
Andrew Mahony3,18, Kerrie Stevens6, Norelle L. Sherry 1,3,6 &
Benjamin P. Howden 1,3,4,6,9

Bacterial genomics is increasingly used for infectious diseases surveillance,
outbreak detection and prediction of antibiotic resistance. With expanding
availability of rapid whole-genome sequencing, bacterial genomics data could
become a valuable tool for clinicians managing bacterial infections, driving
precision medicine strategies. Here, we present a clinician-driven bacterial
genomics framework that applies within-patient evolutionary analysis to
identify in real-time microbial genetic changes that have an impact on treat-
ment outcomes of severe Staphylococcus aureus infections, a strategy that is
increasingly used in cancer genomics. Our approach uses a combination of
bacterial genomics and antibiotic susceptibility testing to identify and track
bacterial adaptive mutations that underlie microbiologically documented
treatment failure (i.e. ongoing positive cultures [persistent infection] or new
positive cultures after initial response [recurrent infection]). We show the
potential added value of our approach to clinicians andpropose a roadmap for
the use of bacterial genomics to advance the management of severe bacterial
infections.

Thanks to progress in high-throughput whole-genome sequencing
(WGS), bacterial genomics has transformed public health micro-
biology and hospital infection control1, and is increasingly used to
predict antibiotic resistance2. However, compared to human and
cancer genomics, bacterial genomicshas rarely found its application in
the clinical setting. This is partly due to turn-around-times that are not
suitable for acute infections, but also due to still insufficient evidence
regarding the impact of bacterial genetic factors on clinical outcomes3.

However, the high degree of resolution achieved through bacterial
WGS enables an accurate characterisation of the patient’s individual
bacterial strains, which could inform precision infectious disease man-
agement. One of the most promising insights delivered by bacterial

genomics is an understanding of the unique evolutionary trajectory of
infecting strains during clinical infection. This is particularly the case in
microbiologically documented treatment failure, when bacterial cul-
tures remain positive despite antibiotic treatment (persistent infection)
or turn positive after an initial response (recurrent infection). Adaptive
evolution plays a key role in this setting, driving antibiotic resistance,
infection persistence and immune evasion4, yet it is not routinely
assessed in clinical practice. This is in contrast to cancer management,
where genomics is used to detectmutations acquired de novo by cancer
cells either at diagnosis or during treatment5. In cancer, detecting spe-
cific mutations can inform individualised management decisions with
better outcomes than selecting treatment based on tumour type and
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extension6. Similarly, the detection of pathoadaptivemutations can shift
our interpretation of antibiotic failure in clinical infections7. For exam-
ple, β-lactam resistance in Staphylococcus aureus is typically associated
with the presence of amodifiedpenicillin-binding protein (PBP2a). In the
absence of PBP2a, oxacillin resistance was thought to be due to hyper-
production of β-lactamase or PBP mutations. By assessing adaptive
evolution in clinical infections, it was possible to show that pathoadap-
tive mutations drive oxacillin resistance8. This has potential clinical
implications, as it can help identify oxacillin treatment failure early and
inform potential treatment alternatives9. Within-host evolution investi-
gations of antibiotic failure have also revealed adaptive mutations pro-
moting antibiotic resistance in persistent infections due to
Mycobacterium tuberculosis10,11, Pseudomonas aeruginosa12,13, Klebsiella
pneumoniae14, and Acinetobacter baumannii15,16. Even when no adaptive
mutations are detected, comparative genomic analysis of paired base-
line and persistent or recurrent isolates can clarify whether apparent
treatment failure is due to the ongoing presence of the same bacterial
strain or represents reinfection with a genetically distinct lineage. Here,
the resolution power of genomics can be leveraged in the same way it is
used in outbreak investigations, as shown in genomic studies of recur-
rent S. aureus bacteraemia17 or Streptococcus dysgalactiae prosthetic-
joint infection18.

Here, we propose a bacterial genomics framework to assess
adaptive evolution during persistent or recurrent infections. We focus
on invasive S. aureus infections, due to the clinical relevance of
persistence19,20 and recurrence17. We hypothesise that bacterial geno-
mics (supported by phenotypic testing) can assist clinicians in deter-
mining the cause of treatment failure in S. aureus infections, and
potentially guide salvage treatments20.

Results
Description of the analysis framework
Our conceptual framework is outlined in Fig. 1 and Table 1. First, an
accurate determination of the genetic distance between isolates col-
lected at baseline and at treatment failure can help ascertain whether
persistent or recurrent infections are caused by the same strain or a
genetically distinct strain, which requires different management stra-
tegies. Depending on their timing, these infections with genetically
distinct strains are called superinfections or reinfections (Supple-
mentary Fig. S1). Second, genomics and specialised antibiotic sus-
ceptibility testing can reveal previously unrecognised resistance
mechanisms. Third, meticulous within-host evolution analysis (both
phenotypic and molecular) can identify signatures of adaptive evolu-
tion, particularly to antibiotics, information that could be useful when
selecting a salvage regimen. Finally, if the above investigations remain
negative, this suggests a lack of adaptive evolution. This finding sup-
ports continuing the same antibiotic regimen but suggests the pre-
sence of a persistent focus, which might warrant more aggressive
source control or an increase in the antibiotic dose.

From May 2019 to August 2023, we received 60 clinical strains
from 11 episodes of invasive S. aureus infections from six hospitals
(median two strains per episode, interquartile range 2–4). Details of
each episode areprovided in Table 2. In all cases, the clinical syndrome
was S. aureus bacteraemia, of which eight were recurrent, three per-
sistent, and one was both persistent and recurrent. The investigation
was initiated by the treating clinician in eight cases and by the clinical
microbiologist in three. Antimicrobial susceptibility testing (broth
microdilution) showed an increase in oxacillin MIC (≥4-fold) between
the baseline and subsequent isolates in two cases, high baseline oxa-
cillin MIC (1mg/l) in three cases. Cefazolin effect testing was done in
three cases and was found to be present in one.

Within-host evolution analysis of antibiotic failure
Basic genomic data andwithin-host evolution analysis are shown in Fig. 1
and Table 2. Using a structured interpretation, we categorised antibiotic

failure as likely due to persistent focus in 7 cases and bacterial adapta-
tion in four cases. No case of superinfection/reinfection was found.
Phylogenetic analysis of the study isolates and 738 Australian bacter-
aemia isolates showed that same-patient isolates were monophyletic
(Fig. 1B). To confirm the genetic relatedness of the isolates from the
same patient, we performed a core-genome multilocus sequence type
(cgMLST) analysis. The median pairwise cgMLST allelic distance within
the same host, between external isolates and between study isolates and
external isolates was four (IQR, 2–8), 1463 (IQR 1377–1646) and 1475
(1379–1653), respectively (Supplementary Fig. S2). Pairwise core-
genome SNP distances were similarly segregated between groups,
confirming that cgMLST and SNP distance approaches yield comparable
results, as previously observed21. Thus, our approach provided bacterial
genomic evidence of within-host adaptive evolution in a third of
sequentially collected strains (Fig. 2A), with adaptive genes including
previously described hotspots of adaptation to antibiotic and immune
response pressure, like agrA22 (one episode) and rpoB23 (two episodes).
This highlights the clinical relevance of bacterial adaptation during
invasive S. aureus infections and the interest in tracing it using a strategy
of sequencing serially collected strains.

Adaptive mutations were observed in genes that have only been
recently linked to adaptive antibiotic resistance. For example, muta-
tions in the cyclic-di-AMP phosphodiesterase gdpP were found in two
of these cases. These were recently shown by multiple groups to drive
non-mec mediated oxacillin resistance in S. aureus (mec-independent
oxacillin non-susceptible S. aureus, MIONSA)8,9,24–26. Mutations in the
regulatory serine-threonine phosphatase stp1 were detected in two
isolates. This gene, which has been linked to vancomycin27 and oxa-
cillin resistance28, displayed one of the strongest statistical signals of
adaptive evolution in our large-scale within-host evolution analysis of
almost 400 episodes of S. aureus infections4.

In addition to ranking mutations based on the significance of the
within-host mutations enrichment, we reconstructed within-host
phylogenies in selected episodes with multiple isolates to track the
evolutionary trajectory of each individual infection episode29

(Fig. 3B, C). In one episode with multiple adaptive mutations, we
observed two independent acquisitions of tagO mutations (Fig. 3B).
This suggested within-host convergent evolution, a powerful marker
of adaptive evolution30 that could be used as an additional evolu-
tionary genomics tool to investigate antibiotic treatment failure when
multiple isolates are available.

Clinical impact of the within-host evolution analysis report
To assess the clinical impact of our within-host evolution analysis
approach, we created a survey containing a clinical vignette and the
within-host evolution analysis report of the 11 cases (Supplementary
Table S3). The survey was filled out by a panel of 25 infectious diseases
physicians based in Australia, Switzerland, the United Kingdom, and
the United States, of which 12 were S. aureus researchers, 9 were
clinical microbiologists, and 7 had expertise in bacterial genomics.
Clinicians scored report readability and usefulness at 80 out of 100
(IQR 60–90). Since a key piece of information in our report was the
presence/absenceof adaptivemutations, we sought to investigate how
good clinicians are at inferring their presence without genomic data
(i.e., based on clinical and routine microbiological information). We
reasoned that the added value of our within-host evolution analysis
would be maximal if clinicians were not able to predict adaptive
mutations with high accuracy. Overall estimatedmedian probability of
adaptive mutations was 30 (IQR 20–70). Adaptive mutations were
correctly predicted by >50% of the respondents only for two out of
four episodes (Fig. 3). We observed that providing the within-host
evolution report led to a change in the antibiotic plan in 34% of
responses (p = 0.01, Chi-squared test). In a multivariate logisticmodel,
providing a genomic report and the presence of adaptive mutations
wereboth independently associatedwith the decision to recommenda
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Table 1 | Analysis framework

Clinical question Bacterial genomics information Potential clinical impact

Reinfection with new strain/clone? Large genetic distance between baseline and follow-up
strain

Look for source of reinfection—no change of treatment

Antibiotic resistance not detected by rou-
tine testing

Detection of resistance genes/mutations in both baseline
and follow-up strain

Change antibiotic treatment

Antibiotic adaptation Detection of ‘driver mutations’ in the follow-up strain Consider change antibiotic substance or class (consider
cross-resistance)

Persistent infection focus? Minimal genetic distance between baseline and follow-up
strain

Aggressive focus search, source control, and increase
antibiotic dose

Fig. 1 | Overviewof study approach and results. A Proposed approach to identify
and track bacterial adaptive mutations underlying antibiotic treatment failure.
WGS: whole-genome sequencing. BMaximum-likelihood phylogenetic tree of 798
S. aureus bacteraemia strains showing the genetic background of isolates from
antibiotic treatment failure. Of note, all same-patient isolates belong to mono-
phyletic clades.MRSA:methicillin-resistant S. aureus. MSSA:methicillin-susceptible

S. aureus. C Timeline, observed phenotypic changes, and number of within-host
mutations (relative to a baseline isolate). Oxa oxacillin, MIC minimum inhibitory
concentration, CFZ cefazolin, S susceptible, R resistant. D distribution of isolate
collection days (after baseline isolate) between persistent and recurrent case.
EDistribution of within-hostmutationpairwise counts. Source data are provided as
a Source Data file.
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change in antibiotic regimen. While the report led to changes in anti-
biotic duration (17%), and in decisions regarding source control (13%),
these were not significant (Supplementary Tables S1 and S2). Overall,
the survey suggests that supplementary phenotypic and genomic
information provides added value to the assessment of antibiotic
failure and could inform decisions on antibiotic therapy. We also show
that adaptivemutations can’t always be predicted based on the clinical
history and routine microbiological results.

Discussion
Treatment failure in S. aureus invasive infections is challenging for
both patients and clinicians. Our clinician-initiated, genomics-
informed approach highlights the potential contribution of within-
host evolution analysis to its investigation. We show that an evolu-
tionary genomics framework can provide useful answers for clinical
management, for example, by identifying mutations in genes that are
associated with pathoadaptation or by providing molecular evidence
of infection relapse from a persistent focus.

To assess the potential clinical impact of our phenotypic and
genomic within-host evolution analysis, we provided a report to an
international group of infectious diseases physicians and recorded
their management decisions before and after reading the report. Our
survey showed the added value of additional phenotypic and genomic
investigations and suggested that the awareness of these results can
inform treatment decisions in up to 30% of cases. It also indicated that
it is challenging to predict whether adaptive mutations are present
based solely on clinical presentation and routine microbiological
results. Overall, this suggests that within-host evolution analysis might
provide valuable information to clinicians managing antibiotic treat-
ment failure. This approach should be investigated prospectively in a
larger number of cases. Crucially, patient outcomes should also be
assessed, as changes of practice or subjective added value don’t
necessarily correlate with improved clinical outcomes.

While the clinical impact of bacterial genomics has been demon-
strated for infection control31 and antibiotic resistance prediction
(typically at the start of treatment)32, the role of genomics in informing
management of treatment failure has yet to be explored. Within-host
evolution studies have leveraged sequential samples to discover
mechanisms of antibiotic resistance or understand the evolutionary
dynamics of emergent resistance33. However, the potential usefulness
andgainof informationof performing a simplepairedWGS isoftennot
considered when discussing the investigation and management of
persistent bacterial infections34. Here, we provide preliminary data
indicating that within-host evolution phenotypic and genomics ana-
lyses deliver additional information that cannot be easily inferred from
the clinical context and routine microbiological data (genetic relat-
edness, adaptivemutations), and this informationmay lead to changes
in the salvage treatment. Importantly, until the full spectrum of
adaptive mutations driving antibiotic resistance and treatment failure
is revealed, parallel phenotypic testing is necessary to avoid missing
the emergence of resistance that is not yet predicted by the detection
of known de novo mutations.

When assessing the utility of genomic investigations of clinical
bacterial isolates, two key potential barriers to implementation are the
additional costs of sequencing and whether results can be delivered in
a clinically meaningful timeframe. While we acknowledge that costs
will vary significantly depending on location, existing access, infra-
structure, sequencing platforms and workflows, and arrangements
with suppliers, we estimated the cost of a within-host evolution ana-
lysis of two clinical isolates in our laboratory (high-throughput geno-
mic sequencing) to be approximately $AUD 584 (Australian dollars, ~
$US 370). This is in line with a recent systematic review, which calcu-
lated that themeancost of bacterialWGSwasUS $19435. Equally crucial
is the turnaround time of the analysis, which in our laboratory is
5–7 days at a minimum. Shorter turn-around times can be achieved byTa

b
le

2
|D

es
cr
ip
ti
o
n
o
f
ca

se
s

H
o
sp

it
al

M
o
n
th
/

ye
ar

a is
o
la
te
s

C
lin

ic
al

sy
n
d
ro
m
e

P
er
si
st
en

t/
re
cu

rr
en

t
In
it
ia
te
d
b
y

P
h
en

o
ty
p
ic

fi
n
d
in
g

S
eq

ue
n
ce

ty
p
e

R
es

is
ta
n
ce

g
en

es

a M
u
ta
ti
o
n
s

Fi
n
al

as
se

ss
m
en

t
G
en

es
w
it
h
ad

ap
ti
ve

m
u
ta
ti
o
n
s

A
4

S
A
B

Pe
rs
is
te
nt

C
lin

ic
ia
n

B
as
el
in
e:

p
en

ic
ill
in

S
.F

ol
-

lo
w
-u
p
:p

en
ic
ill
in

R
no

ve
l

0
Pe

rs
is
te
nt

fo
cu

s

A
2

S
A
B

R
ec

ur
re
nt

M
ic
ro
b
io
lo
g
is
t

O
xa

ci
lli
n
M
IC

in
cr
ea

se
25

b
la
Z

7
A
d
ap

ta
tio

n
st
p
1,
g
d
p
P,

fm
tA

A
2

S
A
B

R
ec

ur
re
nt

C
lin

ic
ia
n

N
on

e
no

ve
l,
8
8

b
la
Z

3
Pe

rs
is
te
nt

fo
cu

s

C
16

S
A
B

Pe
rs
is
te
nt
,

R
ec

ur
re
nt

M
ic
ro
b
io
lo
g
is
t

O
xa

ci
lli
n
M
IC

in
cr
ea

se
18
8

b
la
Z

24
A
d
ap

ta
tio

n
st
p
1,
g
d
p
P,

rp
oB

,p
b
p
1,

p
b
p
3,

p
b
p
4

D
3

S
A
B

R
ec

ur
re
nt

C
lin

ic
ia
n

H
ig
h
b
as
el
in
e
ox

ac
ill
in

M
IC

no
ve

l
b
la
Z

1
Pe

rs
is
te
nt

fo
cu

s

C
2

S
A
B

R
ec

ur
re
nt

C
lin

ic
ia
n

C
ef
az
ol
in

in
oc

ul
um

ef
fe
ct

8
b
la
Z

2
A
d
ap

ta
tio

n
p
ar
C

E
2

S
A
B

Pe
rs
is
te
nt

M
ic
ro
b
io
lo
g
is
t

H
ig
h
b
as
el
in
e
ox

ac
ill
in

M
IC

8
8

b
la
Z

2
Pe

rs
is
te
nt

fo
cu

s

F
2

S
A
B

R
ec

ur
re
nt

C
lin

ic
ia
n

N
on

e
no

ve
l

b
la
Z,

d
fr
G
,f
us

C
1

Pe
rs
is
te
nt

fo
cu

s

G
2

S
A
B

R
ec

ur
re
nt

C
lin

ic
ia
n

N
on

e
5

b
la
Z

2
Pe

rs
is
te
nt

fo
cu

s

A
4

S
A
B

R
ec

ur
re
nt

C
lin

ic
ia
n

N
on

e
15

b
la
Z

4
A
d
ap

ta
tio

n
rp
oB

A
21

S
A
B

Pe
rs
is
te
nt

C
lin

ic
ia
n

N
on

e
30

b
la
Z

3
4

Pe
rs
is
te
nt

fo
cu

s
a M

ut
at
io
ns

:t
ot
al

nu
m
b
er

of
p
oi
nt

m
ut
at
io
ns

id
en

tifi
ed

w
he

n
co

m
p
ar
in
g
su

b
se

q
ue

nt
ly

co
lle

ct
ed

st
ra
in
s
to

th
e
b
as
el
in
e
st
ra
in
.S

A
B
S
ta
p
hy

lo
co

cc
us

au
re
us

b
ac

te
ra
em

ia
,M

R
S
A
m
et
hi
ci
lli
n-
re
si
st
an

t
S
.a

ur
eu

s,
M
IC

m
in
im

um
in
hi
b
ito

ry
co

nc
en

tr
at
io
n.

Article https://doi.org/10.1038/s41467-025-60045-4

Nature Communications |         (2025) 16:4869 4

www.nature.com/naturecommunications


on-demand sequencing, however the per-sample cost for this work-
flow will be higher than for high-throughput sequencing workflows36.
The location of sequencing also contributes to turnaround time, with
local sequencing (e.g., at the hospital laboratory) likely to have lower
turnaround times than sequencing at a centralised referral laboratory.
The critical questions around implementation should be addressed in
a larger, prospective study, where a standardised report is provided to
clinicians managing treatment failure. The clinical impact of the
reported results (antibiotic choice, antibiotic duration, source control
recommendation) can be assessed using the survey approach that we
propose in this study, with participation of both the involved clinicians
and external assessors not involved in the case. Beyond clinical impact,
turnaround times and health economic aspects should also be asses-
sed. For example, the cost-effectiveness of the genomic investigation
could be increased by a more targeted selection of cases (i.e., strict
definitions of persistent and recurrent infection) or by using cheaper
non-genomic microbiological tests as initial screening (e.g. MALDI-
TOF to infer genetic relatedness, currently in development).

Given that turnaround time is a limiting factor of bacterial geno-
mic analyses of clinical isolates, a potentially attractive option is using
long-read Oxford Nanopore sequencing. Studies have shown that this
technology can detect antibiotic resistance genes within hours of
sample collection37. In addition, long reads allow to detect chromo-
some structural variants more effectively, which can be relevant in the
setting of persistent S. aureus infections38. While the accuracy of var-
iant calling from long reads is improving39, it is still reliant on bespoke

pipelines that might not be routinely available. Given the lack of an
established analysis approach for questions including within-host
evolution and the increased costs due to the manual workflow, we
believe that short-read sequencing remains the preferred choice for
antibiotic treatment failure analysis. However, future studies should
compare the relative accuracy, costs and turnaround times of short
and long-read sequencing for this type of analysis.

While the work presented here is limited to a small number of
episodes and to a single bacterial species, it provides the proof-of-
concept for a structured approach to identify and track bacterial adap-
tive mutations underlying antibiotic treatment failure using a combina-
tion of bacterial genomics and antibiotic susceptibility testing. Full
assessment of clinical impact and utility was not included in the current
study, but importantly, needs to be addressed in future work.

Methods
Ethics approval
Human research committee approval was obtained at the Austin
Health Human Research Ethics Committee (HREC/105787/Austin-
2024), Melbourne, Australia, which provided a waiver of consent for
this retrospective case series.

Identification of cases of antibiotic failure
In a preliminary study, we offered our genomic investigation frame-
work to teaching hospitals in the state of Victoria, Australia, between
2020 and 2023. The investigations were initiated by clinicians in cases

Fig. 2 | Within-host evolution analysis of adaptive episodes. A Detailed within-
host evolution analysis of four cases with evidence of adaptive mutations. The first
panel shows the location of the identified mutation. The second panel shows the
statistical significance of the enrichment (adaptive signal: Poisson regression, one-
sided likelihood ratio test, no adjustment formultiple comparisons) in a large-scale
within-host evolution analysis of 400 S. aureus infection episodes. Dot and bars are
coloured according to the functional association of the mutated gene. MIC mini-
mum inhibitory concentration. B, C Reconstruction of within-host evolutionary
trajectories of two cases with >2 clinical isolates. Themaximum-likelihood trees are

inferred from a core-genome alignment on the internal reference. Trees were
rooted using the closest available isolate from the bacteraemia collection used for
the global phylogeny. Tips are annotated with the day of collection, with the
baseline isolate displayed as the day 0 isolate. Inferred emergence of non-
synonymous substitutions and truncations is annotated on the internal nodes or
branches. B Within-host phylogenetic tree of Case C/Nov 2019 persistent and
relapsing bacteraemia with progressive oxacillin MIC increase and emergence of
small colony variants. C Within-host phylogenetic tree of Case A/May 2019: no
phenotypic changes. Source data are provided as a Source Data file.
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of suspected antibiotic treatment failure in invasive S. aureus infec-
tions indicated by microbiological persistent (ongoing positive cul-
tures after ≥5 days) or recurrent infection (new positive cultures after
initial response), or unusual phenotypic characteristics of clinical
strains noted by medical microbiologists (e.g. increase in minimum
inhibitory concentration [MIC], small colony variants). Clinical data
collected included S. aureus infection syndrome, duration of bacter-
aemia, timing and symptoms of recurrence, and infection treatment.
No demographic and comorbidities data were collected.

Phenotypic testing
Strains were referred to the Microbiological Diagnostic Unit, Public
Health Laboratory in Melbourne, Australia, where they underwent
broth microdilution antibiotic susceptibility testing using the Sensi-
titre® GPN3F and GN6F panels and EUCAST interpretive breakpoints.
In addition, the cefazolin inoculum effect was assessed as described in
ref. 40. Briefly, cefazolin MICs were determined using broth micro-
dilutionwith a standard (5 × 105 cfu/ml) and high inoculum (5 × 107 cfu/
ml) dilution. S. aureus ATCC 25923 was used as the negative control
strain. A > 4-fold increase in the cefazolin MIC with the high inoculum

compared to the MIC obtained with the standard inoculum was con-
sidered evidence of the cefazolin inoculum effect.

Bacterial WGS
For bacterial WGS of the same-episode strains, single colonies were
isolated from the referred sub-cultures and suspended in lysis buffer.
Bacterial DNAwas extracted on theQIAsymphony using theDSP Virus/
Pathogen Mini Kit. Library preparation was carried out using Nextera
XT (Illumina Inc.). WGS was performed on the NextSeq 500/550 plat-
form (Illumina Inc.), producing 150 bp paired-end reads. Quality con-
trol and reads assembly were performed using a standardised pipeline
(https://github.com/MDU-PHL/mdu-tools/blob/master/bin/mdu-qc)
that calculates reads depth and quality, computes the fraction of S.
aureus reads using Kraken v2.1.141 and assembles reads using Shovill
v1.0.1 (https://github.com/tseemann/shovill), based on SPAdes
v3.14.142. Assemblies were annotated with Prokka v1.14.643. Multilocus
sequence type (MLST) was inferred from the assembled contigs using
the Mlst tool v2.19.0 (https://github.com/tseemann/mlst), and resis-
tance genes were detected with Abricate v1.0.1 (https://github.com/
tseemann/abricate) using the NCBI AMRFinderPlus database44.

Fig. 3 | Overview of the RedCap survey of 25 infectious diseases specialists.
A Clinicians assessment of probability of adaptive mutations, report readability,
and addedvalue, using a scorebetween0and 100. Theboxplots representmedian,
interquartile range (hinges), and 1.5 times the interquartile range (whiskers), with
outliers represented as individual dots. B Changes in recommended antibiotic

duration (based on an ordinal score) after providing additional phenotypic and
genomic information. C–E antibiotic switch (C, E) and source control (D, F)
recommendations before and after reading additional phenotypic and genomic
information, for cases with (E, F) and without adaptive mutations (C, D). Source
data are provided as a Source Data file.
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Phylogenetic analysis
Toput clinical cases of antibiotic failure in thebroader context of the S.
aureus population structure, we combined clinical case isolates reads
with a previously published collection of 738 Australian S. aureus
bacteraemia genomes45. Reads weremapped to the reference genome
S. aureusBPH2947 (accessionGCF_900620245.1)46 using Snippy v4.6.0
(https://github.com/tseemann/snippy). A core alignment including all
positions where ≥90% genomes had ≥10 coverage depth47 was built
using Snippy-core v4.6.0, Goalign v0.3.448 and SNP-sites v2.5.149. A
maximum-likelihood phylogenetic tree was inferred using IQ-TREE,
v2.0.350, under a GTR+G4 model. The phylogenetic tree and related
metadata were visualised in R using the ggtree package, v3.12.051.
Pairwise SNPdistanceswere calculated using SNP-dists, v0.7.0 (https://
github.com/tseemann/snp-dists).

Core-genome multilocus sequence type analysis
We used chewBBACA, v3.3.1052, to generate a core-genome multilocus
sequence type (cgMLST)profile for the798 isolates included in theglobal
phylogeny. We adapted the publicly available S. aureus cgMLST schema
(downloaded from https://www.cgmlst.org/ncs/schema/Saureus1244)
using the command “chewBBACA.py PrepExternalSchema”. We used the
prepared schema to call alleles from the fasta nucleotide files with the
coding DNA sequences (CDS) of the assemblies (command “chewB-
BACA.py AlleleCall”) and kept genes present in 95% of the assemblies
(command “chewBBACA.py ExtractCgMLST). We computed a pairwise
distancematrix using cgmlst-dists v0.4.0 (https://github.com/tseemann/
cgmlst-dists).

Within-host evolution genomic analysis
The within-host evolution genomic analysis (i.e., comparative genomics
of bacterial isolates collected at the time of failure vs. baseline isolates)
was performed using a bespoke pipeline as described in ref. 4 and
available at ref. 53. This pipeline uses Snippy to call variants using the
baseline strain draft assembly as a reference. To increase the accuracy of
the variant calling, additional filtering steps are added as described in
ref. 38. Within-host genetic relatedness was defined as less than 100
mutations4. To infer adaptive mutations, we used our previously pub-
lished curated collection of serially sequenced episodes of invasive S.
aureus infections4, supplementedwith three studies thatwere published
since the last analysis8,17,54.WegeneratedPoissonmodelsofgene-specific
mutation counts for eachgenewith a homologue in referencegenome S.
aureus FPR3757 (NCBI accession CP000255) and inferred the statistical
significanceof thewithin-hostmutation enrichmentby comparing gene-
specific models with a neutral evolutionmodel using likelihood ratio4,55.
We searched the list of mutated FPR3757 homologues on the platform
Microbesonline (https://microbesonline.org/) to extract the functional
annotation of the mutated genes and to infer the main functional cate-
gory. In addition, for antibiotic resistance, we performed a literature
search using the gene name and the terms “Staphylococcus aureus” and
“antibiotic resistance”. We selected one functional category per gene. In
cases of multiple functional categories, we prioritised “Antibiotic resis-
tance”, followed by “Virulence regulation”.

Within-host phylogenies
To infer within-host phylogenies, we generated a core-genome align-
ment from readsmapped to the internal reference (i.e., draft assembly
of the earliest available invasive isolate). The alignment included all
isolates from the infection episode and the closest external isolate
included in the global phylogeny (that is, among 738 previously pub-
lished Australian S. aureus blood isolates45). To identify the closest
external isolate, we extracted themost recent common ancestor of the
episode isolates, obtained its parent node and selected the descendant
that didn’t belong to the episode. Amaximum-likelihood phylogenetic
tree was inferred as described above. The external isolate was used a
outgroup to root the tree.

Development of a clinical reporting approach
Clinicians were provided with two reports: the first included standard
antimicrobial susceptibility and the cefazolin inoculum effect results,
plus basic genomic characterisation (MLST and resistance gene
detection). The second report described the within-host evolutionary
analysis and proposed an interpretation based on the structured
approach described above (Table 1) and available published evidence
regarding the identified mutations.

Assessment of clinical acceptability of reports
To assess the acceptability and impact of the analysis, we developed a
RedCap survey with a description of each case with and without phe-
notypic and genomics information. Infectious disease physicians not
involved in the management of the cases were invited to participate in
the survey. The survey includedunique questions about the readability
and added value of the report and the clinician’s assessment of the
probability of the presence of adaptivemutations. For thesequestions,
clinicians were asked to select a score between 0 and 100 with incre-
ments of 10. In addition, we asked clinicians to indicate before and
after reading the report: (i) interpretation of antibiotic failure, (ii)
request for additional investigations; (iii) proposed duration of anti-
biotic treatment (using an ordinal score ranging from 1 (≤2 weeks) to 5
(>12 weeks); (iv) proposed antibiotic class switch; (v) source control
recommendation.

Statistical analysis
To assess whether our genomic report had an impact on the treatment
recommendations made by clinicians participating to the RedCap
survey, we excluded respondents with >50% missing answers and
assessed the association between treatment recommendations and
potential predictors (genomic report, presence of adaptivemutations,
country of residenceandprofessional backgroundof the respondents)
by logistic regression or linear regression analysis. We performed a
univariate and multivariable regression using the same variables (i.e.,
no reduction of variables in themultivariablemodel). All analyses were
carried out in R, version 4.4.1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Sequence data that support the findings of this study have been
deposited in NCBI under accession code PRJEB85744. Source data are
provided with this paper.

Code availability
The code and scripts used to generate the results of the within-host
evolution analysis are publicly available in Zenodo (https://doi.org/10.
5281/zenodo.15258746) and Github (https://github.com/stefanogg/
staph_adaptation_paper).
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