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Abstract
Background

Within-host Staphylococcus aureus adaptation can lead to antibiotic treatment failure through the
emergence of mutations that cause antibiotic resistance or immune evasion. Yet, given the inherent
heterogeneity of bacterial populations, it is not known whether these adaptive mutations emerge at low
frequency and subsequently sweep to dominance as infection progresses.

Methods

To assess bacterial within-host evolution during invasive S. aureus infections and assess the mutational
trajectory of infecting bacterial sub-populations, we collected 669 clinical samples from 103 patients
with S. aureus bacteraemia or other sterile-site infections and sequenced up to five colonies per sample.
Within-patient S. aureus lineages were identified based on a threshold of fewer than 100 mutations. We
identified adaptive mutations by tracking convergent evolution among lineages.

Results

Nasal swabs displayed significantly higher genetic diversity than clinical samples (median nucleotide

diversity 3.6 x 10”7 vs 0). Pathoadaptive mutations involved 16 genes and were found in 26/122 (21%)
within-host lineages. Tracking adapted subpopulations revealed divergent trajectories, with a minority of
selective sweeps and frequent non-sweeping events or adaptations at low frequency, particularly within
the known adaptive locus agr. Similar evolutionary trajectories were found when we investigated de novo
transposon insertions, which were sporadic and contributed marginally to within-host adaptation.

Conclusions

Our findings show that the expansion of the genomic analysis to subpopulations improves the power of
within-host evolution studies and reveals unexpected adaptive trajectories that might reflect the complex
selective environment of invasive bacterial infections.

Trial registration

ACTRN12623001222639.

Introduction
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Staphylococcus aureus infections, ranging from skin infection to pneumonia, sepsis and bone and joint
infections, have been linked to > 1 million deaths per year worldwide '. This heavy burden is explained by
a combination of high prevalence 2, high case fatality ratio for the most severe manifestations 2 and
antibiotic resistance. Treatment failure is common in severe infections such as S. aureus bacteraemia
(SAB). Despite prolonged antibiotic treatments and frequent need for source control interventions,
microbiologically documented treatment failure (persistent or recurrent infections) occurs in about one
in five cases of SAB *. Treatment failure has often been associated with host factors (e.g. diabetes,
kidney failure) or treatment issues (e.g. lack of source control). However, the central feature of treatment
failure is the ongoing presence of S. aureus despite antibiotic treatment, implying that bacterial factors
either present at the beginning of the infection or acquired during treatment contribute to treatment
failure.

Over the last two decades, sequencing of longitudinal isolates obtained from persistent or recurrent S.
aureus infections (within-host evolution analysis) has revealed the extent of bacterial adaptive evolution
during infection °~7. These studies have shown that adaptive mutations typically emerge within a

89 virulence regulation '° and immune evasion

network of genes associated with antibiotic resistance
" In addition to clinical studies, within-host evolution studies of nose-colonising S. aureus isolates have
revealed distinctive adaptive trajectories 2, however, the same adaptive mutations observed in invasive
isolates can be acquired at the colonisation stage and possibly promote invasiveness '3, underscoring
the need to collect both infection site and colonisation isolates to capture the full picture of within-host
adaptation. While there is robust support for a statistical association between adaptive changes and
persistent infection 7, it remains unclear whether these pathoadaptive mutations drive treatment failure
or are simply selected for in the context of treatment failure that is primarily caused by host factors (e.g

immunosuppression)'4.

While early within-host evolution studies relied on single-colony sequencing, there is now growing
evidence of genetic heterogeneity within human samples '°. By investigating these heterogeneous
populations, it is now possible to detect adaptive mutations even when occurring at low frequency. In
this study we investigated two hypotheses underlying treatment failure in S. aureus infections: 1) that
bacterial genetic heterogeneity is associated with treatment outcomes and 2) that adaptive mutations
acquired at low frequency before or early during invasive infection become fixed and lead to treatment
failure (selective sweeps). To this end we designed BARISTA (Bacterial Adaptation during Invasive
Staphylococcus Aureus Infections), a large comprehensive clinical-genomic study of invasive S. aureus
infections. We conceived BARISTA to overcome the limitations of previous within-host evolution studies
by including both infection site and colonising samples and capturing bacterial heterogeneity through
multi-colony sequencing.

Results

Mapping S. aureus within-host evolution and diversity during invasive infections: the BARISTA study
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Within-host evolution studies of S. aureus infection have relied on opportunistic sampling, with limited
information on the colonising population, restricted temporal and anatomical signal, and insufficient
sequencing depth to investigate genetic diversity at colonising and infection sites. To overcome these
limitations, we tracked S. aureus evolution and within-sample heterogeneity through a prospective cohort
study of 103 patients hospitalised with invasive (sterile site) infections between 2021 and 2025
(BARISTA, Fig. 1). Median age (interquartile range) was 57 years (47-76); 69 (67%) were male. Eighty-
nine patients (86%) were bacteraemic; the number of infectious foci in these bacteraemic episodes
ranged from 0 (i.e. bacteraemia without focus) to 5 (median [IQR], 2 [1-2]). We used hierarchical
clustering to group individuals with SAB and infection foci (Supplementary Figure S1). Based on the
output of this analysis and the literature, we generated broader categories of bacteraemia syndromes,
including bone and joint infections (n = 51), intravascular infections (excluding line infections, n = 15) and
skin/soft tissue infections (n = 14). Among 14 non-bacteraemic infections, 12 were bone and joint
infections. We collected 485 clinical samples (64% blood cultures, 36% other sterile sites) and 184 nasal
swabs, over a timespan of up to 10 years (clinical samples) and 1.6 years (nasal swabs) (Fig. 2C-E).
Using density-based spatial clustering of applications with noise (DBSCAN) of collection dates, we
defined 130 distinct invasive infection episodes; in 13 cases there was at least one recurrence
(Supplementary Figure S2). The duration of microbiologically documented episodes ranged from 1 to 34
days (median 2 days, interquartile range 1-6); thirty-two episodes (31%) had a duration of at least 7
days. We therefore classified 39 (38%) cases as refractory-recurrent S. aureus infections (RR-SAI) and
the remaining 64 as treatment-sensitive S. aureus infections (TS-SAl).

Among 1,971 genomes included in BARISTA, 57 belonged to Staphylococcus argenteus. The population
structure of the S. aureus genomes broadly reflected the diversity of circulating clinical S. aureus clones,
including globally disseminated clones such as sequence type (ST) 2, 30, 45 and 398 (Fig. 1G). Three
hundred and sixty-one strains (18.3%) were predicted to be methicillin-resistant S. aureus (MRSA) due to
the presence of mecA, while 388 (19.6%) were penicillin-susceptible (PSSA, blaZ negative), and 1,222
(62.0%) were methicillin-susceptible/penicillin-resistant (MSSA). A detailed resistome is listed in
Supplementary Table 1. While 45% of nasal swabs grew Staphylococcus aureus, we found variable
colonisation patterns. Over half (57/101, 56%) of the swabs collected during the initial admission were
negative, likely reflecting concurrent antibiotic treatment. Similarly, following discharge, only 39/83 (47%)
were positive (Fig. 1E).

Co-infection and re-infection are rare but may be missed
without genomic investigations

While evidence from clinical strains '° and animal models '® suggests that invasive S. aureus infections
are clonal (i.e. they are established by a single founding population due to bottleneck effects), there are

anecdotal reports of infection with multiple lineages. Similarly, while it is assumed that the transmission

7

bottleneck will establish monoclonal colonisation '/, new transmission events are expected to lead to

co- and re-colonisation (i.e. clonal replacement), which can in turn lead to re-infection. Detecting these
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clonal dynamics is critical in within-host evolution studies and might have clinical implications, as the
management of persistent infection usually differs from those of reinfection '8. Phylogenetic analysis
can be used to establish the clonality of a within-host population, however, simpler distance-based
methods are easier to implement and can be more accurate '°. First, we performed a fast, low-resolution

pairwise analysis of all within-host genomes using Mash 2% with a 90% similarity threshold to categorise
isolate pairs as genetically unrelated (Fig. 2A). We then called variants pairwise and symmetrically to
obtain a precise pairwise mutation count. By combining mapping reads on the draft assembly of an
internal reference and removing low-quality variants, our approach yielded a higher accuracy than
standard variant calling 2'. This is supported by the observation that pairwise mutation counts were
highly concordant (R2 = 0.98, p< 2.2 x 10~ ') regardless of comparison direction (isolate 1 vs. isolate 2,
and vice versa) (Supplementary Figure S4). We therefore assigned a unique mutation count for each
isolate pair. Pairs with no more than 100 mutations were considered genetically related, while pairs with
higher mutation counts but >90% similarity were investigated separately to establish relatedness
(Supplementary Figure S5). After this analysis, we were able to identify 122 clusters of genetically
related strains (micro-evolved resident populations [MRP] (median 1 per patient, range 1-3, 17% with > 1
MRP). Among 17 individuals with > 1T MRP, almost all cases involved nasal swabs (Fig. 2C), either as co-
colonisation (> 1 MRP at the same timepoint, n = 2), re-colonisation (new MRP replacing previous MRP, n
= 8), or dissociation between colonising and invasive strains (distinct MRPs in nasal swab and infection
site, n = 6). Only one case of co-infection was found. Taken together, this indicates that the co-existence
of multiple S. aureus lineages is more relevant to colonisation than infection.

Nasal swabs and non-bacteraemic sterile sites have higher within-
sample diversity

Using pairwise mutation counts and nucleotide diversity 1t as markers of genetic diversity 22, we found
most MRPs had minimal diversity (median within-MRP mutations: 1 [0—3]; median nucleotide diversity 1t
=3.7x 1077 [9.4x107 8-1.6x10” 9]). This is consistent with the literature, given short evolutionary times
and small effective population sizes 23. Nasal swabs had higher diversity than clinical samples (median
pairwise mutation count 3 (IQR 1-8) vs 0 (IQR 0-1); T: 3.6 x 10”7 (0-1.3x107®) vs 0 (0-1.2x1077), p =
1.6x107 8), and sterile sites other than blood tended to have higher diversity than blood cultures (m: 0 (0-
1.2x1077) vs 0 (0-0), p = 0.06) (Fig. 2E). While higher genetic diversity in nasal swabs was expected, we
were intrigued by the presence of higher mutation counts in some clinical samples, however we didn't
find any association between nucleotide diversity Tt and clinical syndromes or time of collection.
Aggregated within-MRP diversity remained stable over time (Supplementary Figure S6). To investigate
the impact of the sequencing approach, we generated rarefaction curves of genetic diversity according
to the number of colonies sequenced per sample (Fig. 2F). This analysis confirmed the higher genetic
diversity of nasal swabs, however, high level of sample coverage could be achieved in nasal swabs by
sequencing 10 colonies per sample, while for infection sites samples up to 50 colonies were needed.
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Signatures of adaptive evolution are associated with treatment-
refractory infections

A key strength of within-host evolution studies is their ability to identify signatures of convergent
evolution, as each infection episode can be assumed to be independent provided that it was established
by a single founding population (i.e., it is monophyletic). We performed a convergence analysis of 89
MRPs with at least one protein-altering mutation in genes with a homolog in reference genome S. aureus
FPR3757. We first investigated convergence of amino-acid positions and found a frameshift at position
39 of the LysR-type regulator protein hutR independently acquired in 2 MRPs. Similarly, there were
convergent frameshifts in genes g/tB and SAUSA300_2330. All convergent frameshift were in single-
sequence repeats (SSRs) 2. As convergence at mutation and position level is expected to be weak, we
used a commonly employed Poisson model to infer within-host adaptation at gene level 192°. After
Bonferroni correction, this analysis revealed two genome-wide significant mutational loci. The highest-
ranked gene was agrA (five MRPs, p = 1.34 x 10™ %) (Fig. 3B). The agrA finding was consistent with earlier
large-scale within-host evolution studies '°. However, the second-ranked mutated gene was adh7, an
alcohol dehydrogenase (five MRPs, p = 1.44 x 10~ °) that has not been previously linked to within-host
adaptation. Adh1 mutations were found in telavancin resistant mutants 2° and adh7 was upregulated in
small-colony variants 2/, suggesting some mechanisms linking adh7 mutations to infection persistence.

To overcome sample size limitations of within-host evolution studies, we have recently used a more
powerful approach — large-scale within-host evolution, enabling statistically robust inference of adaptive

signals beyond the agr locus >'8. Outputs of these large datasets can be used to reliably track adaptive
mutations in clinical cases of persistent S. aureus infections 2. We leveraged an expanded version of our
previously published within-host evolution dataset '828 (1,112 infection episodes, including 5,167 within-
host genomes) and identified 25 genome-wide significant loci, 15 of which were also mutated in the
BARISTA cohort (Fig. 3C), indicating that BARISTA is a reliable representation of within-host
pathoadaptation in S. aureus. Beside the already identified agrA, the additional 14 genes with adaptive
mutations included regulators involved in virulence control (agrC:p=1.11x10"2% rsp:p=8.10x 10" &,
saeR, p=9.65x 10~ /), antibiotic resistance genes (fusA: p=3.50 x 10”% rpoB: p=3.73x 10" ", parC: p =
8.14 x 10” '?) and genes linked to both antibiotic resistance/tolerance and metabolic functions (citZ: p =
3.00 x 1075, relA, p = 3.24 x 10” ). Taken together, our list included 16 adaptive genes that were found in
26 MRPs: there was not a systematic association between adaptation signatures and specific
syndromes, antibiotics, and surgical strategies, however, treatment refractory infections were over-
represented (36% with adaptive mutations vs 14% among treatment-sensitive infection, p = 0.02).

Most adaptive mutations during infection are non-sweeping

While adaptive evolution has been repeatedly documented in invasive S. aureus infections 192930

especially bacteraemia, the trajectories of mutated sub-populations have not been characterised,
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generally because of limited sampling and sequencing. We hypothesised that adaptive mutations might
be present at lower frequency at baseline (standing variation)3' and become dominant later during the
infection (selective sweeps), as seen in within-host evolutionary settings dominated by positive
selection. To assess this hypothesis, we investigated invasive and colonising samples separately and
defined selective sweeps as a change of mutation prevalence from below 40% at baseline to above 60%
at the latest timepoint. Among 978 unique mutations in invasive samples, 336 (35%) were sweeps. The
proportion of sweeps was constant regardless of the type of mutation. To identify genes preferentially
affected by selective sweeps, we ranked mutated genes based on the number of sweeping and non-
sweeping events (sweeping score). We noticed that some of the genes with the most significant
mutation enrichment such as agrA and adh7 had a low sweeping score. When we focussed the analysis
on genes that were classified as adaptive (see above), we noticed that the proportion of sweeps was
higher for non-synonymous substitutions as compared to truncations (Fig. 4AB). This indicates that
some adaptive mutations, such as truncations, are less likely to become fixed during infection, possibly
due to the fitness cost of more severe loss-of-function mutations.

Within-host acquisition of insertion sequences is sporadic and
transient

We have previously shown that structural variants in general, and insertion sequences (IS) insertions can
play a role in within-host adaptation during invasive S. aureus infections >232. Surprisingly, new IS
events were very rare in our dataset, with just eight insertions in seven MRPs (Fig. 5). Five insertions
affected coding regions, including agrA and three were intergenic (Fig. 5C-F). In addition, all new IS were
only found in subpopulations within samples and in two out of five cases in a fraction of the reads,
consistent with IS being rare, low-frequency occurrences. It is unclear whether IS events have an
adaptive role or are the consequence of non-adaptive processes like relaxed constraint (i.e. ineffective
purifying selection due to small effective population size). Due to the low number of insertions, we were
not able to identify convergence. Taken together, our results indicate that IS insertions can contribute to
within-host evolution, however, their role is secondary compared to point mutations.

Discussion

Investigating within-host bacterial evolution is one of the most effective approaches to untangle the
impact of bacterial factors of complex, severe bacterial infections, particularly those with higher risk of
persistence and recurrence due to limited treatment success. It might inform prevention and
management of treatment failure and provide novel clinically relevant mechanistic insights, that can in
turn spark new treatment strategies 333, This field of genomic research started about 20 years ago with

the landmark study by Mwangi et al 3%, followed by a series of case-studies of persistent infections
89213637 and has evolved into larger studies over the last decade >1912383% | arge-scale within-host

evolution studies have enabled the identification of convergent evolution, pointing to adaptive hotspots,
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however they were limited by opportunistic sampling, insufficient representation of colonising strains
5,12,38,39

and of within-sample diversity
To overcome these limitations, we undertook a prospective genomic study of invasive S. aureus
infections, which showed that within-host and within-sample diversity is limited in clinical samples
compared to nasal swabs, however, a subset of blood and sterile site samples showed higher levels of
genetic diversity that were not explained by coinfection. We identified genome-wide significant
convergent evolution in agrA and near-significant convergence in the alcohol dehydrogenase adh7. By
tracking subpopulations carrying adaptive mutations we identified some selective sweeps, however,
counterintuitively, mutations in some highly convergent genes don't sweep and are only found at lower
frequency. We describe within-host trajectories in the comparatively rare IS insertions, including an
insertion disrupting agrA.

Our initial hypothesis was that adaptive mutations might be present at low frequency early during
infection and become fixed later, driving treatment failure. These selective sweeps have been previously
shown in within-host evolution studies. For example, in a ciprofloxacin challenge study, gyrA mutations
associated with fluoroquinolone resistance swept under antibiotic pressure %°. Similar sweeps were

observed in persistent Mycobacterium tuberculosis infections 22 or in HIV treatment failure #!. We also
hypothesised that baseline or early within-host and within-sample diversity could be associated with
infection chronicity, infection syndromes or outcomes. This hypothesis builds on phylodynamic infection
models, showing that genetic diversity correlates with the time of acquisition of the infection 3/ and
might indicate antibiotic-induced differentiation '3.

To assess these hypotheses, we augmented our capacity to detect bacterial sub-populations at a given
timepoint by using all available clinical samples (including multiple blood culture bottles) and by
applying multi-colony sequencing. We showed that within-host and within-sample diversity is limited in
clinical samples compared to nasal swabs, however, a small number of blood and sterile site samples
showed higher levels of heterogeneity that were not explained by coinfection. The higher genetic
diversity of nasal swabs is consistent with previous reports “2. First, we found evidence of co-
colonisation and lineage replacement in longitudinally collected nasal carriage samples. This clonal
diversity is likely underestimated given that the limited number of swabs and the lack of other colonising
sites. On the background of this clonal interference, we observed within-clone diversification with up to
152 mutations in some samples. Genetic diversity of clinical samples such as blood cultures and
surgical specimens has not been extensively investigated. Animal experiments have indicated that there
is a strong bottleneck at invasion and when organs are seeded haematogenously '°; together with small
effective population sizes and short evolutionary times 23, these circumstances are expected to limit
within-host genetic diversity. Our study confirms these data but with some notable outlier samples and
episodes harbouring heterogenous populations. We have previously suggested that within-host diversity

in S. aureus bacteraemia can reflect distinctive treatment responses 2'. Here, we build on these early
observations and show that higher diversity can be observed in some cases of invasive infections. This
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is in line with a report of heterogenous infecting Staphylococcus epidermidis populations in prosthetic-
joint infections .

By increasing the number of samples and sequenced isolates, we show that the power of within-host
convergent evolution can be further increased. In our analysis, we identified genome-wide significant

convergent evolution in agrA (which was expected >'3). Surprisingly, the second-ranked gene was the
alcohol dehydrogenase adh1, indicating that our study had the capacity to identify new adaptive
hotspots. This finding is consistent with reports of the association between adh7 mutations and
telavancin resistance 2° and adh1 upregulation in small colony variants 2. A potential hypothesis for this
role of adh7 can be found in a Streptococcus pneumoniae study that investigated the role of the alcohol

dehydrogenase in regulating bacterial virulence in invasive infections 44,

Despite the effect of multi-sample and multi-colony sequencing, the power of our analysis remained
limited by the number of episodes included, with only 2 genes reaching statistical significance. We
therefore leveraged an expanded version of our genomic meta-analysis of S. aureus within-host evolution
518.28 1o identify an additional set of 14 genes that were significantly mutated in the meta-analysis and
found in BARISTA. We then tracked the fate of these adaptations at sub-population level. In accordance
with our initial hypothesis, we found that subpopulations carrying adaptive mutations can sometimes
sweep, as we would expect under selective pressure; however, surprisingly, mutations in some highly
convergent genes like the agr locus never sweep and are only found at lower frequency. In general, non-
sweeping adaptation were more likely to be truncations and affect regulatory genes. This pattern can be
explained by non-adaptive mechanisms that are expected to occur within-host, such as relaxed
constraint #° (less effective purifying selection related to bottleneck effects and small effective
population size). However, the fact that it occurred in the agr locus which has strongest evidence for
within-host adaptations, suggests that the non-sweeping trajectories reflect changing selective
pressures in the complex landscape of clinical infections. This phenomenon has been labelled ‘adaptive
tracking’ and it depicts a situation where apparent neutral evolution (including non-sweeping mutations)
hides beneficial mutations that don’t become fixed due to changing environmental pressures and
antagonistic pleiotropy 2#46. While adaptive tracking offers an intriguing hypothesis to explain adaptive
mutations trajectories in within-host evolution, our data don't provide enough evidence to confirm it. For
example, we assessed whether the fluctuating prevalence of adaptative mutations could be linked to
antibiotic exposures or anatomical niches, but could not find strong correlations. This might be related to
insufficient sampling or to more complex interactions that can’t be inferred from simple exploratory
associations. For example, it has been shown that agr mutants undergo specific evolutionary trajectories
in invasive infections 4/, possibly indicating a constant fine tuning between S. aureus phenotypes that
can't be detected from opportunistically collected clinical samples.

Taken together, these observations offer new insights into the pathogenesis of S. aureus infections and
its evolutionary correlates, however, it remains unclear whether the detection of adaptive mutations at
low frequency has clinical implications. This question is important, because low-frequency mutations are
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likely to be missed by standard whole-genome sequencing. In virology, where deep sequencing has been
performed for more than a decade, selective sweeps have been anecdotally reported in treatment failure,
however, larger studies didn’t show an association between the detection of adaptive mutations (e.qg.
drug-resistant variants) and risk of treatment failure, suggesting that antimicrobial treatment is effective
even if there is a resistant sub-population.

We have previously shown that structural variants, and IS insertions in particular, can emerge in invasive
infections at a much higher rate than during nasal colonisation >?'. The role of IS insertions in bacterial
micro-evolution has been documented in large-scale studies of Enterococcus faecium *8 and Bacteroides

fragilis %°, however, it remains unclear whether these IS accumulations promote adaptive evolution in the
host bacteria or are rather amplifications without benefit for the host ( “selfish genes”). Here we found
that there was a limited role of new IS events. This might be due to different sequence types and less
active IS classes °. Similarly to truncations, IS insertions were not sweeping and in fact sometimes found
in subpopulations within single colonies. The analogy with truncating mutations was striking, given that
one low-frequency IS insertion was found in agrA. Given the low number of IS insertions we couldn’t use
between-host convergence to assess whether these insertions were adaptive, however, the location of
some insertions suggest that at least some of them are adaptive, as previously shown for IS insertions

21,50

in the walKR promoter leading to vancomycin resistance or IS insertions disrupting mecA °' or agrC

5

Our study has limitations. We sequenced 5 colonies per sample, which can only detect subpopulations
at around 20% prevalence and thus miss much rarer variants. Other within-host evolution studies have
sequenced a slightly higher number of colonies °2, however, in our study, the limited number of
sequenced colonies was partially compensated by the availability of multiple samples at a given
timepoint and for each anatomical niche, thus lowering the threshold for variants detection per timepoint
to as low as 2.5%. Another limitation of multiple colony sequencing is the bias towards more rapidly
growing populations. This could be overcome by deep sequencing of plate sweeps and ideally of the
clinical samples °3°*. Of note, using deep sequencing of plates sweeps, Mills et al didn’t find an

increased sensitivity for convergent evolution compared to the multi-colony sequencing approach °4. In

addition, deep sequencing might have higher false positive rates due to mapping errors °3 and

complicates strain-level resolution and the construction of within-host phylogenies. Another limitation is
that we relied on short-read sequencing. Long-read sequencing has better performance in calling
structural variants, however, work done by us 2! and others #84%5% indicates that IS insertions from short
read data is robust. Finally, our sampling relied on availability of clinical specimens and on the patient to
return to the same hospital in case of recurrent infections. This might have limited our power to detect
adaptation in relapsing S. aureus infections, a key factor driving within-host adaptation °. Nasal
colonisation investigations were also limited by the inability to collect nasal swabs early during infection
(ideally at the start of antibiotic treatment), a relative lack of sampling during follow-up and negative
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cultures from half of the swabs. Metagenomics might increase the yield of these samples, although it
remains unclear if the small amount of S. aureus DNA recovered is sufficient to call variants accurately.

In conclusion, our study BARISTA provides a comprehensive investigation of the role of S. aureus
subpopulations in shaping the course of invasive infections. We show that within-host diversity is low
but can reach high levels in some clinical samples. Whether within-host diversity is associated with
infection syndromes or outcomes remains to be determined. We track the fate of subpopulations
carrying adaptive mutations and demonstrate that adaptations can be found at low level exclusively and
be missed by standard whole-genome sequencing. Future studies should assess the accuracy and yield
of more efficient deep sequencing methods, such as plate sweeps sequencing or direct metagenomic
sequencing from clinical samples. While these types of clinical studies rely on opportunistic samples
with its inherent weaknesses, robust prospective protocols and a multi-centric approach could increase
the statistical power to identify associations between clinical outcomes and low-frequency variants, with
potential impact on precision management of invasive S. aureus infections.

Methods
Ethics approval

The BARISTA study protocol was approved by the Austin Health Human Research Ethics Committee on 3
March 2021 (Reference Number HREC/64786/Austin-2020). Governance approval was obtained at all
sites involved. Signed consent was obtained from patients or medical decision makers if applicable. The
study was registered in the Australian New Zealand Clinical Trials Registry (ANZCTR) on 28 November
2023 (Registration number ACTRN12623001222639).

Study design

BARISTA was a prospective cohort study of invasive S. aureus infections, carried out at two teaching
hospitals in Victoria, Australia, between April 2021 and June 2025 (Fig. 1A). Participants older than 18
were enrolled if they were admitted for a sterile site S. aureus infection (i.e. at least two culture-positive
sterile samples, including blood culture, joint / pleural / peritoneal / cerebrospinal fluid, tissue biopsy, or
abscess fluid). Exclusion criteria were polymicrobial infection at time of inclusion (i.e. presence of a
bacterial species other than S. aureus in any sterile-site sample, excluding species thought to be
contaminants) and death deemed to be imminent within the following 48 hours. Upon inclusion, a nasal
swab was collected by a study staff member, and the hospital lab was requested to keep all clinical
samples with growth of S. aureus. Participants were contacted by mail at 6 and 12 months after
inclusion and asked to self-collect a nasal swab and to fill in a questionnaire with queries about
intercurrent hospitalisations, infections and antibiotic therapies. If participants were re-admitted to the
participating hospital for a recurrent sterile-site S. aureus infection, the same sample collection
procedure described for the initial episode was repeated. If they declared to have been admitted to
another institution for a S. aureus infection, the external hospital laboratory was contacted and asked to
provide stored S. aureus isolates for the infection episode.
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Infection syndrome classification

For each infection episode at enrolment, we collected on information on any infection site at diagnosis
(i.e. within 48 h after admission) and at discharge. Infection sites included following categories:
Bacteraemia without focus, Infective endocarditis, Vascular infection, Vertebral osteomyelitis, Septic
arthritis, Osteomyelitis other than vertebral, Epidural abscess, Skin infection, Myositis/muscle abscess,
Respiratory/chest infection, Intra-abdominal infection, Urinary tract infection, CNS infection. Device
infections were further classified in Prosthetic-valve endocarditis, Intracardiac-device infection, Vascular
graft infection, Vascular line infection (including PermCath), Prosthetic joint infection, Fracture-fixation
device infection (including spondylodesis). Following higher-level categories were defined: intravascular
infections(Infective endocarditis, Intracardiac-device infection, Prosthetic-valve endocarditis, Vascular
graft infection, Vascular infection), bone and joint infections (Septic arthritis, Epidural abscess, Vertebral
osteomyelitis, Osteomyelitis other than vertebral, Prosthetic joint infection, Myositis/muscle abscess),
Skin infection and Line infection. Infection sites were clustered and visualised using the heatmap()
function in R.

Treatment outcome attribution

We used the collected microbiological data to classify each participant in “refractory/recurrent S. aureus
infection” (RR-SAI) and “treatment-sensitive S. aureus infection” (TS-SAIl). For each participant, we
clustered the collection dates of clinical samples with growth of S. aureus using DBSCAN algorithm
(Density-based spatial clustering of applications with noise), as implemented in the R package dbscan,
v1.2.4 % with the e (eps) parameter set to 2 and minimum number of points required to form a dense
region at 3. We reviewed manually individuals with multiple clusters and those with clusters stretching
over more than 15 days. For 19 of these 20 invidivuals the manual correction involved grouping samples
that the DBSCAN algorithm assigned to singletons, while in one case we split a cluster in seven smaller
clusters based on the clinical data. Persistent infection clusters were defined by a duration of 7 days or
longer. Individuals with RR-SAI were defined by the presence of a persistence infection cluster and/or
more than one cluster containing sterile-site samples with growth of S. aureus, all other individuals were
categorised as TS-SAl.

Sample collection

Nasal swabs at enrolment were collected by inserting a sterile MRSA swab (Copan eSwab, Italy) up to
2.5 cm into both nasal cavities and rotating for 5 seconds. Swabs were stored at 4°C and shipped to the
study lab within a week. Native clinical samples with growth of S. aureus were stored at 4°C or at room
temperature (blood cultures bottles) for up to 2 months before shipment to the study laboratory. Where
available, primary plates with growth of S. aureus were also stored. If no clinical samples were available,
a single isolate stored by the clinical laboratory at -80°C was subcultured onto horse blood agar (HBA)
and shipped to the study laboratory.

Sample processing
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All samples apart from EDTA blood tubes were processed in the Howden research laboratory at the
Doherty Institute in Melbourne, Australia. Nasal swabs were inoculated onto HBA and mannitol-salt
plates (MSA). Presence of S. aureus was confirmed by, first, growth of yellow colonies on MSA and then
using MALDI-TOF. If no colonies grew overnight, the nasal swab liquid was inoculated into brain-heart
infusion (BHI) broth. Using a syringe, a drop of the blood culture bottles or liquid clinical samples was
inoculated onto HBA plates and incubated at 37°C for 24 hours. Tissue samples were suspended in 5 ml
NaCl 0.9% before inoculation. Up to 5 colonies per plate were submitted for bacterial whole-genome
sequencing (WGS). Sequenced colonies and the plate sweeps were stored in 20% glycerol storage
medium at -80°C. Native clinical fluids and suspended tissue samples were stored in Zymo buffer at
-80°C.

Bacterial whole-genome sequencing

Bacterial whole genome sequencing (WGS) was performed at the Microbiological Diagnostic Unit Public
Health Laboratory, Melbourne, using a NATA-accredited genomics workflow. DNA extraction was carried
out from single colonies placed in 100ul of Gram-positive lysis buffer (20mM Tris-HCL, pH 8.0, 2mM
EDTA, 1.2% TritonX-100) on the QIAsymphony using the QIAsymphony DSP Virus/Pathogen Mini kit
protocol (QIAGEN, Germany), aiming at a DNA concentration of 1-15ng/pl. The Nextera XT (Illumina) was
used for library preparation. Libraires were sequenced on the NextSeq 500/550 or MiSeq platforms
(Ilumina) to generate 150 bp paired-end reads. The short reads are available on ENA with the study
accession PRJEB127027.

Quality control and genome assembly

Sequence quality was assessed by calculating coverage metrics obtaining quality data using seqtk v1.4-

r122 (https://github.com/Ih3/seqtk) and classifying reads using kraken2, v2.1.1 °/, Reads were

1 8 and spades, v3.14.1 °°, and annotated with prokka, v1.14.6 0.

Sequencing was repeated if the quality control (QC) criteria were not met: Q-score = 30, average reads

assembled using shovill, v1.0.

depth = 40x, dominant species other than Staphylococcus aureus or Staphylococcus argenteus in the
Kraken report, and draft assembly genome size outside the expected range for S. aureus (2.6-3.2 Mb).
Sequence types and resistance genes were inferred from the assemblies using Mlst v2.19.0

(https://github.com/tseemann/mist), and Abricate v1.0.1 87 (using the NCBI AMRFinderPlus database
62) respectively.

Phylogenetic analysis

lllumina reads were aligned to reference methicillin-susceptible S. aureus genome BPH2819 (accession

GCF_900620225.1) 2 using Snippy v4.6.0 (https://github.com/tseemann/snippy). We generated a core
genome alignment with all reference positions with > 90% non-missing information (i.e. = 10 coverage

depth) using Snippy-core v4.6.0, Goalign v0.3.4 ®* and SNP-sites v2.5.1 ®°. We then built a maximum-
likelihood phylogenetic tree with IQ-TREE, v3.1.1 6 using a GTR+G4 model and 1000 bootstraps. The
phylogenetic tree and related metadata were processed in R using the ggtree package, v4.0.1 ¢’.
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Within-host and within-sample genetic distance

The pairwise genetic distance between all genomes within each individual participant was first
estimated from the draft assemblies using Mash, v2.3 2% and a sketch size of 10,000. Pairs with a
distance below 9,000/10,000 were retained for the variant calling step. Pairwise variant calling was
performed as described in ®8. We used Snippy to map the reads of both isolates to the draft assembly of
the first isolate, with the procedure repeated on the symmetric pair (i.e. mapping reads on the draft
assembly of the second isolate). For each pair, we excluded variants called from the reference isolate's
own reads, as well as variants at positions where the reference had a coverage depth < 10. This filtering
followed the procedure described in ® and using scripts available at
https://github.com/stefanogg/staph_adaptation_paper. A 2-step approach was used to define micro-
evolved resident populations (MRP): 1) For each non-symmetric pair, we computed an average
mutational distance and included non-symmetric pairs if they had a mean distance < 100 mutations.
Pairs with > 1000 mutations were excluded and pairs with 100—1000 mutations were included if visual
inspection indicated that the distance distribution was homogenous. 2) Included pairs were grouped
using the tidygraph package in R.

Variants annotation

Amino-acid sequences of the mutated coding regions were clustered using CD-HIT, v4.8.1 8%, with default
setting. We searched S. aureus reference genome FPR3757 for homologs of each cluster representative

+70

using Blastp, v2.16.0 with an E-value of 10™ %, identity filter at 90% and coverage filter at 50%.

FPR3757 homologs were annotated using the Aureowiki database /".

Between-host convergence

For each CD-HIT cluster we computed the number of independent mutations, defined as the number of
MRPs with an individual mutation, mutated position or mutated gene. To infer the statistical significance
of between host convergence at gene level, we counted the number of MRPs with a non-synonymous
substitution or truncating mutation in each FPR3757 homolog (excluding phage and plasmid genes).
These counts and the length of each gene were used to build 2 Poisson models of mutation counts as
reported in '%: a model 0, with uniform mutation rate for each gene (i.e. neutral evolution) and a gene-
specific model based on the actual mutation counts. Likelihood ratio was used to compare the two
models and infer statistical significance. Thus, genes with the lowest p value were considered hotspots
of between-host convergent evolution, given the extremely low probability that the observed mutation
count is due to neutral evolution. Bonferroni correction was applied.

Within-host evolution meta-analysis

To infer adaptive evolution at larger scale, we used an updated version of our curated collection of
within-host genomes from S. aureus infection and colonisation episodes that was previously reported

51828 including 5,167 genomes and 1,112 episodes from 32 studies (see Supplementary Table 2). We
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extracted independent mutation counts for each FPR3757 homolog as described above and applied
Poisson models to infer significance of between-host convergent evolution.

Analysis of bacterial sub-populations

Nucleotide diversity  was estimated as in 22 but with a simplified approach, since it could be computed
from variant calls rather than raw reads. For each mutated site, the variable m was calculated using the
formula: D = 2p(1 — p), where p is the alternative allele fraction within the sample, timepoint or MRP,
The sum of D was divided by the number of sites (i.e. all reference sites, excluding positions with <10
reads coverage). Rarefaction curves were created using the R package iINEXT, v3.0.2 /2 using aggregated
point mutation data for all samples with at least 5 colonies sequenced, and computing the incidence

frequency as the number of sequenced colonies per sample carrying each mutation.

Selective sweeps

To investigate the dynamics of mutated subpopulations we selected MRPs with at least three collection
timepoints or two timepoints and at least 5 genomes per timepoint. We assessed infection site samples
and nasal swabs separately. Selective sweeps were defined by an allele fraction below or equal to 40% at
the earliest timepoint and an allele fraction above or equal to 60% at the last timepoint. For each
mutated gene with a FPR3757 homolog we calculate a sweep score as the number of sweeping
mutations minus the number of non-sweeping mutations.

Detection of de novo IS insertions

To detect new insertion sequences (IS) events within MRPs we applied a modified version of the split-

reads approach described in 2" and °. Using BWA-MEM 73, all short reads belonging to the same MRP
were mapped to the closest available complete genome (based on Mash distance). Reads coverage was
assessed using the BEDTools suite, v2.31.1 74. Split reads were extracted from the BAM files using a
Python script from Lumpy 7°. We first extracted split reads breakpoints (junctions) in Python using
Samtools mpileup, v1.20 7%; candidate insertions sites were obtained using BEDTools to identify regions
of no more than 10 bp length with left-sided breakpoint followed by a right-sided breakpoint. We then
processed the candidate insertion sites in a separate Python script to extract the supplementary
alignment for each split read within the candidate region and annotate both the candidate region and the
supplementary alignment using the GFF file of the mapping reference. The candidate insertions sites,
annotated candidate insertions and supplementary alignment and reads coverage data were processed
in R. IS insertions sites were confirmed if: 1) at least one supplementary alignment region overlapped
with a transposase; 2) the ratio between split reads at breakpoint and total split reads coverage was =
0.75; 3) only 2 breakpoints were detected in the candidate region. To infer de novo IS insertions, we
removed insertion sites that were found in the MRP-specific internal reference. We used ggplot2, v3.2.1
7 to inspect the remaining sites manually by comparing total reads coverage and split reads coverage
for the internal reference and all remaining MRP genomes over a region spanning 1,000 bp upstream and

Page 16/27



downstream. Sites were confirmed if the internal reference displayed zero split reads coverage but
conserved total reads coverage.
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Figure 1

Overview of the study. A: All clinical samples with growth of Staphylococcus aureus were collected from
hospitalised patients with invasive (sterile site) infections, including at any recurrence over the following
years. Nasal swabs were collected at enrolment and at 6 and 12 months follow-up. B: Infection
syndromes of 103 included episodes of invasive S. aureus infection: the Upset plot depicts the 20 most
common combinations of infection foci. Bacteraemic infections are shown in purple, non-bacteraemic
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infections in orange. C-F: Sample collection timeline, stratified by clinical syndrome. D: Heatmap with
classification of each participant based on whether their S. aureus infection was persistent, recurrent or
both (see methods for classification approach based on recorded microbiological samples). E: Nasal
swabs collection timeline. F: Heatmap showing the number of swabs with growth of S. aureus. G: Global
phylogeny of 1914 S. aureusgenomes (57 Staphylococcus argenteus genomes are not shown, see
Supplementary Figure S3). The 18 most prevalent clonal complexes are highlighted and labelled with
their identifying number.
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Figure 2

Within-host genetic diversity. A: Approach to calculate genetic distance among within-host genomes and
group into micro-evolved resident populations (MRPs). B: Pairwise genetic similarity (expressed as
fraction of shared hashes between genomes, as calculated with the Mash algorithm). Each boxplot
shows median, interquartile range (IQR), the whiskers indicate 1.5xIQR. Eight episodes with at least one
pair with < 90% similarity are depicted in black, episodes where all pairs have > 90% similarity are shown
in grey. C: Similarity timelines of 17 episodes with multiple MRPs (on the y axis), interpreted as co-
colonisation (> 1 MRP within the same nasal swab, n=2), re-colonisation or clonal replacement (n=8), co-
infection (n=1) or dissociation between invasive samples and nasal swabs (n =6). Collection day is
represented in logarithmic scale. Each dots depicts a genome, coloured according to the sample type.
Samples with co-occurrence of genetically dissimilar genomes (i.e. mixed samples) are indicated by an
asterisk. D: Within-sample pairwise mutation counts, stratified by type of sample. Each row represents
an infection episode, each dot represents a pairwise comparison. The top of the plots depicts the
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probability density function of the mutation counts for each sample. E: Within-sample diversity p
according to the sample group. F: Rarefaction curves of genetic diversity (unique mutations) according
to the number of colonies sequenced per sample, stratified by sample type. The continuous lines depicts
rarefaction curves and the dash lines the extrapolation to up to 50 colonies sequenced.

A B ]
pops O s O Q [rall ® .
(= . .4 Y .k
arr{ B gg et O o oo = .
cpEl 0 o A a1 reYs & R .h_
wan B _ E u apas O O £ g L . 2
il (=] s - - a
8 ® Bo wae o & H olapc g X
i g o0 4 . ¥ meval Lo faxe® ® L
aple O F L .\ v L.]l 't F"I
o c: L] R - 0 Gl — “H 'T“ jT!I? e Rislative
o e £ Mansd wann sk} leepE) mugdntion rain
0 a O == 3 N
E & w2 ¢ DA A A u-ﬂﬂ [zaz ]
oA & Aligke racton [ i H ] »
sy O Ol &b 0 Pesitian on FRRITST chramasame (M)
i {}(:l%ﬂ'&ﬁ ea e ) -
i "
sai{® BE ooomo s I gl a = agh,
o F T4
il O b » g [.H]
=i{§ HBo oo A o o a0 - llndlpr:uuﬂ
walD 4 a pan o £ .=
. L [ I
welo B H e - g ®-
s, Y huA < i ® [t
mf e )
Al O G000 s ga O -t %“_[lm]‘ :E'I;'"'
o] & A S wmslo - o [mva] [pvmn | Yeaz] 2
0 1A i 100 e b i H
Collacion cay Collection day Positian on FPRAITET chromosoma (ME)
Figure 3

A: Timeline plots with the day of collection and type of samples carrying adaptive mutations. The dots
are coloured according to the allele frequency of the adaptive mutations. Multi-allelic mutations are
labelled, with colour intensity representing the allele frequency of the alleles (panel A: episodes with one
mutated gene; panel B: episodes with more than one mutated gene). B,C: Manhattan plot of the between-
host convergent evolution analysis of the BARISTA dataset (B) and the large-scale within-host evolution
dataset (C). Genes with significant adaptive signal that are mutated in BARISTA are labelled and shown
in detail in panel A.
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Figure 4

Trajectories of adapted subpopulations and selective sweeps. A: Overview of sweeps in adaptive genes
(stratified by mutation type). B: Number of sweeps (positive scale) and non-sweeping events (negative
scale) in adaptive genes vs non-adaptive genes, stratified by mutation type. C, D: Examples of frequency
trajectories of selected adaptive genes (C: sweeping events; D: non-sweeping events) AF: allele
frequency per collection timepoint.
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Figure 5

Structural variants. A: IS events. B: Evolution of subpopulations carrying the IS insertions shown on panel
A: for each timepoint, the prevalence of IS insertions is represented as allele fraction (AF), each colour
represents a unique IS insertions. The dotted line shows the last sampling timepoint for each episode
(no map is shown for episode BA-01-024, as the sample carrying the IS included just one genome). C-D:
Coverage reads for IS insertions for two representative examples (intragenic agrA insertion, panel C; IS
insertion upstream of araB, panel D). E-F gene maps indicating the localisation of the IS insertions.
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