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This important study examines the evolution of virulence and antibiotic resistance in
Staphylococcus aureus under multiple selection pressures, specifically host immune
function and antibiotic exposure. The evidence presented is convincing, supported by
rigorous phenotypic and genomic data from within-host evolution experiments. The
manuscript now provides a nuanced and robust interpretation of how pathogens adapt to
complex selective landscapes.
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Abstract
Widespread antibiotic usage has resulted in the rapid evolution of drug-resistant bacterial
pathogens and poses significant threats to public health. Resolving how pathogens respond to
antibiotics under different contexts is critical for understanding disease emergence and evolution
going forward. The impact of antibiotics has been demonstrated most directly through in vitro
pathogen passaging experiments. Independent from antibiotic selection, interactions with hosts
have also altered the evolutionary trajectories and fitness landscapes of pathogens, shaping
infectious disease outcomes. However, it is unclear how interactions between hosts and antibiotics
impact the evolution of pathogen virulence. Here, we evolved and re-sequenced Staphylococcus
aureus, a major bacterial pathogen, varying exposure to host and antibiotics to tease apart the
contributions of these selective pressures on pathogen adaptation. After 12 passages, S. aureus
evolving in Caenorhabditis elegans nematodes exposed to a sub-minimum inhibitory
concentration of antibiotic (oxacillin) became highly virulent, regardless of whether the ancestral
pathogen was methicillin-resistant (MRSA) or methicillin-sensitive (MSSA). Host and antibiotic
exposure selected for reduced drug susceptibility in MSSA lineages while increasing MRSA total
growth outside hosts. We identified mutations in genes involved in complex regulatory networks
linking virulence and metabolism, including codY, agr, and gdpP, suggesting that rapid adaptation
to infect hosts may have pleiotropic effects. In particular, MSSA populations under selection from
host and antibiotic accumulated mutations in the global regulator gene codY, which controls
biofilm formation in S. aureus. These populations had indeed evolved more robust biofilms—a
trait linked to both virulence and antibiotic resistance—suggesting evolution of one trait can
confer multiple adaptive benefits. Mutations that arose in these genes were also enriched in
clinical isolates associated with systemic infections in humans. Despite evolving in similar
environments, MRSA and MSSA populations—differing only in the presence of an intact accessory
gene (mecA)—proceeded on divergent evolutionary paths, with MSSA populations exhibiting more
similarities across replicate populations. Our results underscore the importance of considering the
host context as a critical driver of pathogen traits like virulence and antibiotic resistance.
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Introduction
Antibiotic resistance is a global crisis (Larsson and Flach, 2022     ). Pathogens that evolve resistance
and are able to survive antibiotic therapy can go on to cause disease and transmit to other hosts;
hence antibiotic resistance and virulence are intertwined (Geisinger and Isberg, 2017     ). Selective
pressures like antibiotic usage and host defenses have independently been shown to alter the
evolution of pathogen traits (Herren and Baym, 2022     ; Hoang et al., 2024     ; Kubinak et al.,
2012     ; Larsson and Flach, 2022     ; Toprak et al., 2012     ). However, pathogens face multiple
selective pressures in their environment, and selection by these forces can interact synergistically
to alter evolutionary rates and trajectories relative to individual pressures alone (Merlo et al.,
2020     ; Sharma et al., 2020     ). It is unclear how virulence evolves in the face of more than one
selective pressure and whether this trait is constrained or facilitated by antibiotic resistance.
These dynamics are even less understood in the early stages of disease emergence, where
pathogens face a different suite of selection dynamics than pathogens having reached equilibrium
(Day et al., 2022     ; Visher et al., 2021     ). Identifying conditions under which antibiotic resistance
and virulence evolve in novel host populations will shed light on how diseases emerge and
potential mitigation measures.

The strength of selection impacts pathogen evolution (Cisneros-Mayoral et al., 2022     ; Mahrt et al.,
2021     ; Oz et al., 2014     ; Wistrand-Yuen et al., 2018     ). While antibiotic therapy administers
concentrations that should kill all pathogen cells, low concentrations of antibiotics (sub-minimum
inhibitory concentration, or sub-MIC) are pervasive in a variety of settings, including in natural
environments (e.g., water bodies and soil) due to pollution and biological waste (Larsson and Flach,
2022     ). Sub-MICs allow susceptible populations to continue dividing, affording opportunities for
mutations conferring greater resistance to emerge (Andersson and Hughes, 2014     ). Ultimately,
selection by sub-MICs can lead to highly resistant pathogens (Gullberg et al., 2011     ; Wistrand-
Yuen et al., 2018     ), which tend to incur less fitness costs compared to those under selection by
high antibiotic concentrations (Westhoff et al., 2017     ). Importantly, mutations not related to
antibiotic resistance can arise, such as those involved in adaptation to the growth environment
(Pereira et al., 2023     ). Low concentrations of antibiotics can also alter expression of virulence
factors in vitro across a broad range of pathogens (Braga et al., 2000     ; El-Houssaini et al., 2019     ;
Haddadin et al., 2010     ; Khan et al., 2020     ), suggesting that they can affect virulence during
infection. Sub-MIC antibiotics therefore have the potential to alter the early stages of disease
emergence in host populations, particularly for those pathogens that can spend parts of their life
history outside the host. Taken together, exposure to low antibiotic concentrations likely alters
how pathogens interact with their hosts, shaping evolution of both virulence and antibiotic
resistance. However, there is a knowledge gap in the interaction between antibiotics and pathogen
evolution in vivo (Windels et al., 2020     ).

The host can exert strong selection on pathogens, especially during the period when a new
organism is infected (e.g., a zoonotic transition). Infection of new host individuals tends to
bottleneck pathogen populations (Bacigalupe et al., 2019     ; Klemm et al., 2016     ). These
bottlenecks can confer a fitness advantage to resistant bacteria in the face of low antibiotic
concentrations (McVicker et al., 2014     ). In addition to defenses like the immune system, the host
environment differs drastically in nutrient availability compared to rich laboratory media
(Windels et al., 2020     ). For example, Staphylococcus aureus passaged through macrophage cell
lines had increased pathogen survival as well as resistance to antibiotics; these traits were lost
when the pathogen was exposed to nutrient-rich media (Alves et al., 2024     ). Similarly, the human
defensive peptide b-defensin 3 can maintain reduced susceptibility of S. aureus to the antibiotic
vancomycin (Fait et al., 2023     ). Adapting to different niches within a host can also bring about
drastic genomic changes. Salmonella enterica transitioning from an intestinal to a systemic
lifestyle exhibited genome degradation in genes no longer necessary for inhabiting the
gastrointestinal tract (Klemm et al., 2016     ). While sub-MIC antibiotic exposure and host factors
have been shown to independently shape pathogen evolution, it is unclear how the collective
actions of both selective pressures affect the evolution of virulence and antibiotic resistance.
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Staphylococcus aureus is an opportunistic pathogen that commonly colonizes nares and skin in
humans but can invade internal organs and blood, causing systemic infections and bacteremia
(Tsouklidis et al., 2020     ). In 2017, more than 119,000 bacteremia infections caused by S. aureus
occurred in the United States with a mortality rate of 18% (Kourtis et al., 2019     ). S. aureus
colonizing host surfaces exhibit distinct genomic signatures against those isolated during systemic
infection, indicating that the pathogen employs different strategies to adapt to different host sites
(Giulieri et al., 2022     ). For example, hemolytic strains tend to be more abundant than non-
hemolytic ones in murine systemic infection models, whereas the opposite occurs for wound
models (Schwan et al., 2003     ). Once inside the host, S. aureus resists host immune function by
hindering or lysing immune cells (Kwiecinski and Horswill, 2020     ; Thomer et al., 2016     ). Sub-MIC
concentrations of beta-lactam antibiotics—which disrupts bacterial cell wall synthesis—modify
expression of virulence factors in S. aureus, increasing the expression of alpha-hemolysin (Hodille
et al., 2017     ). Treatment with beta-lactam antibiotics systemically exposes S. aureus to low
antibiotic levels at non-target host tissues (Nix et al., 1991     ). As an opportunistic pathogen, S.
aureus can also survive for extended periods of time outside of hosts and have been isolated from
environments such as veterinary clinics and schools, as well as natural and constructed settings
such as wastewater and beaches (Loeffler et al., 2005     ; Roberts et al., 2013     ; Steadmon et al.,
2023     ; Thapaliya et al., 2017     ). Combined with the increasing prevalence and concentrations of
antibiotics in the environment, these factors likely increase opportunities for exposure of S. aureus
to sub-MIC antibiotics, subsequently affecting its interaction with the host during infection.

Experimental evolution has been used to elucidate how different selective pressures impact
pathogen evolution. In vitro studies have yielded insights into the phenotypes and genetic loci
generated by longer-term antibiotic selection through passaging experiments lasting hundreds of
generations (Fait et al., 2023     ; Long et al., 2023     ; Westhoff et al., 2017     ; Wistrand-Yuen et al.,
2018     ). Conversely, in vivo studies have focused on transmitting pathogens through individual
hosts for a single to a handful of passages (Erler et al., 2024     ; Higazy et al., 2024     ; McVicker et al.,
2014     ). However, few systems have been suitable to examine how antibiotics affect pathogen
adaptation within a host context. In this study, we take advantage of the suitability of a
multicellular host, Caenorhabditis elegans nematodes, to study designs of high replication across
an appreciable temporal scale. The S. aureus used here was originally isolated from a skin and soft
tissue infection of a human inmate (Diep et al., 2006     ) and thus is a novel pathogen to C. elegans
(Ekroth et al., 2021     ). Nonetheless, S. aureus can kill nematodes by colonizing the host intestine
and lysing cells, inducing expression of defense genes in nematodes with roles conserved in
humans (Irazoqui et al., 2010     ; Sifri et al., 2003). Virulence screens in C. elegans using S. aureus
transposon libraries also showed overlapping results to other infection models (Bae et al., 2004     ;
Begun et al., 2005     ), with the degree of S. aureus virulence in C. elegans reflecting disease
severity of human infections (Wu et al., 2013     , 2010     ). Experimentally evolving S. aureus in C.
elegans thus allows us to track the early stages of virulence and antibiotic resistance evolution in
novel host populations with the potential to identify conserved genomic regions underlying
evolved traits.

Here, we directly test the impact of host and sub-MIC antibiotic exposure on pathogen evolution.
Selection exerted by two forces may impede the pathogen’s response to one or both forces (Merlo
et al., 2020     ). Adaptation may require resources to be expended toward either virulence or
antibiotic resistance, leading to a trade-off between these traits (Ferenci, 2016     ). Alternatively,
weaker selection from sub-MIC antibiotics may interact synergistically with hosts and facilitate the
evolution or maintenance of high virulence and antibiotic resistance. Sub-MIC antibiotics can
favor no-cost mutations (Westhoff et al., 2017     ), wherein pathogens can rapidly adapt without
affecting other traits (Visher et al., 2021     ). Because emerging pathogens tend to be far from the
optimum of the fitness landscape, we expect pleiotropic or large-effect mutations to play a role
(Bomblies and Peichel, 2022     ). We took advantage of the tractability of the system to determine
how virulence, fitness, and antibiotic resistance are connected and how multiple selective
pressures shape the evolutionary trajectory of two S. aureus isolates differing only in their
antibiotic susceptibility.
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Carriage of Staphylococcal cassette chromosome mec (SCCmec), which encodes mecA, an accessory
gene that provides resistance against beta-lactam antibiotics, is a major mechanism for existing
antibiotic resistance in S. aureus (Shore and Coleman, 2013     ). We passaged two S. aureus isogenic
strains, one with existing resistance (mecA+, MRSA) and one with a transposon insertion in mecA
(mecA-, MSSA) under selection by C. elegans and a sub-MIC level of oxacillin, a beta-lactam
antibiotic that has replaced methicillin as a therapy for Staphylococcal infections. We selected for
virulence in both strains to determine whether antibiotic resistance can hinder the evolution of
greater virulence. We then quantified the ability of evolved pathogens to kill hosts as the metric
for virulence. We also assessed whether populations maintained their ability to hemolyze red
blood cells—an indicator of virulence expression in both humans and nematodes (Sifri et al.,
2003). Because growth outside the host is important for transmission of opportunistic pathogens,
we quantified the in vitro growth and MIC of evolved pathogens. Finally, we identified mutations
potentially underlying evolved traits and compared them against a database of over 80,000 S.
aureus genomes to ascertain whether these mutations may be associated with adaptation to
different human host sites.

Results
Host and sub-MIC antibiotic exposure selected for greater
virulence in both MRSA and MSSA
We experimentally evolved two S. aureus isogenic variants of USA300 JE2 (Diep et al., 2006     ),
MRSA and MSSA, with or without a host and sub-MIC antibiotic exposure. The ancestral MRSA and
MSSA isolates did not differ in terms of total growth without oxacillin, but exhibited a slight
decline in sub-MIC oxacillin (Figures 1A      and 1B     ). For each ancestor, we passaged six
independently evolving populations under each condition 12 times, for a total of 48 evolved S.
aureus populations (Figure 1C     ).

To assess the changes in virulence of evolved S. aureus, we measured the mortality of C. elegans
infected with evolved pathogens. While the MRSA and MSSA ancestors caused similar levels of
host mortality (dotted and dashed lines in Figure 2A     ), there was a significant treatment effect
for evolved pathogens (Figure 2A     ). For the MRSA genotype, host and oxacillin exposure selected
for the greatest virulence. Conversely, pathogens evolved in the absence of either pressure
exhibited attenuated virulence. These populations also had significantly greater variance
compared to those under selection from host and oxacillin, and those under solely host selection.
For MSSA, host and oxacillin exposure similarly favored greater virulence over the other three
conditions. There was no difference between variances.

We also characterized the hemolytic activity of evolved populations, which correlates with the
ability to secrete extracellular toxins and virulence (Cheung et al., 2012     ). At least one population
from most treatments had lost the ancestral ability to hemolyze sheep’s blood (Figure 2B     ). Sub-
MIC oxacillin maintained hemolytic activity, suggesting that constant exposure to low
concentrations of oxacillin favored retention of extracellular toxicity. While hemolysis was not
necessary for increased host-killing, this ability was more often found in populations causing
greater nematode mortality (Figure 2C     ). As virulence was still heightened in pathogens unable
to destroy red blood cells (e.g., MSSA pathogens evolving without host or oxacillin caused greater
than 90% mean mortality despite none being hemolysis-positive), other virulence factors may be
compensating for the absence of hemolysis.

Natural populations of S. aureus exhibit variation in hemolytic ability (King et al., 2016     ), even
within an individual host (McAdam et al., 2011     ). We thus hypothesized that a significant
selective pressure like oxacillin would favor little variation of this trait within a population. We
determined the hemolysis status of isolates from each evolved population (10 isolates x 48
populations)—most populations were in consensus (Figure S1     ). Furthermore, oxacillin still has a
significant effect, where hemolysis was maintained when under sub-MIC exposure selection
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Figure 1. Experimental evolution design.

A) Growth curves and B) total growth of ancestral MRSA and MSSA populations in vitro with and without sub-MIC oxacillin.
Different letters indicate significant differences (  = 6.39, P = 0.01). C) MRSA and MSSA were passaged 12 times with or
without hosts, in the presence or absence of a sub-MIC of the antibiotic oxacillin. Each treatment consisted of six
independently evolving replicate populations. Experimental evolution treatment abbreviations are indicated in the purple and
yellow boxes. Error bars indicate standard errors.
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Figure 2. Evolution of virulence is facilitated by exposure to both host and sub-MIC antibiotic.
A) Virulence in terms of C. elegans mortality. Dashed and dotted lines indicate respective ancestral virulence. Shaded areas
indicate standard errors of technical replicates of ancestral virulence. Different letters indicate significant differences (  =
460.43, P < 0.001. MRSA Levene’s test for homogeneity of variance: F3,20 = 4.06, P = 0.021. MSSA: F3,20 = 0.99, P = 0.417). B)
Virulence in terms of the ability to hemolyze sheep’s blood, assayed at the population level (oxacillin:  = 5.82, P = 0.016). The
y-axis indicates the number of evolved populations for each category. C). Host mortality from A) grouped by hemolysis status
in B) (Kruskal-Wallis  = 3.97, P = 0.046). D) The proportion of colonies sampled from each evolved population that are able
to hemolyze sheep’s blood (oxacillin:  = 23.30, P < 0.001. Levene’s test for homogeneity of variance: F1,22 = 26.06, P < 0.001).
Error bars indicate standard errors. *P < 0.05
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(Figure 2D     ). Oxacillin favored less hemolytic diversity in MSSA populations, further
demonstrating the interaction between antibiotics and virulence, and that antibiotics can shape
variation in virulence traits.

Host and sub-MIC antibiotic synergistically promoted growth of
MRSA outside hosts and reduced drug susceptibility in MSSA
We measured the in vitro growth of evolved populations to evaluate how pathogen fitness outside
the host had been impacted. We used rich media to replicate the conditions under which S. aureus
evolved during the experiment. Importantly, rich media reduced the risk of introducing additional
selective pressures than those being tested. In media without oxacillin, there were no significant
differences in total growth between treatments (Figure 3A     ). However, in sub-MIC oxacillin,
MRSA populations under selection from both pressures exhibited the greatest growth (Figure
3B     ), with some achieving more growth than those in the absence of oxacillin. By contrast,
exposure to sub-MIC oxacillin alone yielded the lowest growth, suggesting a fitness cost. Similarly,
MSSA populations exposed to host and sub-MIC oxacillin exhibited a moderate increase in growth
compared to other combinations of selective pressures.

We then determined the MICs of evolved populations to ascertain how host and sub-MIC exposure
affected the evolution and maintenance of antibiotic resistance. For the MRSA genotype, all but
two populations retained the ancestral level of oxacillin resistance (16ug/mL oxacillin; Figure
3C     ). During evolution in hosts without antibiotic selection, two populations lost their resistance
and exhibited similar susceptibility as the MSSA ancestor (0.25ug/mL). For the MSSA genotype,
host and oxacillin exposure selected for decreased antibiotic sensitivity, up to 8-fold the ancestral
MIC. These results suggested sub-MIC exposure combined with host factors potentiated the
increase in antibiotic resistance in MSSA. One population under selection from solely the host also
had an increased MIC, supporting previous evidence showing non-antibiotic selective pressures,
such as a host in our study, can select for reduced antibiotic susceptibility (Koch et al., 2014     ).
There was no variation in antibiotic resistance within MRSA and little variation within MSSA
across the most genetically diverse populations (Figure S2     ).

Parallel evolution of regulators of virulence and antibiotic
resistance across evolved populations
We conducted whole-genome sequencing of populations to identify mutations arisen from host
and antibiotic selection. Below we focus on mutations that had swept to fixation (Figure 4A     ,
Table S1     ); Figures S3      and S4      summarize mutations that were below 100% frequency in
each population. Populations evolved from the MSSA ancestor had significantly fewer mutations
(excluding those intergenic or synonymous) than MRSA populations (Figure S5     ;  = 5.28, P =
0.022), potentially due to the slightly reduced growth of MSSA in the presence of oxacillin (Figure
1B     ). Sub-MIC oxacillin selection also resulted in more mutations than in its absence (  = 5.92, P
= 0.015), although this is likely driven by MRSA populations. While this result is consistent with the
role of antibiotics in increasing mutation rates in bacteria (Revitt-Mills and Robinson, 2020     ),
there were only two mutations in DNA and mismatch repair genes (mutL and recA), suggesting
repair genes were not the sole mechanism involved. Of the 32 indels detected, 19 were in host-
associated populations. Across all populations, many mutations occurred in the same gene (e.g.,
agr, gdpP, graSR, pbpA, and saeRS) but not the same amino acid (Table S2     ), indicating parallel
evolution at the gene level.

Between pathogens with the highest virulence—those under selection from both selective
pressures—populations arisen from MRSA had mutations in 25 genes and intergenic regions,
while those from MSSA had mutations in 12 genes and intergenic regions. Both treatments had
mutations in virulence regulators codY (Brinsmade, 2017     ) and saeRS (Montgomery et al.,
2010     ) suggesting some shared pathways to heightened virulence among the two treatments, but
mutations in these genes did not occur across all replicate populations. These treatments also had
mutations in gdpP and pbpA, which have been implicated in resistance to beta-lactam antibiotics

𝜒
2

1

𝜒
2

1

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 8 of 58

Figure 3. Host and sub-MIC antibiotic selection facilitated pathogen growth in antibiotics.

Pathogen in vitro growth A) without oxacillin (  = 9.24, P = 0.24) and B) in sub-MIC oxacillin (  = 106.16, P < 0.001). Different
letters indicate significant differences. C). Oxacillin MIC of evolved populations (Fisher’s exact test P < 0.001). The y-axis
indicates the number of evolved populations for each category. Error bars indicate standard errors. **P < 0.01
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Figure 4. Regulatory genes likely played an important role in pathogen adaptation.
A) Mutations swept to fixation, excluding intergenic and synonymous mutations, grouped by general function. The size of
each point indicates how many populations had acquired at least one mutation in the gene. Colored shapes next to genes
indicate whether these genes are regulatory or have been implicated in virulence or antibiotic resistance in the literature (see
Table S1     ). B) In vitro growth of populations with SCCmec and ACME deletions with or without sub-MIC oxacillin (one-sample
t-test t = 2.73, df = 8, P = 0.026). C) Change from ancestral pathogen-induced mortality vs. mutations (codY one-sample t-test =
19.56, df = 7, P < 0.001; gdpP: 17.02, df = 3, P = 0.002; pbpA: 7.54, df = 3, P = 0.012). D) Hemolysis status vs. mutations (Fisher’s
exact test P < 0.001; agr vs. alr: P = 0.036; argR: P = 0.006; codY: P = 0.005; gdpP: P = 0.006; purR: P = 0.006). E) Oxacillin MIC vs.
mutations (Fisher’s exact test P = 0.0015; codY vs. brnQ1: P = 0.043). F) Biofilm production of evolved populations. Different
letters indicate significant differences (MRSA:  = 7.24, P = 0.06. MSSA:  = 17.91, P < 0.001). The column widths in D) and E)
corresponds to the number of mutations. Error bars indicate standard errors. All evolved populations were sequenced except
for one population from the -host-ox treatment. *P < 0.05, **P < 0.01
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Figure 4.  (continued)
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(Bilyk et al., 2022     ; Poon et al., 2022     ), with gdpP playing a role in MSSA resistance to oxacillin
in particular (Giulieri et al., 2020     ). Five out of six populations evolved from the MSSA ancestor
had a mutation in either gene, which may have contributed to the reduced oxacillin sensitivity in
these populations.

Regulatory genes were enriched with mutations (Figure 4A     ; one-sample Poisson test P < 0.001
for MRSA and MSSA genotypes). These included agr, saeRS, and codY. agr is a quorum sensor that
regulates the expression of virulence factors (Novick, 2003     ). All 22 mutations in agr were found
in populations that have lost the ability to hemolyze red blood cells. In contrast to the other two
regulators, codY is a transcriptional repressor found in gram-positive bacteria that controls
virulence by monitoring nutrient levels in the environment (Brinsmade, 2017     ).

Nine populations experienced large-scale deletions that included the entire SCCmec cassette. Seven
of the nine populations were host-associated. Deletion of ACME has been shown to enhance the
competitive fitness of S. aureus USA300 in vivo (Diep et al., 2008     ). The two MRSA populations
that lost their resistance (Figure 3C     ) had SCCmec deletions, suggesting that resistance could be
more costly when evolving in a host. The loss of SCCmec and ACME was more often identified in
populations exhibiting an increase in total growth from the ancestor outside the host (Figure
4B     ).

Mutations in antibiotic resistance genes were regularly found in
pathogen populations with heightened virulence
We identified mutations arising in specific genes that appeared more often than by chance in
measured traits to pinpoint loci potentially underlying evolved phenotypes. We focused on genes
where two or more mutations (excluding intergenic or synonymous mutations) had fixed during
the experiment regardless of treatment (Figure 4C     ). Mutations in three genes were regularly
identified in populations exhibiting significant increases in virulence from the ancestor: codY,
gdpP, and pbpA. Mutations in agr in general were not associated with changes in overall virulence,
but MSSA populations harboring mutations in this gene were more likely to exhibit greater
virulence compared to MRSA populations (Wilcoxon rank sum exact test P = 0.045).

Mutations in specific genes were often found in populations able to hemolyze red blood cells
(Figure 4D     ). There was a greater proportion of populations with agr mutations unable to
hemolyze red blood cells compared to alr, argR, codY, gdpP, and purR. There were also significant
differences between the mutations regularly identified in oxacillin-resistant populations evolved
from the MSSA ancestor (Figure 4E     ), where a greater proportion of populations with mutations
in codY had reduced oxacillin susceptibility compared to brnQ1. Exposure to oxacillin maintained
hemolysis in evolved populations (Figure 2B     ), suggesting low concentrations of oxacillin exerted
negative selection on the agr locus. By contrast, mutations in agr were often in populations
exhibiting loss of hemolytic activity, consistent with previous findings (Schwan et al., 2003     ).

Because mutations in codY appeared to be important for both virulence (Figure 4C     ) and
antibiotic resistance (Figure 4E     ), we hypothesized that traits controlled by codY were
responsible for the traits observed in MSSA populations under selection from both pressures. A
potential mechanism underlying changes in virulence and antibiotic sensitivity in MSSA may
involve biofilm formation. Biofilm is implicated in S. aureus pathogenesis as well as in dampening
the efficacy of antibiotic treatment (Long et al., 2023     ). In C. elegans, S. aureus biofilm enhances
virulence and protects the pathogen from host innate immune defenses (Begun et al., 2007     ).
Both sub-MIC level of beta-lactam antibiotics and null-mutants of codY induce robust biofilm
formation and hemolysis activity (Chen et al., 2021     ; Kuroda et al., 2007     ; Majerczyk et al.,
2008     ). Taken together, exposure to sub-MIC level of oxacillin and acquisition of potentially
deleterious mutations in codY may underlie both increased virulence and reduced antibiotic
susceptibility. Our findings partially supported this hypothesis: biofilm formation did not
significantly differ for the MRSA genotype. By contrast, biofilm production differed between
treatments for the MSSA genotype (Figure 4F     ), with populations exposed to both selective
pressures forming more biofilm than those evolved without host or either pressure, but not those
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evolved in solely sub-MIC oxacillin. While host and sub-MIC oxacillin selection favored robust
biofilms in MSSA, oxacillin by itself also increased biofilm formation, suggesting low antibiotic
concentrations contributed significantly to the evolution of drug-sensitive populations. The loci
underlying biofilm formation may be different in these two treatments, since mutations in codY
did not appear in populations under solely oxacillin selection (biofilm is a polygenic trait in S.
aureus (Zapotoczna et al., 2016     )).

Mutations that arose during experimental evolution are regularly
found in strains associated with human systemic infections
We then determined whether mutations that arose in our experiment exist in natural S. aureus
isolates. We conducted BLAST searches against a dataset of 83,383 high quality public S. aureus
whole genome assemblies (Raghuram et al., 2024     ) (Figure 5A     ) and found matches against the
majority of our mutations. We hypothesized that these mutations may be important for S. aureus
adaptation to different environments. Indeed, for many genes implemented in virulence and
antibiotic resistance, a greater proportion of natural isolates containing our mutations were found
in blood and systemic infections compared to skin/nose/throat colonization than expected (Figure
5     , statistics shown in Table S3     ). Mutations arisen in MRSA populations under selection from
both host and sub-MIC oxacillin had the most matches to natural isolates (Figure 5B     ), further
highlighting the importance of the interaction between these two selective forces. Overall, our
results demonstrate that evolution experiments in an invertebrate model can give rise to
clinically-relevant mutations in a major bacterial pathogen.

MRSA and MSSA exhibited divergent phenotypic and genomic
evolution during adaptation
We conducted principal component analysis on the evolved traits (virulence, growth in media
with or without sub-MIC oxacillin, and biofilm production) in MRSA and MSSA populations to
determine the impact of selective pressures on overall pathogen phenotypic evolution (Figures
6A      and 6B     ). We found a significant effect of treatment for the MRSA genotype, where
populations exposed to host and sub-MIC oxacillin clustered together, largely separating from all
other treatments (P < 0.05 for all pairwise comparisons). The MSSA genotype had a marginally
non-significant effect of treatment. Populations evolved from the MRSA ancestor had similar
trajectories for growth in sub-MIC oxacillin and virulence, whereas biofilm production and
virulence were more correlated for populations evolved from the MSSA ancestor. For MRSA
populations, biofilm production and growth without oxacillin also appeared to be positively
correlated.

To determine how host and sub-MIC antibiotic shaped pathogen genomic evolution, we built
phylogenies using mutations that arose from the MRSA and MSSA ancestors (Figures 6C      and
D     ). We compared Euclidean distances calculated from the frequency of each mutation to
determine the genetic distance from the ancestor—how fast each population was evolving—and
the genetic distance between populations within each treatment—how much each population had
diverged from one another (Betts et al., 2018     ; Ford et al., 2017     ). There was no significant
difference between treatments for MRSA populations in terms of genetic distance to the ancestor
(Figure S6A     ), suggesting that populations generally exhibited similar evolutionary rates. By
contrast, MSSA populations had a significant effect of treatment (Figure S6B     ), where populations
under selection from solely the host had greater genetic distance from the ancestor than
populations under selection from solely oxacillin (Tukey’s post-hoc test P < 0.001) or under neither
selective pressure (P = 0.004).

For the MSSA group, populations within each treatment tended to exhibit more genetic similarity
(Figures 6C      and 6D     ). For MRSA, treatments varied in how divergent populations were (Figure
S6C     ), where populations exposed to both selective pressures diverged more from each other
than populations in the other three treatments (Dunn’s post-hoc test P < 0.05 for all pairwise
comparisons). Likewise, MSSA populations also differed in how much they varied (Figure S6D     ).
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Figure 5. Mutations that arose during experiment are enriched in isolates associated with systemic
infection in humans.

A) Number of genomes in our public S. aureus genome dataset (see Methods) grouped by isolation source. General host-
association refers to descriptions not specific enough to assign to other categories. We excluded samples that were
ambiguously specified or missing information. B) to H) Number of genomes in the database containing mutations in the
respective gene. I) Number of genomes in the dataset containing the mutations arisen in agr. This gene is separate from the
others to facilitate ease of visualization due to the magnitude of the y-axis. Asterisks indicate significant difference in the
proportion of blood/systemic-associated genomes compared to the expected distribution in the dataset. *P < 0.05, **P <
0.01, ***P < 0.001
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Figure 6. MRSA and MSSA underwent distinct evolutionary trajectories.

Principal component analysis of traits evolved from A) MRSA ancestors (PERMANOVA F(3,23) = 8.38, r2 = 0.557, P = 0.001) and
B) MSSA ancestors (PERMANOVA F(3,23) = 2.20, r2 = 0.248, P = 0.064). Phylogenetic tree constructed from frequencies of
mutations in populations evolving from C) MRSA ancestors (distance to ancestor: F(3,20) = 2.39, P: 0.099; distance between
populations: Kruskal-Wallis  = 21.09, P < 0.001) and D) MSSA ancestors (distance to ancestor: F(3,19) = 10.44, P < 0.001;
distance between populations: F(3,51) = 54.20, P < 0.001). Scale bar indicates Euclidean distance.

𝜒
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Populations under solely host selection had greater divergence from each other than all other
treatments (Tukey’s post-hoc test P < 0.001 for all pairwise comparisons). By contrast, populations
under selection solely from sub-MIC oxacillin diverged the least (P < 0.05 for all pairwise
comparisons). These findings altogether suggest that even concentrations well below the MIC
differentially impacts sensitive and resistant pathogens. As MRSA and MSSA only differed in the
presence of an intact mecA gene at the start of the experiment, accessory genes may play
important roles in shaping bacterial evolution (Jackson et al., 2011     ).

Discussion
While antibiotics have existed for millions of years, the mass production and overuse of antibiotics
by humans in the last century have exerted an unprecedented level of selection on pathogens
(Spagnolo et al., 2021     ; Wright, 2007     ). In addition to antibiotics, pathogens face numerous
selective pressures such as host defenses and competitors (Bashey, 2015     ; Cobey, 2014     ; Hoang
et al., 2024     ). Opportunistic pathogens are especially likely to encounter diverse selective
pressures due to their ability to proliferate outside a host. In this study, we evolved S. aureus with
or without pre-existing antibiotic resistance under different combinations of host and sub-MIC
antibiotics to explore the evolution of virulence and antibiotic resistance. We determined whether
increased virulence trades-off with antibiotic resistance by directly selecting for virulence across
all host-associated treatments. Nonetheless, we observed differing evolutionary trajectories, where
exposure to oxacillin in host-associated treatments resulted in pathogens causing the greatest host
mortality. Our experimental design allowed us to tease apart the contributions of the host, sub-MIC
antibiotics, and their interaction to demonstrate that adaptation to novel hosts did not require
trade-offs in pathogen traits. Indeed, selection from both host and antibiotics actually resulted in
rapid pathogen adaptation, potentially creating the conditions under which a pathogen may
emerge in new hosts.

Selection from the host and sub-MIC antibiotic favored the greatest virulence and growth in
antibiotics, indicating that interactions between these pressures can shape both traits. Sub-MIC
antibiotics can facilitate adaptation to high drug concentrations and to the growth environment
(Andersson and Hughes, 2014     ; Pereira et al., 2023     ). Frequent exposure to low concentrations
of antibiotics in S. aureus may occur due to its ability to grow and survive in non-host
environments (Loeffler et al., 2005     ; Roberts et al., 2013     ; Steadmon et al., 2023     ; Thapaliya et
al., 2017     ), At the cellular level, sub-MIC antibiotics can affect S. aureus by directly binding to
virulence factors, modulating virulence regulators, and inducing the expression of toxins like
hemolysin (Chen et al., 2021     ; Hodille et al., 2017     ). Prior exposure to sub-MIC inside and
outside hosts can thus mediate traits involved in virulence upon host encounter. Our results
further provided evidence for potential links between responses to antibiotic selection and
virulence. Mutations in genes involved in resistance to antibiotics were found more often in
populations with increased virulence, suggesting that antibiotic adaptation may also favor
evolution of virulence. Furthermore, in the absence of oxacillin selection, populations lost their
ability to hemolyze red blood cells, supporting previous findings that antibiotics can influence
expression of virulence factors (Andersson and Hughes, 2014     ; Chen et al., 2021     ).

Likewise, host factors contributed to antibiotic resistance. All populations initially sensitive to
oxacillin exhibited increased MICs when under selection from both host and sub-MIC oxacillin.
One population evolving under selection from either solely sub-MIC antibiotics or solely the host
exhibited decreased oxacillin sensitivity, which is consistent with previous studies examining
hosts (McVicker et al., 2014     ) and sub-MIC (Pereira et al., 2023     ; Wistrand-Yuen et al., 2018     )
exposure separately. The pathogens in these studies evolved for much longer than our study,
suggesting that having a host accelerated the evolution of antibiotic resistance, potentially due to
bottlenecks that favor resistant isolates (McVicker et al., 2014     ). Evolution in hosts also
contributed to pathogen growth outside hosts, an important trait for opportunistic pathogens as
persistence in the environment increases the likelihood of contact with new hosts. Host
association also resulted in more indels, including large-scale deletions of antibiotic resistance-
conferring SCCmec and ACME. Genome degradation is a common pattern found in the transition to
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long-term within-host adaptation across diverse pathogens (Bentley and Parkhill, 2015     ; Klemm et
al., 2016     ; Lawrence, 2005     ). Ultimately, exposure to hosts and antibiotics together could create
a feedback loop where both evolutionary pressures select for better adaptation in the other,
resulting in highly virulent and resistant pathogens that can persist outside hosts.

Several mutations arose in genes with primary roles in metabolism, such as codY. It is becoming
clear that pathogen metabolism plays a central role in its virulence (Feinbaum et al., 2012     ;
Lindsay et al., 2023     ) and antibiotic resistance (Zampieri et al., 2017     ). For example, mutations
in chromosomal- and plasmid-encoded metabolic genes are widely prevalent among E. coli strains
and protect them against antibiotic challenges (Lopatkin et al., 2021     ; Palomino et al., 2023     ).
Furthermore, antibiotics can directly select for reduced metabolic rates to dampen the deleterious
effects of drugs (Lopatkin et al., 2021     ), and increased resistance is more likely to evolve at high
nutrient concentrations (Windels et al., 2024     ). Similarly, metabolic efficiency can alter virulence
(Lindsay et al., 2023     ), while resource limitations can hinder the evolution of virulence (Pak et al.,
2024     ). In S. aureus, CodY de-represses expression of virulence factors under resource-depleted
conditions in order to acquire nutrients through the lysing of host cells (Brinsmade, 2017     ). Our
genomic data were consistent with the observation that codY may be mediating virulence through
control of agr: MSSA populations under selection from both host and sub-MIC oxacillin exhibited
the greatest virulence and was one of the two treatments without mutations in agr. These findings
suggested that the codY mutations in these populations may be deleterious, rendering CodY less
efficient in repressing agr-mediated virulence as a result. Future experiments may include
introducing these mutations into the ancestral background to directly link the mutations in these
genes to evolved virulence. As resources likely differ in abundance and type between hosts and
media, our findings illustrated the importance of taking into consideration the environment in
which pathogens evolve when evaluating traits of interest.

Regulatory genes in general acquired more mutations than expected by chance alone. This finding
supported previous work showing that regulatory elements were more likely to acquire
phenotype-altering mutations, especially in negative regulators (e.g., codY) (Lind et al., 2015     ).
Enrichment of mutations in regulatory genes has also been found in E. coli under antibiotic
selection and in Pseudomonas aeruginosa under host selection (Card et al., 2021     ; Jansen et al.,
2015     ). Pleiotropic genes like regulators may increase the capacity to adapt to multiple
environments. Because C. elegans is a novel host to S. aureus, selection is more likely to act on
genes that have large initial gains in the fitness landscape, such as those that have pleiotropic
effects (Bomblies and Peichel, 2022     ). Indeed, mutations in several metabolic regulators (codY,
purR, gpmA) and virulence regulators (saeRS) were mainly identified in populations involving
hosts. The resulting phenotypes of these mutations, such as increased biofilm production, can then
confer multiple benefits like increased virulence and antibiotic resistance. Our experimental
results revealed similar patterns to a comparative study analyzing over 2000 S. aureus genomes,
where mutations in genes with pleiotropic effects, such as purR, may have underly pathogen
adaptation during systemic infection (Giulieri et al., 2022     ). Thus, changes in genes of large effects
like global regulators appear to be critical mediators between different traits that altogether allow
bacteria to rapidly adapt to new and stressful environments.

Antibiotic resistance did not impede the evolution of virulence. Antibiotic resistance tends to be
costly in the absence of antibiotics; this cost can subsequently constrain evolution of traits
requiring cellular resources, such as virulence (Ferenci, 2016     ). However, mutations conferring
resistance can have little to no costs, depending on the pathogen species and drugs, and costs can
be offset by compensatory mutations (Melnyk et al., 2015     ). Sub-MIC levels favor low-cost
mutations (Westhoff et al., 2017     ), therefore virulence and antibiotic resistance may not trade-off
during disease emergence (Visher et al., 2021     ). Virulence may alternatively be costly in the
presence of antibiotic resistance—populations evolved from the MRSA ancestor without either
selective pressure exhibited the lowest virulence. The corresponding MSSA populations did not
have a similar decline in virulence, suggesting that relaxed selection attenuated virulence for
populations with existing resistance. Genomic differences between evolved MRSA and MSSA
further demonstrate diverging evolutionary pathways in antibiotic-resistant versus antibiotic-
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sensitive populations. Oxacillin-exposed MSSA had no mutations in agr and retained their
hemolytic ability, while some MRSA populations gained agr mutations and lost the trait, suggesting
that other pathways are utilized to express virulence. Lastly, mutations in MRSA under selection
from both host and antibiotics were significantly enriched in blood and systemic S. aureus isolated
from humans, suggesting that antibiotics may have significant roles in MRSA invasive infection.
Acquiring mutations in genes that impact antibiotic resistance, such as pbpA and pbpB, may allow
S. aureus to persist longer in hosts. Additional direct tests are needed to evaluate the role of these
mutations in adaptation of S. aureus to different infection sites.

Recent work has shown that diverse genotypes of one pathogen species converge on similar
phenotypes when facing similar selective pressures (Filipow et al., 2023     ). Here, we showed that
antibiotic resistance status can lead otherwise isogenic pathogens to use different adaptive
strategies. Initially susceptible pathogens, facing novel selection from host and antibiotics,
exhibited reduced phenotypic and genomic variation over evolutionary time and thus may have
had a limited number of pathways to adapt to new environments. By contrast, resistant
populations had greater variance and thus may have had more routes to adapt. Overall, the
potential for low-cost (Visher et al., 2021     ; Westhoff et al., 2017     ) and pleiotropic mutations
(Bomblies and Peichel, 2022     ) may have created ideal conditions for a novel pathogen to
establish in host populations regardless of its susceptibility to antibiotics. Our work demonstrated
that responding to multiple pressures can result in rapid adaptation to new hosts and even
evolution of traits not under selection, emphasizing the importance of non-canonical pathways
(e.g., metabolism) in shaping these traits. Pathogen evolution in a tractable invertebrate animal
model yielded phenotypes and genotypes similar to those identified in mammalian hosts,
highlighting the utility of evolution experiments to identify potential ecological and genetic
mechanisms that may give rise to pathogen traits conserved across systems. Our findings
ultimately emphasize the importance of considering the host context in the evolution of antibiotic
resistance. Integrating multiple traits, such as virulence, antibiotic resistance, and fitness may be
critical in identifying the factors that facilitate host shifts and persistence of drug-resistant
pathogens.

Materials and methods
Bacteria and nematode strains
Staphylococcus aureus USA300 JE2 (NR-46543) and USA300 JE2 mecA-tn (Transposon Mutant
NE1868) from the Nebraska Transposon Mutant Library were acquired from BEI resources
(https://www.beiresources.org/     ). To ensure true isogenic ancestors, the mecA-tn was transduced
into the USA300 JE2 background, selecting for the erythromycin resistance marker on the Mariner
transposon, and the insertion site was confirmed by polymerase chain reaction. Transposon
maintenance was confirmed by testing for resistance to erythromycin (5µg/mL) or by genome
sequencing when available. In cases where transposon loss was verified by genome sequencing,
strains were tested and shown to maintain sensitivity to oxacillin. As the primary function of the
transposon was to knock out mecA function, loss of the transposon should not confound
subsequent analyses as antibiotic sensitivity was maintained.

Caenorhabditis elegans strain N2 Bristol and Escherichia coli strain OP50 were provided by the
Caenorhabditis Genetics Center, which is funded by the NIH Office of Research Infrastructure
Programs (P40 OD010440). Nematodes were maintained on Nematode Growth Medium Lite (US
Biological, Swampscott, MA) according to WormBook protocols (Stiernagle, 2006     ).

Experimental evolution
Selection for increased virulence of S. aureus (USA300 JE2 or USA300 JE2 mecA-tn) in C. elegans
was performed by passaging S. aureus from dead hosts 24 hours post-infection. Half of the S.
aureus populations were additionally subjected to antibiotic pressure during the passages before
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and after C. elegans selection with sub-MIC oxacillin exposure (0.03125µg/mL). This concentration
was tested against both ancestral strains and did not substantially inhibit growth of the
methicillin-sensitive USA300 JE2 mecA-tn strain.

For each passage of experimental evolution, S. aureus was grown in Brain Heart Infusion (BHI)
broth with 4µg/mL colistin (to prevent E. coli contamination from the nematode intestine) ±
0.03125µg/mL oxacillin and incubated at 37°C overnight, shaking at 250rpm. The next day, 200µL
of the overnight S. aureus culture was plated onto BHI agar and incubated at 28°C overnight.
Approximately 1500 C. elegans were plated and allowed to consume S. aureus for 24 hours before
30 dead nematodes were picked from each plate. Nematodes were identified as dead by a lack of
response to tapping by a platinum wire (Ford et al., 2017     ; Hoang et al., 2024). Bacterial
extraction methods were adapted from (Vega and Gore, 2017     ). In brief, picked dead nematodes
were washed once with M9 buffer supplemented with 0.1% Triton X-100, once with M9 buffer,
then subjected to a 1:1000 bleach-M9 buffer solution for 15 minutes. Nematodes were then washed
twice with M9 buffer and ground with a motorized pestle to extract S. aureus from the host
intestine. S aureus populations evolving without hosts were obtained from nematode-free
bacterial lawns with a loop. Populations of S. aureus were grown as previously before freezing and
storage at −80°C. Twenty-five percent of each frozen culture was used as inoculum for the next
round of experimental evolution. Preliminary experiments determined colony-forming units per
milliliter dropped by approximately 50% after freezing. To maintain population diversity, the
inoculum amount (25%), adjusted for freezing, was chosen to be within the dilution ratio
presented in (Wahl et al., 2002     ) that minimizes the chance that rare beneficial mutations are
lost. Twelve rounds of passage were completed for 2 S. aureus genotypes x 2 host treatments x 2
antibiotic treatments x 6 replicates = 48 populations. Whole populations were frozen for
subsequent analyses. We conducted all assays to evaluate changes in evolved S. aureus at the
population level instead of single isolates to represent the context under which S. aureus evolved
in our experiment and generally how pathogens exist in nature and in hosts (Cordero et al.,
2012     ; Launay et al., 2021     ; McAdam et al., 2011     ; Mei et al., 2021     ; Paterson et al., 2015     ).
Population level assays also allow for potential interactions between genotypes that give rise to
phenotypes like virulence (Ruiz-Bedoya et al., 2023     ) and antibiotic resistance (Azimi et al.,
2020     ; Cordero et al., 2012     ) that would otherwise not be captured in single-isolate assays.

Mortality assay
Nematodes were age-synchronized as in (Penley and Morran, 2018     ) and grown on E.coli OP50
until L4 larval stage (48 hours at 20°C). Nematodes were subsequently washed off, counted, and
approximately 200 individuals were plated on S. aureus lawns on BHI plates. Another set of
nematodes were plated on E. coli OP50 to estimate the total number of nematodes. Plates of S.
aureus were prepared 24 hours prior by plating 200µL of an overnight population culture on BHI
agar and grown at 28°C. After two days at 20°C, plates were scored by counting live nematodes.
Host mortality data were analyzed using a generalized linear model with a binomial distribution
and followed by Tukey multiple-comparison tests to determine pairwise differences. To compare
variances across treatments, we conducted Levene’s test for homogeneity of variance. All
statistical analyses, including those below, were conducted in R (version 4.2.0).

Hemolysis phenotype assay
Populations of S. aureus were streaked onto Trypticase Soy Agar II with 5% sheep’s blood plates
and incubated overnight at 37°C. Bacteria were assessed as either hemolysis positive or negative
depending on whether there was a complete clearing around the colonies. We did not cross-streak
with RN4220, which produces beta-hemolysin, and allows for detection of delta-hemolysin.
Therefore, our assay mainly detects alpha-toxin and phenol-soluble modulins. Hemolysis data
were analyzed using a generalized linear model with a binomial distribution. To determine
whether there was an association between hemolysis status and host mortality, we compared the
host mortality means of hemolysis-positive vs. hemolysis-negative pathogens using a Kruskal–
Wallis test.
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To determine whether there was variation in hemolysis ability within populations, we streaked 10
colonies from each of the 48 evolved populations onto Trypticase Soy Agar II with 5% sheep’s
blood plates and incubated overnight at 37°C. To compare the number of isolates able to hemolyze,
we conducted a generalized linear model with a binomial distribution. To compare variances, we
conducted Levene’s test for homogeneity of variance.

In vitro growth assay
We measured growth in BHI to simulate conditions under which pathogens were grown in our
experiment. Rich media allowed us to determine growth when conditions are optimal for evolved
pathogens. Measuring growth in minimal media, while being more similar to conditions that S.
aureus may face in its environment, would introduce another selective pressure. Overnight
cultures of each evolved population was diluted 1:1000 in BHI broth, then 200µl of each dilution
was added to 96-well plates, covered with a Breathe-Easy sealing membrane (Sigma) to minimize
evaporation. The optical density at 600nm at 37°C with shaking at 282 cycles per minute was
recorded every 10 minutes for 16 hours (1000 minutes) using a BioTek Synergy HTX Multimode
Reader. We randomly assigned each of the 48 evolved populations to the inner wells of the 96-well
plates, with at least three technical replicates per population. Each plate also included technical
replicates of each ancestor. Each ancestral strain was assayed with four technical replicates per
plate across four plates. These steps were repeated for media with 0.03125µg/mL oxacillin. We
used the R package gcplyr (Blazanin, 2023     ) to calculate the area under the curve of density, a
metric that quantifies the overall bacterial growth. We compared the growth of populations across
treatments using the mean area under the curve of the technical replicates for each population.
We used a linear model followed by Tukey multiple-comparison tests to determine pairwise
differences between the ancestors, and linear mixed models for evolved populations grown with
or without oxacillin.

Antimicrobial susceptibility assay
Antimicrobial susceptibility testing for oxacillin was done according to Clinical & Laboratory
Standards Institute (CLSI) standard protocols for broth microdilution (CLSI, 2013     ). In brief,
populations were streaked from frozen stock and re-streaked the next day. From the second day
culture, populations were resuspended in normal saline to a 0.5 McFarland standard. Then, these
cultures were diluted 1:20 in normal saline before 10µL was added to 90µL of CAMHB + 2% NaCl
with the appropriate concentration of oxacillin. Plates were incubated at 35°C without shaking and
read at 24 hours. For statistical analysis of populations evolved from the MSSA ancestor, we set a
threshold such that anything above the ancestral susceptibility level (0.25ug/ml) was considered a
decrease in oxacillin sensitivity. We then compared the proportion of populations exhibiting a
decrease in oxacillin sensitivity with those that had not using Fisher’s exact test with false
discovery rate-adjusted (FDR) p-values.

To determine whether there was variation in antibiotic susceptibility within evolved populations,
we sampled 10 colonies from each of the four populations with the most number of mutations
(two from MRSA and two from MSSA), and two additional randomly selected populations. We
argued that variation would be the most observable in populations with the most genetic diversity.
We then followed the standard protocol for a Kirby-Bauer disk diffusion susceptibility test
(Hudzicki, 2009     ) using oxacillin. Briefly, we inoculated Mueller-Hinton agar plates (Hardy
Diagnostics) of overnight cultures with standardized OD600 and placed an oxacillin-impregnated
disk (HardyDisk AST Oxacillin, OX1) onto each plate. We measured the diameter of the zone of
inhibition after incubation at 37°C overnight.

Biofilm assay
Overnight cultures of each population were diluted 1:40 in BHI broth containing 0.5% glucose,
then 100µl of each dilution was added to the inner wells of 96-well plates (NEST Biotechnology,
flat-bottom, tissue culture-treated). Plates were incubated for 24 hours at 20°C, the temperature
that nematodes experience during infection. Each well was washed three times with 200µl of
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phosphate-buffered saline (PBS) to remove non-adherent cells. We then stained cells with 125µl of
0.1% crystal violet for 20 minutes, followed by washing each well twice with 200µl PBS. We then
resuspended the crystal violet in 125µl of 30% acetic acid. After incubation for 10 minutes, we
measured the optical density at 595nm using a BioTek Synergy HTX Multimode Reader. We
randomly assigned each of the 48 evolved populations to the inner wells of the 96-well plates, with
at least three technical replicates per population. Each plate also included technical replicates of
each ancestor. We standardized the mean of technical replicates for each population against the
respective ancestor within each plate to control for variation across plates. We used mixed linear
models followed by Tukey multiple-comparison tests to assess pairwise differences between
treatments.

Whole-genome shotgun sequencing and variant annotation
Bacterial genome DNA was extracted from whole populations using Wizard Genomic DNA
Purification Kit (Promega). Population sequencing allows us to capture the genetic variation
within populations, which is critical to understanding how pathogens evolve (Azimi et al., 2020     ;
Ford et al., 2017     , 2016     ; Hoang et al., 2024     ; Hoang et al., 2024     ; Mahrt et al., 2021     ).
Genome sequencing of these DNA samples was performed at the M-Gen center using a paired-end
library preparation method based on Illumina Nextera and sequenced on the NextSeq 550.

The raw data was quality trimmed and adapters removed using illumina-cleanup
(https://github.com/rpetit3/illumina-cleanup     ) or with bactopia (Petit and Read, 2020     ).
Mutations were called based on comparison to the reference USA300 JE2 genome (BioProject:
PRJNA224116, BioSample: SAMN06677988, Assembly: GCF_002085525.1) using breseq (Deatherage
and Barrick, 2014     ). The presence of large-scale deletions and other genetic changes were
confirmed by analysis of de novo assembled genomes performed by the SKESA assembler software
(Souvorov et al., 2018     ). The ancestral populations were almost identical to the reference genome
used except for three mutations that were not found in any evolved populations. Another three
mutations in bioD1, cls and ccdC were present in all populations derived from the MSSA ancestor
and likely occurred in the first passage from the frozen culture before experimental evolution was
performed. We therefore removed these six mutations from the analysis. Raw sequences have
been deposited in the NCBI Sequence Read Archive under the BioProject accession number
PRJNA1162848.

The number of mutations (excluding synonymous or intergenic regions) across treatments were
analyzed using a generalized linear model with a Poisson distribution. For mutation enrichment
analysis, we followed the steps as described previously (Lees et al., 2017     ). Briefly, we calculated
the “mutation rate” for each ancestor by dividing the total number of mutations by the reference
genome size. We multiplied the mutation rate by the total length of regulatory genes (Ibarra et al.,
2013     ) with mutations in our study to generate the expected number of mutations for these
genes. We then conducted single-tailed Poisson tests to determine whether the actual number of
mutations in regulatory genes was greater than expected.

For phenotypes vs. mutations, we considered only mutations occurring at least twice throughout
the experiment. For host mortality vs. mutations and growth rate vs. SCCmec and ACME, we
conducted a one sample t-test for each evolved pathogen against its respective ancestor. P-values
were adjusted using the FDR. For hemolysis status vs. mutations and oxacillin MIC vs. mutations,
we conducted Fisher’s exact tests with Bonferroni corrections.

Comparing mutations in experiment against publicly available
genomes
For each non-synonymous mutation in each gene, we created the FASTA file of the USA300 JE2
protein product and a cognate file of the mutant protein with the amino acid substitution edited
manually. We ran tBLASTn (version 2.12.0) searches of both proteins against 83,383 high quality S.
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aureus whole genome assemblies (Raghuram et al., 2024     ). We filtered out matches to genomes
with less than 95% identity. We screened for cases where mutants had a better match to a genome
than the ancestral protein (higher bitscore).

We collected meta-data for BioSamples accession linked to each genome from NCBI Entrez using a
Python script from Jason Stajich (https://github.com/stajichlab/biosample_metadata     ), then
manually curated the “isolation_source” column to either blood/systemic infection,
skin/nose/throat, general host-association, animal, environment, others, and missing (see Table
S4      for specific terms). For BioSamples matching mutants within each treatment, we compared
the proportion of blood/systemic infection vs. skin/nose/throat against the expected proportion (all
BioSamples in the dataset) using a chi-square goodness-of-fit test.

Principal component analysis
We conducted a principal component analysis on the phenotypes quantified in evolved
populations using the prcomp function in R for each S. aureus genotype. We performed
permutational analysis of variances (PERMANOVA, 999 permutations) to test for differences
between treatments using adonis2 of the vegan package (Oksanen et al., 2024     ) and
pairwiseAdonis (Martinez Arbizu, 2020     ).

Genetic distance
We generated a matrix of Euclidian genetic distances (the square root of pairwise differences)
using the frequencies of mutations that arose for each S. aureus genotype, from which we
constructed phylogenies (Betts et al., 2018     ; Ford et al., 2017     ). We used pairwise differences
between the ancestor and each evolved populations to compare rates of evolution across
treatments, and pairwise differences between replicate populations within each treatment to
compare the degree of divergence across treatments. We compared rates of evolution for MRSA
and MSSA treatments, and degree of divergence for MSSA treatments, using linear models
followed by Tukey multiple-comparison tests. We compared the degree of divergence for MRSA
treatments using a Kruskal–Wallis test followed by Dunn’s post-hoc test.

Supplemental figures

Figure S1. Most colonies sampled matched their respective population in terms of the ability to hemolyze
sheep’s blood (i.e., over 50% of colonies having the same hemolysis status as the population they were
sampled from).
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Figure S2. Zone of inhibition from Kirby-Bauer disk diffusion susceptibility test with oxacillin for colonies
sampled from each of the four populations with the most number of mutations (two from MRSA and two
from MSSA), and two additional randomly selected populations.

Figure S3. Count of all mutations (from 10-100% frequency) arisen in evolved populations.
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Figure S4. Mutations at frequencies between 0.1 and < 1, excluding synonymous or intergenic mutations, in
each evolved population.

Points with darker shades indicate more than one mutation present. All mutations in MRSA +host +ox populations between
0.1 and < 1 are all either synonymous or intergenic. A table of all mutations and frequencies is available on figshare
(10.6084/m9.figshare.28745558)

Figure S5. A) Count and B) Mean of mutations swept to fixation in evolved populations.
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Figure S6.

Genetic distance between the ancestor and evolved populations for A) MRSA and B) MSSA genotypes. Genetic distance
between replicate populations within each treatment for C) MRSA and D) MSSA genotypes. Different letters indicate
significant differences. Error bars indicate standard errors.
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Supplemental tables

Table S1. Nonsynonymous mutations occurred in genes with known roles in virulence and antibiotic
resistance.
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Table S2. Fixed mutations in genes and intergenic regions appearing in more than two populations.

SYN = synonymous, NONSYN = nonsynonymous
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Table S2.  (continued)

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 28 of 58

Table S2.  (continued)
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Table S3. Chi-square goodness-of-fit test results for comparison between the proportion of blood/systemic
infection-associated mutations vs. skin/nose/throat-associated mutations against the expected proportion
(i.e., all BioSamples in the dataset).

All degrees of freedom equalled 1.
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Table S4. Categories for “isolation_source” terms from meta-data for BioSamples linked to our dataset of
public S. aureus genomes in Figure 5A     .
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Table S4.  (continued)
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Data availability
Raw sequences have been deposited in the NCBI Sequence Read Archive under the BioProject
accession number PRJNA1162848, and phenotypic data deposited in the Figshare Repository
(10.6084/m9.figshare.28745558).

Acknowledgements
The authors are grateful for insightful discussion with members of the Read and Morran labs, and
Shaun Brinsmade for reading the manuscript. We thank Carmen Alvarez, Jason Chen, and Emily
Stevens for help with experimental protocols.

Additional information
Funding
MS was supported by the Antimicrobial Resistance and Therapeutic Discovery Training Program
funded by NIAID T32 award AI106699. TDR was supported by National Institutes of Health (NIH)
AI139188 and AI158452. KLH and TDR were supported by the Office of Advanced Molecular
Detection, Centers for Disease Control and Prevention Cooperative Agreement Number CK22-2204
through contract 40500-050-23234506 from the Georgia Department of Public Health. LTM was
supported by a National Science Foundation Division of Environmental Biology (NSF-DEB) grant
1750553.

Author contributions
MS, LTM, and TDR conceptualized the project. MS, KLH, MP, MHD, and JDG conducted the
experiments. KLH and MS analyzed the data and drafted the manuscript. All authors contributed
to manuscript revision.

Funding

Funder Grant reference number Author

National Institutes of Health (NIH) AI106699 Michelle Su

HHS | National Institutes of Health (NIH) AI139188 Timothy Read

HHS | National Institutes of Health (NIH) AI158452 Timothy Read

Georgia Department of Public Health (DPH) CK22-2204
Kim Hoang

Timothy Read

National Science Foundation (NSF) 1750553 Levi Morran

Author ORCID iDs
Kim L Hoang:  https://orcid.org/0000-0001-5269-1630
Timothy D Read:  https://orcid.org/0000-0001-8966-9680

Additional files
Supplemental Materials      

References
Alves J, Vrieling M, Ring N, Yebra G, Pickering A, Prajsnar TK, Renshaw SA, Fitzgerald JR (2024)
Experimental evolution of Staphylococcus aureus in macrophages: dissection of a conditional
adaptive trait promoting intracellular survival. mBio  https://doi.org/10.1128/mbio.00346-24 |
PubMed

1.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://orcid.org/0000-0001-5269-1630
https://orcid.org/0000-0001-5269-1630
https://orcid.org/0000-0001-5269-1630
https://orcid.org/0000-0001-8966-9680
https://orcid.org/0000-0001-8966-9680
https://orcid.org/0000-0001-8966-9680
https://prod--epp.elifesciences.org/api/files/107936/v2/content/supplements/610628_file03.pdf
https://doi.org/10.1128/mbio.00346-24
https://pubmed.ncbi.nlm.nih.gov/38682911
https://pubmed.ncbi.nlm.nih.gov/38682911
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 37 of 58

Andersson DI, Hughes D (2014) Microbiological effects of sublethal levels of antibiotics. Nature
Reviews Microbiology  https://doi.org/10.1038/nrmicro3270 | PubMed

Azimi S, Roberts AEL, Peng S, Weitz JS, McNally A, Brown SP, Diggle SP (2020) Allelic polymorphism
shapes community function in evolving Pseudomonas aeruginosa populations. ISME Journal
14:1929‑1942 https://doi.org/10.1038/s41396-020-0652-0 | PubMed

Bacigalupe R, Tormo-Mas MÁ, Penadés JR, Ross Fitzgerald J (2019) A multihost bacterial pathogen
overcomes continuous population bottlenecks to adapt to new host species. Science Advances
5:1‑15 https://doi.org/10.1126/sciadv.aax0063 | PubMed

Bae T, Banger AK, Wallace A, Glass EM, Åslund F, Schneewind O, Missiakas DM (2004) Staphylococcus
aureus virulence genes identified by bursa aurealis mutagenesis and nematode killing. Proceedings
of the National Academy of Sciences of the United States of America  
https://doi.org/10.1073/pnas.0404728101 | PubMed

Bashey F (2015) Within-host competitive interactions as a mechanism for the maintenance of
parasite diversity. Philosophical Transactions of the Royal Society B: Biological Sciences 370 
https://doi.org/10.1098/rstb.2014.0301 | PubMed

Begun J, Gaiani JM, Rohde H, Mack D, Calderwood SB, Ausubel FM, Sifri CD (2007) Staphylococcal biofilm
exopolysaccharide protects against Caenorhabditis elegans immune defenses. PLoS Pathogens
3:526‑540 https://doi.org/10.1371/journal.ppat.0030057 | PubMed

Begun J, Sifri CD, Goldman S, Calderwood SB, Ausubel FM (2005) Staphylococcus aureus virulence
factors identified by using a high-throughput Caenorhabditis elegans-killing model. Infection and
Immunity 73:872‑877 https://doi.org/10.1128/IAI.73.2.872-877.2005 | PubMed

Bentley SD, Parkhill J (2015) Genomic perspectives on the evolution and spread of bacterial
pathogens. Proceedings of the Royal Society B: Biological Sciences 282 
https://doi.org/10.1098/rspb.2015.0488 | PubMed

Betts A, Gray C, Zelek M, Maclean RC, King KC (2018) High parasite diversity accelerates host
adaptation and diversification. Science 360:907‑911 https://doi.org/10.1126/science.aam9974 |
PubMed

Bilyk BL, Panchal V V., Tinajero-Trejo M, Hobbs JK, Foster SJ (2022) An interplay of multiple positive and
negative factors governs methicillin resistance in Staphylococcus aureus. Microbiology and Molecular
Biology Reviews 86 https://doi.org/10.1128/mmbr.00159-21 | PubMed

Blazanin M. (2023) gcplyr: an R package for microbial growth curve data analysis. bioRxiv  
https://doi.org/10.1101/2023.04.30.538883

Bomblies K, Peichel CL (2022) Genetics of adaptation. Proceedings of the National Academy of Sciences
of the United States of America 119 https://doi.org/10.1073/pnas.2122152119 | PubMed

Braga PC, Dal Sasso M, Sala MT (2000) Sub-MIC concentrations of cefodizime interfere with various
factors affecting bacterial virulence. Journal of Antimicrobial Chemotherapy 45:15‑25 
https://doi.org/10.1093/jac/45.1.15 | PubMed

Brinsmade SR (2017) CodY, a master integrator of metabolism and virulence in Gram-positive
bacteria. Current Genetics  https://doi.org/10.1007/s00294-016-0656-5 | PubMed

Card KJ, Thomas MD, Graves JL, Barrick JE, Lenski RE (2021) Genomic evolution of antibiotic resistance
is contingent on genetic background following a long-term experiment with Escherichia coli.
Proceedings of the National Academy of Sciences of the United States of America 118:1‑9 
https://doi.org/10.1073/pnas.2016886118 | PubMed

Chen J, Zhou H, Huang J, Zhang R, Rao X (2021) Virulence alterations in staphylococcus aureus upon
treatment with the sub-inhibitory concentrations of antibiotics. Journal of Advanced Research  
https://doi.org/10.1016/j.jare.2021.01.008 | PubMed

Cheung GYC, Duong AC, Otto M (2012) Direct and synergistic hemolysis caused by Staphylococcus
phenol-soluble modulins: Implications for diagnosis and pathogenesis. Microbes and Infection
14:380‑386 https://doi.org/10.1016/j.micinf.2011.11.013 | PubMed

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1038/nrmicro3270
https://pubmed.ncbi.nlm.nih.gov/24861036
https://pubmed.ncbi.nlm.nih.gov/24861036
https://doi.org/10.1038/s41396-020-0652-0
https://pubmed.ncbi.nlm.nih.gov/32341475
https://pubmed.ncbi.nlm.nih.gov/32341475
https://doi.org/10.1126/sciadv.aax0063
https://pubmed.ncbi.nlm.nih.gov/31807698
https://pubmed.ncbi.nlm.nih.gov/31807698
https://doi.org/10.1073/pnas.0404728101
https://pubmed.ncbi.nlm.nih.gov/15304642
https://pubmed.ncbi.nlm.nih.gov/15304642
https://doi.org/10.1098/rstb.2014.0301
https://pubmed.ncbi.nlm.nih.gov/26150667
https://pubmed.ncbi.nlm.nih.gov/26150667
https://doi.org/10.1371/journal.ppat.0030057
https://pubmed.ncbi.nlm.nih.gov/17447841
https://pubmed.ncbi.nlm.nih.gov/17447841
https://doi.org/10.1128/IAI.73.2.872-877.2005
https://pubmed.ncbi.nlm.nih.gov/15664928
https://pubmed.ncbi.nlm.nih.gov/15664928
https://doi.org/10.1098/rspb.2015.0488
https://pubmed.ncbi.nlm.nih.gov/26702036
https://pubmed.ncbi.nlm.nih.gov/26702036
https://doi.org/10.1126/science.aam9974
https://pubmed.ncbi.nlm.nih.gov/29798882
https://pubmed.ncbi.nlm.nih.gov/29798882
https://doi.org/10.1128/mmbr.00159-21
https://pubmed.ncbi.nlm.nih.gov/35420454
https://pubmed.ncbi.nlm.nih.gov/35420454
https://doi.org/10.1101/2023.04.30.538883
https://doi.org/10.1073/pnas.2122152119
https://pubmed.ncbi.nlm.nih.gov/35858399
https://pubmed.ncbi.nlm.nih.gov/35858399
https://doi.org/10.1093/jac/45.1.15
https://pubmed.ncbi.nlm.nih.gov/10629008
https://pubmed.ncbi.nlm.nih.gov/10629008
https://doi.org/10.1007/s00294-016-0656-5
https://pubmed.ncbi.nlm.nih.gov/27744611
https://pubmed.ncbi.nlm.nih.gov/27744611
https://doi.org/10.1073/pnas.2016886118
https://pubmed.ncbi.nlm.nih.gov/33441451
https://pubmed.ncbi.nlm.nih.gov/33441451
https://doi.org/10.1016/j.jare.2021.01.008
https://pubmed.ncbi.nlm.nih.gov/34194840
https://pubmed.ncbi.nlm.nih.gov/34194840
https://doi.org/10.1016/j.micinf.2011.11.013
https://pubmed.ncbi.nlm.nih.gov/22178792
https://pubmed.ncbi.nlm.nih.gov/22178792
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 38 of 58

Cisneros-Mayoral S, Graña-Miraglia L, Perez-Morales D, Peña-Miller R, Fuentes-Hernández A (2022)
Evolutionary History and Strength of Selection Determine the Rate of Antibiotic Resistance
Adaptation. Molecular Biology and Evolution 39 https://doi.org/10.1093/molbev/msac185 | PubMed

CLSI (2013) Performance standards for antimicrobial susceptibility testing: CLSI approved standard
M100-S23.  

Cobey S (2014) Pathogen evolution and the immunological niche. Annals of the New York Academy of
Sciences 1320:1‑15 https://doi.org/10.1111/nyas.12493 | PubMed

Cordero OX, Wildschutte H, Kirkup B, Proehl S, Ngo L, Hussain F, Le Roux F, Mincer T, Polz MF (2012)
Ecological populations of bacteria act as socially cohesive units of antibiotic production and
resistance. Science 337:1228‑1231 https://doi.org/10.1126/science.1219385 | PubMed

Day T, Kennedy DA, Read AF, Gandon S (2022) Pathogen evolution during vaccination campaigns.
PLoS biology 20:e3001804 https://doi.org/10.1371/journal.pbio.3001804 | PubMed

Deatherage DE, Barrick JE (2014) Identification of mutations in laboratory-evolved microbes from
next-generation sequencing data using breseq. Engineering and Analyzing Multicellular Systems:
Methods and Protocols 165‑188 https://doi.org/10.1007/978-1-4939-0554-6_12 | PubMed

Diep BA, Gill SR, Chang RF, Phan TH Van, Chen JH, Davidson MG, Lin F, Lin J, Carleton HA, Mongodin EF, et
al. (2006) Complete genome sequence of USA300, an epidemic clone of community-acquired
meticillin-resistant Staphylococcus aureus. Lancet 367:731‑739 https://doi.org/10.1016/S0140-
6736(06)68231-7 | PubMed

Diep BA, Stone GG, Basuino L, Graber CJ, Miller A, Des Etages SA, Jones A, Palazzolo-Ballance AM,
Perdreau-Remington F, Sensabaugh GF, et al. (2008) The arginine catabolic mobile element and
staphylococcal chromosomal cassette mec linkage: Convergence of virulence and resistance in the
USA300 clone of methicillin-resistant Staphylococcus aureus. Journal of Infectious Diseases
197:1523‑1530 https://doi.org/10.1086/587907 | PubMed

Ekroth AKE, Gerth M, Stevens EJ, Ford SA, King KC (2021) Host genotype and genetic diversity shape
the evolution of a novel bacterial infection. ISME Journal 15:2146‑2157 
https://doi.org/10.1038/s41396-021-00911-3 | PubMed

El-Houssaini HH, Elnabawy OM, Nasser HA, Elkhatib WF (2019) Influence of subinhibitory antifungal
concentrations on extracellular hydrolases and biofilm production by Candida albicans recovered
from Egyptian patients. BMC Infectious Diseases 19:1‑9 https://doi.org/10.1186/s12879-019-3685-0 |
PubMed

Erler S, Cotter SC, Freitak D, Koch H, Palmer-Young EC, de Roode JC, Smilanich AM, Lattorff HMG (2024)
Insects’ essential role in understanding and broadening animal medication. Trends in Parasitology
40:338‑349 https://doi.org/10.1016/j.pt.2024.02.003 | PubMed

Fait A, Andersson DI, Ingmer H (2023) Evolutionary history of Staphylococcus aureus influences
antibiotic resistance evolution. Current Biology 33:3389‑3397.e5. 
https://doi.org/10.1016/j.cub.2023.06.082 | PubMed

Feinbaum RL, Urbach JM, Liberati NT, Djonovic S, Adonizio A, Carvunis AR, Ausubel FM (2012) Genome-
wide identification of Pseudomonas aeruginosa virulence-related genes using a Caenorhabditis
elegans infection model. PLoS Pathogens 8:11 https://doi.org/10.1371/journal.ppat.1002813 |
PubMed

Ferenci T (2016) Trade-off mechanisms shaping the diversity of bacteria. Trends in Microbiology
24:209‑223 https://doi.org/10.1016/j.tim.2015.11.009 | PubMed

Filipow N, Mallon S, Shewaramani S, Kassen R, Wong A (2023) The impact of genetic background
during laboratory evolution of Pseudomonas aeruginosa in a cystic fibrosis-like environment.
Evolution 78:566‑578 https://doi.org/10.1093/evolut/qpad189 | PubMed

Ford SA, Kao D, Williams D, King KC (2016) Microbe-mediated host defence drives the evolution of
reduced pathogen virulence. Nature Communications 7:1‑9 https://doi.org/10.1038/ncomms13430 |
PubMed

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1093/molbev/msac185
https://pubmed.ncbi.nlm.nih.gov/36062982
https://pubmed.ncbi.nlm.nih.gov/36062982
https://doi.org/10.1111/nyas.12493
https://pubmed.ncbi.nlm.nih.gov/25040161
https://pubmed.ncbi.nlm.nih.gov/25040161
https://doi.org/10.1126/science.1219385
https://pubmed.ncbi.nlm.nih.gov/22955834
https://pubmed.ncbi.nlm.nih.gov/22955834
https://doi.org/10.1371/journal.pbio.3001804
https://pubmed.ncbi.nlm.nih.gov/36149891
https://pubmed.ncbi.nlm.nih.gov/36149891
https://doi.org/10.1007/978-1-4939-0554-6_12
https://pubmed.ncbi.nlm.nih.gov/24838886
https://pubmed.ncbi.nlm.nih.gov/24838886
https://doi.org/10.1016/S0140-6736(06)68231-7
https://doi.org/10.1016/S0140-6736(06)68231-7
https://pubmed.ncbi.nlm.nih.gov/16517273
https://pubmed.ncbi.nlm.nih.gov/16517273
https://doi.org/10.1086/587907
https://pubmed.ncbi.nlm.nih.gov/18700257
https://pubmed.ncbi.nlm.nih.gov/18700257
https://doi.org/10.1038/s41396-021-00911-3
https://pubmed.ncbi.nlm.nih.gov/33603148
https://pubmed.ncbi.nlm.nih.gov/33603148
https://doi.org/10.1186/s12879-019-3685-0
https://pubmed.ncbi.nlm.nih.gov/30651066
https://pubmed.ncbi.nlm.nih.gov/30651066
https://doi.org/10.1016/j.pt.2024.02.003
https://pubmed.ncbi.nlm.nih.gov/38443305
https://pubmed.ncbi.nlm.nih.gov/38443305
https://doi.org/10.1016/j.cub.2023.06.082
https://pubmed.ncbi.nlm.nih.gov/37494936
https://pubmed.ncbi.nlm.nih.gov/37494936
https://doi.org/10.1371/journal.ppat.1002813
https://pubmed.ncbi.nlm.nih.gov/22911607
https://pubmed.ncbi.nlm.nih.gov/22911607
https://doi.org/10.1016/j.tim.2015.11.009
https://pubmed.ncbi.nlm.nih.gov/26705697
https://pubmed.ncbi.nlm.nih.gov/26705697
https://doi.org/10.1093/evolut/qpad189
https://pubmed.ncbi.nlm.nih.gov/37862583
https://pubmed.ncbi.nlm.nih.gov/37862583
https://doi.org/10.1038/ncomms13430
https://pubmed.ncbi.nlm.nih.gov/27845328
https://pubmed.ncbi.nlm.nih.gov/27845328
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 39 of 58

Ford SA, Williams D, Paterson S, King KC (2017) Co-evolutionary dynamics between a defensive
microbe and a pathogen driven by fluctuating selection. Molecular Ecology 26:1778‑1789 
https://doi.org/10.1111/mec.13906 | PubMed

Geisinger E, Isberg RR (2017) Interplay between antibiotic resistance and virulence during Disease
promoted by multidrug-resistant bacteria. Journal of Infectious Diseases 215:S9‑S17 
https://doi.org/10.1093/infdis/jiw402 | PubMed

Giulieri SG, Guérillot R, Duchene S, Hachani A, Daniel D, Seemann T, Davis JS, Tong SYC, Young BC, Wilson
DJ, et al. (2022) Niche-specific genome degradation and convergent evolution shaping
Staphylococcus aureus adaptation during severe infections. eLife 11:e77195 
https://doi.org/10.7554/eLife.77195 | PubMed

Giulieri SG, Guérillot R, Kwong JC, Monk IR, Hayes AS, Daniel D, Baines S, Sherry NL, Holmes NE, Ward P,
et al. (2020) Comprehensive genomic investigation of adaptive mutations driving the low-level
oxacillin resistance phenotype in staphylococcus aureus. mBio 11:1‑18 
https://doi.org/10.1128/mBio.02882-20 | PubMed

Gullberg E, Cao S, Berg OG, Ilbäck C, Sandegren L, Hughes D, Andersson DI (2011) Selection of resistant
bacteria at very low antibiotic concentrations. PLoS Pathogens 7:1‑9 
https://doi.org/10.1371/journal.ppat.1002158 | PubMed

Haddadin RNS, Saleh S, Al-Adham ISI, Buultjens TEJ, Collier PJ (2010) The effect of subminimal
inhibitory concentrations of antibiotics on virulence factors expressed by Staphylococcus aureus
biofilms. Journal of Applied Microbiology 108:1281‑1291 https://doi.org/10.1111/j.1365-
2672.2009.04529.x | PubMed

Herren CM, Baym M (2022) Decreased thermal niche breadth as a trade-off of antibiotic resistance.
ISME Journal 16:1843‑1852 https://doi.org/10.1038/s41396-022-01235-6 | PubMed

Higazy D, Pham AD, van Hasselt C, Høiby N, Jelsbak L, Moser C, Ciofu O (2024) In vivo evolution of
antimicrobial resistance in a biofilm model of Pseudomonas aeruginosa lung infection. The ISME
Journal 18:1‑12 https://doi.org/10.1093/ismejo/wrae036 | PubMed

Hoang KL, Read TD, King KC (2024) Incomplete immunity in a natural animal-microbiota interaction
selects for higher pathogen virulence. Current Biology 34:1‑7 
https://doi.org/10.1016/j.cub.2024.02.015 | PubMed

Hoang KL, Read TD, King KC (2024) Defense Heterogeneity in Host Populations Gives Rise to
Pathogen Diversity. The American Naturalist 204:000‑000 https://doi.org/10.1086/731996 | PubMed

Hodille E, Rose W, Diep BA, Goutelle S, Lina G, Dumitrescu O (2017) The Role of Antibiotics in
Modulating Virulence in Staphylococcus aureus. Clin Microbiol Rev  
https://doi.org/10.1128/cmr.00120-16 | PubMed

Hudzicki J (2009) Kirb-Bauer disk diffusion susceptibility test protocol. American Society for
Microbiology. pp. 1–23 

Ibarra JA, Pérez-Rueda E, Carroll RK, Shaw LN (2013) Global analysis of transcriptional regulators in
Staphylococcus aureus. BMC Genomics 14 https://doi.org/10.1186/1471-2164-14-126 | PubMed

Irazoqui JE, Troemel ER, Feinbaum RL, Luhachack LG, Cezairliyan BO, Ausubel FM (2010) Distinct
pathogenesis and host responses during infection of C. elegans by P. aeruginosa and S. aureus.
PLoS Pathogens 6:1‑24 https://doi.org/10.1371/journal.ppat.1000982 | PubMed

Jackson RW, Vinatzer B, Arnold DL, Dorus S, Murillo J (2011) The influence of the accessory genome on
bacterial pathogen evolution. Mobile Genetic Elements 1:55‑65 
https://doi.org/10.4161/mge.1.1.16432 | PubMed

Jansen G, Crummenerl LL, Gilbert F, Mohr T, Pfefferkorn R, Thänert R, Rosenstiel P, Schulenburg H (2015)
Evolutionary transition from pathogenicity to commensalism: Global regulator mutations mediate
fitness gains through virulence attenuation. Molecular Biology and Evolution 32:2883‑2896 
https://doi.org/10.1093/molbev/msv160 | PubMed

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1111/mec.13906
https://pubmed.ncbi.nlm.nih.gov/27862515
https://pubmed.ncbi.nlm.nih.gov/27862515
https://doi.org/10.1093/infdis/jiw402
https://pubmed.ncbi.nlm.nih.gov/28375515
https://pubmed.ncbi.nlm.nih.gov/28375515
https://doi.org/10.7554/eLife.77195
https://pubmed.ncbi.nlm.nih.gov/35699423
https://pubmed.ncbi.nlm.nih.gov/35699423
https://doi.org/10.1128/mBio.02882-20
https://pubmed.ncbi.nlm.nih.gov/33293382
https://pubmed.ncbi.nlm.nih.gov/33293382
https://doi.org/10.1371/journal.ppat.1002158
https://pubmed.ncbi.nlm.nih.gov/21811410
https://pubmed.ncbi.nlm.nih.gov/21811410
https://doi.org/10.1111/j.1365-2672.2009.04529.x
https://doi.org/10.1111/j.1365-2672.2009.04529.x
https://pubmed.ncbi.nlm.nih.gov/19778348
https://pubmed.ncbi.nlm.nih.gov/19778348
https://doi.org/10.1038/s41396-022-01235-6
https://pubmed.ncbi.nlm.nih.gov/35422477
https://pubmed.ncbi.nlm.nih.gov/35422477
https://doi.org/10.1093/ismejo/wrae036
https://pubmed.ncbi.nlm.nih.gov/38478426
https://pubmed.ncbi.nlm.nih.gov/38478426
https://doi.org/10.1016/j.cub.2024.02.015
https://pubmed.ncbi.nlm.nih.gov/38430909
https://pubmed.ncbi.nlm.nih.gov/38430909
https://doi.org/10.1086/731996
https://pubmed.ncbi.nlm.nih.gov/39326061
https://pubmed.ncbi.nlm.nih.gov/39326061
https://doi.org/10.1128/cmr.00120-16
https://pubmed.ncbi.nlm.nih.gov/28724662
https://pubmed.ncbi.nlm.nih.gov/28724662
https://doi.org/10.1186/1471-2164-14-126
https://pubmed.ncbi.nlm.nih.gov/23442205
https://pubmed.ncbi.nlm.nih.gov/23442205
https://doi.org/10.1371/journal.ppat.1000982
https://pubmed.ncbi.nlm.nih.gov/20617181
https://pubmed.ncbi.nlm.nih.gov/20617181
https://doi.org/10.4161/mge.1.1.16432
https://pubmed.ncbi.nlm.nih.gov/22016845
https://pubmed.ncbi.nlm.nih.gov/22016845
https://doi.org/10.1093/molbev/msv160
https://pubmed.ncbi.nlm.nih.gov/26199376
https://pubmed.ncbi.nlm.nih.gov/26199376
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 40 of 58

Khan F, Lee JW, Javaid A, Park SK, Kim YM (2020) Inhibition of biofilm and virulence properties of
Pseudomonas aeruginosa by sub-inhibitory concentrations of aminoglycosides. Microbial
Pathogenesis 146 https://doi.org/10.1016/j.micpath.2020.104249 | PubMed

King JM, Kulhankova K, Stach CS, Vu BG, Salgado-pabón W (2016) Phenotypes and virulence among
Staphylococcus aureus USA100, USA200, USA300, USA400, and USA600 clonal lineages. mSphere
1:1‑15 https://doi.org/10.1128/msphere.00071-16 | PubMed

Klemm EJ, Gkrania-Klotsas E, Hadfield J, Forbester JL, Harris SR, Hale C, Heath JN, Wileman T, Clare S,
Kane L, et al. (2016) Emergence of host-adapted Salmonella Enteritidis through rapid evolution in an
immunocompromised host. Nature Microbiology 1:1‑6 https://doi.org/10.1038/nmicrobiol.2015.23 |
PubMed

Koch G, Yepes A, Förstner KU, Wermser C, Stengel ST, Modamio J, Ohlsen K, Foster KR, Lopez D (2014)
Evolution of resistance to a last-resort antibiotic in staphylococcus aureus via bacterial competition.
Cell 158:1060‑1071 https://doi.org/10.1016/j.cell.2014.06.046 | PubMed

Kourtis AP, Hatfield, Kelly, Baggs J, Mu, Yi, See I, Epson E, Nadle, Joelle, et al. (2019) Vital signs:
epidemiology and recent trends in methicillin-resistant and in methicillin-susceptible
Staphylococcus aureus bloodstream infections-United States. Morbidity and Mortality Weekly Report
68:214‑219 https://doi.org/10.15585/mmwr.mm6809e1 | PubMed

Kubinak JL, Ruff JS, Hyzer CW, Slev PR, Potts WK (2012) Experimental viral evolution to specific host
MHC genotypes reveals fitness and virulence trade-offs in alternative MHC types. Proceedings of the
National Academy of Sciences of the United States of America 109:3422‑3427 
https://doi.org/10.1073/pnas.1112633109 | PubMed

Kuroda H, Kuroda M, Cui L, Hiramatsu K (2007) Subinhibitory concentrations of β-lactam induce
haemolytic activity in Staphylococcus aureus through the SaeRS two-component system. FEMS
Microbiology Letters 268:98‑105 https://doi.org/10.1111/j.1574-6968.2006.00568.x | PubMed

Kwiecinski JM, Horswill AR (2020) Staphylococcus aureus bloodstream infections: pathogenesis and
regulatory mechanisms. Current Opinion in Microbiology 53:51‑60 
https://doi.org/10.1016/j.mib.2020.02.005 | PubMed

Larsson DGJ, Flach CF (2022) Antibiotic resistance in the environment. Nature Reviews Microbiology  
https://doi.org/10.1038/s41579-021-00649-x | PubMed

Launay A, Wu CJ, Dulanto Chiang A, Youn JH, Khil PP, Dekker JP (2021) In vivo evolution of an emerging
zoonotic bacterial pathogen in an immunocompromised human host. Nature Communications
12:1‑12 https://doi.org/10.1038/s41467-021-24668-7 | PubMed

Lawrence JG (2005) Common themes in the genome strategies of pathogens. Current Opinion in
Genetics and Development 15:584‑588 https://doi.org/10.1016/j.gde.2005.09.007 | PubMed

Lees JA, Kremer PHC, Manso AS, Croucher NJ, Ferwerda B, Serón MV, Oggioni MR, Parkhill J, Brouwer MC,
van der Ende A, et al. (2017) Large scale genomic analysis shows no evidence for pathogen
adaptation between the blood and cerebrospinal fluid niches during bacterial meningitis. Microbial
Genomics 3 https://doi.org/10.1099/mgen.0.000103 | PubMed

Lind PA, Farr AD, Rainey PB (2015) Experimental evolution reveals hidden diversity in evolutionary
pathways. eLife 4:e07074 https://doi.org/10.7554/eLife.07074 | PubMed

Lindsay RJ, Holder PJ, Talbot NJ, Gudelj I (2023) Metabolic efficiency reshapes the seminal relationship
between pathogen growth rate and virulence. Ecology Letters 26:896‑907 
https://doi.org/10.1111/ele.14218 | PubMed

Loeffler A, Boag AK, Sung J, Lindsay JA, Guardabassi L, Dalsgaard A, Smith H, Stevens KB, Lloyd DH (2005)
Prevalence of methicillin-resistant Staphylococcus aureus among staff and pets in a small animal
referral hospital in the UK. Journal of Antimicrobial Chemotherapy 56:692‑697 
https://doi.org/10.1093/jac/dki312 | PubMed

Long DR, Penewit K, Lo HY, Almazan J, Holmes EA, Bryan AB, Wolter DJ, Lewis JD, Waalkes A, Salipante SJ
(2023) In Vitro Selection Identifies Staphylococcus aureus Genes Influencing Biofilm Formation.
Infection and Immunity 91 https://doi.org/10.1128/iai.00538-22 | PubMed

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1016/j.micpath.2020.104249
https://pubmed.ncbi.nlm.nih.gov/32418905
https://pubmed.ncbi.nlm.nih.gov/32418905
https://doi.org/10.1128/msphere.00071-16
https://pubmed.ncbi.nlm.nih.gov/27303750
https://pubmed.ncbi.nlm.nih.gov/27303750
https://doi.org/10.1038/nmicrobiol.2015.23
https://pubmed.ncbi.nlm.nih.gov/27572160
https://pubmed.ncbi.nlm.nih.gov/27572160
https://doi.org/10.1016/j.cell.2014.06.046
https://pubmed.ncbi.nlm.nih.gov/25171407
https://pubmed.ncbi.nlm.nih.gov/25171407
https://doi.org/10.15585/mmwr.mm6809e1
https://pubmed.ncbi.nlm.nih.gov/30845118
https://pubmed.ncbi.nlm.nih.gov/30845118
https://doi.org/10.1073/pnas.1112633109
https://pubmed.ncbi.nlm.nih.gov/22323587
https://pubmed.ncbi.nlm.nih.gov/22323587
https://doi.org/10.1111/j.1574-6968.2006.00568.x
https://pubmed.ncbi.nlm.nih.gov/17263851
https://pubmed.ncbi.nlm.nih.gov/17263851
https://doi.org/10.1016/j.mib.2020.02.005
https://pubmed.ncbi.nlm.nih.gov/32172183
https://pubmed.ncbi.nlm.nih.gov/32172183
https://doi.org/10.1038/s41579-021-00649-x
https://pubmed.ncbi.nlm.nih.gov/34737424
https://pubmed.ncbi.nlm.nih.gov/34737424
https://doi.org/10.1038/s41467-021-24668-7
https://pubmed.ncbi.nlm.nih.gov/34301946
https://pubmed.ncbi.nlm.nih.gov/34301946
https://doi.org/10.1016/j.gde.2005.09.007
https://pubmed.ncbi.nlm.nih.gov/16188434
https://pubmed.ncbi.nlm.nih.gov/16188434
https://doi.org/10.1099/mgen.0.000103
https://pubmed.ncbi.nlm.nih.gov/28348877
https://pubmed.ncbi.nlm.nih.gov/28348877
https://doi.org/10.7554/eLife.07074
https://pubmed.ncbi.nlm.nih.gov/25806684
https://pubmed.ncbi.nlm.nih.gov/25806684
https://doi.org/10.1111/ele.14218
https://pubmed.ncbi.nlm.nih.gov/37056166
https://pubmed.ncbi.nlm.nih.gov/37056166
https://doi.org/10.1093/jac/dki312
https://pubmed.ncbi.nlm.nih.gov/16141276
https://pubmed.ncbi.nlm.nih.gov/16141276
https://doi.org/10.1128/iai.00538-22
https://pubmed.ncbi.nlm.nih.gov/36847490
https://pubmed.ncbi.nlm.nih.gov/36847490
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 41 of 58

Lopatkin AJ, Bening SC, Manson AL, Stokes JM, Kohanski MA, Badran AH, Earl AM, Cheney NJ, Yang JH,
Collins JJ (2021) Clinically relevant mutations in core metabolic genes confer antibiotic resistance.
Science 371 https://doi.org/10.1126/science.aba0862 | PubMed

Mahrt N, Tietze A, Künzel S, Franzenburg S, Barbosa C, Jansen G, Schulenburg H (2021) Bottleneck size
and selection level reproducibly impact evolution of antibiotic resistance. Nature Ecology and
Evolution 53:1275 https://doi.org/10.1038/s41588-021-00939-3 | PubMed

Majerczyk CD, Sadykov MR, Luong TT, Lee C, Somerville GA, Sonenshein AL (2008) Staphylococcus
aureus CodY negatively regulates virulence gene expression. Journal of Bacteriology 190:2257‑2265 
https://doi.org/10.1128/JB.01545-07 | PubMed

Martinez Arbizu P (2020) pairwiseAdonis: Pairwise multilevel comparison using adonis. R package.  

McAdam PR, Holmes A, Templeton KE, Fitzgerald JR (2011) Adaptive evolution of Staphylococcus
aureus during chronic endobronchial infection of a cystic fibrosis patient. PLoS ONE 6:1‑5 
https://doi.org/10.1371/journal.pone.0024301 | PubMed

McVicker G, Prajsnar TK, Williams A, Wagner NL, Boots M, Renshaw SA, Foster SJ (2014) Clonal
Expansion during Staphylococcus aureus Infection Dynamics Reveals the Effect of Antibiotic
Intervention. PLoS Pathogens 10 https://doi.org/10.1371/journal.ppat.1003959 | PubMed

Mei M, Thomas J, Diggle SP (2021) Heterogenous susceptibility to r-pyocins in populations of
pseudomonas aeruginosa sourced from cystic fibrosis lungs. mBio 12 
https://doi.org/10.1128/mBio.00458-21 | PubMed

Melnyk AH, Wong A, Kassen R (2015) The fitness costs of antibiotic resistance mutations. Evolutionary
Applications 8:273‑283 https://doi.org/10.1111/eva.12196 | PubMed

Merlo LMF, Sprouffske K, Howard TC, Gardiner KL, Caulin AF, Blum SM, Evans P, Bedalov A, Sniegowski
PD, Maley CC (2020) Application of simultaneous selective pressures slows adaptation. Evolutionary
Applications 13:1615‑1625 https://doi.org/10.1111/eva.13062 | PubMed

Montgomery CP, Boyle-Vavra S, Daum RS (2010) Importance of the global regulators agr and SaeRS
in the pathogenesis of CA-MRSA USA300 infection. PLoS ONE 5:1‑9 
https://doi.org/10.1371/journal.pone.0015177 | PubMed

Nix DE, Goodwin SD, Peloquin CA, Rotella DL, Schentag JJ (1991) Antibiotic tissue penetration and its
relevance: Impact of tissue penetration on infection response. Antimicrobial Agents and
Chemotherapy 35:1953‑1959 https://doi.org/10.1128/AAC.35.10.1953 | PubMed

Novick RP (2003) Autoinduction and signal transduction in the regulation of staphylococcal
virulence. Molecular Microbiology 48:1429‑1449 https://doi.org/10.1046/j.1365-2958.2003.03526.x |
PubMed

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, O’Hara R, Solymos P, Stevens M,
Szoecs E, et al. (2024) vegan: Community Ecology Package. R package.  

Oz T, Guvenek A, Yildiz S, Karaboga E, Tamer YT, Mumcuyan N, Ozan VB, Senturk GH, Cokol M, Yeh P, et al.
(2014) Strength of selection pressure is an important parameter contributing to the complexity of
antibiotic resistance evolution. Molecular Biology and Evolution 31:2387‑2401 
https://doi.org/10.1093/molbev/msu191 | PubMed

Pak D, Kamiya T, Greischar MA (2024) Proliferation in malaria parasites: How resource limitation can
prevent evolution of greater virulence. Evolution 78:1287‑1301 
https://doi.org/10.1093/evolut/qpae057 | PubMed

Palomino A, Gewurz D, DeVine L, Zajmi U, Moralez J, Abu-Rumman F, Smith RP, Lopatkin AJ (2023)
Metabolic genes on conjugative plasmids are highly prevalent in Escherichia coli and can protect
against antibiotic treatment. ISME Journal 17:151‑162 https://doi.org/10.1038/s41396-022-01329-1 |
PubMed

Paterson GK, Harrison EM, Murray GGR, Welch JJ, Warland JH, Holden MTG, Morgan FJE, Ba X, Koop G,
Harris SR, et al. (2015) Capturing the cloud of diversity reveals complexity and heterogeneity of MRSA
carriage, infection and transmission. Nature Communications 6 

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1126/science.aba0862
https://pubmed.ncbi.nlm.nih.gov/33602825
https://pubmed.ncbi.nlm.nih.gov/33602825
https://doi.org/10.1038/s41588-021-00939-3
https://pubmed.ncbi.nlm.nih.gov/34493861
https://pubmed.ncbi.nlm.nih.gov/34493861
https://doi.org/10.1128/JB.01545-07
https://pubmed.ncbi.nlm.nih.gov/18156263
https://pubmed.ncbi.nlm.nih.gov/18156263
https://doi.org/10.1371/journal.pone.0024301
https://pubmed.ncbi.nlm.nih.gov/21912685
https://pubmed.ncbi.nlm.nih.gov/21912685
https://doi.org/10.1371/journal.ppat.1003959
https://pubmed.ncbi.nlm.nih.gov/24586163
https://pubmed.ncbi.nlm.nih.gov/24586163
https://doi.org/10.1128/mBio.00458-21
https://pubmed.ncbi.nlm.nih.gov/33947755
https://pubmed.ncbi.nlm.nih.gov/33947755
https://doi.org/10.1111/eva.12196
https://pubmed.ncbi.nlm.nih.gov/25861385
https://pubmed.ncbi.nlm.nih.gov/25861385
https://doi.org/10.1111/eva.13062
https://pubmed.ncbi.nlm.nih.gov/32952608
https://pubmed.ncbi.nlm.nih.gov/32952608
https://doi.org/10.1371/journal.pone.0015177
https://pubmed.ncbi.nlm.nih.gov/21151999
https://pubmed.ncbi.nlm.nih.gov/21151999
https://doi.org/10.1128/AAC.35.10.1953
https://pubmed.ncbi.nlm.nih.gov/1759813
https://pubmed.ncbi.nlm.nih.gov/1759813
https://doi.org/10.1046/j.1365-2958.2003.03526.x
https://pubmed.ncbi.nlm.nih.gov/12791129
https://pubmed.ncbi.nlm.nih.gov/12791129
https://doi.org/10.1093/molbev/msu191
https://pubmed.ncbi.nlm.nih.gov/24962091
https://pubmed.ncbi.nlm.nih.gov/24962091
https://doi.org/10.1093/evolut/qpae057
https://pubmed.ncbi.nlm.nih.gov/38581661
https://pubmed.ncbi.nlm.nih.gov/38581661
https://doi.org/10.1038/s41396-022-01329-1
https://pubmed.ncbi.nlm.nih.gov/36261510
https://pubmed.ncbi.nlm.nih.gov/36261510
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 42 of 58

https://doi.org/10.1038/ncomms7560 | PubMed

Penley M, Morran L (2018) Assessment of Caenorhabditis elegans Competitive Fitness in the
Presence of a Bacterial Parasite. Bio-Protocol 8:1‑14 https://doi.org/10.21769/bioprotoc.2971 |
PubMed

Pereira C, Warsi OM, Andersson DI (2023) Pervasive Selection for Clinically Relevant Resistance and
Media Adaptive Mutations at Very Low Antibiotic Concentrations. Molecular Biology and Evolution
40:1‑13 https://doi.org/10.1093/molbev/msad010 | PubMed

Petit RA, Read TD (2020) Bactopia: a Flexible Pipeline for Complete Analysis of Bacterial Genomes.
mSystems 5 https://doi.org/10.1128/msystems.00190-20 | PubMed

Poon R, Basuino L, Satishkumar N, Chatterjee A, Mukkayyan N, Buggeln E, Huang L, Nair V, Argudín MA,
Datta SK, et al. (2022) Loss of GdpP function in Staphylococcus aureus leads to β-lactam tolerance and
enhanced evolution of β-lactam resistance. Antimicrobial Agents and Chemotherapy 66 
https://doi.org/10.1128/AAC.01431-21 | PubMed

Raghuram V, Petit RA, Karol Z, Mehta R, Weissman DB, Read TD (2024) Average nucleotide identity-
based Staphylococcus aureus strain grouping allows identification of strain-specific genes in the
pangenome. mSystems 9 https://doi.org/10.1128/msystems.00143-24 | PubMed

Revitt-Mills SA, Robinson A (2020) Antibiotic-Induced Mutagenesis: Under the Microscope. Frontiers
in Microbiology 11 https://doi.org/10.3389/fmicb.2020.585175 | PubMed

Roberts MC, Soge OO, No D (2013) Comparison of multi-drug resistant environmental methicillin-
resistant Staphylococcus aureus isolated from recreational beaches and high touch surfaces in built
environments. Frontiers in Microbiology 4:1‑8 https://doi.org/10.3389/fmicb.2013.00074 | PubMed

Ruiz-Bedoya T, Wang PW, Desveaux D, Guttman DS (2023) Cooperative virulence via the collective
action of secreted pathogen effectors. Nature Microbiology 8:640‑650 
https://doi.org/10.1038/s41564-023-01328-8 | PubMed

Schwan WR, Langhorne MH, Ritchie HD, Stover CK (2003) Loss of hemolysin expression in
Staphylococcus aureus agr mutants correlates with selective survival during mixed infections in
murine abscesses and wounds. FEMS Immunology and Medical Microbiology 38:23‑28 
https://doi.org/10.1016/S0928-8244(03)00098-1 | PubMed

Sharma M, Quader S, Guttal V, Isvaran K (2020) The enemy of my enemy: multiple interacting
selection pressures lead to unexpected anti-predator responses. Oecologia 192:1‑12 
https://doi.org/10.1007/s00442-019-04552-4 | PubMed

Shore AC, Coleman DC (2013) Staphylococcal cassette chromosome mec: Recent advances and new
insights. International Journal of Medical Microbiology 303:350‑359 
https://doi.org/10.1016/j.ijmm.2013.02.002 | PubMed

Sifri CD, Begun J, Ausubel FM, Calderwood SB (2003a) Caenorhabditis elegans as a model host for
Staphylococcus aureus pathogenesis. Infection and Immunity 71:2208‑2217 
https://doi.org/10.1128/IAI.71.4.2208-2217.2003 | PubMed

Sifri CD, Begun J, Ausubel FM, Calderwood SB (2003b) Caenorhabditis elegans as a model host for
Staphylococcus aureus pathogenesis. Infection and Immunity 71:2208‑2217 
https://doi.org/10.1128/IAI.71.4.2208-2217.2003 | PubMed

Souvorov A, Agarwala R, Lipman DJ (2018) SKESA: Strategic k-mer extension for scrupulous
assemblies. Genome Biology 19:1‑13 https://doi.org/10.1186/s13059-018-1540-z | PubMed

Spagnolo F, Trujillo M, Dennehy JJ (2021) Why do antibiotics exist?. mBio 12 
https://doi.org/10.1128/mBio.01966-21 | PubMed

Steadmon M, Ngiraklang K, Nagata M, Masga K, Frank Kiana L. (2023) Effects of water turbidity on the
survival of Staphylococcus aureus in environmental fresh and brackish waters. Water Environment
Research  https://doi.org/10.1002/wer.10923 | PubMed

Stiernagle T (2006) Maintenance of C. elegans. In: WormBook  
https://doi.org/10.1895/wormbook.1.101.1 | PubMed

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1038/ncomms7560
https://doi.org/10.1038/ncomms7560
https://pubmed.ncbi.nlm.nih.gov/25814293
https://pubmed.ncbi.nlm.nih.gov/25814293
https://doi.org/10.21769/bioprotoc.2971
https://pubmed.ncbi.nlm.nih.gov/34395774
https://pubmed.ncbi.nlm.nih.gov/34395774
https://doi.org/10.1093/molbev/msad010
https://pubmed.ncbi.nlm.nih.gov/36627817
https://pubmed.ncbi.nlm.nih.gov/36627817
https://doi.org/10.1128/msystems.00190-20
https://pubmed.ncbi.nlm.nih.gov/32753501
https://pubmed.ncbi.nlm.nih.gov/32753501
https://doi.org/10.1128/AAC.01431-21
https://pubmed.ncbi.nlm.nih.gov/34843389
https://pubmed.ncbi.nlm.nih.gov/34843389
https://doi.org/10.1128/msystems.00143-24
https://pubmed.ncbi.nlm.nih.gov/38934646
https://pubmed.ncbi.nlm.nih.gov/38934646
https://doi.org/10.3389/fmicb.2020.585175
https://pubmed.ncbi.nlm.nih.gov/33193230
https://pubmed.ncbi.nlm.nih.gov/33193230
https://doi.org/10.3389/fmicb.2013.00074
https://pubmed.ncbi.nlm.nih.gov/23577006
https://pubmed.ncbi.nlm.nih.gov/23577006
https://doi.org/10.1038/s41564-023-01328-8
https://pubmed.ncbi.nlm.nih.gov/36782026
https://pubmed.ncbi.nlm.nih.gov/36782026
https://doi.org/10.1016/S0928-8244(03)00098-1
https://pubmed.ncbi.nlm.nih.gov/12900051
https://pubmed.ncbi.nlm.nih.gov/12900051
https://doi.org/10.1007/s00442-019-04552-4
https://pubmed.ncbi.nlm.nih.gov/31773313
https://pubmed.ncbi.nlm.nih.gov/31773313
https://doi.org/10.1016/j.ijmm.2013.02.002
https://pubmed.ncbi.nlm.nih.gov/23499303
https://pubmed.ncbi.nlm.nih.gov/23499303
https://doi.org/10.1128/IAI.71.4.2208-2217.2003
https://pubmed.ncbi.nlm.nih.gov/12654843
https://pubmed.ncbi.nlm.nih.gov/12654843
https://doi.org/10.1128/IAI.71.4.2208-2217.2003
https://pubmed.ncbi.nlm.nih.gov/12654843
https://pubmed.ncbi.nlm.nih.gov/12654843
https://doi.org/10.1186/s13059-018-1540-z
https://pubmed.ncbi.nlm.nih.gov/30286803
https://pubmed.ncbi.nlm.nih.gov/30286803
https://doi.org/10.1128/mBio.01966-21
https://pubmed.ncbi.nlm.nih.gov/34872345
https://pubmed.ncbi.nlm.nih.gov/34872345
https://doi.org/10.1002/wer.10923
https://pubmed.ncbi.nlm.nih.gov/37635150
https://pubmed.ncbi.nlm.nih.gov/37635150
https://doi.org/10.1895/wormbook.1.101.1
https://pubmed.ncbi.nlm.nih.gov/18050451
https://pubmed.ncbi.nlm.nih.gov/18050451
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 43 of 58

Thapaliya D, Taha M, Dalman MR, Kadariya J, Smith TC (2017) Environmental contamination with
Staphylococcus aureus at a large, Midwestern university campus. Science of the Total Environment
599–600:1363‑1368 https://doi.org/10.1016/j.scitotenv.2017.05.080 | PubMed

Thomer L, Schneewind O, Missiakas D (2016) Pathogenesis of Staphylococcus aureus Bloodstream
Infections. Annual Review of Pathology: Mechanisms of Disease 11:343‑364 
https://doi.org/10.1146/annurev-pathol-012615-044351 | PubMed

Toprak E, Veres A, Michel JB, Chait R, Hartl DL, Kishony R (2012) Evolutionary paths to antibiotic
resistance under dynamically sustained drug selection. Nature Genetics 44:101‑105 
https://doi.org/10.1038/ng.1034 | PubMed

Tsouklidis N, Kumar R, Heindl SE, Soni R, Khan S (2020) Understanding the Fight Against Resistance:
Hospital-Acquired Methicillin-Resistant Staphylococcus Aureus vs. Community-Acquired Methicillin-
Resistant Staphylococcus Aureus. Cureus  https://doi.org/10.7759/cureus.8867 | PubMed

Vega NM, Gore J (2017) Stochastic assembly produces heterogeneous communities in the
Caenorhabditis elegans intestine. PLoS Biology 15:1‑20 https://doi.org/10.1371/journal.pbio.2000633
| PubMed

Visher E, Evensen C, Guth S, Lai E, Norfolk M, Rozins C, Sokolov NA, Sui M, Boots M (2021) The three Ts
of virulence evolution during zoonotic emergence. Proceedings of the Royal Society B: Biological
Sciences 288 https://doi.org/10.1098/rspb.2021.0900 | PubMed

Wahl LM, Gerrish PJ, Saika-Voivod I (2002) Evaluating the impact of population bottlenecks in
experimental evolution. Genetics 162:961‑971 https://doi.org/10.1093/genetics/162.2.961 | PubMed

Westhoff S, Van Leeuwe TM, Qachach O, Zhang Z, Van Wezel GP, Rozen DE (2017) The evolution of no-
cost resistance at sub-MIC concentrations of streptomycin in Streptomyces coelicolor. ISME Journal
11:1168‑1178 https://doi.org/10.1038/ismej.2016.194 | PubMed

Windels EM, Cool L, Persy E, Swinnen J, Matthay P, Van Den Bergh B, Wenseleers T, Michiels J (2024)
Antibiotic dose and nutrient availability differentially drive the evolution of antibiotic resistance and
persistence. ISME Journal 18 https://doi.org/10.1093/ismejo/wrae070 | PubMed

Windels EM, Van Den Bergh B, Michiels J (2020) Bacteria under antibiotic attack: Different strategies
for evolutionary adaptation. PLoS Pathogens 16:1‑8 https://doi.org/10.1371/journal.ppat.1008431 |
PubMed

Wistrand-Yuen E, Knopp M, Hjort K, Koskiniemi S, Berg OG, Andersson DI (2018) Evolution of high-level
resistance during low-level antibiotic exposure. Nature Communications 9 
https://doi.org/10.1038/s41467-018-04059-1 | PubMed

Wright GD (2007) The antibiotic resistome: The nexus of chemical and genetic diversity. Nature
Reviews Microbiology 5:175‑186 https://doi.org/10.1038/nrmicro1614 | PubMed

Wu K, Conly J, McClure JA, Elsayed S, Louie T, Zhang K (2010) Caenorhabditis elegans as a host model
for community-associated methicillin-resistant Staphylococcus aureus. Clinical Microbiology and
Infection 16:245‑254 https://doi.org/10.1111/j.1469-0691.2009.02765.x | PubMed

Wu K, Zhang K, McClure J, Zhang J, Schrenzel J, Francois P, Harbarth S, Conly J (2013) A correlative
analysis of epidemiologic and molecular characteristics of methicillin-resistant Staphylococcus
aureus clones from diverse geographic locations with virulence measured by a Caenorhabditis
elegans host model. European Journal of Clinical Microbiology and Infectious Diseases 32:33‑42 
https://doi.org/10.1007/s10096-012-1711-x | PubMed

Zampieri M, Enke T, Chubukov V, Ricci V, Piddock L, Sauer U (2017) Metabolic constraints on the
evolution of antibiotic resistance. Molecular Systems Biology 13:1‑14 
https://doi.org/10.15252/msb.20167028 | PubMed

Zapotoczna M, O’Neill E, O’Gara JP (2016) Untangling the diverse and redundant mechanisms of
Staphylococcus aureus biofilm formation. PLoS Pathogens 12:1‑6 
https://doi.org/10.1371/journal.ppat.1005671 | PubMed

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1016/j.scitotenv.2017.05.080
https://pubmed.ncbi.nlm.nih.gov/28525941
https://pubmed.ncbi.nlm.nih.gov/28525941
https://doi.org/10.1146/annurev-pathol-012615-044351
https://pubmed.ncbi.nlm.nih.gov/26925499
https://pubmed.ncbi.nlm.nih.gov/26925499
https://doi.org/10.1038/ng.1034
https://pubmed.ncbi.nlm.nih.gov/22179135
https://pubmed.ncbi.nlm.nih.gov/22179135
https://doi.org/10.7759/cureus.8867
https://pubmed.ncbi.nlm.nih.gov/32617248
https://pubmed.ncbi.nlm.nih.gov/32617248
https://doi.org/10.1371/journal.pbio.2000633
https://pubmed.ncbi.nlm.nih.gov/28257456
https://pubmed.ncbi.nlm.nih.gov/28257456
https://doi.org/10.1098/rspb.2021.0900
https://pubmed.ncbi.nlm.nih.gov/34375554
https://pubmed.ncbi.nlm.nih.gov/34375554
https://doi.org/10.1093/genetics/162.2.961
https://pubmed.ncbi.nlm.nih.gov/12399403
https://pubmed.ncbi.nlm.nih.gov/12399403
https://doi.org/10.1038/ismej.2016.194
https://pubmed.ncbi.nlm.nih.gov/28094796
https://pubmed.ncbi.nlm.nih.gov/28094796
https://doi.org/10.1093/ismejo/wrae070
https://pubmed.ncbi.nlm.nih.gov/38691440
https://pubmed.ncbi.nlm.nih.gov/38691440
https://doi.org/10.1371/journal.ppat.1008431
https://pubmed.ncbi.nlm.nih.gov/32379814
https://pubmed.ncbi.nlm.nih.gov/32379814
https://doi.org/10.1038/s41467-018-04059-1
https://pubmed.ncbi.nlm.nih.gov/29686259
https://pubmed.ncbi.nlm.nih.gov/29686259
https://doi.org/10.1038/nrmicro1614
https://pubmed.ncbi.nlm.nih.gov/17277795
https://pubmed.ncbi.nlm.nih.gov/17277795
https://doi.org/10.1111/j.1469-0691.2009.02765.x
https://pubmed.ncbi.nlm.nih.gov/19456837
https://pubmed.ncbi.nlm.nih.gov/19456837
https://doi.org/10.1007/s10096-012-1711-x
https://pubmed.ncbi.nlm.nih.gov/22898726
https://pubmed.ncbi.nlm.nih.gov/22898726
https://doi.org/10.15252/msb.20167028
https://pubmed.ncbi.nlm.nih.gov/28265005
https://pubmed.ncbi.nlm.nih.gov/28265005
https://doi.org/10.1371/journal.ppat.1005671
https://pubmed.ncbi.nlm.nih.gov/27442433
https://pubmed.ncbi.nlm.nih.gov/27442433
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 44 of 58

Su M, Hoang KL, Penley M, Davis MH, Gresham JD, Morran LT, Read TD (2025) Host and antibiotic jointly
select for greater virulence in Staphylococcus aureus. figshare.  
https://doi.org/10.6084/m9.figshare.28745558

Traber KE, Lee E, Benon S, Corrigan R, Cantera M, Shopsin B, et al. (2008) agr function in clinical
Staphylococcus aureus isolates. Microbiology 154:2265‑2274 
https://doi.org/10.1099/mic.0.2007/011874-0 | PubMed

Liang X, Yu C, Sun J, Liu H, Landwehr C, Holmes D, et al. (2006) Inactivation of a two-component signal
transduction system, SaeRS, eliminates adherence and attenuates virulence of Staphylococcus
aureus. Infect Immun 74:4655‑4665 https://doi.org/10.1128/IAI.00322-06 | PubMed

Majerczyk CD, Sadykov MR, Luong TT, Lee C, Somerville GA, Sonenshein AL (2008) Staphylococcus
aureus CodY negatively regulates virulence gene expression. J Bacteriol 190:2257‑2265 
https://doi.org/10.1128/JB.01545-07 | PubMed

Falord M, Mäder U, Hiron A, Dbarbouillé M, Msadek T (2011) Investigation of the Staphylococcus
aureus GraSR regulon reveals novel links to virulence, stress response and cell wall signal
transduction pathways. PLoS One 6 https://doi.org/10.1371/journal.pone.0021323 | PubMed

Müller A, Grein F, Otto A, Gries K, Orlov D, Zarubaev V, et al. (2018) Differential daptomycin resistance
development in Staphylococcus aureus strains with active and mutated gra regulatory systems. Int J
Med Microbiol 308:335‑348 https://doi.org/10.1016/j.ijmm.2017.12.002 | PubMed

Berti AD, Theisen E, Sauer JD, Nonejuie P, Olson J, Pogliano J, et al. (2016) Penicillin binding protein 1 is
important in the compensatory response of Staphylococcus aureus to daptomycin-induced
membrane damage and is a potential target for β-lactam-daptomycin synergy. Antimicrob Agents
Chemother 60:451‑458 https://doi.org/10.1128/AAC.02071-15 | PubMed

Łȩski TA, Tomasz A (2005) Role of penicillin-binding protein 2 (PBP2) in the antibiotic susceptibility
and cell wall cross-linking of Staphylococcus aureus: Evidence for the cooperative functioning of
PBP2, PBP4, and PBP2A. J Bacteriol 187:1815‑1824 https://doi.org/10.1128/JB.187.5.1815-1824.2005 |
PubMed

Sommer A, Fuchs S, Layer F, Schaudinn C, Weber RE, Richard H, et al. (2021) Mutations in the gdpp
gene are a clinically relevant mechanism for β-lactam resistance in meticillin-resistant
staphylococcus aureus lacking mec determinants. Microb Genomics 7:1‑13 
https://doi.org/10.1099/MGEN.0.000623 | PubMed

Shore AC, Coleman DC (2013) Staphylococcal cassette chromosome mec: Recent advances and new
insights. Int J Med Microbiol 303:350‑359 https://doi.org/10.1016/j.ijmm.2013.02.002 | PubMed

Kaiser JC, Omer S, Sheldon JR, Welch I, Heinrichs DE (2015) Role of BrnQ1 and BrnQ2 in branched-
chain amino acid transport and virulence in Staphylococcus aureus. Infect Immun 83:1019‑1029 
https://doi.org/10.1128/IAI.02542-14 | PubMed

Goncheva MI, Flannagan RS, Heinrichs DE (2020) De Novo Purine Biosynthesis Is Required for
Intracellular Growth of Staphylococcus aureus and for the Hypervirulence Phenotype of a purR
Mutant. Infect Immun  https://doi.org/10.1128/iai.00104-20 | PubMed

Radin JN, Kelliher JL, Solórzano PKP, Grim KP, Ramezanifard R, Slauch JM, et al. (2019) Metal-
independent variants of phosphoglycerate mutase promote resistance to nutritional immunity and
retention of glycolysis during infection. PLoS Pathog 15:1‑21 
https://doi.org/10.1371/journal.ppat.1007971 | PubMed

Peer reviews
Reviewer #1 (Public review):

Summary:

The authors investigate how methicillin-resistant (MRSA) and sensitive (MSSA)
Staphylococcus aureus adapt to a new host (C. elegans) in the presence or absence of a low

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.6084/m9.figshare.28745558
https://doi.org/10.1099/mic.0.2007/011874-0
https://pubmed.ncbi.nlm.nih.gov/18667559
https://pubmed.ncbi.nlm.nih.gov/18667559
https://doi.org/10.1128/IAI.00322-06
https://pubmed.ncbi.nlm.nih.gov/16861653
https://pubmed.ncbi.nlm.nih.gov/16861653
https://doi.org/10.1128/JB.01545-07
https://pubmed.ncbi.nlm.nih.gov/18156263
https://pubmed.ncbi.nlm.nih.gov/18156263
https://doi.org/10.1371/journal.pone.0021323
https://pubmed.ncbi.nlm.nih.gov/21765893
https://pubmed.ncbi.nlm.nih.gov/21765893
https://doi.org/10.1016/j.ijmm.2017.12.002
https://pubmed.ncbi.nlm.nih.gov/29429584
https://pubmed.ncbi.nlm.nih.gov/29429584
https://doi.org/10.1128/AAC.02071-15
https://pubmed.ncbi.nlm.nih.gov/26525797
https://pubmed.ncbi.nlm.nih.gov/26525797
https://doi.org/10.1128/JB.187.5.1815-1824.2005
https://pubmed.ncbi.nlm.nih.gov/15716453
https://pubmed.ncbi.nlm.nih.gov/15716453
https://doi.org/10.1099/MGEN.0.000623
https://pubmed.ncbi.nlm.nih.gov/34486969
https://pubmed.ncbi.nlm.nih.gov/34486969
https://doi.org/10.1016/j.ijmm.2013.02.002
https://pubmed.ncbi.nlm.nih.gov/23499303
https://pubmed.ncbi.nlm.nih.gov/23499303
https://doi.org/10.1128/IAI.02542-14
https://pubmed.ncbi.nlm.nih.gov/25547798
https://pubmed.ncbi.nlm.nih.gov/25547798
https://doi.org/10.1128/iai.00104-20
https://pubmed.ncbi.nlm.nih.gov/32094249
https://pubmed.ncbi.nlm.nih.gov/32094249
https://doi.org/10.1371/journal.ppat.1007971
https://pubmed.ncbi.nlm.nih.gov/31344131
https://pubmed.ncbi.nlm.nih.gov/31344131
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 45 of 58

dose of the antibiotic oxacillin. Using an "Evolve and Resequence" design with 48
independently evolving populations, they track changes in virulence, antibiotic resistance,
and other fitness-related traits over 12 passages. Their key finding is that selection from both
the host and the antibiotic together, rather than either pressure alone, synergistically results
in the evolution of the most virulent pathogens. Genomically, they find that this adaptation
repeatedly involves parallel mutations in a small number of key regulatory genes, most
notably codY, agr, and saeRS.

Strengths:

The main advantage of the research lies in its strong and thoroughly replicated experimental
framework, enabling significant conclusions to be drawn based on the concept of parallel
evolution. The study successfully integrates various phenotypic assays (virulence, growth,
hemolysis, biofilm formation) with whole-genome sequencing, offering an extensive
perspective on the adaptive landscape. The identification of certain regulatory genes as
common targets of selection across distinct lineages is an important result that indicates a
level of predictability in how pathogens adapt. Furthermore, the detailed mapping of specific
parallel mutations provides a highly useful genomic resource for the microbiology
community.

Revisions and Re-Appraisal:

In the initial version of the manuscript, a primary limitation was the use of causal language
to link specific mutations to phenotypes, despite the evidence from the evolution experiment
being correlational. In this revised version, the authors have excellently addressed this
limitation. They have meticulously revised the text to accurately reflect these relationships as
strong, statistically significant genetic associations rather than confirmed facts. Furthermore,
they explicitly acknowledge that future ancestral reconstruction experiments will be
required to confirm direct causality. The authors have also appropriately clarified the visual
interpretations of their data (such as the PCA clustering) and refined their discussion of
mutation rates. With these revisions, the claims made are fully supported by the data
presented.

Impact and Context:

The authors successfully achieve their aims, demonstrating that the combined effects of host
and antibiotic pressures collaboratively propel the evolution of heightened virulence. While
the nematode model does not perfectly mimic human or mammalian infection, the
evolutionary principles uncovered here are highly relevant to both evolutionary biology and
infectious disease management. The evidence presented is compelling, and the strong
correlational hypotheses generated by this study offer a robust and significant basis for
upcoming mechanistic research into pathogen adaptation.

Comments on revisions:

I commend the authors for their thorough, thoughtful, and highly constructive revision. You
have successfully addressed all of my major and minor comments. The addition of Table S2
and the careful revisions to the causal language have significantly strengthened the
manuscript and clarified the data interpretation. I have no further recommendations. Great
work!

https://doi.org/10.7554/eLife.107936.2.sa3

Reviewer #2 (Public review):

Summary:
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The manuscript describes the results of an evolution experiment where Staphylococcus
aureus was experimentally evolved via sequential exposure to an antibiotic followed by
passaging through C. elegans hosts. Because infecting C. elegans via ingestion results in lysis
of gut cells and an immune response upon infection, the S. aureus were exposed separately
across generations to antibiotic stress and host immune stress. Interestingly, the dual
selection pressure of antibiotic exposure and adaptation to a nematode host resulted in
increased virulence of S. aureus towards C. elegans.

Strengths:

The data presented provide strong evidence that in S. aureus traits involved in adaptation to
a novel host and those involved in antibiotic resistance evolution are not traded-off. On the
contrary, they seem to be correlated, with strains adapted to antibiotics having higher
virulence towards the novel host. As increased virulence is also associated with higher rates
of haemolysis, these virulence increases are likely to reflect virulence levels in vertebrate
hosts.

Weaknesses:

Right now, the results are presented in the context of human infections being treated with
antibiotics, which, in my opinion, is inappropriate. This is because

(1) exposure to the host and antibiotics was sequential, not simultaneous, and thus does not
reflect the treatment of infection, and

(2) because the site of infection is different in C. elegans and human hosts.

Nevertheless, the results are of interest; I just think the interpretation and framing should be
adjusted.

Comments on revisions:

Following the revision, I now think the weakness I initially described has been addressed
well by the authors.

https://doi.org/10.7554/eLife.107936.2.sa2

Reviewer #3 (Public review):

Summary:

Su et al. sought to understand how the opportunistic pathogen Staphylococcus aureus
responds to multiple selection pressures during infection. Specifically, the authors were
interested in how the host environment and antibiotic exposure impact the evolution of both
virulence and antibiotic resistance in S. aureus. To accomplish this, the authors performed an
evolution experiment where S. aureus were fed to Caenorhabditis elegans as a model system
to study the host environment and then either subjected to the antibiotic oxacillin or not.
Additionally, the authors investigated the difference in evolution between an antibiotic-
resistant stain MRSA and an isogenic susceptible strain MSSA. They found that MRSA strains
evolved in both antibiotic and host conditions became more virulent and that strains evolved
outside these conditions lost virulence. Looking at the strains evolved in just antibiotic
conditions, the authors found that S. aureus maintained its ability to lyse blood cells.
Mutations in codY, gdpP and pbpA were found to be associated with increased virulence.
Additionally, these mutations identified in these experiments were found in S. aureus strains
isolated from human infections.

Strengths:
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The data are well-presented, thorough, and are an important addition to the understanding
of how certain pathogens might adapt to different selective pressures in complex
environments.

Comments on revisions:

For the most part, my comments have been addressed. It seems that the authors have not
addressed my comments about quantifying population sizes in order to understand mutation
supply, particularly in light of which experimental phase exhibits the strongest selection and
possible increases in mutation rates. While I think this information would be very useful if
they had collected it during the experiment, I don't think it is important enough to require
additional experiments. I am therefore satisfied with the current state of the manuscript.

https://doi.org/10.7554/eLife.107936.2.sa1

Author response:

The following is the authors’ response to the original reviews.

eLife Assessment

This important study examines the evolution of virulence and antibiotic resistance in
Staphylococcus aureus under multiple selection pressures. The evidence presented is
convincing, with rigorous data that characterizes the outcomes of the evolution
experiments. However, the manuscript's primary weakness is in its presentation, as
claims about the causal relationship between genotypes and phenotypes are based on
correlational evidence. The manuscript needs to be revised to address these limitations,
clarify the implications of the experimental design, and adjust the overall narrative to
better reflect the nature of the findings.

Thank you for your feedback. Here, we summarize the major changes made in the revised
manuscript:

(1) We did not test causality between mutations and phenotypes in our study. We were
intentional about not using causal wording (“mutation X caused/led to/resulted in phenotype
Y”), and only discussed these results using the terms “correlation” and “association”, and only
when they were statistically significant. We understand that some readers may view these
terms as being equivalent to “causation”, thus in the revision, we have modified our wording
as suggested (please see below for specific lines).

(2) We agree that experimental evolution in nematodes is not a direct simulation of evolution
in humans. The goal of our study was first and foremost, a test of how multiple selective
pressures can shape pathogen evolution. This point was presented in the first paragraph, the
second to last paragraph of the Introduction (which included our hypotheses), and the last
paragraph of the manuscript. References to humans and other mammalian systems were
intended to point out similarities between our findings and what had already been found in
S. aureus outside the lab. Despite differences between mammals and nematodes, several
parallels arose at both the phenotypic and genomic levels, which is interesting from an
evolutionary standpoint. We understand that more experiments and tests would be needed
before we can make claims about the selective pressures acting on S. aureus outside the lab.
We presented some information in the context of humans because a large part of the
literature on S. aureus is on its role as a major bacterial pathogen; we did not want to neglect
this aspect of its natural life history.

In the revised manuscript, we are more explicit in stating these points, as well as tempering
some language regarding human infection, and removing some references to humans. Please
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see below for specific lines as well as justification for specific references to
humans/mammalian systems.

(3) We have including additional details on the experimental design below. We hope this is
sufficiently clarifying.

Public Reviews:

Reviewer #1 (Public review):

Summary:

The authors investigate how methicillin-resistant (MRSA) and sensitive (MSSA)
Staphylococcus aureus adapt to a new host (C. elegans) in the presence or absence of a
low dose of the antibiotic oxacillin. Using an "Evolve and Resequence" design with 48
independently evolving populations, they track changes in virulence, antibiotic
resistance, and other fitness-related traits over 12 passages. Their key finding is that
selection from both the host and the antibiotic together, rather than either pressure
alone, results in the evolution of the most virulent pathogens. Genomically, they find that
this adaptation repeatedly involves mutations in a small number of key regulatory genes,
most notably codY, agr, and saeRS.

Strengths:

The main advantage of the research lies in its strong and thoroughly replicated
experimental framework, enabling significant conclusions to be drawn based on the
concept of parallel evolution. The study successfully integrates various phenotypic assays
(virulence, growth, hemolysis, biofilm formation) with whole-genome sequencing,
offering an extensive perspective on the adaptive landscape. The identification of certain
regulatory genes as common targets of selection across distinct lineages is an important
result that indicates a level of predictability in how pathogens adapt.

Thank you very much.

Weaknesses:

(1) The main limitation of the paper is that its findings on the function of specific genes
are based on correlation, not cause-and-effect evidence. While the parallel evolution
evidence is strong, the authors have not yet performed the definitive tests (i.e.,
reconstruction of ancestral genes) to ensure that the mutations identified in isolation are
enough to account for the virulence or resistance changes observed. This makes the
conclusions more like firm hypotheses, not confirmed facts.

We have replaced instances of “association” and “correlation” with wording similar to that
suggested where applicable, including:

L 342 – 344: “The loss of SCCmec and ACME was more often identified in populations
exhibiting an increase in total growth from the ancestor outside the host…”

L 371 – 375: “Mutations in three genes were regularly identified in populations exhibiting
significant increases in virulence from the ancestor: codY, gdpP, and pbpA. Mutations in agr
in general were not associated with changes in overall virulence, but MSSA populations
harboring mutations in this gene were more likely to exhibit greater virulence compared to
MRSA populations (Wilcoxon rank sum exact test P = 0.045).”

L 377: “Mutations in specific genes were often found in populations able to hemolyze red
blood cells…”
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L 379 – 381: “There were also significant differences between the mutations regularly
identified in oxacillin-resistant populations evolved from the MSSA ancestor...”

L 384 – 385: “By contrast, mutations in agr were often in populations exhibiting loss of
hemolytic activity, consistent with previous findings...”

L 409 – 410: “Mutations that arose during experimental evolution are regularly found in
strains associated with human systemic infections.”

We have also stated that ancestral reconstruction is needed:

L 553 – 555: “Future experiments may include introducing these mutations into the ancestral
background to directly link the mutations in these genes to evolved virulence.”

(2) In some instances, the claims in the text are not fully supported by the visual data
from the figures or are reported with vagueness. For example, the display of phenotypic
clusters in the PCA (Figure 6A) and the sweeping generalization about the effect of
antibiotics on the mutation rates (Figure S5) can be more precise and nuanced. Such
small deviations dilute the overall argument somewhat and must be corrected.

In reference to Fig. 6A, we have revised the statement as suggested: “…where populations
exposed to host and sub-MIC oxacillin clustered together, largely separating from all other
treatments…” Line 442

In reference to Fig. S5, we conducted statistics to include both MRSA and MSSA populations
and examined the effect of oxacillin on the number of mutations. While oxacillin had a
significant effect on the number of mutations, we agree with the reviewer that this may be
driven by the MRSA populations and have clarified: “Sub-MIC oxacillin selection also resulted
in more mutations than in its absence (  = 5.92, P = 0.015), although this is likely driven by
MRSA populations.” Lines 310 – 311

Reviewer #2 (Public review):

Summary:

The manuscript describes the results of an evolution experiment where Staphylococcus
aureus was experimentally evolved via sequential exposure to an antibiotic followed by
passaging through C. elegans hosts. Because infecting C. elegans via ingestion results in
lysis of gut cells and an immune response upon infection, the S. aureus were exposed
separately across generations to antibiotic stress and host immune stress. Interestingly,
the dual selection pressure of antibiotic exposure and adaptation to a nematode host
resulted in increased virulence of S. aureus towards C. elegans.

Strengths:

The data presented provide strong evidence that in S. aureus, traits involved in
adaptation to a novel host and those involved in antibiotic resistance evolution are not
traded off. On the contrary, they seem to be correlated, with strains adapted to
antibiotics having higher virulence towards the novel host. As increased virulence is also
associated with higher rates of haemolysis, these virulence increases are likely to reflect
virulence levels in vertebrate hosts.

Weaknesses:

Right now, the results are presented in the context of human infections being treated
with antibiotics, which, in my opinion, is inappropriate. This is because

𝜒
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(1) exposure to the host and antibiotics was sequential, not simultaneous, and thus does
not reflect the treatment of infection, and

(2) because the site of infection is different in C. elegans and human hosts.

We have removed the two sentences referencing site of infection:

Introduction: “In the host, antibiotic concentrations will gradually decline after
administration due to metabolism and excretion.”

Discussion: “…in addition to infection of antibiotic-treated hosts, where there is uneven
distribution of drugs across tissues.”

For our rationale for discussing humans in general, please see below.

Nevertheless, the results are of interest; I just think the interpretation and framing
should be adjusted.

Thank you very much.

Reviewer #3 (Public review):

Summary:

Su et al. sought to understand how the opportunistic pathogen Staphylococcus aureus
responds to multiple selection pressures during infection. Specifically, the authors were
interested in how the host environment and antibiotic exposure impact the evolution of
both virulence and antibiotic resistance in S. aureus. To accomplish this, the authors
performed an evolution experiment where S. aureus was fed to Caenorhabditis elegans
as a model system to study the host environment and then either subjected to the
antibiotic oxacillin or not. Additionally, the authors investigated the difference in
evolution between an antibiotic-resistant strain, MRSA, and an isogenic susceptible
strain, MSSA. They found that MRSA strains evolved in both antibiotic and host conditions
became more virulent, and that strains evolved outside these conditions lost virulence.
Looking at the strains evolved in just antibiotic conditions, the authors found that S.
aureus maintained its ability to lyse blood cells. Mutations in codY, gdpP, and pbpA were
found to be associated with increased virulence. Additionally, these mutations identified
in these experiments were found in S. aureus strains isolated from human infections.

Strengths:

The data are well-presented, thorough, and are an important addition to the
understanding of how certain pathogens might adapt to different selective pressures in
complex environments.

Thank you very much.
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Weaknesses:

There are a few clarifications that could be made to better understand and contextualize
the results. Primarily, when comparing the number of mutations and selection across
conditions in an evolution experiment, information about population sizes is important
to be able to calculate the mutation supply and number of generations throughout the
experiment. These calculations can be difficult in vivo, but since several steps in the
methodology require plating and regrowth, those population sizes could be determined.
There was also no mention of how the authors controlled the inoculation density of
bacteria introduced to each host. This would need to be known to calculate the
generation time within the host. These caveats should be addressed in the manuscript.

While the population sizes within hosts and generation time could be determined, we would
need to conduct additional experiments (e.g., infecting nematodes with S. aureus, then
crushing, plating, and counting colony forming units across time intervals) in order to obtain
measurements for pathogen growth in hosts across time. For experimental evolution, we
crushed a set number of dead nematodes (30) and all bacteria that were released were
allowed to grow in liquid media before an aliquot (25%) was used to seed the next passage.
Picking and crushing nematodes across 48 populations for one time point was an arduous
task. The additional steps of picking, crushing, and plating nematodes across multiple time
intervals at the same time experimental evolution was being performed would not be
logistically sound.

In terms of the inoculation density of bacteria, all nematodes were placed on abundant lawns
of S. aureus. Nematodes were exposed to full lawns the entire infection step; bacteria
remained in abundance. While we do not know the exact inoculum each individual
nematode was exposed to, we know that they ingested the bacteria because of the high
mortality rate. Furthermore, we followed the same procedure for every replicate across
every host-associated treatment. Host individuals within and across passages were also
genetically identical to one another. Altogether, these factors allowed for more consistency
across the experiment, such that relative inoculum size should be similar across individual
hosts. Please refer to the evolution experiment diagram (Author response image 1) for more
details.

Ultimately, while knowing the absolute population size, inoculum size, and generation time
within the host is interesting, the rounds of selection (the number of times each population
was exposed to the selective pressures) is also important in addressing our major question.
Every treatment, which started out from one ancestral clone (MRSA or MSSA), was exposed to
the same number of bouts of selection (passages), yet we see significant divergence in terms
of traits and mutations. Future directions would certainly involve determining the number of
steps (e.g., number of generations within hosts) required to reach these end points, but not
knowing exactly how many steps were required do not detract from addressing the larger
question of determining how pathogens respond to multiple selective pressures.

Another concern is the number of generations the populations of S. aureus spent either
with relaxed selection in rich media or under antibiotic pressure in between the host
exposure periods. It is probable then that the majority of mutations were selected for in
these intervening periods between host infection. Again, a more detailed understanding
of population sizes would contribute to the understanding of which phase of the
experiment contributed to the mutation profile observed.

We conducted every step of the evolution experiment on the same timeline. For example, all
replicates across treatments were grown in liquid media at the same time (see Author
response image 1.). All populations were exposed to the same selective pressures at this step
of the experiment. We can then compare populations that were subsequently exposed to
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hosts against those that were not. Populations passaged without a host served as the control.
Mutations that were solely unique to host-exposed populations would more likely contribute
to the traits of interest, compared to mutations that were in common between the host-
exposed and no-host treatments. Similar comparisons could be made with the oxacillin-
exposed and no-oxacillin populations.

In general, the only differences between treatments would be driven by the treatments
themselves. Given that we are interested in treatment-level effects, any differences in
population size or generation time between treatments could contribute to the treatment
effects we observe, and thus were not something we aimed to hold uniform across our
experiment.

Author response image 1. Schematic of procedural steps involved in one passage of S. aureus through
nematodes (+host -ox) compared to without nematodes (-host -ox).

Recommendations for the authors:

Reviewing Editor Comments:

We encourage you to address all other comments raised by the reviewers; however, the
review team has identified the following points as the most critical and fundamental to
improve your manuscript:

(i) Reframing the narrative: You will need to adjust the narrative so that the study is
presented as a "proof of principle" rather than a direct simulation of a human infection.

While we referenced human infection, we believe the study had been presented as a proof of
principle. Examples include:

(1) We discussed the gap of knowledge in the first paragraph: “It is unclear how virulence
evolves in the face of more than one selective pressure and whether this trait is constrained
or facilitated by antibiotic resistance.” Lines 86 – 88

(2) In the second to last paragraph in the Introduction, we presented the main hypotheses:
“Adaptation may require resources to be expended toward either virulence or antibiotic
resistance, leading to a trade-off between these traits (Ferenci, 2016). Alternatively, weaker
selection from sub-MIC antibiotics may interact synergistically with hosts and facilitate the
evolution or maintenance of high virulence and antibiotic resistance.” Lines 176 – 179
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(3) The last paragraph concluded with “Our findings ultimately emphasize the importance of
considering the host context in the evolution of antibiotic resistance. Integrating multiple
traits, such as virulence, antibiotic resistance, and fitness may be critical in identifying the
factors that facilitate host shifts and persistence of drug-resistant pathogens.” Lines 613 – 616

These paragraphs, which set up the context for our work, did not primarily discuss human
infections.

In the revised manuscript, we have further tempered language regarding human infection:

L 169 - 172: “Experimentally evolving S. aureus in C. elegans thus allows us to track the early
stages of virulence and antibiotic resistance evolution in novel host populations with the
potential to identify conserved genomic regions underlying evolved traits.”

L 595 – 596: “Additional direct tests are needed to evaluate the role of these mutations in
adaptation of S. aureus to different infection sites.”

L 610 – 611: “Pathogen evolution in a tractable invertebrate animal model yielded phenotypes
and genotypes similar to those identified in mammalian hosts, highlighting the utility of
evolution experiments to identify potential ecological and genetic mechanisms that may give
rise to pathogen traits conserved across systems.”

And removed some references to humans:

In the Introduction: “In the host, antibiotic concentrations will gradually decline after
administration due to metabolism and excretion.”

In the Discussion: “…in addition to infection of antibiotic-treated hosts, where there is uneven
distribution of drugs across tissues.”

Otherwise, our rationale for referencing humans/mammalian systems in our Introduction
include:

Setting the context of our study system: we discussed humans and clinical significance when
we first introduced S. aureus (lines 132 – 151) and experimental evolution (lines 153 – 172).
Much of what is known about S. aureus outside the lab is when it is interacting with humans,
thus we weaved in relevant information that has been discovered in other organisms.

Hemolysis: This ability is important for S. aureus virulence toward C. elegans (Sifri et al.,
2003).

S. aureus genomic database: we intended to leverage this large-scale database of genomes
isolated from S. aureus outside the lab to compare patterns emerging from experimental
evolution to those in existing isolates. Due to its relevance as a major bacterial pathogen,
most of the isolates happen to be from clinical settings.

(ii) Adjusting the causal language: You will need to soften the language so that
correlational claims do not appear to be causal.

We have adjusted language as noted above.

(iii) Clarifying methodological aspects: You will need to provide more details on the
methodology, such as population sizes, and clarify the implications of these in the
conclusions of the work.

We have provided additional explanation of methodology and the role of control (no host)
treatments above.
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Reviewer #1 (Recommendations for the authors):

The paper is robust, and the study is of great significance. Tackling the subsequent issues
would greatly enhance the paper and elucidate its findings.

Major Recommendations:

(1) Revising Causal Language: The main flaw of the manuscript lies in its presentation of
correlational data as if it were causal. We highly suggest a thorough review of the text to
soften causal language when connecting genotypes to phenotypes. The absence of
ancestral reconstruction should be recognized as a constraint. Assertions ought to be
presented as robust, evidence-based hypotheses. For instance, rather than saying a
mutation "associated with significant increases in virulence," you might say "was
regularly identified in groups that developed increased virulence, strongly suggesting
this gene's role in the adaptation." This will more precisely clarify the contribution of the
work.

We have softened language and stated that ancestral reconstruction is needed as noted
above.

(2) Expand on Parallel Mutations: The examination of parallel evolution in Figure 4A is
intriguing but would be notably stronger with additional details. I suggest including an
additional supplementary figure or table detailing the specific non-synonymous
mutations identified in the highly parallel genes (e.g., codY, agr, gdpP). It is essential for
the reader to understand whether parallel evolution is happening at the gene level
(different mutations in a single gene) or at the nucleotide level (the precise same
mutation appearing again). Kindly specify if any of these mutations were nonsense
mutations, as this suggests that the loss-of-function is advantageous.

The full table of mutations is in fig share (10.6084/m9.figshare.28745558). We have added a
Supplemental Table (Table S2) containing mutations in genes occurring in more than two
populations. Many of these mutations were not the same, indicating parallel evolution at the
gene level (lines 315 – 317).

Minor Recommendations for Clarity and Accuracy:

(1) Introduction:

Lines 176-177: Please add a citation for the statement describing the function of the
SCCmec cassette, as this is established knowledge.

Done.

(2) Results:

Section Title (Line 254): The title "Host and sub-MIC antibiotic promoted growth..." is
imprecise. Figure 3B shows that it is the combination of these factors that promotes
growth in MRSA, while oxacillin alone is detrimental. Please revise the title to reflect this
synergistic effect.

“Synergistically” has been added to the title: “Host and sub-MIC antibiotic synergistically
promoted growth of MRSA…” Lines 269 – 270

Lines 261-263: The description of Figure 3B is incomplete. The text should explicitly state
that the -host+ox treatment resulted in the lowest growth for MRSA, which provides a
critical contrast and suggests a fitness cost.
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We have added “By contrast, exposure to sub-MIC oxacillin alone yielded the lowest growth,
suggesting a fitness cost.” Lines 277 – 278

Line 294: The claim that "Sub-MIC oxacillin selection also resulted in more mutations" is
a generalization not supported for the MSSA genotype, according to Figure S5. Please
revise this sentence to specify that this effect was observed in the MRSA populations.

We have clarified: “Sub-MIC oxacillin selection also resulted in more mutations than in its
absence (  = 5.92, P = 0.015), although this is likely driven by MRSA populations.” Lines 310 –
311

Lines 419-421: The claim that the +host+ox populations in Figure 6A "formed a distinct
cluster" is an overstatement, as there is visible overlap with one other treatment (e.g.,
host-ox). Please revise this to more accurately describe the visual data (e.g., "clustered
together, largely separating...").

We have revised the statement as suggested: “…where populations exposed to host and sub-
MIC oxacillin clustered together, largely separating from all other treatments…” Lines 442 –
443

Lines 422-424: The interpretation of the MRSA PCA (Figure 6A) focuses on the correlation
between virulence and sub-MIC growth. However, the correlation between "biofilm
production" and "growth without oxacillin" appears visually stronger. Please address this
correlation as well for a more complete interpretation.

We have added “For MRSA populations, biofilm production and growth without oxacillin also
appeared to be positively correlated.” Lines 447 – 448

(3) Discussion:

Lines 469-470: The statement that "exposure to oxacillin resulted in pathogens causing
the greatest host mortality" is imprecise. The data in Figure 2A show that it is the
combination of host and oxacillin. Please revise this for accuracy and add a direct
citation to Figure 2A here.

We have added clarification: “Nonetheless, we observed differing evolutionary trajectories,
where exposure to oxacillin in host-associated treatments resulted in pathogens causing the
greatest host mortality.” Lines 496 – 498

Reviewer #2 (Recommendations for the authors):

After reviewing the paper and reading the previous reviews from PLoS Biology, my
biggest criticism of the paper is the way the story is told. In principle, the results are
interesting and relevant, but the analogy to human infection and immune system/
antibiotic treatment strategies does not fit entirely with the experimental design or the
results. I think the motivation needs to be reframed. In the study, antibiotic exposure is
purely environmental, i.e., not in the host. How does environmental antibiotic use affect
in vivo evolution, as this is not tested? As previous reviewers have pointed out, S. aureus
is not an enteric pathogen in humans but most often causes skin infections. Furthermore,
much of the results and discussion is focused on haemolysis of red blood cells, a cell type
that C. elegans does not have. What the paper does present, on the other hand, and
something that is interesting and novel, is a test in a model system of how a bacterial
pathogen evolves to competing selection pressures. I might have hypothesised a priori
that these competing pressures result in trade-offs, something which there is no evidence
of, even though growth rate does not appear to be negatively impacted as a
consequence of selection for drug resistance and virulence together. Instead, many traits
are correlated and seemingly at the mechanistic level. This is cool and is a proof of

𝜒
2

1

Microbiology and Infectious Disease | Evolutionary Biology

https://doi.org/10.7554/eLife.107936.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/microbiology-infectious-disease
https://elifesciences.org/subjects/evolutionary-biology


Su, Hoang et al., 2025 eLife 14:RP107936.  https://doi.org/10.7554/eLife.107936.2 56 of 58

principle, even if the system does not completely mirror reality, and I think the story
should be told as such.

We agree entirely with the reviewer that testing how pathogens respond to multiple selective
pressures and the resulting lack of trade-offs are significant and interesting. We presented
this question (lines 86 – 88) and our hypothesis about such trade-off in the Introduction (lines
176 – 179). As stated above, we had framed our paper to highlight these points and have
removed references to antibiotic concentrations in treated humans.

We measured and discussed hemolysis because it is important for virulence toward C.
elegans (lines 195 – 197) (Sifri et al., 2003). We believe our manuscript contained a reasonable
discussion of this trait. For example, three panels of the main figures presented the main
hemolysis results (Figures 2B, 2C, and 2D), whereas 23 other panels did not at all involve
hemolysis. In the Discussion, hemolysis took up half of the shortest paragraph (lines 509 –
519) and an additional sentence (line 589 – 591), out of seven total paragraphs.

Specific comments:

(1) L137-138. Can S. aureus really survive for long periods of time outside of the host?
Can you clarify this statement? Do you mean it is an opportunistic pathogen and can also
replicate in the environment?

S. aureus can form biofilms and persist for weeks on inert surfaces (Kramer et al., 2024; Tran
et al., 2023), indicating that it may replicate in non-host environments. We have included the
phrase “opportunistic pathogen” to clarify (line 145).

(2) L187 - to ascertain

Corrected.

(3) Figure 2B - there seems to be a benefit of haemolysis activity to oxacillin resistance,
perhaps a crossover in mechanism? In MSSA, without a host, it goes to complete fixation,
whereas it is completely lost when antibiotics aren't present. I know this is discussed
later, but I would appreciate a more detailed hypothesis of why this could be.

Antibiotics have been found to induce expression of virulence traits, such as in the case of
oxacillin and hemolysis. Thus, it is reasonable that exposure to oxacillin during evolution
would maintain MSSA’s hemolytic ability. We hypothesize that the loss of hemolysis in the
absence of oxacillin may be due to the cost of hemolysis expression without a stimulant
(oxacillin), hemolysis may not be expressed as often and be subject to deleterious mutations.
Alternatively, the stress that cells were under favored virulence in some way, rather than the
direct action of the antibiotic.

(4) L225-228 - As C. elegans do not have red blood cells, why would we expect this? Do
you see increased lysis of C. elegans gut cells? Or could it be due to iron accumulation as
you are growing the staph on BHI?

We measured and correlated nematode mortality with hemolytic ability because hemolysis
had been found to be involved in virulence toward C. elegans (Sifri et al., 2003). The
hemolysis phenotype is a surrogate for S. aureus virulence gene expression.

(5) Figure 3A - There seems to be a growth cost of evolving oxacillin resistance in the
absence of a host. Why might this be?

MRSA populations exposed to oxacillin without a host during evolution visually exhibited the
lowest growth rate. While this is an interesting question, the result was not statistically
significant, so we cannot speculate in the manuscript.
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Reviewer #3 (Recommendations for the authors):

(1) Some claims in the introduction are either non cited or not correctly stated. The
second sentence has a claim about the interplay between antibiotic resistance and
virulence with no citation listed. Additionally, there is a claim about S. aureus "evading
detection" by attacking the host's immune cells. That is by definition not avoiding
detection. Perhaps phrasing it as resisting host immune function would make it clearer.

We have added a citation (lines 80 – 81) and clarified our wording: “Once inside the host, S.
aureus resists host immune function by hindering or lysing immune cells.” Lines 140 – 141

(2) Once in the introduction and in the discussion, the authors referred to S. aureus as a
novel pathogen for C. elegans, I do not think enough is known to make this statement.

This S. aureus strain is novel because it was isolated from humans, so at least in its recent
evolutionary past, it has not interacted with C. elegans. Furthermore, we used a C. elegans
isolate (N2) that had been frozen and maintained in the lab on E. coli, and had not been
exposed to other microbes in its recent evolutionary past. Finally, S. aureus has not been
found to be a native pathogen of C. elegans in nature (Ekroth et al., 2021).

(3) Key suggestion: Change Figure 1C to reflect the design better. So you could have the
+OXA before the host and then have an arrow looping back again to show the cycle of
each step. So a figure that would have something like: MRSA > +OXA > +host>+OXA -->
MRSA .

We have updated the figure as suggested.

(4) Suggest changing "greatest" on line 191, section header to greater.

Done.

(5) Line 258: Rich media can still provide selective pressures that are difficult to quantify -
fast growth, cofactor and other nutrient limitations due to that fast growth

We have adjusted our wording: “Importantly, rich media reduced the risk of introducing
additional selective pressures than those being tested.” Lines 273 – 274

(6) Why were intergenic mutations routinely ignored? These can often be very important
phenotypically.

We had focused on genes because there was a sufficient number of genes to discuss, but we
have added a Supplemental Table (Table S2) containing all mutations (including intergenic
and synonymous) appearing in more than 2 populations. We have also added information
regarding mecA, an accessory gene, highlighting the role non-core genes may have in shaping
bacterial evolution:

“Despite evolving in similar environments, MRSA and MSSA populations differing only in the
presence of an intact accessory gene (mecA)—proceeded on divergent evolutionary paths…”
Lines 66 – 68

“Carriage of Staphylococcal cassette chromosome mec (SCCmec), which encodes mecA, an
accessory gene that provides resistance…” Lines 187 – 188

“As MRSA and MSSA only differed in the presence of an intact mecA gene at the start of the
experiment, accessory genes may play important roles in shaping bacterial evolution
(Jackson et al., 2011).” Lines 472 – 474

(7) Line 294: more mutations than what?
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We have clarified the sentence: “Sub-MIC oxacillin selection also resulted in more mutations
than in its absence…” Lines 310 – 311

(8) Lines 295-297: wording is pretty confusing. It seems that the discussion is about
increased mutation rates, possibly due to hypermutators resulting from mutL or recA
mutations, but this isn't well-thought out and much is implied here. Furthermore, see the
above comment about comparing mutations across conditions - it's hard to make
inferences of mutation rates without knowing the mutation supply as a result of varying
population sizes across conditions and through the experiment.

We have clarified the sentence: “…there were only two mutations in DNA and mismatch
repair genes (mutL and recA), suggesting repair genes were not the sole mechanism
involved.” Lines 313 – 314

Because all populations evolved from one ancestral clone (either MRSA or MSSA), all
mutations that are found at the end of the experiment would have arisen de novo from that
ancestor. Since all populations experienced the same number of passages/rounds of selection,
we determined mutation rate by counting the number of mutations that were found at the
last passage for each replicate population. Populations that acquired significantly more
mutations had a higher mutation rate in terms of # of mutations/# of selection rounds.

(9) Line 486: typo "Mutations genes".

Corrected.

(10) Line 487: "antibiotics may allow" is awkward; suggest changing to more precise
language, possibly relating to pleiotropy if that is what was meant here.

We had intended to mean “adaptation [to antibiotics] may allow”. We have clarified:
“Mutations in genes involved in resistance to antibiotics were found more often in
populations with increased virulence, suggesting that antibiotic adaptation may also favor
evolution of virulence.” Lines 514 – 516
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