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ARTICLE

Environmental conditions dictate differential
evolution of vancomycin resistance in
Staphylococcus aureus
Henrique Machado1, Yara Seif 1,6, George Sakoulas2, Connor A. Olson1, Ying Hefner1, Amitesh Anand1,

Ying Z. Jones3, Richard Szubin1, Bernhard O. Palsson 1,2,4, Victor Nizet 2,4 & Adam M. Feist 1,5✉

While microbiological resistance to vancomycin in Staphylococcus aureus is rare, clinical

vancomycin treatment failures are common, and methicillin-resistant S. aureus (MRSA)

strains isolated from patients after prolonged vancomycin treatment failure remain suscep-

tible. Adaptive laboratory evolution was utilized to uncover mutational mechanisms asso-

ciated with MRSA vancomycin resistance in a physiological medium as well as a

bacteriological medium used in clinical susceptibility testing. Sequencing of resistant clones

revealed shared and media-specific mutational outcomes, with an overlap in cell wall reg-

ulons (walKRyycHI, vraSRT). Evolved strains displayed similar properties to resistant clinical

isolates in their genetic and phenotypic traits. Importantly, resistant phenotypes that

developed in physiological media did not translate into resistance in bacteriological media.

Further, a bacteriological media-specific mechanism for vancomycin resistance associated

with a mutated mprF was confirmed. This study bridges the gap between the understanding

of clinical and microbiological vancomycin resistance in S. aureus and expands the number of

allelic variants (18 ± 4 mutations for the top 5 mutated genes) that result in vancomycin

resistance phenotypes.
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Antibiotic resistance is a global healthcare threat
worldwide1,2. Consequently, numerous strategies have
been developed and implemented to monitor, assess, and

circumvent the development of antibiotic resistance among
pathogens3–5. Continual monitoring and assessment are key to
getting a global picture of the problem and for increasing our
understanding of the mutational mechanisms that pathogens
employ toward resistance development.

Although somewhat successful, current monitoring and
assessment approaches are based on existing pathogen-speci� c
knowledge. Because mechanisms for antibiotic resistance evolu-
tion are poorly de� ned, full realization of critical threats often
occurs only after resistance has emerged. Importantly, currently
known allelic variations associated with reduced susceptibility to
a given antibiotic are not comprehensive. This means that addi-
tional variations of a given allele or variation in other alleles can
result in the same phenotype6. Furthermore, bacterial suscept-
ibility to antibiotics is measured following guidelines of the
Clinical & Laboratory Standards Institute (CLSI), which recom-
mends using the bacteriological rich media cation-adjusted
Mueller–Hinton broth (CA-MHB) to determine antibiotic sus-
ceptibility. CA-MHB was speci� cally developed for its ability to
reliably support the cultivation of common human pathogens
from clinical samples, and only later adopted for minimum
inhibitory/bactericidal concentration (MIC/MBC) testing of
antibiotic candidates. However, CA-MHB does not come close to
recapitulating the environment encountered by bacteria in vivo
and has been shown to be less reliable in predicting in vivo
activity of antibiotics than other more physiological media such
as mammalian tissue culture media7–9. Adaptive laboratory
evolution (ALE) is a strategy that allows the investigator to
address both issues of limited coverage of allelic variation and
environment-speci� c susceptibility through the study of identi-
� cation of causal mutational mechanisms10–12. ALE leverages
microbial growth under different environments and conditions,
wherein the natural mutation rate of bacteria can be exploited to
sample successful allelic variations.

S. aureusis an historical example of the successful development
of antibiotic resistance by a common human pathogen, with
methicillin-resistant strains (MRSA) presenting signi� cant treat-
ment challenges13–15. The most commonly recommended drug
for the treatment of MRSA infections is the glycopeptide
vancomycin16,17. Even though very few vancomycin-resistant
MRSA clinical isolates have been reported18–20, an increasing
challenge of clinical treatment failures is well documented15. The
established MIC breakpoints determined by CLSI classifyS.
aureus into three susceptibility categories: vancomycin-
susceptible S. aureus (VSSA, MIC� 2 � g/mL), vancomycin
intermediate-resistantS. aureus(VISA, MIC= 4–8� g/mL), and
vancomycin-resistantS. aureus(VRSA, MIC� 16� g/mL).

Here we used a clinical MRSA isolate (TCH1516), isolated
from an adolescent with severe sepsis21, and applied adaptive
laboratory evolution (ALE) to uncover mutational mechanisms
associated with resistance under two different environmental
conditions: (i) CA-MHB, the nutrient-rich bacteriological med-
ium used for clinical susceptibility testing by CLSI recommen-
dations; and (ii) Roswell Park Memorial Institute medium
(RPMI), a mammalian cell culture medium that better mimics
human physiology22. We further phenotypically characterized
several vancomycin-tolerant and -resistant clones and identi� ed
genetic mutations associated with such adaptations. The muta-
tional evolutionary pathways toward vancomycin tolerance
exhibited media speci� city, with an overlap in regulatory rear-
rangements in cell wall regulons. We also establish that
vancomycin-resistant phenotypes that developed in physiological
media do not translate into resistance in bacteriological media,

where a major resistance mechanism relies on change of the cell
surface charge, possibly associated with mutation ofmprF. This
study signi� cantly expands knowledge of allelic variation that
contributes toS. aureusvancomycin tolerance.

Results
Tolerization of S. aureusTCH1516 to vancomycin. Adaptive
laboratory evolution (ALE) relies on the natural capability of cells to
adapt to new environments. Here,we have applied this technology
to engender tolerance ofS. aureusTCH1516 to vancomycin, and
unravel the molecular mechanisms for this adaptation, in a so-called
Tolerization ALE (TALE)10,12. Two media types were used in this
experiment: CA-MHB, an unde� ned nutrient-rich bacteriological
medium used for clinical susceptibility testing and the well-de� ned
Roswell Park Memorial Institute medium (RPMI), routinely used in
the culturing of mammalian cells, and which resembles the phy-
siological conditions in the human body22, supplemented with 10%
bacteriological rich Luria-Bertani medium (RPMI+ ) to ensure
robust bacterial growth. For each media type, four replicates of wild
type (WT) and of two media-adapted clones were evolved to step-
wise increasing concentrations of vancomycin (Fig.1a). Media-
adapted clones were previously developed12 and were used as a
baseline to understand media-speci� c adaptations versus antibiotic
resistance development. The TALE experiments were conducted for
~30 days and ~5 × 1012 cumulative cell divisions (CCDs). The� nal
vancomycin concentrations reached an average of 5.14 ± 0.46� g/mL
in CA-MHB and 6.13 ± 1.03� g/mL in RPMI+ (Fig.1b), compared
to a tenth of the MIC used as start concentration (MIC in Supple-
mentary Table 1; starting concentration of 0.1 and 0.2� g/mL, in
CA-MHB and RPMI+ TALEs, respectively).

Phenotypes and tradeoffs in vancomycin tolerization. The
TALE evolved strains, adapted for growth in increasing con-
centrations of vancomycin, were evaluated for changes to their
growth phenotypes and antibiotic susceptibility. Growth rate was
not affected in TALE strains, but an increase in the lag phase
could be identi� ed in CA-MHB-evolved strains when measured
without vancomycin stress and compared to their pre-evolved
counterparts (Fig.2a). As expected, TALE strains grew in higher
concentrations of vancomycin, with an increase in MIC of up to
8-fold (Supplementary Table 1). Previous studies have outlined
the phenotypic characteristics of clinically isolated vancomycin-
tolerant strains15,23. We observed similar characteristics in the
TALE-evolved strains, including lower hemolytic activity,
reduced autolysis, and increased cell-wall thickness (Supple-
mentary Fig. 1 and Supplementary Table 2). Further,
vancomycin-tolerant strains generated in the laboratory have
been reported to be phenotypically unstable24, losing their tol-
erance after growth in non-selective conditions. Therefore, we
grew the vancomycin-tolerized strains for 21.79 ± 2.08 passages
(9.41 × 1011± 9.84 × 1010 CCDs) in the media used for evolution,
without vancomycin. The endpoint strains were generally stable
in maintaining their tolerance phenotype in 11 out of 12 lineages,
with the exception of the SVAM_A10 lineage, which decreased its
MIC from 8 to 2� g/mL (Supplementary Table 1).

TALE strains lost vancomycin susceptibility, with a corresponding
increase in their MIC (Supplementary Table 1). We further assessed
if this decrease in susceptibility held true across the different media
environments. Although CA-MHB vancomycin-tolerized strains
(i.e., SVAM) maintained their tolerance phenotypes in RPMI+ , the
same was not true for the clones evolved in RPMII+ . RPMI+
vancomycin-tolerized strains (i.e., SVAR) did not show decreased
susceptibility when screened in CA-MHB media (Fig.2b). Thus, the
strains evolved under RPMI+ displayed a media-speci� c tolerance
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phenotype, as compared to the translatable phenotype of the CA-
MHB derived strains, for the two media conditions tested here.

Environment dependent mutational strategies to vancomycin
tolerization. For each of the 24 independent adaptive evolu-
tionary lineages, 2–3 clones were randomly selected at different
time points of the TALE experiments and were sequenced for
mutational analysis. For each media type, ~400 unique mutations
could be identi� ed (457 in CA-MHB and 374 in RPMI+ , n = 50)
(Supplementary Data 1 and 2), with the majority (~85%) being
single nucleotide polymorphisms (SNPs). The percentage of
transitions and transversions was quite similar (55% transitions,
45% transversions), but there was a bias in mutations from GC to
AT, which constituted about 40% of the SNPs compared to 20%
from AT to GC. The observed AT-biased mutation has been
shown to be universal for bacteria, independent of their genomic
GC content25–27.

Key mutated genes were considered to be those mutated in two
or more independent TALE lineages and that were present in at
least one clonal sample. If a gene was mutated in multiple� asks
of the same TALE lineage or was only observed in sequenced
population samples, it was not considered. A total of 69 key
mutations were identi� ed for both media types (Supplementary
Fig. 3). Overall, clones evolved in RPMI+ typically had a lower
number of mutations (7.4 ± 3.4 mutations per strain) compared
to those evolved in CA-MHB (10.6 ± 4.6 mutations per strain),

excluding hyper-mutators. This mutational count difference is
also re� ected in the number of key mutated genes identi� ed in
both conditions, 54 versus 26 in CA-MHB and RPMI+ ,
respectively (Fig.3a). By increasing the threshold of lineages
with a given gene mutated, the decrease in the number of key
mutated genes in CA-MHB was striking, whereas in RPMI+
there was less variance (Fig.3a). Although theaptgene appears as
a key mutation in RPMI+ because it was mutated in all four
replicates that were started from wild type, this mutation has been
associated with a growth rate increase in RPMI+ and does not
have an effect on antibiotic susceptibility12. Furthermore,
mutations inmutL (encoding a DNA mismatch repair protein)
were found in TALE strains from both media conditions, and
these strains displayed hypermutator phenotypes similar to
previous reports28,29. The hypermutator strains had a higher
number of mutations, compared to other TALE strains. However,
the mutations identi� ed were not distinctly linked with
vancomycin tolerance, but rather randomly spread throughout
the genome (Supplementary Data 1 and 2).

Distinct key mutations were identi� ed in both bacteriological
and physiological media conditions, with the overlap of similar
mutations being mostly in regulatory genes, speci� cally in thevra
and wal regulatory systems (Fig.3a). Mutations in these two
systems have been previously associated with decreased suscept-
ibility to glycopeptides15,24,30,31. For thevra system, composed of
the genesvraSRT, we identi� ed 37 different mutations, of which 5

Fig. 1 Tolerization adaptive laboratory evolution. a Experimental design. Wild-type (WT) S. aureus TCH1516 was used as starting strain along with strains
which were initially adapted to each media condition12. Strains were tolerized under CA-MHB (blue) and RPMI+ (yellow) media conditions with increasing
concentrations of vancomycin (red). Isolate naming from each lineage is listed. b Plots showing the stepwise increase of vancomycin throughout the TALE
experiments. * denotes hyper-mutators. STM: Staphylococcus aureus adapted to CA-MHB. STR: Staphylococcus aureus adapted to RPMI+ . SVAM:
Staphylococcus aureus tolerized to vancomycin in CA-MHB. SVAR: Staphylococcus aureus tolerized to vancomycin in RPMI+ . CCDs: cumulative cell divisions.
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exact mutations (VraT-A151T, VraS-A314V, VraS-G88D, VraS-
T264A, and VraR-V14I) and 3 mutated positions (VraT-P126,
VraT-N74, and VraS-V66) have been previously described30–33.
For the wal system, composed of the geneswalKRyycHI, we
identi� ed 44 mutations, 26 of which were in the accessory genes
yycHI (21 resulting in possible pseudogenization, i.e., gene
disruption). This pseudogenization type of gene disruption
(speci� cally, a frameshift mutation resulting in truncation) had
been previously observed in an in vivo evolution study in a
patient13. From the 18 mutations inwalKR, three mutated
positions have been previously described (WalK-G223, WalK-
S221, WalK-V383), which in previous studies resulted in different
amino acid substitutions at these positions33–37. The mutated
alleles strongly correlate with those found in clinical isolates,
although most of the speci� c mutations are different, contributing
to an expansion of the tolerance allelome.

Vancomycin targets the cell wall, therefore, the� nding that
most of the key mutated genes under both TALE media
conditions were related to cell wall biosynthesis was expected
(i.e.,sgtB, prsA, walKRyycHI, vraSRT, pbp2, murJ_2, mprF)38–45.
For example, PBP2 is the only bifunctionalS. aureuspenicillin-
binding protein (transglycosylase and transpeptidase
activities)46,47 and is involved in cell wall cross-linking. PBP2
has also been associated with susceptibility to membrane and cell-
wall targeting antibiotics43,48. Besides the shared mutations, there
were a number of media-speci� c mutations (Fig.3b). This
environmental dependency was also evident from the expression
of these key mutated genes (Fig.3c). For example,vraGandmprF
genes that are mostly mutated in CA-MHB condition, were
highly expressed in vancomycin-tolerized strains in the same
media, while there was no differential expression in RPMI+ . On
the other hand, some genes that seem to be mutated in a
condition-speci� c manner presented a similar transcriptional

pro� le in both (e.g., sgtBand prsA). Again, most of the key
mutated genes were related to cell wall biosynthesis (e.g.,sgtB,
prsA, walK, vraT, pbp2, mprF). However, there were other key
mutated genes associated with transcription (rpoC), transport
(pitA_1, vraG), regulation (perR, melR_2), metabolism (mqo2),
pathogenesis (ebh_1), and unknown function (RS08780).

Mutational analysis of TALE clones from CA-MHB revealed
an instance of parallel evolution involving excision of the
prophage� Sa3 in three independent lineages. Large identical
genomic deletions of 43,048 bp resulted from the excision of
prophage � Sa3, the most prevalent prophage family inS.
aureus49, which encodes for the immune evasion cluster50,51.
This cluster harbors the immune modulators staphylokinase
(Sak), staphylococcal complement inhibitor (SCIN), staphylococ-
cal enterotoxin A (Sea), and chemotaxis inhibitory protein ofS.
aureus(CHIPS)51–53. Excision of the prophage results in the
repair of the� -hemolysin gene (hlb) (Fig.4a)54. Selective excision
of prophage� Sa3 has been reported, suggesting it acts as a
molecular regulatory switch for� -hemolysin production54.
Testing of hemolytic activity of two of the three TALE strains
and their starting strain counterparts con� rmed one other
characteristic phenotype observed in VISA strains, reduced
hemolytic activity (Fig.4b). Sincehlb encodes for a cold-active
hemolysin, after 24 h incubation at 4 °C, it was possible to observe
acquired hemolytic activity for the TALE strains that have excised
the prophage � Sa3 (Fig. 4c), strains SVAM_A10 and
SVAM_A12. In contrast, none of the RPMI+ media tolerized
strains excised the prophage (Fig.3b). The expression of genes
encoded in the prophage was analyzed in TALE strains derived
from both media environments and it was observed that there
was higher transcriptional activity of prophage genes in RPMI+
as compared to CA-MHB, for strains which retained the
prophage genes (Fig.4d). This observation suggests an advantage

Fig. 2 Phenotypic changes observed in vancomycin-tolerized strains. a Box plots displaying growth tradeoffs grouped by the starting strain for each set of
TALE experiments. Evolution starting strains and vancomycin adapted strains were grown in the absence and presence of vancomycin. Assessment of the
lag-phase duration of starting strains and evolved strains in the same media as that used for tolerization, CA-MHB (top, green) and RPMI+ (bottom,
yellow). Error bars represent one standard deviation. Evolved strain averages used 2, 3, or 4 distinct clones derived from the given starting strain
(Supplementary Table 1), all determinations were made in triplicate. Values that are significantly different by ANOVA are indicated by asterisks (ns, non-
significant; *P � 0.05; **P � 0.01; and ***P � 0.001) (Supplementary Table 3). An example of one of these growth curves, comparing pre-evolved and
vancomycin adapted strain is presented in Supplementary Fig. 2. b A plot of Log2 vancomycin MIC values of evolved strains from all TALE conditions tested
in both media types. SVAR strain tolerance phenotypes in RPMI+ were not maintained when tested in CA-MHB media. SVAM: S. aureus tolerized to
vancomycin in CA-MHB. SVAR: S. aureus tolerized to vancomycin in RPMI+ .
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in maintaining these prophage genes in RPMI+ upon vancomy-
cin stress.

Broad-scale impact of mutations in regulatory genes. The most
commonly mutated genes in both media conditions during the
TALE experiments were annotated with regulatory functions,
with the walRKyycHIand vraRSToperons being the most tar-
geted (Fig.3b). Interestingly, the accessory genes (i.e.,yycH, yycI,
and vraT) known to impact the activity of these regulators55,56

were some of the most often mutated. Mutations in regulatory
genes tend to impact bacterial responses on a broad scale, which
is dif� cult to assess solely from mutational data. Therefore, we
performed RNAseq with and without vancomycin stress to
understand how the mutations observed impacted the tran-
scriptional pro� le of the evolved strains. Within the previously
characterized WalR regulon57, there were several genes differen-
tially regulated in the vancomycin TALE clones. In fact, both
upregulation and downregulation were observed in several genes
within this regulon (Fig.5a). Downregulation of thespagene and

Fig. 3 Key mutations found in MRSA during vancomycin tolerization. a Venn diagrams of the number of key mutated genes in the two utilized media
conditions (i.e., CA-MHB and RPMI+ ). b A bar plot of the number of lineages with mutations in a key mutated gene, n = 24 lineages, 12 for each media
condition. c A heatmap of RNAseq expression level of key mutated genes in a selection of starting and TALE-derived strains, in the presence and absence
of vancomycin. STM: Staphylococcus aureus adapted to CA-MHB. STR: Staphylococcus aureus adapted to RPMI+ . SVAM: Staphylococcus aureus tolerized to
vancomycin in CA-MHB. SVAR: Staphylococcus aureus tolerized to vancomycin in RPMI+ .
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Fig. 4 The excision of � Sa3 prophage. a Schematic representation of the excision of the � Sa3 prophage from the TCH1516 genome which leads to the
repair of hlb gene, encoding for a � -hemolysin. b An image of a plate displaying hemolytic activity after 24 h incubation at 37 °C for vancomycin TALE
strains in CA-MHB and their corresponding starting strains, wild-type (WT) TCH1516 and CA-MHB media-adapted STM3. c An image of the same
plate in (b) displaying hemolytic activity following an additional 24 h incubation at 4 °C, to assess cold hemolytic activity of � -hemolysin. Increased
hemolytic activity can be seen for strains SVAM_A10 and SVAM_A12 (boxed). d A heatmap of RNAseq expression levels of genes encoded within the
prophage � Sa3. Gray indicates absence of the gene in a strain due to excision of the prophage. STM: Staphylococcus aureus adapted to CA-MHB. STR:
Staphylococcus aureus adapted to RPMI+ . SVAM: Staphylococcus aureus tolerized to vancomycin in CA-MHB. SVAR: Staphylococcus aureus tolerized to
vancomycin in RPMI+ .

Fig. 5 Rearranged transcriptional landscapes of operons associated with vancomycin tolerance in TALE strains. a A heatmap of expression levels of the
genes in the WalR regulon57 displaying significant levels of differential expression, both up and down. b Expression of genes in the VraR cell wall
stimulon55. STM: Staphylococcus aureus adapted to CA-MHB. STR: Staphylococcus aureus adapted to RPMI+ . SVAM: Staphylococcus aureus tolerized to
vancomycin in CA-MHB. SVAR: Staphylococcus aureus tolerized to vancomycin in RPMI+ .
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