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ABSTRACT Prolonged survival in the host-bacteria microenvironment drives the
selection of alternative cell types in Staphylococcus aureus, permitting quasi-dor-
mant sub-populations to develop. These facilitate antibiotic tolerance, long-term
growth, and relapse of infection. Small Colony Variants (SCV) are an important
cell type associated with persistent infection but are difficult to study in vitro due
to the instability of the phenotype and reversion to the normal cell type. We
have previously reported that under conditions of growth in continuous culture
over a prolonged culture time, SCVs dominated a heterogenous population of
cell types and these SCVs harbored a mutation in the DNA binding domain of the
gene for the transcription factor, mgrA. To investigate this specific cell type fur-
ther, S. aureus WCH-SK2-DmgrA itself was assessed with continuous culture.
Compared to the wild type, the mgrA mutant strain required fewer generations
to select for SCVs. There was an increased rate of mutagenesis within the DmgrA
strain compared to the wild type, which we postulate is the mechanism explain-
ing the increased emergence of SCV selection. The mgrA derived SCVs had
impeded metabolism, altered MIC to specific antibiotics and an increased biofilm
formation compared to non-SCV strain. Whole genomic sequencing detected sin-
gle nucleotide polymorphisms (SNP) in phosphoglucosamine mutase glmM and
tyrosine recombinase xerC. In addition, several genomic rearrangements were
detected which affected genes involved in important functions such as antibiotic
and toxic metal resistance and pathogenicity. Thus, we propose a direct link
between mgrA and the SCV phenotype.

IMPORTANCE Within a bacterial population, a stochastically generated heterogene-
ity of phenotypes allows continual survival against current and future stressors.
The generation of a sub-population of quasi-dormant Small Colony Variants (SCV)
in Staphylococcus aureus is such a mechanism, allowing for persistent or relapse of
infection despite initial intervention seemingly clearing the infection. The use of
continuous culture under clinically relevant conditions has allowed us to introduce
time to the growth system and selects SCV within the population. This study pro-
vides valuable insights into the generation of SCV which are not addressed in
standard laboratory generated models and reveals new pathways for understand-
ing persistent S. aureus infection which can potentially be targeted in future treat-
ments of persistent S. aureus infection.

KEYWORDS Small Colony Variants, Staphylococcus aureus, persistence

EditorMichael Y. Galperin, NCBI, NLM, National
Institutes of Health

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Stephen P. Kidd,
stephen.kidd@adelaide.edu.au.

The authors declare no conflict of interest.

Received 12 April 2022
Accepted 28 August 2022
Published 26 September 2022

October 2022 Volume 204 Issue 10 10.1128/jb.00138-22 1

RESEARCH ARTICLE

https://orcid.org/0000-0002-5568-0096
https://orcid.org/0000-0002-2118-1651
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/jb.00138-22
https://crossmark.crossref.org/dialog/?doi=10.1128/jb.00138-22&domain=pdf&date_stamp=2022-9-26


S taphylococcus aureus is commonly associated with persistent infections such as
prosthetic joint infection (PJI), endocarditis, and diabetic foot infection (DFI) that

are recalcitrant to treatment regimens that persist for months or even years (1). This is
in part due to the ability of S. aureus to survive and adapt to stresses generated from
the host or clinical treatment through the formation of alternative cell types (2). Small
Colony Variants (SCV) are one such cell type, characterized as slow growing with an
altered modified virulence profile (3, 4). SCVs are known to survive intracellularly in dif-
ferent human cell types and these traits result in the evasion of the immune response,
intracellular persistence and avoidance of antimicrobials that would otherwise clear
actively growing bacteria (5–9). SCV can exist as a minor sub-population within an
active infection, and remain undetectable, however, under certain conditions, selective
pressures may favor the emergence and dominance of SCV without clinical symptoms
suggesting the infection has been cleared. (3, 10, 11). The dynamics of the bacterial/
host interaction may then return to one where active cells dominate following the re-
moval of the stress factors causing a relapse of infection (4, 12). These selective pressures
may include the immune response, nutrient limitation, and antimicrobial therapeutics
(13–17).

Published research on SCVs was originally based on laboratory generated mutants of
S. aureus that were genetically stable (sSCV). Mutations in the electron transport in hemB
(16–18) and menD (16, 19–21) and thymidine synthesis via thyA (22, 23) produced sSCV
while other targets included auxotrophism to CO2 (24, 25), fatty acids (26, 27), chorismite
synthesis (28), and selection with gentamicin (17). However, these mutations may not
represent all the features S. aureus adopts during clinical infection as sSCV have also be
shown to be driven by sigB (29). Our research proposes a shift in the paradigm from the
mechanisms that facilitate selection of SCV. This model hypothesizes that rather than a
direct phenotypic switch, SCV appear stochastically within S. aureus populations in the
absence of selective pressures (5), but emerge when conditions favor their survival while
being non-permissive to the active cell types. Stochastic changes within various species
of bacteria that permit survival in changing environments have previously been reported
(30). These population dynamics would form the basis of relapsing infection by SCV, cho-
rismite synthesis (28) and selection with gentamicin (17). However, these mutations may
not be wholly representative of all the features S. aureus adopts during the clinical pro-
cess of infection. There are other pathways that have been shown to be part of the de-
velopment of SCV, such as that driven by sigB (29). Our research investigates an alternate
perspective of SCV where we address a shift in the paradigm from the mechanisms that
define the switch to a SCV within a cell to the population dynamics which facilitate selec-
tion of SCV from a population. This model presents SCV as being able to appear stochas-
tically within S. aureus populations during normal growth in the absence of any selective
pressures (5), but only being detectable when there are conditions which favor their sur-
vival while being non-permissive to the active cell types. Stochastic changes within a mi-
crobial population that permit survival in changing environments have previously been
reported in various species of bacteria (30). This would suggest that the shift to a popula-
tion of SCVs during stressful conditions is through selection of stochastically generated
SCVs rather than a direct phenotypic switch in response to stress. Consequently, when
selective pressures are removed, the population shifts back to the metabolic active nor-
mal cell types. These population dynamics would form the basis of relapsing infection
by SCV.

An important factor within the host-pathogen interplay during adaptation by bac-
terial cells critically involves the time-dependent feature of colonization and infection
and the associated temporal context for genetic events. Our laboratory has developed
a platform for selecting sSCV within a bacterial cell population through prolonged con-
tinuous culture under low growth rate conditions that resemble those in the host (31).
The methicillin resistant (MRSA) blood isolate S. aureus WCH-SK2 when grown under
these conditions produced a diversity of cell phenotypes that included an sSCV (31).
An important factor within the host-pathogen interplay during adaptation by the
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bacterial cell population critically involves the time-dependent feature of colonization
and infection and the associated temporal context for genetic events (5, 32–34). Our
laboratory has developed a growth platform for selecting sSCV within a bacterial cell
population through prolonged continuous culture while in low growth rate conditions
that resemble those in the host, and are not growth phase dependent (31). We grew
the methicillin resistant (MRSA) blood isolate S. aureus WCH-SK2 over a prolonged time
frame (up to 180 generations) and produced a diversity of cell phenotypes that
included stable SCV (sSCV) (31).

Whole genome sequencing (WGS) of the sSCV revealed specific genetic changes,
most notably a single nucleotide polymorphism (SNP) in the DNA binding domain of
the global virulence regulator mgrA (resulting in protein shift; Arg92Cys) (35). MgrA
controls over 300 different genes affecting virulence, antibiotic resistance, (36) regula-
tion of the Agr virulence system (37) and its role has not previously been reported in S.
aureus SCV. MgrA is associated with the progression of infection in animal models (38,
39), downregulation of cell invasion (40), adhesion to host molecules, and biofilm for-
mation. Whole genome sequencing (WGS) of the WCH-SK2 and its sSCV cells that were
generated at the end of the experiment, revealed this phenotype was associated with
specific genetic changes, most notably a single nucleotide polymorphism (SNP) in the
DNA binding domain of the global virulence regulator mgrA (resulting in protein shift;
Arg92Cys) (35). MgrA controls over 300 different genes in S. aureus and is well-known
for affecting virulence and antibiotic resistance (36), and is closely linked with the regu-
lation of the Agr system of virulence (37). MgrA is associated with the progression of
infection in animal models (38, 39). The virulence factors affected by MgrA include the
upregulation of capsular polysaccharide, leukocidins, and exotoxins, all of which are
downregulated in SCVs (41).

Using an mgrA knockout, our aim was to use continuous culture to grow WCH-SK2-
DmgrA to investigate the role of mgrA in the selection of SCV (31). We have identified
the genetic and genomic changes associated with sSCV and their effect on growth, an-
tibiotic resistance, downregulation of cell invasion (40), adhesion to host molecules,
and biofilm formation (38, 40, 42, 43). The virulence factors affected by MgrA include
the upregulation of capsular polysaccharide, leukocidins, and exotoxins, all of which
are downregulated in SCVs (41). The role of mgrA had not previously been reported in
S. aureus SCV. We have now conducted experiments using WCH-SK2-DmgrA to charac-
terize the role of mgrA when grown under clinically relevant conditions in a chemostat.
Using an mgrA knockout, we observed the effects of beginning a continuous culture
with this mutation as the entire bacterial cell population of S. aureus under low growth
conditions to investigate the role of this gene in the selection of SCV. We therefore
grew WCH-SK2-DmgrA under the same prolonged, controlled growth conditions as
previously described to push the cell population to a SCV type (31). We have identified
the genetic and genomic changes associated with sSCV and their effect on growth,
biofilm formation, and antibiotic resistance.

RESULTS
Continuous culture of WCH-SK2-DmgrA selects for SCV. A WCH-SK2-DmgrA clean

deletion knockout was generated as previously described (38). WCH-SK2-DmgrA was
cultured in chemically defined media (CDM) in continuous culture over 53 generations
(30 d) (Fig. 1a). The maximum growth rate (mmax) of WCH-SK2-DmgrA in CDM was cal-
culated as mmax = 0.338 h21. The growth of WCH-SK2-DmgrA was then limited to 15%
of the mmax which is mrel = 0.051 h21 to give a generation time (Tg) of 13.66 h21. As the
number of generations increased, the proportion of SCV cells also increased (%SCV of
total colonies [CFU, CFU]/mL). The parental cell type WCH-SK2-DmgrA produced large,
golden colonies when cultured on tryptic soy agar (TSA) (Fig. 1b). Non-pigmented col-
onies were observed after approximately 6 generations (3 d) and colonies of smaller
size were observed after approximately 11 generations (6 d) within the population
(Fig. 1c). SCVs first appeared after 16 generations, (9 d) however, these were non-stable
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and increased in size after subculture on TSA but retained the lack of pigment (Fig. 1d).
The only sSCV from the continuous culture experiments was isolated after 50 genera-
tions (28 d) which was used in further experiments (WCH-SK2-DmgrA-SCV). The propor-
tion of SCVs within the population was over 40% after 55 generations (31 d).

Features of the cell type variations were associated with themgrAmutant phe-
notypic change to SCV. The change in cell type of WCH-SK2-DmgrA in response to
low growth rate (mrel = 0.051 h21) was associated with cellular phenotypic differences.
SEM imaging of WCH-SK2-DmgrA-SCV revealed that cells were embedded within an
extracellular matrix (Fig. 2). No significant differences were observed between the
planktonic growth of WCH-SK2 and WCH-SK2-DmgrA (as measured by optical density

FIG 2 The switch to a SCV in WCH-SK2-DmgrA is associated with an extracellular matrix. Cell cultures
of (a) the parental WCH-SK2-DmgrA displaying the normal colony type and (b) the SCV isolated after
50 generations were also imaged (bottom panels) using Scanning Electron Microscopy imaging at
20,000x magnification.

FIG 1 Prolonged growth of WCH-SK2-DmgrA with limited growth selects for SCV. WCH-SK2-DmgrA was
cultured in CDM within a chemostat over 53 generations of growth (30 d) at a reduced growth rate of
mrel = 0.15. (a) CFU/mL (red, left axis) and % SCV in the population (blue, right axis) was recorded every 24
h. Shown are the cultures plated onto TSA after (b) 3 generations, (c) 16 generations and (d) 50
generations.
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at 600 nm for 20 h). In contrast to these results, the WCH-SK2-DmgrA-sSCV had an
extended lag phase (4 h) compared to the parental cell types (less than 1 h) (Fig. 3a).
The mid-exponential phase occurs after 2.25 h for WCH-SK2 andWCH-SK2DmgrA and
6.7 h for WCH-SK2DmgrA-SCV (Fig. 3).

Biofilm formation analysis in the impedance-based xCELLigence system enabled
the kinetic features of biofilm growth to be measured and compared between strains.
Biofilm formation differed in both the kinetics and endpoint quantity between WCH-
SK2, WCH-SK2-DmgrA, and WCH-SK2-DmgrA-SCV (Fig. 3). Biofilm formation over time
displayed distinct phases; lag, exponential phase and stationary phases. Therefore,
there is both an indicator of the rate of biofilm formation, as the mid-point of biofilm
exponential phase, and the final endpoint value (total biofilm). WCH-SK2-DmgrA-SCV
produced the highest endpoint biofilm followed by WCH-SK2-DmgrA, and then WCH-
SK2, which reached a biofilm mass three times lower than the SCV. Comparing the
mid-exponential phase of growth and biofilm formation (Fig. 3) revealed differences in
the growth phase dependency of biofilm formation. The mid-exponential phase of bio-
film formation for WCH-SK2-DmgrA-SCV occurred 4 h after WCH-SK2 and WCH-SK2-
DmgrA. In fact, WCH-SK2-DmgrA-SCV started to form biofilms only around 15 h while
WCH-SK2-DmgrA reached a similar biofilm mass (Cell Index value of 0.2) already at 7 h.

Comparison of antibiotic MIC between these variants revealed significant changes
in their response to penicillin and ciprofloxacin by WCH-SK2-DmgrA-SCV (Table 1). The
parental cell type WCH-SK2 and WCH-SK2-DmgrA had an unchanged MIC to penicillin,
erythromycin, and ciprofloxacin and a minor decrease to gentamicin. WCH-SK2-
DmgrA-SCV demonstrated a 20-fold decrease in resistance to penicillin and an 8-fold
increase in resistance to ciprofloxacin (Table 1).

Cell type variants in a mgrA mutant is associated with increased mutation fre-
quency. There was a significant difference in the number of generations that selected
for SCVs within the population. For WCH-SK2-DmgrA, SCVs first appeared in continuous
culture after 11 generations and an sSCV was isolated after 49 generations (Fig. 1). In
the same growth conditions for WCH-SK2, SCVs first appeared after 52 generations and
sSCV were isolated after 174 generations (31). We postulated that there was an intrinsic
alteration in the permissible level of mutations in the WCH-SK2-DmgrA strain that

FIG 3 The switch to SCV in WCH-SK2-DmgrA is associated with changes in growth kinetics and biofilm
formation. Both (a) growth was measured spectrophotometrically at 600 nm and (b) biofilm formation
was measured using xCELLigence RTCA for WCH-SK2 (green), WCH-SK2-DmgrA (red) and WCH-SK2-
DmgrA-SCV (blue).

TABLE 1 The switch to a SCV in WCH-SK2-DmgrA is associated with changes in MIC to
antibioticsa

Strain
Penicillin
(mg/mL)

Gentamicin
(mg/mL)

Erythromycin
(mg/mL)

Ciprofloxacin
(mg/mL)

WCH-SK2 .2000 125 .2000 62.5
WCH-SK2-DmgrA .2000 62.5 .2000 62.5
WCH-SK2-DmgrA-SCV 62.5 62.5 1000 500
aMIC to antibiotics was determined using broth microdilution assay with 1/2 factor serial dilutions. 2000mg/mL
was the highest concentration antibiotic used in assay and MIC value above this were not identified.
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allowed mutations that drive SCV formation within the population (31). The rate of
mutation was determined by the enumeration of spontaneous mutations in a bacterial
cell grown in gentamicin above the MIC. Growth in TSB resulted in no statistically sig-
nificant differences in the mutation frequency between WCH-SK2 and WCH-SK2-DmgrA.
However, a two-tailed paired T-test revealed the frequency of mutation increased signifi-
cantly in WCH-SK2-DmgrA when cultured in CDM (mean of 6.01 � 1028 mutational
events per CFU, P-value = 0.006) compared to WCH-SK2 (mean of 7.42 � 1029 mutation
events per CFU, P-value = 0.069) (Fig. 4).

Genomic alignments reveal genetic events associated with SCV. The continuous
culture of WCH-SK2-DmgrA created a niche comprised of limited nutrients and hence a
low growth rate. In this environment, cell types with differences in metabolic demands
may have greater selective fitness, and the imposed slow growth rate would enable slow
growing bacteria to increase in proportion. As noted, the SCV phenotype accounted for a
significant portion of the population over time (Fig. 2).

After 50 generations (28 days) of WCH-SK2-DmgrA growing on the chemostat, 2 phe-
notypes which were clearly differentiated, namely, a large non-pigmented colony and a
SCV, were fully sequenced (Table 2). This allowed us to detect single nucleotide polymor-
phisms (SNPs) and genomic rearrangements (GRAs) i.e., duplications, translocations,
insertions, or deletions.

The results revealed a missense mutation in the phosphoglucosamine mutase
glmM (Gly6Val) and 3 small indels in intergenic regions (Table 3). The non-synonymous
mutation at the glmM gene was not located in any active or metal binding sites of the
protein. GlmM catalyzes the conversion of glucosamine-6-phosphate to glucosamine-
1-phosphate for the biosynthesis of the cell wall peptidoglycan. It is important to note
that WCH-SK2-DmgrA-SCV was a single colony obtained from an entire population of

TABLE 2 List of S. aureus isolates selected for whole genome sequencing and genome
alignment

Isolate name Colony description Notes
WCH-SK2-DmgrA day 0 Large, pigmented Parental strain used to inoculate the

continuous culture
WCH-SK2-DmgrA d28 Large, non-pigmented Isolated after 50 generations in

continuous culture
WCH-SK2-DmgrA-SCV d28 SCV Isolated after 50 generations in

continuous culture

FIG 4 The loss of MgrA activity leads to an increased mutation frequency. The mutation frequency in
WCH-SK2 and WCH-SK2-DmgrA was determined by counting the number of spontaneous mutations after
24 h of growth in (a) TSB and (b) CDM which resulted in resistance against gentamicin. A mutational
event was defined as a single colony growing on TSA with gentamicin concentrations above the MIC.
The mutation frequency was defined as the number of mutations (CFU/mL on TSA with gentamicin)
divided by the total number of cells (CFU/mL on TSA alone). **, = P-value , 0.005.
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cells and may not be representative of all the SCVs present within the population.
Genome alignments revealed sections of genome varying between WCH-SK2-DmgrA-28d
and WCH-SK2-DmgrA-SCV. Notable genes missing in WCH-SK2-DmgrA-SCV are involved in
the SOS response and DNA repair (gloB, recF), peptidoglycan synthesis (nagC), and antibi-
otic resistance (mecA,mecI, tetM).

Secondly, the complete genomes were compared in order to detect potential Genomic
Rearrangements (GRA) that could correspond to added, deleted, or reoriented genomic
segments. Only one GRA was found when comparing WCH-SK2-DmgrA (time zero) and
WCH-SK2-DmgrA-d28. Interestingly, this GRA was not found in WCH-SK2-DmgrA-SCV. On
the other hand, when the WCH-SK2-DmgrA-SCV strain was compared to the original WCH-
SK2-DmgrA, 54 GRAs were detected (Table 4). Among these GRAs, 46 affected fewer than
10 genes whereas the remaining varied between 14 and 49 genes. In addition, there were
4 “high-divergence” zones where some genes appear to be missing in the SCV genome,
and other genes were homologous to the reference ancestral genome but with a

TABLE 3 SNPs detected between WCH-SK2-DmgrA d0, WCH-SK2-DmgrA d28 and WCH-SK2-DmgrA-SCV d28

Genome position Gene Nucleotide change Amino acid change Product
WCH-SK2-DmgrA d0 vs WCH-

SK2-DmgrA d28a

172237 Non-coding
177876 Non-coding
756327 pre 502delA Thr170fs Plasmid recombination enzyme
775523 Non-coding
775541 Hypothetical 377_378insGTTTTT
775544 Hypothetical 375A.G Glu125Glu
775619 Hypothetical 300A.T Val100Val
777737 xerC 81G.A Gln27Gln Tyrosine recombinase
777773 xerC 45T.C Ile15Ile Tyrosine recombinase
777788 xerC 30T.C Ile10Ile Tyrosine recombinase
2346054 aroK 290delA Lys99fs Shikimate kinase
2637006 Hypothetical 2318delA Lys775fs
2703927 Non-coding
2703940 Non-coding
2703955 Non-coding
2703964 Non-coding
2703979 Non-coding
2704093 Non-coding

WCH-SK2-DmgrA d0 vs WCH-
SK2-DmgrA-SCV d28b

111362 glmM 17G.T Gly6Val Phosphoglucosamine mutase
172237 Non-coding
177876 Non-coding
756327 pre 502delA Thr170fs Plasmid recombination enzyme
775523 Non-coding
775541 Hypothetical 377_378insGTTTTT
775544 Hypothetical 375A.G Glu125Glu
777737 xerC 81G.A Gln27Gln Tyrosine recombinase
777773 xerC 45T.C Ile15Ile Tyrosine recombinase
777788 xerC 30T.C Ile10Ile Tyrosine recombinase
1272951 Non-coding Shikimate kinase
2346054 aroK 290delA Lys99fs
2637006 Hypothetical 2318delA Lys775

WCH-SK2-DmgrA d28 vs WCH-
SK2-DmgrA-SCV d28

529693 glmM 17C.A Gly6Val Phosphoglucosamine mutase
592350 Non-coding
1909645 Non-coding

alarge, non-pigmented colony taken after 50 generations.
bSCV taken after 50 generations.
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dramatically low level of sequence similarity (Fig. 5). These highly-divergent regions
contained, among others, genes encoding Type VII secretion systems or antibiotic re-
sistance, such as a methicillin resistance regulatory protein (MecI), a kanamycin
nucleotidyltransferase, and a bleomycin resistance protein.

To unravel the potential cause of these GRAs, we studied the genomic features

FIG 5 Segments of genome associated with Genomic Rearrangements (GRAs). Three examples of GRAs are shown, representing (A) a case of genomic deletions
in the SCV isolate, (B) a region with deletion and insertion of genes in the SCV isolate, and (C) a “high-divergence zone” with the presence of regions in WCH-
SK2-DmgrA-SCV homologous to the parental strain WCH-SK2-DmgrA but with a low level of DNA sequence similarity.
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present at the edges of the rearranged segments and identified some known to cause
genomic instability including transposases, invertases, integrases, recombinases, and/
or repetitions at the beginning and the end of the GRAs (Table S3). Interestingly, we
detected transposases in 41 cases (71%). In addition, we detected the tyrosine recom-
binase XerC seven times at adjacent positions, another 7 cases where a repeated DNA
sequence was detected at the beginning and the end of the GRA, and 1 case containing
a prophage integrase. XerC is a homologue of the Escherichia coli tyrosine recombinase
which in combination with XerD, separates chromosome dimers which arise during ho-
mologous recombination (44). The loss of xerC has been reported to be associated with
decreased biofilm formation through increased expression of extracellular nucleases and
proteases, and reduced virulence through a decreased accumulation of RNAIII and Agr
activation (45). No mobile or repetitive elements were found in 4 cases. In addition, in 14
GRAs, sequences annotated as miscellaneous RNA (also known as non-coding RNA or
bacterial introns) were included and we hypothesize that this might also be involved in
generating the rearrangements (1, 2). Thus, the origin of most GRAs could be explained
by genomic instability imposed by mobile or repetitive genetic elements.

In most cases, inserted/deleted proteins were hypothetical. However, there were
some mutated genes with a known function. For example, one of the GRAs affecting
both strains had genes involved in the Type VII secretion system. This system has been
associated with pathogenesis and the mutation of the entire secretion system or any
subunit (EsxA, EssB, EssC, EsxC, EsxB, EsaB, EsaD, or EsaE) has been shown to decrease
S. aureus virulence (3–8). Other genes that are known to have a role in S. aureus infec-
tion and were found in the GRAs were enterotoxin type A (10), a-hemolysin (11) or the
ATP-dependent Clp protease proteolytic subunit (12). It must be underlined that some
of these genes were translocated in the genome but not lost. In addition, staphylocoa-
gulase was found to have several mutations and the automatic annotation by Prokka
software split the protein in 3 ORFs, suggesting a potential lack of functionality. A slide
coagulase test revealed WCH-SK2-DmgrA-SCV (d28) was coagulase negative while the
WCH-SK2-DmgrA (d0) and WCH-SK2-DmgrA (d28) were coagulase positive (Fig. 6). As
SCVs have been reported to be very slowly coagulase positive, an additional tube assay
was performed allowing a long incubation period. The results were the same (data not
shown).

Additionally, mutations in other genes could influence important functions such as
antibiotic or toxic metals resistance. For example, the b-lactam sensor/signal trans-
ducer BlaR1, a penicillinase repressor, and a b-lactamase were translocated in the
WCH-SK2-DmgrA-28d strain and the b-lactam sensor/signal transducer MecR1 and a
PBP2a family b-lactam-resistant peptidoglycan were lost. These genes are important
for resistance to the b-lactamase group antibiotics (46). Interestingly, the 3 copies of

FIG 6 The WCH-SK2DmgrA-SCV cells are coagulase negative. The presence of coagulase activity was
identified in (a) MW2, (b) WCH-SK2DmgrA-d0, (c) WCH-SK2DmgrA-d28 (large, non-pigmented colony)
and (d) WCH-SK2DmgrA-SCV-d28. Coagulase positive results are indicated by granular, clumping pattern
(a-c) while a coagulase negative result (d) is indicated by a milky background.
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streptomycin 39-adenylyltransferase, which is a gene responsible for streptomycin and/
or spectinomycin resistance, were lost in WCH-SK2-DmgrA-d28. Furthermore, cadmium
resistance transcriptional regulatory protein CadC and cadmium-transporting ATPase
were also translocated. On the other side, arsenate reductase, arsenical pump mem-
brane protein, arsenical pump membrane protein, Copper-exporting P-type ATPase B,
and multicopper oxidase (mco) were lost in WCH-SK2-DmgrA-SCV.

DISCUSSION

Comparison of the data between WCH-SK2 and WCH-SK2-DmgrA in continuous cul-
ture showed the impact of MgrA on population dynamics in response to prolonged
growth in nutrient limited conditions. Wildtype WCH-SK2 required 56 generations (16
d) until SCVs were first observed and an sSCV was first isolated after 192 generations
(55 d) (31). The genetic profile of the sSCV included a missense mutation leading to a
R92C amino acid in the DNA binding domain of MgrA. MgrA is homologous to MarR in
E. coli, and previous research identified a R94C SNP in MarR that prevented DNA bind-
ing (47). This previously described SNP in MgrA closely aligns to the R94C SNP in WCH-
SK2 which implies the SNP in WCH-SK2-SCV would be detrimental to MgrA activity. In
addition to a SNP in mgrA, WCH-SK2 sSCV after 56 generations also showed the upreg-
ulation of Ebh and this was consistent with cells embedded in a proteinaceous extrac-
ellular matrix.

In comparison to WCH-SK2, WCH-SK2-DmgrA took 16 generations (9 d) to reveal
SCVs and an sSCV was first isolated after 50 generations (28 d). The loss of MgrA
decreased the number of generations required for the formation or selection of SCV
and we propose the loss of MgrA function may increase the rate of selection of these
alternate cell type through increased ROS production. MgrA has been shown to sense
reactive oxygen species (ROS) including hydrogen peroxide and potassium superoxide
that results in activation of MgrA targets (48). We speculate that this results in
increased intracellular ROS and thereby an increased rate of mutation. This would
result in fewer generations being required to accumulate the necessary genetic events
that lead to SCV formation and thus allow populations of S. aureus to adapt to stresses
more efficiently. We did determine the rate of mutation was significantly increased in
WCH-SK2-DmgrA when cultured in CDM compared to the wildtype WCH-SK2. Previous
research has identified increased rates of mutagenesis through the SOS DNA repair
response was associated with increased frequency of SCV (14). As the same difference
in rate of mutation did not occur when cultured in TSB, this rate of mutation is likely
dependent on the limited nutrients in CDM. The role of increased ROS in mutation fre-
quency is an avenue for future investigation. Previous research identified glucose, argi-
nine, glutamic acid, and proline as the growth-limiting nutrients for S. aureus within
this CDM (31). The knockout of mgrA alone does not confer the colony type and
growth characteristics of SCV in WCH-SK2, but instead creates a population with a
greater disposition for genetic events that can result in SCV. In addition, the gene
encoding the methylglyoxal detoxification protein gloB is missing in WCH-SK2-DmgrA-
SCV. Methylglyoxal is a by-product of metabolism that can create ROS stress and is uti-
lized by the innate immune response to clear pathogens. The loss of methylglyoxal
detoxification can increase the presence of ROS, DNA damage and thus mutations
through DNA repair mechanisms.

WCH-SK2-DmgrA-SCV had an impeded growth rate compared to WCH-SK2 and
WCH-SK2-DmgrA. Reduced growth is a defining characteristic of SCV that facilitates
persistence during clinical infection. In silico analysis of WCH-SK2-DmgrA-SCV and
WCH-SK2-DmgrA did not detect SNPs in genes that have previously been commonly
associated with metabolism in SCV (central carbon metabolism and the electron trans-
port chain). However, GlmM, in addition to DacA and YbbR, are involved in the regula-
tion of the secondary messenger molecule c-di-AMP which controls the osmotic stress
response and virulence. Increased intracellular c-di-AMP levels has been shown to
result in growth impedance and increased resistance to b-lactams and acid stress
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(49–51). DacA is a diadenylate cyclase and the sole producer of c-di-AMP in S. aureus
(52). Production of c-di-AMP was inhibited when DacA was complexed with GlmM. In
addition, YbbR also forms complexes with DacA/GlmM however the function of YbbR
on c-di-AMP production is still unknown. Therefore, the loss of glmM expression would
prevent the repression of c-di-AMP production (or indirect activation of c-di-AMP pro-
duction). The lack of c-di-AMP production has previously resulted in suppressed growth
in complex media such as TSB through the repression of amino acid and osmolyte trans-
porters (53). Additionally, low c-di-AMP levels have been reported to be associated with
increased ROS production (53) and so the loss of GlmM activity and increased c-di-AMP
may provide another pathway to survive oxidative stresses.

Kinetic readings of biofilm formation using xCELLigence found WCH-SK2-DmgrA-SCV
produced less biofilm at a slower rate but produced a greater biofilm during late stationary
phase compared to WCH-SK2-DmgrA. Studies with anmgrAmutant found an increased bio-
film formation where early biofilm was dependent on extracellular DNA (43). Additionally,
we identified a significantly increased biofilm formation in WCH-SK2-DmgrA compared to
its parental cell type WCH-SK2. The basis for mutations inmgrA increasing biofilm formation
with reduced clumping is through upregulation of large surface proteins such as Ebh and
SasG (38). The loss of glmM does not inhibit peptidoglycan synthesis but modifies the prop-
erties of the cell wall which reduces the ability for PBP-2 to act against antibiotics (54). This
modified cell wall may affect the stability of other cell wall proteins such as Ebh and SasG
and the observed changes in extracellular matrix and biofilm formation.

It is interesting to note that contrary to the non-pigmented strain isolated after
28 days of growth in the chemostat, which only had one genomic rearrangement com-
pared to the ancestral WCH-SK2-DmgrA strain, the SCV isolate generated during the
same amount of time had more than 50 genomic rearrangements comprising up to 49
genes. These involved deletions, insertions, translocations and at least 4 regions where
genes had undergone extraordinary divergence within 50 generations. Most rearrange-
ments were flanked by mobile or repetitive elements, which are known to generate
considerable genomic instability (55). Having this considerable number of mutations,
many of which affect genes responsible for the pathogenesis or antibiotic resistance,
could be due to cells growing in the absence of a host and in an antibiotic-free envi-
ronment. SCVs are characterized as slow growing cells with a non-pathogenic virulence
profile (3, 4). However, clones carrying these mutations would be expected to be
unsuccessful to proliferate in the host or during antibiotic treatment. A plausible expla-
nation to why these are more commonly lost after just a few generations is because
they might not be relevant for growing in the chemostat and their loss could contrib-
ute to outcompeting other clones with lower fitness. It is remarkable that some regions
appeared to have a large sequence divergence compared to the original ancestor. This,
together with the large number of genomic regions that vary between WCH-SK2-
DmgrA-28d and WCH-SK2-DmgrA-SCV but the almost complete genomic stability
between WCH-SK2-DmgrA and WCH-SK2-DmgrA-28d, suggest that the population of
SCVs will be highly heterogenous, favoring the future success of any of the coexisting,
highly mutated clones. Heterogenous populations have been reported to maximize the
mean fitness of the population in various environments where sub-populations are
more fit to survive in unpredictable stressors. Other bacterial species have been reported
to create heterogenous populations through a “bet-hedging” strategy, including endo-
spore formation in Bacillus subtilis and alteration of metabolism in Dictyostelium discoi-
duem, E. coli, and Lactococcus lactis (30).

In summary, this study utilized an mgrA mutant to demonstrate that a dysfunctional
MgrA is an important factor in adaptation to unfavourable conditions by facilitating
the generation of different cell types. These cell types include SCV cells which are asso-
ciated with impeded growth and modulated biofilm formation that result in greater fit-
ness under clinically relevant conditions. While previous research has focused on the
direct effects of MgrA on pathogenesis, we identified a potential role of MgrA in the
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population dynamics in stressful conditions that may lead to persistent and highly
resilient infections.

MATERIALS ANDMETHODS
Generation of mgrA knockout mutations. To construct the mgrA deletion plasmid, ;700 bp

regions flanking the gene were amplified with primer pairs HC116/HC117 and HC118/119. The products
were column purified and fused in a second PCR using primers HC116 and HC119. This fusion product
was gel purified, digested with SacI and SalI, and ligated into pJB38 to generate pHC34. This plasmid
was electroporated in RN4220, selecting on TSA plates containing Cam at 30°C. The plasmid was then
transduced into the MRSA isolate WCH-SK2. Individual colonies were streaked on TSA Cam plates and
incubated at 42°C to select for integration into the chromosome. Single colonies were grown in TSB at
30°C and diluted 1:500 in fresh media for four successive days before diluting to 1026 and plating on
TSA containing 0.2 mg/mL anhydrotetracycline to select for loss of the plasmid. Colonies were screened
for resistance to Cam, and CamS colonies were screened by PCR for deletion of mgrA.

Establishing continuous culture conditions. Growth of S. aureus was preformed within. Growth
was controlled through the flow of chemically defined media medium (CDM, Table S1) into the culture
vessel so that the growth rate was relative (mrel) to the maximum growth rate (0.15% of the mmax). The
maximum growth rate was determined by batch culture in CDM within the chemostat vessel. The great-
est change in CFU/mL was between 5 and 6 h with a change of 1.4 � 108 CFU/mL. Monod’s equation
(Equation S1) was used to calculate the maximum growth rate of mmax = 0.338h. The dilution rate (D)
was derived from the growth rate (m) and working volume (V) (Equation S2). To achieve 15% of the max-
imum growth rate (mmax = 0.338), a flowrate of 25.3 mL/h was required to give a generation time of
13.66 h21 . CDM was prepared as previously described (56) and connected to the chemostat vessel with
the inflow of CDM mediated by a peristaltic pump.

Continuous culture of S. aureus. Ten milliliters of an overnight culture grown in TSB was washed
twice by centrifugation (1900 � g, 4°C, 10 min) and resuspended in 10 mL CDM before inoculated into
the chemostat. S. aureus was grown by batch culture in a chemostat vessel (Sartorius Biostat B) with a
working volume of 500 mL to determine the maximum growth rate. OD600 readings were measured at
hour intervals, and total cell numbers enumerated (Ncells = OD600 x 0.8 � 109) for each sample to deter-
mine the maximum growth rate (mmax) and generation time (Tg) using the Monod equation. The greatest
change in CFU/mL was between 5 and 6 h with a change of 1.4 � 108 CFU/mL. Monod’s equation
(Supplementary Equation S1) was used to calculate the maximum growth rate of mmax = 0.338h. The
dilution rate (D) was derived from the growth rate (m) and working volume (V) (Equation S2). To achieve
15% of the maximum growth rate (mmax = 0.338), a dilution rate of 0.05 h21 was achieved with a flowrate
of 25.3 mL/h of CDM to the chemostat to give a generation time of 13.66 h21. The chemostat vessel was
kept at pH 7.4 with the addition of ammonia (7.5%). A ring sparger provided aeration directly into the
culture medium. Agitation was achieved with a Rushton turbine (6 blade disk impeller) at 250 rpm.
Dissolved oxygen concentration was kept constant at 100%. The temperature was kept at 37°C with a
double-jacketed glass vessel with thermostat control.

Sample collection and analysis. Aliquots were obtained from the chemostat aseptically with a slip
tip syringe connected to a lure-lock sampling tube. To determine colony morphology and CFU/mL, cul-
ture broth was serially diluted and plated onto TSA. SCV were classified as non-pigmented colonies with
diameter ,1mm after 48 h of incubation at 37°C (31). All colonies with a SCV phenotype on TSA was
subsequently tested for stability. A SCV was considered stable if it retained the SCV phenotype after 5
subcultures on TSA. Samples of the chemostat were stored by directly centrifuging 5 mL of culture su-
pernatant (1900 � g, 4°C, 10 min) and resuspending in 30% glycerol and stored at 280°C.

Growth kinetics. Growth kinetics assays were performed in 96-well microtiter plates. Cells were
incubated in media at 37°C to log phase (OD600 ; 0.2). 20 mL of log phase culture was added to a well
containing 180 mL of media. Plates were incubated at 37°C for 18 h and OD600 readings taken at 30 min
intervals with a Sunrise Absorbance Microplate Reader (Tecan).

Determining antibiotic MIC. Antibiotics were serially diluted into TSB by a factor of 1:2. Cells were
incubated in TSB at 37°C to log phase (OD600 ; 0.2). 20 mL of log phase culture was added to wells con-
taining 180 mL TSB with antibiotic. Cultures were incubated at 37°C for 18 h and OD600 readings were
taken. Cultures were serially diluted to determine CFU/mL. MIC was determined to be the lowest con-
centration of antibiotic which resulted in no visual bacterial growth and change in OD600.

Real-time xCELLigence biofilm assay. Real-time biofilm assays were performed with an xCELLigence
RTCA (ACEA Biosciences) as previously described (57, 58). Biofilm assay was performed in 16-well ePlates
(ACEA Biosciences). 150 mL of CDM was placed into each well and sterile distilled water was placed into
the surrounding evaporation control troughs as recommended by the manufacturers. The plate was
inserted into the RTCA Plate Analyzer and placed inside a 37°C incubator for 30 min. Bacteria were grown
separately to log phase (OD600 ; 0.2) and 50 mL was added to ePlate wells in triplicate. Impedance read-
ings were taken at 15 min for 20 h. Cell-sensor impedance was expressed as an arbitrary unit called cell
index (CI) according to the manufacturer’s instructions. CI at a time point was defined as Zn-Zb where Zn is
the cell-electrode impedance of the well that contains the cells and Zb is the background impedance with
media alone. CI values have been shown to correlate with total biofilm mass in S. aureus (58).

Coagulase test. Presence of coagulase activity was identified using Remel Coagulase Plasma test
tube test as well as the Staphaurex Latex Agglutination Kit (Thermo Scientific) according to manufac-
turer’s protocols.
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Rate of mutation (mutation frequency). S. aureus cells were incubated overnight in 5 mL of TSB at
37°C. Approximately 1 � 106 cells were inoculated into a series of five 50 mL tubes with 5 mL of fresh TSB.
Cultures were incubated at 37°C for 18 h and CFU/mL was enumerated by serial dilution. Cultures were
centrifuged (1900 � g, 4°C, 10 min), supernatant was discarded, and cells were resuspended in 100 mL of
sterile PBS. Cell suspensions were plated out onto TSA containing gentimicin at a concentration above the
MIC for each strain. Colonies which grew on the selective media were defined as a mutational event. The
mutation frequency was defined as the proportion of mutational events over the total CFU in the culture.

Scanning electron microscopy (SEM). Cells were filtered through a 0.2 mm Milipore filter paper and
fixed with a fixative solution (4% paraformaldehyde, 1.25% glutaraldehyde, 4% sucrose in PBS). Filters
were washed twice with 4% sucrose in PBS, post-fixed with 0.1% osmium tetraoxide for 60 min and
washed twice with 4% sucrose in PBS. Cells were dehydrated with a series of two 10 min ethanol washes,
each in 70%, 90% and 100% ethanol solutions. Cells were dried in a 1:1 mix HMDS and 100% ethanol for
20 min and then in HMDS for 15 min. Samples were mounted onto titanium stubs and coated with
2 mm platinum. Images were taken using a Phillips XL30 FEG scanning electron microscope (Adelaide
Microscopy).

Whole genome sequencing. Whole genomic DNA was extracted and purified using Qiagen Genomic-
tip 500/G columns (Qiagen) according to manufacturer protocols. Quality and quantity of genomic DNA was
determined using FEMTO Pulse (SA Pathology). Genomes were sequenced using PacBio SMRT (Single
Molecule Real Time), sequencing performed by the Ramciotti Centre for Genomics (Sydney, Australia) or an
Oxford Nanopore MinION device. The MinION library construction and sequencing were performed by
FISABIO University of Valencia's sequencing service, using the Oxford Nanopore PCR barcoding kit following
the manufacturer’s instructions. For this, we combined NextSeq (Illumina) with Minion (Oxford Nanopore)
technologies to obtain complete, fully-closed genomes of WCH-SK2-DmgrA-d28 (the non-pigmented strain)
and WCH-SK2-DmgrA-SCV. Briefly, an average of 3.7 million reads of 150 bp of length sequenced by NextSeq
were combined with 150,000 reads of 9.7 6 0.5 Kbp of length sequenced with Minion technology (Oxford
Nanopore Technology) per genome. Consequently, genomes were closed with .500x coverage, where
detected polymorphisms could unequivocally be assigned to mutations and not be derived from sequencing
errors. Genomes sequencings have been submitted to the BioProject database (as Biosamples): PRJNA821238.

Bioinformatics analysis. Annotation of complete genomes was achieved using Prokka v1.14.6.
Virulence factors were identified using VFanalyzer, an automatic pipeline analysis to screen FASTA
sequences against the VFanalyzer database for known and/or potential virulence factors in a genome.
Antibiotic resistances were identified using the Comprehensive Antibiotic Resistance Database (CARD)
and ResFinder 4.0 which uses BLAST to annotate resistance genes and Resistance Gene Identifier (RGI) to
detect chromosomal mutations to leading to antibiotic resistance. Genes involved in metabolism were
identified using BlastKOALA KEGG annotation tool which annotates genes within a FASTA sequence
based on their score against the KEGG genes database. MUMmer v3.0, an open software package which
allows rapid alignments of FASTA sequences and has a SNP detection pipeline to identify all SNPs in
regions of sequence similarity. Mobile genetic elements were identified by pipelining the whole genome
FASTA sequences through relevant databases using PHAST (prophage), ISfinder, (insertion sequences)
IslandViewer (genomic islands) and SCCmec Finder 1.2 (SCCmec Type).
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