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An undetermined feature of Staphylococcus aureus pathogenesis is its persistence and then relapse of disease. This has been
explained by its switch to alternative lifestyles, mainly as biofilm or small-colony variants (SCVs). Studying the native character-
istics of SCVs has been problematic due to their reversion to the parental lifestyle. We have observed that for a number of S. au-
reus strains as they switch to an SCV lifestyle, there is the formation of an extracellular matrix. We focused our analysis on one
strain, WCH-SK2. For bacterial survival in the host, the combination of low nutrients and the prolonged time frame forms a
stress that selects for a specific cell type from the population. In this context, we used steady-state growth conditions with low
nutrients and a controlled low growth rate for a prolonged time and with methylglyoxal. These conditions induced S. aureus
WCH-SK2 into a stable SCV cell type; the cells did not revert after subculturing. Analysis revealed these cells possessed a meta-
bolic and surface profile that was different from those of previously described SCVs or biofilm cells. The extracellular ma-
trix was protein and extracellular DNA but not polysaccharide. The SCV cells induced expression of certain surface pro-
teins (such as Ebh) and synthesis of lantibiotics while downregulating factors that stimulate the immune response
(leucocidin, capsule, and carotenoid). Our data reveal cell heterogeneity within an S. aureus population and under condi-
tions that resemble long-term survival in the host have identified a previously unnoticed S. aureus cell type with a distinctive
metabolic and molecular profile.

Staphylococcus aureus has an incredible ability to survive, either
by adapting to environmental conditions or defending against

exogenous stress. In part, this ability is provided by the breadth of
lifestyles or modes of growth S. aureus can adopt. Key to an un-
derstanding of chronic, persistent, and relapsing S. aureus infec-
tions is determining the basis for their switch to quasi-dormant
lifestyles. Across different bacterial species, these alternative life-
styles form a population known as persister cells (1). It has been
proposed that while within their host, a subpopulation of S. aureus
survives host-generated and therapeutic antimicrobial stresses by
inducing biofilm growth on host tissue or by growing as small-
colony variants (SCVs). It is likely this is not an on-off switch,
from planktonically growing cells to a biofilm or likewise to SCVs,
but a continuum of cell types; the bacterial population will have
the potential for a diverse range of lifestyles defined by different
metabolic pathways and surface structures. In a multicellular bio-
film, the metabolically quiescent bacterial community produces a
highly protective extracellular polymeric substance (EPS). The
EPS is variously composed of polysaccharides (mainly the ica
operon-encoded polysaccharide intercellular adhesin [PIA]), ex-
tracellular DNA (eDNA), and protein, and its protection results in
persistent bacterial infections (2). S. aureus forms biofilms in dif-
ferent human tissues, and to some degree its associated EPS has
been studied (3, 4). In clinical settings, SCVs of S. aureus have been
observed for many years (5). When cultured, these cells form non-
pigmented colonies that are ca. 10 times smaller than their coun-
terparts on agar plates. They have long been associated with per-
sistent infections, with intrinsic resistance to antibiotics, and with
relapsing infections by S. aureus (6, 7). Largely it is difficult to
clearly study these variants or to define their native properties
because they readily revert to their parental cell type. Mutations in
hemin and menadione biosynthesis (hemB and menA) have pro-

duced laboratory-generated SCVs, and these and other mutations
have been studied (8–11). There have now been enough studies to
implicate a breadth of potential pathways involved at some level in
the development of SCVs as a response to harsh conditions, ribo-
somal proteins, RNA processing, stringent response, aerobic/an-
aerobic growth pathways, reduced virulence factors, and an
intracellular life cycle. (These ideas are excellently reviewed in
references 12 and 13.) The presence of gentamicin also impedes S.
aureus metabolism and results in SCVs. Both methods do result in
stable forms of SCVs, but these are artificially generated. Various
genotypic factors (single nucleotide polymorphisms, mutations,
and gene deletions) have now been identified to attempt to char-
acterize S. aureus SCVs (10, 14–16). S. aureus SCVs have now been
clearly associated with different diseases, and importantly these
include chronic infections, such as those in patients with cystic
fibrosis, chronic rhinosinusitis, endocarditis, and chronic osteo-
myelitis (17–19). In the context of bacterial survival, what has
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been shown to be a key part of these chronic infections is
the long-term nature of infection and time-dependent genetic
changes (20). Also important are the physical and chemical na-
tures of conditions of the niche and how the bacteria are able to
grow under these conditions. For S. aureus and their SCVs, in the
context of the lung and during colonization of the nasal passage, it
is known that nutrients will be limiting (hypoxia and iron limita-
tion, for instance) but also there will be antimicrobial agents and
interspecies competition (21, 22). For nasal carriage, for example,
there are no common genetic or phenotypic traits that define a
successful colonizing S. aureus strain from one that is unable to
colonize. In addition to this, there are host factors and the micro-
biome of the nasal passage (23, 24). Certainly bacterial growth is
inhibited by this combination of factors in the nasal passage,
which means bacterial growth is slow. The chemical components
of host tissue have been analyzed, and the exact parameters of
bacterial growth in the host have to some extent been studied (21,
25–27). In the lung, the ability of an infecting bacterial species to
grow (and its consequent growth rate) will be determined by host
factors, such as the immune response (28) and other bacteria pres-
ent (29). For Streptococcus pneumoniae, there have been different
calculations of its growth rate in the lung (27, 30), but a doubling
time between 2 and 3 h seems likely. From studies with S. aureus in
the host, there is large variation in the growth rates. In the lung, it
has been suggested that while S. pneumoniae does colonize, it has
a very low growth rate and may only have a doubling time close to
or even more than 24 h; in osteomyelitis, the generation time can
be between 8 and 24 h (25, 26). In studies on the lungs of cystic
fibrosis patients (where S. aureus SCVs are present), there are
strain-specific traits that allow adaptation to the lung over a pro-
longed time frame (these have reinforced this time factor as being
important), and with sites around the anatomically heterologous
lung tissue, bacteria will encounter various levels (starting from
no response) of the immune response and interspecies competi-
tion, antibiotics, as well as hypoxia and nutrient starvation (31,
32). In the nasal passage and the lung, there will be low nutrients,
and the bacterial growth will be low. When bacteria are within a
host niche, either during colonization or when existing in a state of
persistence, there are factors such as the nutrient level and subse-
quent bacterial growth rate and the impact of the milieu of chem-
icals that are vastly different from those when bacteria are in batch
culture growth. S. aureus, with or without an immune response,
will encounter these factors as an environmental stress and there-
fore be under the selective pressure of limiting nutrients and low
growth rate, and then the prolonged time frame will be important.
Continuous culture has been recognized as providing these con-
ditions; independent of growth phase (33, 34). While tissue cul-
ture, animal models, and bacterial culture conditions will permit
the survival and study of certain types of S. aureus cells, they will
omit others. The use of a chemostat to allow prolonged growth
analysis of S. aureus with the stresses of low nutrient and low
growth rate will permit other cell types to exist in the population.
Based on the literature on S. aureus growth in host infections
discussed above, the combination of a prolonged time component
with limiting nutrients and a low growth rate would be relevant to
a study of S. aureus SCV development.

MATERIALS AND METHODS
Bacterial strains and batch growth conditions. Clinical isolates were ob-
tained from patients’ samples at the Women and Children’s Hospital

(Adelaide, Australia). Staphylococcus aureus WCH-SK2 is a blood isolate.
For routine growth, bacterial cultures were incubated overnight at 37°C in
5% CO2 on tryptone soya broth (TSB) (Oxoid, Melbourne, Australia)
with 1.2% agar. Cells were inoculated into 10 ml TSB broth in a 100-ml
flask and incubated at 37°C with shaking (200 rpm) overnight.

Analysis in batch culture of SCV colony type and growth kinetics. To
screen clinical isolates for small-colony variants (SCVs), bacterial strains
were grown in 10 ml TSB for 8 h, and 20, 50, and 100 �l were plated onto
chemically defined medium (CDM) (35), Columbia blood agar (Oxoid
Melbourne, Australia), or TSB and incubated overnight at 37°C in 5%
CO2. Colonies were observed at 24 h and then left to incubate for a further
24 h to allow the development of SCVs. Colonies were measured at these
fixed time points and classified into non-SCVs or SCVs. The batch re-
sponse to methylglyoxal was determined by growing the bacteria in pre-
culture for 1 to 2 h and inoculating them into a 96-well plate with various
concentrations of the specific chemical stress (such as methylglyoxal).
These were incubated overnight in an incubating plate reader with shak-
ing at 37°C (BioTek ES260), and the optical density at 630 nm (OD630)
was assessed every 0.5 h. Each assay was performed in triplicate. Cells were
then plated as described above, and colony type was assessed.

For analysis of the growth requirements and subsequent growth kinet-
ics of S. aureus WCH-SK2, we established a highly chemically defined
medium (CDM) that was based on the published HHW medium for slime
production by coagulase-negative staphylococci (35). We placed the
CDM constituents into defined groups (see Table S1 in the supplemental
material), and bacteria were inoculated from an overnight preculture into
CDM containing various amounts of certain amino acids or glucose. The
culture was grown at 37°C (200 rpm) for 24 h, and growth was monitored
by measuring the OD600 at 1-h time points. It is established that the amino
acids arginine, proline, and glutamic acid are required for S. aureus
growth, so these were added to CDM at increasing concentrations. Ac-
cordingly the concentrations of the three amino acids and glucose were set
so that growth rate (�) was proportional to the dilution rate (D) of CDM
into the chemostat culture vessel (Fig. 1) (36). We could then change the
growth rate relative (�rel) to the organism’s maximum growth rate
(�max). The �max was determined by growing WCH-SK2 under batch
culture in the chemostat using the modified CDM. The �max or maximum
generation time (Tg) in the log phase was 1.03 h. Using the relationship
Tg � ln2/D, we initially maintained WCH-SK2 at a growth rate of �rel �
0.75 (Tg � 1.37 h) for 10 generations. We then changed the growth rate to
�rel � 0.15 (Tg � 6.87 h) and allowed the culture to reach the steady state.
These two growth rates were chosen because within the host and most
anatomical niches there is likely to be a change in the availability of nutri-
ents during colonization and the transition from health to disease. The
initial analysis revealed that when grown under continuous culture, S.
aureus WCH-SK2 produced a mixture of large colonies and SCV colonies,
and the proportion of SCVs increased dramatically from 1 to 3% (�rel �
0.75) of the population to 20% at �rel � 0.15 (Fig. 2A).

Determination of the MIC of methylglyoxal. The MIC of methyl-
glyoxal was assayed using the broth microdilution technique for MIC de-
termination for antibiotics. In brief, 5 �105 CFU were inoculated into
each well (of a 96-well plate) containing 250 �l of CDM, and the added
methylglyoxal was diluted with a dilution factor of 1/4. The MIC value was
recorded as the lowest concentration at which there was no visible bacte-
rial growth. One hundred microliters from the wells was plated on tryp-
tone soya agar (TSA), and the number of CFU/ml was assessed.

Continuous culture growth in chemostat. Starter cultures of S. au-
reus WCH-SK2 were grown in 20 ml of TSB as described above. This was
directly inoculated into the chemostat (BioFlo C30; New Brunswick Sci-
entific, Edison, NJ), with a working volume of 365 ml. The culture was
grown under batch conditions to assess the maximum growth rate during
log phase. The medium pump was then switched on to initiate continuous
culture. Samples were taken from the chemostat and plated onto TSB agar
after serial dilution to determine cellular viability (CFU/ml). When the
culture had reached the steady state (10 generations), the growth rate (�)
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was equal to the dilution rate (D) of the medium flowing into the culture
vessel. Based on the equation Tg � ln2/D, the medium flow rate was
initially set to 182.5 ml/h, where D � 0.50 h�1 and Tg � 1.37 h (�rel �
0.75), and the culture was allowed to reach the steady state once again. The
dilution rate was then reduced to give �rel � 0.15 (D � 0.10 h�1 and Tg �
6.87 h). This lower growth rate was used as the best representation of the
expected in vivo growth (37).

Samples were taken each day and were plated to determine CFU/ml
and assess colony phenotype and for scanning electron microscopy (SEM)
analysis and biofilm assays. The initial study monitored the growth for 10
days, moving from batch culture to continuous culture at the higher
growth rate followed by the low growth rate. The subsequent experiment
monitored the bacteria over 60 days, adding the methylglyoxal chemical

stress at day 30 (0.0078%). This concentration was a sublethal dose in the
batch culture. Methylglyoxal was added to the growth medium reservoir,
and therefore the concentration slowly increased in the culture vessel over
time. At day 10 after methylglyoxal was added at 0.0078%, the concentra-
tion in the growth medium was increased to 0.031% methylglyoxal
(which is higher than the MIC). The growth and phenotype of the bacteria
were monitored until day 60.

SCV characterization. Quantitative assessment of SCVs was per-
formed by measuring the colony size after plating on TSA plates after 48 to
72 h of incubation. SCVs were defined variants producing colonies with a
diameter of �1 mm (1/5 to 1/10 the normal size of colonies) with reduced
pigmentation and hemolytic activity (38). The percentage of SCVs within
the population was determined by the number of SCVs per total number
of colonies (CFU/ml). The colonies with a size of �1 mm with pigmen-
tation were recorded as normal colonies.

Species identification of SCVs. To confirm the identity of small col-
onies as S. aureus and not contaminants, 16S rRNA gene sequencing was
applied to SCVs and normal colonies. The genomic DNA of these colonies
was extracted and purified using the Wizard Genome DNA purification
kit (Promega). The Universal 16S rRNA gene primers used for PCR were
27F (AGAGTTTGATCMTGGCTCAG) and 1492R (TACGGYTACCTTG
TTACGACTT). The PCR products were purified and sequenced by the
IMVS Royal Adelaide Hospital. The sequences obtained were checked on
BLAST/NCBI to determine the identification. All cells were identified as S.
aureus.

Determination of reverted SCVs. SCVs were tested for reversion by
subculturing individual colonies onto TSA plates overnight under non-
stress conditions (37°C, 48 to 72 h). The capacity of the SCV colonies to
revert to normal large colonies was recorded if there was the change in size
(diameter of �1 mm, pigmented, and hemolytic). Colonies that matched
the SCV criteria underwent several cycles of subculturing on TSA plates.
Stable SCVs were assessed as remaining as SCVs after 10 cycles of subcul-
turing.

SEM. Scanning electron microscopy (SEM) was performed on bacte-
rial samples taken at the described at time points from the chemostat and
compared to batch-grown cells and cells stressed with methylglyoxal. The
bacterial cells were filtered through 0.2-�m-pore Whatman filter, and the
filter paper was then fixed with fixative solution (4% paraformaldehyde,
1.25% glutaraldehyde in phosphate-buffered saline [PBS] plus 4% su-
crose [pH 7.2]). Filter papers were then washed with PBS– 4% sucrose and
postfixed for 1 h with 0.1% osmium tetraoxide before undergoing 10-min
dehydration steps in 70%, 90%, and 100% ethanol baths. The samples
were then dried (Bal-tec critical point dryer CPD030) and mounted on a
stub for coating with platinum. The images were then examined using a
Phillips XL30 field emission scanning electron microscope.

Biofilm assay. The ability of the different cells to form a biofilm was
assayed using a standard 96-well polystyrene plate assay (2). Mid-expo-
nential-phase (OD600, 0.5 to 0.8) S. aureus cells were inoculated into 250
�l TSB and incubated for 24 h at 37°C with shaking. Planktonic cells were
removed by washing, and biofilm cells were visualized by staining with

FIG 1 Growth requirements of S. aureus strain WCH-SK2. Growth-limiting
nutrients were determined by changing the concentrations of arginine, glu-
tamic acid, and proline (A) and then glucose (B) in CDM. The final concen-
tration of ingredients in the CDM used is shown in Table S1 in the supple-
mental material. The growth increased proportionally to the increased
concentrations of the three amino acids (AA) and glucose.

FIG 2 The growth rate in CDM alters colony type. Colonies observed from S. aureus WCH-SK2 cells grown in batch culture were large pigmented colonies, and
with a growth rate of �rel � 0.75, the pigmentation was reduced. A growth rate of �rel � 0.15 produced small, nonpigmented colonies ranging in size from 3 mm
to �1 mm. The growth in a chemostat over time naturally selects for SCV cells in the population.
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0.1% crystal violet. Ethanol-acetone (20:80 [vol/vol]) was added, and
OD630 values were read (Biotek EL808 spectrophotometer). Each sample
was performed with eight replicates. The values presented are an average,
and errors are presented as the standard deviation (SD).

Determination of components of the extracellular matrix. To iden-
tify the extracellular DNA (eDNA), SYTO 9 (green) and propidium iodide
(PI [red]) (BacLight bacterial viability kit; Molecular Probes, Life Tech-
nologies) were mixed and diluted following the manufacturer’s instruc-
tions. Alexa 488-conjugated lectins (Molecular Probes, Life Technologies)
were used to characterize the polysaccharide component of the EPS ma-
trix. This consisted of 5 fluorescently conjugated lectins, including conca-
navalin A (50 �g/ml), lectin GS-II from Griffonia simplicifolia (100 �g/
ml), wheat germ agglutinin (100 �g/ml), lectin PNA (50 �g/ml) from
Arachis hypogaea (peanut), and lectin SBA (50 �g/ml) from Glycine max
(soybean). Three microliters of PI was added per ml of the lectin cocktail
to differentiate between eDNA and polysaccharide.

After staining, samples were incubated in the dark for 15 to 30 min and
then were applied as spots on glass slides and viewed with an Olympus
IX-70 microscope using a 100� objective. Fluorescence and phase-con-
trast images were captured, and false colors were merged with the Meta-
morph software program (version 7.7.3.0; Molecular Devices).

Transcriptomics. Whole-cell gene expression profiles were compared
using transcriptome sequencing (RNA-seq) techniques. Samples in-
cluded batch culture cells, the SCV population from the chemostat with
0.0078% methylglyoxal, and the stable SCV cells produced from the che-
mostat with 0.031% methylglyoxal. To prevent RNA from degradation,
cells were directly added to RNAProtect (Qiagen). The ratio used was 1:1
1/5 of the total cell culture volume to RNAProtect. This was left on ice for
2 h before being centrifuged (4,000 � g) for 5 min at 4°C, and then the
supernatant was discarded. The cell pellet was kept at �80°C for RNA
extraction. RNA was extracted using RNAeasy minikit according to the
RNAeasy minikit standard protocol (Qiagen). The RNA quality of the
samples was checked with the Agilent Bioanalyzer according to the Agilent
RNA 6000 Nano kit standard protocol: samples were loaded into the RNA
Nano chip and run using an Agilent 2100 Bioanalyzer. For each sample,
three biological replicates of cell growth, harvesting, and RNA extraction
were performed. The RNA was pooled and provided to the Adelaide Can-
cer Genomic Research Facility (Adelaide Australia) for library prepara-
tion and sequencing (RNA-seq) using the Ion Proton platform (Ion Tor-
rent; Life Technologies).

The analysis pipeline used Bowtie2 (39) to align reads from both sam-
ples to the S. aureus NCTC8325 reference genome (GenBank accession
no. NC_007795), followed by processing with SAMtools and BEDTools to
generate a mapped read count for the reference genes from each sample.
Differential expression analysis was performed using the R program
within the package edgeR and DESeq. Based on the analysis with R, the
genes that were statistically significant using the Benjamini-Hochberg
procedure with a false discovery rate controlled at �0.1 were recorded in
the Results section.

Membrane proteomics. The growing cells sampled from the chemo-
stat were pelleted by centrifugation (8,000 � g) for 10 min at 4°C and then
washed twice with ice-cold (TBS) buffer (50 mM Tris, 150 mM NaCl [pH
8.0]). The cell pellets were resuspended in lysis buffer containing 50 mM
Tris, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 U RNase, and 40 U
DNase (Sigma, St. Louis, MO). The cells were then lysed using two cycles
through a French pressure cell (SLM Aminco, Inc., Australia) at 12,000
lb/in2, and the lysate was kept at room temperature for 30 min and then
centrifuged twice (8,000�g at 4°C for 10 min). The supernatant was collected
and stored at �20°C. The protein concentration was measured using a Nano-
Drop spectrophotometer (Thermo Scientific, Waltham, MA).

The protein extract was pelleted by centrifugation at 45,000 � g for 1
h to pellet the membranes. The supernatant was discarded, and the crude
membrane protein was resuspended in 1 ml of carbonate buffer (200 mM
Na2CO3 [pH 11.0]) and then incubated for 1 h on ice with intermittent
mixing every 15 min using an insulin syringe. Following incubation, solid

urea was added to a concentration of 8 M, and the protein reduction was
performed at 50°C in 5 mM tris(2-carboxyethyl) phosphine hydrochlo-
ride for 30 min followed by alkylation in 10 mM iodoacetamide in the
dark for 15 min at room temperature. Proteinase K was then added in an
enzyme/protein ratio of 1:50 followed by incubation for 15 to 18 h in a
ThermoMixer (37°C at 200 rpm). One volume of 10% acetonitrile in
water was added before the solution was cooled on ice for 15 min. Follow-
ing centrifugation for 1 h (45,000 � g at 4°C), the supernatant was dis-
carded. To remove residual urea, the pellet was rinsed with 50 mM trieth-
ylammonium bicarbonate (TEAB [pH 7.8]) buffer and again centrifuged
(45,000 � g at 4°C for 1 h). For the chymotrypsin digest, the pellet was
resuspended in 200 �l of digestion buffer (50 mM TEAB [pH 7.8], 10 mM
CaCl2, 0.5% RapiGest [Waters, Milford, MA]) before 4 �g (�40 U/mg)
chymotrypsin (Sigma) was added. The digestion was carried out while
shaking (200 rpm) at 30°C for 6 to 10 h. The sample was centrifuged
(20,000 � g) three times for 15 min at 4°C, each time keeping the super-
natant that contained the peptides produced by the chymotryptic digest.
Two microliters of isotope-coded protein label 0 (ICPL0) was added to the
digested peptides from the naturally stable SCVs (nsSCVs) at 0.031%
methylglyoxal, and 2 �l of ICPL6 (ICPL duplex kit; Serva, Germany) was
added to the digested peptides from cells from batch culture. Argon was used
to overlay both samples. The samples were vortexed for 30 s and then soni-
cated for 1 min. The samples were then incubated for an hour at room
temperature. The samples were incubated for another hour at room tem-
perature. Two microliters of the STOP solution (Serva ICPL duplex kit)
was added, and the mixture was incubated at 20 min to destroy excess
reagent.

The two ICPL-labeled samples were then pooled and cleaned using a
C18 spin column. The resulting peptide mixture was then prepared for
liquid chromatography-tandem mass spectrometry (LC-MS/MS) by cen-
trifugal lyophilization and resuspension in 0.1% trifluoroacetic acid
(TFA)–5% CH3CN.

Peptides were separated on a high-performance liquid chromatogra-
phy (HPLC) system (Thermo Scientific) using a Thermo Scientific sepa-
ration column (Acclaim PepMap RSLC) (C18; pore size, 100 Å; particle
size, 2 �m; 75-�m inside diameter [i.d.] by 15-cm length) and a Thermo
Scientific Acclaim PepMap100 trapping column (C18; pore size, 100 Å;
particle size, 3 �m; 75-�m i.d. by 2-cm length). The HPLC system was
coupled to a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scien-
tific, Berman, Germany), using the following buffer system: buffer A, 2%
acetonitrile (ACN) plus 0.1% formic acid (FA) in water; buffer B, 80%
ACN plus 0.1% FA in water. For in-line desalting and concentration, 2 �l
of the sample was loaded onto the trap column and then washed for 5 min
with 100% buffer A at a flow rate of 5 �l/min. Peptides were eluted at a
flow rate of 300 nl/min with the following gradient: 4% buffer B for 10
min, gradient to 40% B over 115 min, gradient to 60% B over 10 min,
gradient to 90% B over 5 min, 90% B for 5 min, gradient from 90% to 4%
B in 30 s, and 4% B for 30 min. The effluent from the HPLC column was
directly electrosprayed into the mass spectrometer. The LTQ Orbitrap XL
instrument was operated in data-dependent mode to automatically switch
between full-scan MS and MS/MS acquisition. Instrument control was
through Thermo Tune Plus and Xcalibur software (Thermo Scientific).
Full-scan MS spectra were acquired over the m/z range 300 to 2,000. In
each scan, the six most abundant peptide ions with charge states of �2
were sequentially isolated and subjected to collision-induced dissociation
(CID).

The raw data file was first converted into the open mzXML format and
subsequently to mgf using MSConvert. The mgf file containing CID spec-
tra was then submitted to MASCOT (version 2.3.02; Matrix Science, Inc.,
Boston, MA) for peptide identification. The mzXML file was processed for
determination of ICPL6/ICPL0 ratios using ICPL-ESI Quant (Max Planck
Institute for Biochemistry).

RNA-seq accession number. The RNA-seq data discussed in this pub-
lication have been deposited in NCBI’s Gene Expression Omnibus (55)
and are accessible through GEO Series accession number GSE63750.
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RESULTS AND DISCUSSION
The development of S. aureus SCV is linked to cell-cell interac-
tions. We previously screened a set of 79 S. aureus isolates for their
ability to form SCVs (40). This includes 72 clinical isolates (Wom-

en’s and Children’s Hospital; WCH-SK1 to WCH-SK72) and 7
reference strains (strains previously studied: the USA300 linage
strain JE2, Mu50, Mu3, NCTC8325, COL, Newman, and Sanger
252). We used a range of chemicals that would be present in some

FIG 3 Prolonged steady-state growth induces SCV in S. aureus WCH-SK2. (A) Growth observed over 60 days in continuous culture. Cell numbers (CFU/ml)
were enumerated each day, as was the percentage of SCVs in the population (blue bars). Data are given as means � standard deviation (SD) (n � 3 replicates).
Methylglyoxal (0.0078%) was added at day 30 (red bars). At day 50, methylglyoxal was increased to 0.031% (green bars). Photographs show representative
colonies on TSA plates (right panel) and cells by SEM at 12,000� (middle panel) and 35,000� (left panel), as observed from day 1 (B), day 20 (C), day 35 (D),
and day 50 (E).
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contexts in the host-pathogen environment: methylglyoxal, gly-
colaldehyde, glyceraldehyde, acrolein, paraquat, hydrogen perox-
ide, and S-nitrosoglutathione (GSNO). Under these conditions,
26.6% of the strains induced biofilm under stress, and 60.3% of
the strains switched to SCV forms under stress (40). We now have
observed the cells (by SEM) of the strains that did induce an SCV
cell type when treated with the different chemical stresses (see Fig.
S1 to S3 in the supplemental material). We unusually observed
that the activities associated with the development of SCV were
cell-cell interactions (or an extracellular matrix). This occurred in
more than 55% of the SCV strains observed. We chose one of these
strains (WCH-SK2) for a deeper analysis of the development of
SCV and a characterization of the SCV state.

The growth requirements of S. aureus WCH-SK2. We chose
one strain (WCH-SK2) to study its development of SCV and then
to maintain the SCV cells for analysis. To achieve this, we aimed to
grow the cells under conditions that permitted control of growth

TABLE 1 MIC of methylglyoxal for S. aureus WCH-SK2 in batch
culture

Methylglyoxal MIC
(% [wt/vol]) Mean OD630 Viabilitya

0.5 0.052 �
0.25 0.051 �
0.125 0.053 �
0.06 0.052 �
0.03 0.055 �
0.015 0.06 	
0.008 0.11 	
0.004 0.26 	
0.002 0.48 	
0.001 0.45 	
0.0005 0.45 	
0 0.46 	
a �, not viable; 	, viable.

FIG 4 The S. aureus WCH-SK2 SCV cells from the chemostat in the presence of methylglyoxal produce stable SCVs. (A) After addition of 0.031% methylglyoxal
to the chemostat (day 50), the population was represented by approximately 80% SCVs (SCV-type colonies) and larger colonies (Non-SCV colonies [still
nonpigmented colonies]). These were separately assessed. Growth was assayed in complex, rich medium (TSB) and the CDM used in the chemostat. The
SCV-type colonies displayed a low growth rate. (B) After several cycles of subculture, the SCV type cells remained as small colonies on agar plates (left panels);
these stable SCVs are the stable SCV cell type. The cells appeared the same size as the non-SCV cells but maintained the unique extracellular matrix (as viewed
by SEM at 35,000� [right panel]).
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parameters and growth rate, continuous culture in a chemostat.
We needed to study the cellular and physiological characteristics
of the S. aureus clinical isolate WCH-SK2 under specific growth
conditions. We then aimed to use growth-phase-independent and
nutrient-limiting conditions in a chemically defined medium
(CDM) in a chemostat. This initially required the determination
of its growth requirements. The CDM used was modified from
HHW (35) (see Table S1 in the supplemental material) by itera-
tively removing potential carbon, nitrogen, and energy sources
followed by the controlled addition of particular nutrients while
measuring changes in cellular yield (Fig. 1). This defined a specific
CDM to enable the growth rate of S. aureus WCH-SK2 to be ac-
curately adjusted during continuous culture in a chemostat. The
amino acids arginine, proline, and glutamic acid were essential for
growth, and when supplied in higher concentrations could also be
used to produce energy (ATP). Alternatively, when the three
amino acids were present in low concentrations, the glucose con-
centration could also be adjusted to increase cellular yield and
maintain growth rate (Fig. 1).

Steady-state growth of S. aureus WCH-SK2. We initially grew
WCH-SK2 as a batch culture in the chemostat until the log phase
had been achieved, measuring growth rate and other features of
the growth (Materials and Methods). The medium pump was
then turned on, and growth was allowed to reach the steady state
(10 generations). Within a host niche, bacterial generation times
are broadly thought to range from 2 to 24 h (37), and consequently
bacterial systems that are functional are very likely to be vastly
different from those seen when the cells are growing near their
maximum growth rate in batch culture (41). We initially simply
controlled the growth rate (using a high growth rate of �rel � 0.75
and a low growth rate of �rel � 0.15) of S. aureus WCH-SK2 and
observed the effect on the colonies formed. Controlling the
growth rate altered the predominant colony type of the popula-
tion (Fig. 2). Cells grown in the steady state at a high growth rate
did not produce SCVs.

Long-term growth of S. aureus WCH-SK2 under limiting
conditions. It is acknowledged that successful colonization by S.
aureus requires growth in the host environment for prolonged
periods. We therefore undertook an analysis of growth of S. aureus
WCH-SK2 in a long-term, steady-state study using low nutrients
and a low growth rate and then introducing methylglyoxal, a res-
ident chemical stress. Methylglyoxal is inevitably present in the
host-pathogen milieu of toxic chemicals, and this is with or with-
out an immune response (42).

We maintained the cells in steady-state (at �rel � 0.15) over
209 generations (60 days), adding the chemical stress (methyl-
glyoxal) at day 30 (Fig. 3). We had previously determined in batch
culture studies the MIC of WCH-SK2 to methylglyoxal (Table 1).
Over the first 30 days, the population changed in colony type from
large (4 to 5 mm in diameter) and either slightly pigmented or
nonpigmented to a mixture of nonpigmented colonies with diam-
eters of ca. 3 mm to smaller colonies with diameters ranging from
1 to 2 mm (Fig. 3). The proportion of SCVs within the bacterial
population stabilized at ca. 20% by day 30 (Fig. 3). We added
methylglyoxal at two concentrations. A concentration below the
MIC (0.0078%) was added, and while there was little effect on
cellular viability over the next 20 days (69.5 generations in Fig.
3A), there was an increase in SCVs within the population. At day
50, the concentration of methylglyoxal was increased to a level
exceeding the MIC (0.031%) (Fig. 3A). At this concentration,

FIG 5 The extracellular matrix of stable SCV cells contains eDNA. S. aureus
WCH-SK2 cells were observed under phase-contrast microscopy (100� [right
panel]) and stained for matrix (visualized by fluorescence microscopy [left
panel]). Cells were taken from batch culture (A), on day 30 with 0.0078%
methylglyoxal (B), and on day 50 with 0.031% methylglyoxal (C). Cells were
stained with propidium iodide (PI [red]) to identify dead cells or eDNA and
SYTO 9 (green) to identify live cells. Yellow or orange indicates a mixture of
these components. Batch culture cells (D), cells with 0.0078% methylglyoxal
(E), and cells with 0.031% methylglyoxal (F) were then stained with PI and
Alexa 488-conjugated lectins for polysaccharides. Green indicates the presence
of polysaccharides. The predominate red color reveals eDNA with limited
polysaccharide.
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there was a large increase in SCVs. The addition of the chemical
stress appeared to cause an initial fall in cell viability before recov-
ering. This suggests that there had been a selection for a cell type
that favored cells with an ability to continue to grow under these
conditions with a concentration of methylglyoxal above the MIC.
Despite this stress, there was continued growth, now with a per-
centage of SCVs of almost 80% and cells covered in an extracellu-
lar matrix (Fig. 3A). Even before the addition of methylglyoxal on
day 30, there was some observed extracellular matrix (Fig. 3C). It
should be noted that we have performed a separate study using a
continuous culture growth analysis with a high growth rate: there
was little or no production of SCVs, and cells were killed by the
addition of methylglyoxal at the higher concentration (0.03%
[data not shown]). The SCV cells taken from bacterial population
in the chemostat within this time frame reverted during subcul-
turing to the parental cell type. However, after addition of meth-
ylglyoxal (post-day 50), the SCVs did not revert and remained as

SCVs over several subcultures: these cells are a stable SCV cell
type. The combination of stresses favored S. aureus to be in this
stable SCV state. The process we have applied (consistent with
colonization and infection), involving low nutrients and low
growth rate, has enabled the inherently slow-growing SCVs to
compete in the population, and further stresses (methylglyoxal
and time) have selected for a specific cell type to become dominant
in the population. The stable SCV cells did not appear as smaller
cells (Fig. 3E), but after specifically taking the smaller colonies
from the population (at day 55), we observed that these stable SCV
cells had a lower growth rate (Fig. 4A).

The S. aureus WCH-SK2 stable SCV cells are covered in an
extracellular matrix. Having induced and then generated a stable
SCV cell type in WCH-SK2, we were then uniquely able to study
its characteristics. It should be noted that the other strains (such as
NCTC8325) that showed a chemically induced SCV form and
cell-cell interactions (or extracellular matrix [see Fig. S1 to S3 in

FIG 6 The extracellular matrix of the stable SCV cells contains eDNA and protein. The stable SCV S. aureus WCH-SK2 cells were grown in batch culture, and
the presence of its extracellular matrix was confirmed before treatment with increasing amounts of either DNase or proteinase K. Cells were observed under
phase-contrast microscopy (100� [left panel]) and stained with PI (red) and SYTO 9 (green) for fluorescence microcopy (middle panel). The cells were also
examined under SEM (12,000� [right panel]). The extracellular matrix is seen before treatment and is increasingly removed by addition of either DNase or
proteinase K. The number of viable cells (CFU/ml) remains constant during treatment.
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the supplemental material]) could not accurately be assayed as
they reverted to their non-SCV form during the experiments. Cell
samples were taken from the chemostat each day of the 60-day
experiment, and examination of the cells (SEM) revealed the for-
mation of an extracellular matrix (Fig. 3B to E). The stable SCV
cell community (at days 50 to 60) was embedded within this ma-
trix (Fig. 3E). This extracellular matrix was maintained during
subsequent subculturing (on TSB agar plates) and was observed in
the smaller colonies sampled and noted to be stable beyond day 50
(Fig. 4B). This is a different feature from previous observations on

SCVs. There are some reports from studies using a menadione-
auxotrophic SCV suggesting increased cell aggregation by S. au-
reus SCVs. Singh and coworkers showed an increase in polysac-
charide intercellular adhesin (PIA) in the SCV (43), which was
tightly coupled to biofilm production under the growth condi-
tions they used. Thymidine-dependent SCVs have also been ob-
served under SEM and showed a linking between cells that was
interpreted as impaired cell separation (9). The results from both
of these reports are different from what we have seen from steady-
state growth with a prolonged time frame. In contrast to these
results, the stable SCV cells that were allowed to grow under
steady-state conditions possess a distinct extracellular matrix cov-
ering a population of aggregated cells (Fig. 3E). All of these studies
are in vitro analyses, and it should be kept in mind they represent
an aspect of the complex nature of the conditions that exist in the
host.

The SCV extracellular matrix is eDNA and protein, not poly-
saccharide. We assessed the composition of the SCV extracellular
matrix for DNA, polysaccharide, and then intra/extracellular
DNA (Fig. 5). eDNA is clearly associated with this matrix, but
polysaccharide was only linked to cells and certainly not the ma-
trix. This is a distinction from other similar cell aggregates and
most S. aureus biofilms (43). Treatment of the stable SCV cells
with either DNase or proteinase dispersed the cell aggregate and
removed the matrix (as seen in SEM and by DNA-specific stain-
ing) (Fig. 6). It is noteworthy that these enzymes separately re-
moved the matrix, suggesting an essential interplay by these com-
ponents. This matrix and these cells are clearly distinct from what
is seen in biofilms. The EPS of S. aureus biofilms is known to be
composed of eDNA and polysaccharides (specifically, PIA [44]),
although polysaccharide is not always present. Other studies have

FIG 7 The S. aureus WCH-SK2 stable SCV cells are linked to biofilm forma-
tion. The abilities of WCH-SK2 cells to produce a biofilm were compared
when grown in batch culture or taken from the chemostat (i.e., the stable SCV
population, labeled “nsSCVs,” and then specifically the small colonies from
this population subcultured through several cycles, labeled “Small colonies”).
The stable SCV cells were also assayed after treatment with increasing amounts
of DNase and proteinase K.

FIG 8 Changes in the S. aureus WCH-SK2 transcriptional profile through transition from batch culture cells to SCVs and then a stable SCV population. Shown
is a transcriptomics comparison of the whole-cell gene expression in both the SCV population (cells taken from the chemostat with 0.0078% methylglyoxal [top
panels]) and the stable SCV cell type (0.031% methylglyoxal [bottom panels]) compared to batch culture cells. Genes with a significant differential expression
were placed in a functional category. The values represent the numbers within a category as a percentage of the total number of genes with change in expression
within a set: either upregulated (left panels) or downregulated (right panels).
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shown that in different biofilm phenotypes, there is expression of
adhesive proteins, such as biofilm-associated protein Bap (45),
accumulation-associated protein Aap, surface proteins SasG and
SasC, and fibronectin binding proteins, FnBPA and FnBPB.

Stable SCV cells are a distinct cell type but are linked to the
biofilm phenotype. The stable SCV cells were assayed for biofilm
formation and did show an increased biofilm formation that was
reversed by removing the matrix (Fig. 7). While the stable SCV
cells (which were growing planktonically in the chemostat beyond
day 50 in continuous culture) represent a distinct lifestyle, they
perhaps act as a precursor stage for a biofilm phenotype. Support-
ing this, the chemostat was left beyond day 60 for observation and
not sampling, and when observed at day 68 (15.1 generations be-
yond the final sample point at day 60), there was a dramatic shift in
cells in the chemostat to those that were pigmented and with cell
aggregates or flocs and the distinct formation of a biofilm
throughout the apparatus (data not shown).

The changes that are defining the switch to stable SCV. Using
a transcriptomics approach (on batch culture-grown cells com-
pared to the chemostat SCVs (day 30) and the stable SCVs (day
55) (Fig. 8; see Tables S2 to S5 in the supplemental material), we
determined there was an induction in stable SCV cells of pathways
associated with metabolism (especially amino acid transport, bio-
synthesis, and catabolism) and surface proteins. Importantly,

there was no induction of any of the previously reported adhesive
proteins for biofilm cells, as mentioned above, or indeed those
proteins previously reported in S. aureus SCVs (46–48). Recently a
large, 1.1-MDa, (10,000 amino acids [aa]) surface protein known
as the host-extracellular matrix binding protein, EmbP or Ebh,
was identified as expressed in biofilm of Staphylococcus epidermi-
dis (49), and although not shown in S. aureus biofilm, it is involved
in S. aureus virulence (50). In the stable SCV cells, there was a large
increase (log2 5-fold) in Ebh expression. Furthermore, ebh mu-
tants were reported as larger cells, and Ebh has therefore been
linked to the cell size of S. aureus by its interference with pepti-
doglycan biosynthesis and stability (50). While the stable SCV
cells do not appear to be smaller cells, in terms of aggregation and
as a potential feature of the stable SCV extracellular matrix, the
induction of this large surface protein is significant. In addition,
we prepared membrane protein fractions from batch culture-
grown cells and chemostat-derived stable SCV cells, and these
were analyzed and compared (see Table S6 in the supplemental
material). In this membrane proteomics, Ebh showed an al-
most 5-fold increase in the stable SCV compared to batch-
grown cells—a validation of the transcriptomics data. There
were changes in the expression of other membrane proteins that
may also form part of the stable SCV matrix.

The profile of metabolic genes we have identified and indeed

FIG 9 Model for the development of the stable SCV cell type in S. aureus. Over time, and with the stress of limiting growth conditions, low growth rate, and then
the presence of a resident chemical stress, there is an increase in SCVs. This cell type is further developed to a stable SCV cell type, growing with a concentration
of chemical stress above the calculated MIC. These are enclosed in a matrix, and they induce the expression of lantibiotics (removing the parental S. aureus cells)
and repress the factors that would stimulate an immune response. Further time under this stress switches the cells to a biofilm.
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the induction of surface proteins, such as Ebh, have not previously
been seen in SCVs and are different from those of previous reports
(46–48). It is reasonable to postulate that Ebh is indeed a core
factor in the SCV lifestyle (perhaps, in particular the stable SCV
cell type) but was missed in previous studies. Furthermore, it is
potentially a factor in the unique extracellular matrix linked to the
stable SCV.

Also, previously not reported for SCVs, the stable SCV cells
included upregulation of the epiABC gene cluster, suggestive of its
production of the lantibiotic (small, nonribosomal peptide) epi-
dermin. Type A (I) lantibiotics act similarly to bacteriocins and
have a similar effect on sensitive bacteria, including other Gram-
positive bacteria and S. aureus itself. They have multiple modes of
bactericidal activity, mainly through the targeting of lipid II (51).
Slow-growing and stable SCV cells could therefore have an inher-
ent resistance (in addition to the resistance that is mediated by an
export pump, which was also induced in the stable SCV cells). This
indicates that during prolonged colonization, the stable SCVs
have the ability to persist in an anatomical niche and they use
lantibiotics to target their rapidly growing counterparts, ensuring
a reduced host-cell immune response. In addition, stable SCV
cells have downregulation in hemolysins, leukocins, capsule, and
pigment (see Tables S2 to S5 in the supplemental material). These
are all factors that interact or induce immune cell responses. Pre-
vious studies have shown that there is a quorum-sensing system,
the accessory gene regulator (agr) system, in S. aureus, and this is
central in the control of specific virulence factors (52–54). There
have been studies that report mutations in the agr system and
indeed mutations through the course of infection (54). In this
context, we have sequenced the DNA across this region in WCH-
SK2 cells taken from batch culture before the 60-day study and
then from a sample taken at day 55. The agr DNA sequence aligned
100% to those from reference strains, and there was no mutation
in this system as a consequence of the prolonged growth under
limiting conditions for 60 days (see Fig. S4 in the supplemental
material). The phenotypic variations we have reported are there-
fore not a consequence of mutations in agr. Taken together, these
data portray this stable SCV lifestyle as a quasi-dormant state with
altered energy metabolism and cell-surface components, poten-
tially acting as a stage before biofilm formation (Fig. 9).

Previous models of persistence by S. aureus have suggested the
generation of SCVs has been based on low growth rate, low mem-
brane potential, and lack of transport of antibiotics into the cell
(38). We have applied growth parameters replicating those en-
countered during the time frame for colonization in the host, and
using a clinical isolate, we have generated a stable SCV cell type.
Characterization of the properties of these cells indicated that the
cells remained at the same size but displayed a lower growth rate.
The cells were covered in an extracellular matrix, and the molec-
ular characteristics highlighted a quasi-dormant lifestyle, hidden
from the host’s normal responses, indicative of persister cells.
These observations may be central to the organism’s continued
survival and persistence in the host.
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