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In addition to causing fulminant disease, Streptococcus pyogenes may be asymptomatically carried between
recurrent episodes of pharyngitis. To better understand streptococcal carriage, we characterized in vitro
long-term stationary-phase survival (>4 weeks) of S. pyogenes. When grown in sugar-limited Todd-Hewitt
broth, S. pyogenes cells remained culturable for more than 1 year. Both Todd-Hewitt supplemented with excess
glucose and chemically defined medium allowed survival for less than 1 week. After 4 weeks of survival in
sugar-limited Todd-Hewitt broth, at least 103 CFU per ml remained. When stained with fluorescent live-dead
viability stain, there were a number of cells with intact membranes that were nonculturable. Under conditions
that did not support persistence, these cells disappeared 2 weeks after loss of culturability. In persistent
cultures, these may be cells that are dying during cell turnover. After more than 4 weeks in stationary phase,
the culturable cells formed two alternative colony phenotypes: atypical large colonies and microcolonies.
Protein expression in two independently isolated microcolony strains, from 14-week cultures, was examined by
use of two-dimensional electrophoresis. The proteomes of these two strains exhibited extensive changes
compared to the parental strain. While some of these changes were common to the two strains, many of the
changes were unique to a single strain. Some of the common changes were in metabolic pathways, suggesting
a possible alternate metabolism for the persisters. Overall, these data suggest that under certain in vitro
conditions, S. pyogenes cells can persist for greater than 1 year as a dynamic population.

Streptococcus pyogenes (group A streptococci) is a gram-
positive human pathogen which is the causative agent of a
diverse range of human disease. It can cause both mild infec-
tions, such as impetigo and pharyngitis, and more severe dis-
ease, such as toxic shock syndrome and necrotizing fasciitis
(12). Infections can also result in secondary sequelae, such as
rheumatic fever and glomerulonephritis (12). Further, a small
percentage of patients will experience recurrent tonsillitis
caused by S. pyogenes, with intermittent asymptomatic periods
ranging from weeks to months (4, 36, 37, 43). These chronic
infections may be attributed to a bacterial subpopulation sur-
viving beyond the primary episode. Molecular typing studies
have confirmed the clonal nature of the bacteria associated
with recurrent tonsillitis (4, 37, 43). These streptococci may
persist extracellularly by embedding themselves in the matrix
proteins of the human mucosa, where they may evade the
human immune response (15); alternatively, these streptococci
may persist intracellularly, where they may be protected from
both antibiotic therapy and the human immune response via
residence in an intracellular reservoir where they can fuel
future acute infections (17, 33, 36, 37, 43).

Some studies suggest that intracellular bacteria could possi-
bly constitute a reservoir for the streptococcal carrier state.
Though S. pyogenes can induce eucaryotic cell lysis, it has also
been demonstrated that S. pyogenes can stably infect eucaryotic
cells for periods exceeding 1 month (26, 41, 47). After the
establishment of stable intracellular residence, these strepto-

cocci began to lose their cell wall, including associated viru-
lence factors (41). However, these phenotypically altered bac-
terial cells were able to revert to their original forms (41). In
agreement with this, in vivo studies have shown that cell wall-
defective streptococci were able to persist in a rat model of
infection at least twice as long as their parental forms (29). The
relevance of these observations to the mechanism of chronic
infection seems to be borne out by a direct association between
intracellular S. pyogenes and patients suffering from recurrent
tonsillitis (36, 37). In vitro studies have confirmed that S. pyo-
genes cells undergo phenotypic switching (8, 28) and can invade
eucaryotic cells (7, 11, 31, 32).

During persistence in the eucaryotic host environment, S.
pyogenes cells may enter a quiescent state, reminiscent of the
stationary phase of laboratory cultures, due to conditions
which do not support the rapid bacterial multiplication seen in
fulminant infections. For this reason, the persistence of S.
pyogenes in an in vitro stationary phase environment has been
of interest. Trainor et al. have described a chemically defined
media system for the study of stationary-phase S. pyogenes (46).
They found survival of S. pyogenes for approximately 3 weeks,
at which time they terminated their studies (46).

In this study, we wished to determine whether S. pyogenes
cells could survive in stationary phase for extended periods
(�4 weeks). When grown in carbon-limited, complex medium,
such as Todd-Hewitt broth, S. pyogenes cells were able to
survive for periods exceeding 1 year. Cells persisting in station-
ary phase for more than 4 weeks regrew on agar plates as stable
phenotypic variants termed here either atypical large colonies
or microcolonies. Two microcolonies, isolated from 14-week-
old, independent cultures, were examined using both two-di-
mensional proteomics and Northern blots. Though these two
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strains exhibited common colony morphologies and shared
common proteomic alterations, their proteomes also exhibited
many unique changes compared to the parental strain and to
each other.

MATERIALS AND METHODS

Bacterial strains and incubation conditions. Strains used for this study include
S. pyogenes serotype M49 strain CS101 (M49-CS101), serotype M49 strain 591
(M49-591), serotype M3 strain AM3 (M3-AM3), and serotype M6 strain JRS4
(M6-JRS4). S. pyogenes M3-AM3 and M6-JRS4 were provided by J. R. Scott and
C. P. Moran, Jr., M49-591 was provided by A. Podbielski, and M49-CS101 was
provided by P. P. Cleary. Strains Alt. 1 and Alt. 2 were also examined in this study
and were isolated from independent 14-week stationary-phase M49-CS101 cul-
tures grown in Todd-Hewitt broth. All S. pyogenes cultures were grown and
maintained static at 37°C under a 5% CO2 atmosphere.

Bacterial survival assays. Liquid Todd-Hewitt (TH), Todd-Hewitt yeast ex-
tract (THY) (DIFCO Laboratories, Detroit, Michigan), and chemically defined
medium (CDM) containing final glucose concentrations of either 0.2% (wt/vol)
or 1.0% (wt/vol) were inoculated with colonies of S. pyogenes M49-CS101 grown
on TH agar plates. The CDM recipe used in this study is a modified version of
that described by van de Rijn and Kessler, which has been used in our previous
studies on persistence (28, 48). The following CDM components were used in
different final concentrations in this formulation: L-arginine, 121 mg liter�1;
glycine, 200 mg liter�1; L-histidine, 135 mg liter�1; L-leucine, 200 mg liter�1;
L-lysine, 138 mg liter�1; L-proline, 200 mg liter�1; L-hydroxyproline, 200 mg
liter�1; L-asparagine, 100 mg liter�1; (NH4)2SO4, 600 mg liter�1; p-aminoben-
zoic acid, 0.4 mg liter�1; biotin, 0.5 mg liter�1; pyridoxamine HCl, 1.44 mg
liter�1; thiamine HCl, 2.0 mg liter�1; nicotinamide, 10 mg liter�1; adenine
sulfate, 38.28 mg liter�1; guanine HCl, 27.28 mg liter�1; uracil, 22 mg liter�1; and
sodium citrate, 66.7 mg liter�1. The following CDM components were eliminated
from this formulation: vitamin B12 and niacinamide. CDM was made with final
glucose concentrations of either 0.2% (wt/vol) or 1.0% (wt/vol). TH broth con-
sisted of 30 g liter�1 TH powder and contained a glucose concentration of 0.2%
(wt/vol). For TH broth (1.0% glucose), the medium was supplemented with 8 g
liter�1 glucose. THY broth contained 30 g liter�1 TH powder and 5 g liter�1

yeast extract powder. Survival was assayed by spotting 20-�l culture aliquots, at
24-h time intervals postinoculation, onto TH agar plates, resulting in a lower
limit of detection of 50 CFU ml�1. The formation of any S. pyogenes colonies
within the culture spot after 24 h of incubation was scored positive for survival.
The terminal pH for each culture was recorded within 24 h after survival tubes
were determined to be nonculturable. pH was assayed by filtration of spent
medium through a 0.2-�m syringe filter and measurement of filtrate with a pH
meter. For TH and THY cultures (0.2% glucose) which were still surviving after
6 months, the pH was determined 1 week after inoculation and was subsequently
stable. The preinoculation pHs of the liquid CDM were approximately 7.0, and
the preinoculation pHs of the TH and THY broths were approximately 7.8.

Bacterial survival kinetics. S. pyogenes M49-591, M3-AM3, M6-JRS4, M49-
CS101, Alt. 1, and Alt. 2 were inoculated into and grown in sterile TH broth.
Over a 12-week period, stationary-phase culture aliquots were removed, serially
diluted in sterile TH broth, and plated on TH agar plates for the determination
of the number of CFU per milliliter.

pH shift assays. S. pyogenes M49-CS101 was inoculated into TH broth, grown
to stationary phase, and aged 1 week. Exogenous HCl or lactic acid was then
added from 2 M stocks to final culture concentrations of 25.0, 12.5, or 6.3 mM.
Survival was assayed by spotting 20 �l of culture aliquots on TH agar plates in
24-h intervals after addition of exogenous acid. These plates were incubated at
37°C under a 5% CO2 atmosphere, and formation of any CFU in these culture
spots was scored as positive for survival.

Phenotypic variants. The identities of phenotypic variants (microcolonies and
atypical large colonies) as S. pyogenes were confirmed through 16S rRNA se-
quence analysis. Genomic DNA was isolated from these cultures and was used as
a template for PCR using “universal” eubacterial 16S primers EubA (5�-AAG
GAGGTGATCCANCCRCA) and EubB (5�-AGAGTTTGATCMTGGCT
CAG) (10). For confirmation of species identity, this PCR product was se-
quenced using the EubB primer, and this sequence was compared against the
NCBI sequence database using the BLAST program.

Fluorescence imaging. Bacterial viability was assessed through use of the
Live/Dead BacLight bacterial viability stain (Molecular Probes, Eugene, Ore-
gon). Three microliters of a solution containing a 1:1 ratio of SYTO-9 to pro-
pidium iodide was mixed with 500 �l of sterile water with 500 �l of culture and
incubated at room temperature for approximately 25 min. Images were captured

with Image-Pro Plus on a Nikon Eclipse TE300 microscope (Media Cybernetics,
Silver Spring, Maryland) using filters with 465 to 495 excitation and 515 to 555
emission (green fluorescence) or a 510 to 560 excitation and 590 emission (red
fluorescence). These were subsequently scored using Adobe Photoshop v. 7.0
(Adobe, San Jose, California).

Alternate growth media. S. pyogenes M49-CS101 was inoculated from colonies
grown on TH agar plates into TH broth cultures, grown to stationary phase, and
aged 2 weeks. Culture aliquots were then removed, serially diluted, and plated on
various agar types: 0.5� TH (15 g liter�1), TH (30 g liter�1), 2� TH (60 g
liter�1), TH yeast extract, TH supplemented with 5% (vol/vol) sheep’s blood, TH
supplemented with 0.25 M sucrose, TH supplemented with 0.50 M sucrose, TH
supplemented with 0.50 M sorbitol, TH supplemented with 40 mg of pyruvate
per 20-ml plate, TH supplemented with 80 mg of pyruvate per 20-ml plate, TH
supplemented with 500 U of catalase per 20-ml plate, and TH supplemented with
1,000 U of catalase per 20-ml plate. Sterile pyruvate and catalase solutions were
made fresh before each experiment, and the desired amount was spread on agar
plates before plating of bacteria. Sterile TH broth was used as a diluent for all
culture aliquots except for those plated on TH with 0.50 M sucrose and TH with
0.50 M sorbitol. For each of these conditions, a sterile 0.50 M sucrose or sorbitol
solution based on the plate medium type was used. Plates were incubated for at
least 48 h before being scored for colonies.

Isolation and purification of cytoplasmic proteins. To isolate protein extracts
from strains M49-CS101, Alt. 1, and Alt. 2, 40 ml of sterile TH broth was
inoculated with early-stationary-phase liquid culture and regrown to an optical
density at 600 nm (OD600) between 0.50 and 0.65, at which point the cells were
pelleted. Culture supernatant was then removed, and the cell pellet was resus-
pended in 2 ml of solubilization-rehydration solution (8 M urea, 2 M thiourea,
4% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate},
75 mM dithiothreitol). The cell suspension was chilled on ice, and 1.0 g of
0.1-mm zirconia-silica beads (Biospec, Bartlesville, OK) was added. This mix was
lysed by five 20-s pulses at maximum speed using a mini-bead beater (Biospec).
Tubes containing lysate were allowed to sit at room temperature on a rocking
table for at least 10 h, at which time they were centrifuged (18 � g) to pellet cell
debris. The supernatant was transferred to fresh Eppendorf tubes, where cyto-
plasmic proteins were purified using the PlusOne 2-D Clean-Up kit (Amersham
Biosciences, San Francisco, CA) according to the manufacturer’s directions.
Purified protein extract was then quantitated using the PlusOne 2-D Quant kit
(Amersham) according to the manufacturer’s specifications.

Two-dimensional electrophoresis. Isoelectric focusing was done with an IPG-
phor isoelectric focusing system using immobiline dry strips (24 cm) with a linear
pH range of 4 to 7, as described by the manufacturer (Amersham). IPG strips
were hydrated with 150 to 170 �g of protein in 450 �l of sample buffer for 12 h
at 20°C. Isoelectric focusing was done with 500 V for 500 V · h, 1,000 V for 1,000
V · h, and 8,000 V for 96,000 V · h at 20°C. The strips were incubated in sodium
dodecyl sulfate (SDS) equilibration buffer (50 mM Tris-Cl [pH 8.8], 6 M urea,
30% [vol/vol] glycerol, 2% SDS, and bromophenol blue) for 10 min. SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) separation was done with a
DALT II six electrophoresis apparatus (Amersham) and 10% acrylamide resolv-
ing gels (0.1 by 23.4 by 19.5 cm) containing 1% SDS. Rhinohide (Molecular
Probes) was added to the acrylamide solution as a strengthening agent, as
instructed by the manufacturer. The running buffer consisted of 0.25 M Tris, 1.92
M glycine, and 1% (wt/vol) SDS, and electrophoresis was done for approximately
18 h at 75 V. Proteins were stained with Sypro Ruby (Molecular Probes), and
digital images were acquired with a Typhoon imager (Amersham). Analysis of
the gels, including protein spot detection and quantitation, was done with
PDQuest software (Bio-Rad, Hercules, Calif.). Protein spots were quantitated by
summing the values of pixels comprising each protein spot. Gels were normalized
based on the sum of all protein spots detected in each sample.

Protein identification. Proteins of interest were excised from the SDS-PAGE
gels with a robotic spot cutter (Bio-Rad). The gel plugs were washed three times
for 15 min in 400 �l of 25 mM NH4HCO3–50% acetonitrile (ACN; Aldrich,
Milwaukee, Wis.), incubated in 100% ACN for 5 min, and lyophilized in a
SpeedVac for 30 min. The dried gel plugs were hydrated with 25 mM NH4HCO3

containing 10 �g ml�1 of sequencing-grade trypsin (Sigma Chemical Co., St.
Louis, Mo.). Following incubation at 37°C for approximately 16 h, the trypsin
solution was aspirated to a 96-well microtiter plate, and additional peptides were
recovered from the gel plugs by extracting twice with 50% ACN–5% trifluoro-
acetic acid for 1 h each. The extracted peptides were lyophilized in a SpeedVac
and suspended in 20 �l of 1% formic acid–2% ACN. A portion of the peptide
mixture (5 to 10 �l) was loaded onto a C18 reverse-phase column (13 by 25 �m;
LC Packings, Sunnyvale, Calif.). Peptides were eluted directly into a Micromass
electrospray ionization quadrupole-orthogonal time of flight mass (Q-ToF Mi-
cro) hybrid spectrometer with a 3 to 40% gradient of ACN–0.1% formic acid
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over 40 min and a flow rate of approximately 20 nl per min. Spectra were
obtained in positive ion mode, deconvoluted, and analyzed with MassLynx 4.0
software (Micromass). Protein Lynx Global Server v. 1.2 (Micromass) was used
to search databases consisting of S. pyogenes genome sequences and the NCBI
nonredundant genomic databases. Proteins were identified by matching tandem
mass spectrometry spectra from at least two tryptic peptides or by de novo
peptide sequence determination when only one tandem mass spectrometry
match was identified.

mRNA isolation, detection, and comparison. RNA was prepared by growing
cells overnight in TH broth. The following day, the cultures were diluted 1:10
into fresh prewarmed TH broth. Incubation was continued until cultures reached
an OD600 between 0.50 and 0.65. These cells represent mid-exponential-phase
cells, and total RNA was isolated from them using the hot phenol extraction
method of Shaw and Clewell (44). The isolated RNA was quantitated by spec-
trophotometric determination using the OD260 of each sample. Denaturing aga-
rose gel electrophoresis and Northern blotting were done on dilutions of the
RNA representing 10, 5, and 2.5 �g of total cellular RNA using the method of
Podbielski et al. (38). Even loading of total RNA was confirmed by visualization
of ethidium bromide-stained gels. Digoxigenin-dUTP-labeled probes for genes
of interest were generated by PCR using the following primer pairs: Spy0145
(Spy0145 FWD, 5�-TCTATACACCGCAGGCCAATTACC; and Spy0145 REV,
5�-TCTGGCGACAGCTTCGACTTCAAT); RNA polymerase alpha subunit
(rpoA FWD, 5�-CCTGTGGGTACATTGGCAGTAGAT; and rpoA REV, 5�-
GTCCGAGACCTAAGTCAGCAAGTT); NADH oxidase (nox FWD, 5�-GAT
ATGGTTATCCTCGCCGTTGGT; and nox REV, 5�-CGCCTTCTTGGATAG
CAAGTGAGA); phosphoglycerate kinase (pgk FWD, 5�-ATTCCCAGGTGTT
ACTCGTGGTTC; and pgk REV, 5�-GTCAAGACCAAGGAAGCCTTCT
GA); and L-lactate dehydrogenase (ldh FWD, 5�-TCAGGTTTCCCTAAAGAG
CGTGTC; and ldh REV, 5�-TACGAGCTAGGGCAACTGCAATAC). Hybrid-
ization and visualization using disodium-3-(4-methoxyspiro[1,2-dioxetane-3�2�-
(5-chloro)tricyclo(3.3.1.33,7)decan]-4-yl)phenylphosphate (CSPD) (Roche, India
napolis, IN) were achieved as previously described (38). The Northern blots
represent the result of at least two independent experiments using freshly isol-
ated RNA for each blot.

RESULTS

S. pyogenes can survive in stationary phase for prolonged
periods. To determine if S. pyogenes could survive for extended
periods of time (�4 weeks) and to ascertain the effects of
growth medium on this survival, both complex and defined
medium conditions were assayed for their ability to support a
stationary-phase population. S. pyogenes M49-CS101 survival
was assayed in the following medium types: (i) CDM, 0.2%
final glucose concentration (wt/vol); (ii) CDM, 1.0% final glu-
cose concentration (wt/vol); (iii) TH broth, 0.2% final glucose
concentration (wt/vol); (iv) TH broth, 1.0% final glucose con-
centration (wt/vol); and (v) THY, 0.2% final glucose concen-
tration (wt/vol). The CDM formulation used in this study has
been previously used in our studies on short-term persistence
(28). Cultures grown in media containing 1.0% glucose were
determined to have excess glucose remaining during early sta-
tionary phase, while cultures grown in 0.2% glucose had ex-
hausted their sugar supply by early stationary phase, as deter-
mined by the glucose detection kit (Sigma) (data not shown).
TH broth containing either 0.2 or 1.0% glucose yielded sta-
tionary phase OD600s between 1.1 and 1.3, CDM containing
1.0% glucose yielded stationary phase OD600s between 1.2 and
1.4, and CDM containing 0.2% glucose yielded a stationary
phase OD600 between 0.3 and 0.4. After inoculation into these
five medium types, bacterial survival was monitored by colony
regrowth on TH agar plates.

CDM did not support long-term stationary-phase survival of
S. pyogenes. S. pyogenes M49-CS101 grown in CDM containing
excess glucose (1.0%) survived for 1.5 � 0.7 days. CDM con-
taining growth-limiting glucose (0.2%) supported S. pyogenes

survival for 5.2 � 0.4 days after inoculation. In contrast, both
TH and THY broths, where glucose was exhausted in late
exponential phase, supported survival in excess of 1 year. The
addition of exogenous glucose to TH broth, at a final concen-
tration of 1.0%, caused S. pyogenes to become nonculturable
after 1.0 � 0.0 day postinoculation.

To determine whether long-term stationary-phase survival
of S. pyogenes in TH broth was a strain-specific phenomenon,
several strains were assayed for survival. In addition to S.
pyogenes M49-CS101, strains M3-AM3, M6-JRS4, and M49-
591 were assayed for the ability to survive in TH broth and for
their survival kinetics. For this assay, survival kinetics were
measured as CFU per milliliter over a 12-week period. At
entry into stationary phase, all strains reached between 108 and
109 CFU ml�1 (Fig. 1). At 1 week in stationary phase, an
average of between 105 and 106 CFU ml�1 were culturable,
while at 12 weeks in stationary phase between 103 and 105 CFU
ml�1 were culturable (Fig. 1). All strains maintained cultur-
ability for the duration of the assay (Fig. 1). These results
demonstrate that long-term stationary-phase survival of S. pyo-
genes in TH broth is not limited to only M49-CS101.

Culture pH is an important factor for persistence of S.
pyogenes in stationary phase. S. pyogenes is classified as a lactic
acid bacterium, and cells produce large amounts of lactic acid
in the presence of excess glucose. Since cultures grown in the
presence of excess glucose survived for significantly shorter
times than their cognate cultures, the terminal pH of each
culture was assayed. The pH range for TH broth cultures
containing excess glucose (1.0% glucose) ranged between 4.8
and 4.9, while the pH range for TH broth cultures containing
limited glucose (0.2% [wt/vol] glucose) was between 5.6 and
6.2. Because TH broth cultures survive in excess of 1 year, the
terminal pH was assayed after 1 week of stationary-phase sur-
vival and was subsequently stable. The pH range for CDM
cultures containing excess glucose (1.0% glucose) was between

FIG. 1. The stationary-phase survival kinetics of four strains of S.
pyogenes. Four different strains of S. pyogenes were inoculated into TH
broth and monitored for exit from exponential phase (T0). Stationary-
phase culture aliquots were then removed, serially diluted in sterile TH
broth, and plated on TH agar plates to determine the number of CFU
per milliliter. Bars in the graph represent the mean number of CFU
per milliliter for each time point. Each data set is the mean of results
from at least two independent experiments, quantitated in duplicate.
Error bars represent the standard deviation between these experi-
ments.
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5.0 and 5.4, while the pH range for CDM cultures containing
limited glucose (0.2% glucose) was between 6.5 and 6.9.

To test whether maintenance of pH is a precondition of
survival, S. pyogenes cultures were grown in TH broth (0.2%
glucose) to stationary phase and aged for 1 week. After 1 week
of stationary phase survival, increasing concentrations of exog-
enous lactic acid and hydrochloric acid were added to each
culture to artificially decrease the pH. Addition of either ex-
ogenous acid reduced culturability over time in a concentra-
tion-dependent manner (Fig. 2). Decreases in pH below 5.6,
the minimum observed in TH broth cultures, caused cultur-
ability to be truncated from over 6 months to approximately 5
days (Fig. 2). Stationary-phase cultures with addition of no
exogenous acid maintained the pH previously observed for TH
broth cultures and were able to survive beyond the period of
assay (Fig. 2). Taken together, these results indicate that pH
maintenance is important for the long-term persistence of S.
pyogenes in batch culture, though it is not the only factor
affecting the outcome of stationary-phase survival.

S. pyogenes cells form alternate colony phenotypes after pro-
longed survival in stationary phase. Previous studies have
shown that phenotypic switching (i.e., changes in colony mor-
phology) can occur in populations of S. pyogenes M49-CS101 if
they are maintained in stationary phase in a complex medium,
such as THY broth (28). To determine if phenotypic switching
occurs in stationary-phase cultures grown and maintained in
TH broth, colony morphology of stationary-phase persisters
was monitored periodically over time in parallel cultures of
both TH and THY broth. Cells aged for greater than 4 weeks
in culture began to show phenotypic alterations when regrown

on TH agar plates. These colony variants are termed here
atypical large colonies and microcolonies (Fig. 3). The ratio of
microcolonies to atypical large colonies was variable from cul-
ture to culture, with microcolonies making up anywhere from
10 to 100% of the bacterial colonies regrown on TH agar
plates. Reversion to the original colony morphology was not
observed after more than 10 passages (�200 generations) on
fresh TH agar. Both microcolonies and atypical large colonies
regrew in TH broth without the addition of any osmotic sup-
port and stained gram positive, indicating that these colonies
retained their cell wall (data not shown). Identical results were
obtained with long-term survivors maintained in THY broth in
stationary phase.

FIG. 2. The effects of pH decreases on S. pyogenes survival time. S.
pyogenes M49-CS101 was inoculated into TH broth, grown to station-
ary phase, and aged 1 week. Exogenous HCl or lactic acid was then
added from 2 M stocks to final concentrations of 25.0, 12.5, or 6.3 mM
in these aged cultures. Survival was assayed by spotting culture aliquots
on TH agar plates at 24-h time intervals after addition of exogenous
acid. The formation of any S. pyogenes colonies within the culture spot
was scored positive for survival. Since 20 �l of culture was plated to
assay for survival, the lower limit of detection for this assay was 50
CFU ml�1. Bars in the graph represent the mean duration of survival
for each culture condition. For this graph, T0 is at the point of addition
of exogenous acid to 1-week-old cultures. The terminal pH range, after
addition of exogenous acid, is noted next to each culture condition.
Each data set is the mean of results from eight independent experi-
ments. Error bars represent the standard deviation between these
experiments.

FIG. 3. Phenotypic variants of surviving, stationary-phase S. pyo-
genes. S. pyogenes M49-CS101 was inoculated into TH broth, grown to
stationary phase, and aged approximately 8 weeks. Culture aliquots
were then removed, serially diluted, and plated on TH agar plates. S.
pyogenes M49-CS101 microcolonies and alternative large colonies from
the 8-week culture are pictured in panel B, while the early-stationary-
phase (	12 h) precursor colonies are pictured in panel A. On plate
medium, early-stationary-phase M49-CS101 cells grow with a dense
center, yielding colonies with a “fried egg” appearance. These pictures
are scaled relative to one another.
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Nonculturable, membrane-intact S. pyogenes cells do not
persist for more than 2 weeks after loss of culturability. It has
been suggested that conditions which are unfavorable for bac-
terial growth can lead to the formation of a viable but noncul-
turable (VBNC) state (30, 46, 49, 51). That is, cells retain
membrane integrity and are capable of metabolism but are not
culturable under standard laboratory conditions. During pre-
vious studies by Trainor et al. on surviving stationary-phase S.
pyogenes, it was noted that only 0.01% of the cells remained
culturable, while 33.0% of the cells had a functional membrane
potential (46). For those studies, viability was assayed using
rhodamine-123, a stain which measures membrane potential,
and complete cell number was determined by counterstaining
with 4�,6�-diamidino-2-phenylindole (DAPI) (46). These stud-
ies suggested a subpopulation of cells entered the VBNC state.

It has been demonstrated that cells which have entered a
nonculturable state can be resuscitated if cultured under spe-
cial growth conditions. Escherichia coli, Aeromonas hydrophila,
and Vibrio vulnificus cells were resuscitated from an otherwise
nonculturable state if they were grown in the presence of
H2O2-degrading compounds, such as catalase or pyruvate,
while regrowth of otherwise nonculturable V. vulnificus and
Staphylococcus aureus required appropriate types and levels of
nutrients (3, 14, 30, 49, 51). To address the possibility that a
portion of stationary-phase S. pyogenes cells in our culture
system may have entered the VBNC state, we aged M49-CS101
in TH broth in stationary phase for 2 weeks and then plated
these cultures under a variety of culture conditions which have
been known to resuscitate bacterial cells from the VBNC state
(Table 1). No significant differences in culturability were ob-
served (105 to 106 CFU ml�1) when 2-week-old stationary-
phase cultures were regrown on media containing altered nu-
trient levels (diluted or concentrated TH, THY, or TH
supplemented with sheep’s blood) or antioxidants (catalase or
pyruvate) (Table 1). Further, to eliminate the possibility that
these streptococci were nonculturable as a result of the ab-
sence of osmotic support, we plated cells on TH supplemented
with either sucrose or sorbitol. Neither condition increased the

quantity of CFU above the levels observed if the cells were
grown on TH agar alone (Table 1).

Previous studies demonstrated the presence of VBNC cells
only as a subpopulation in the presence of culturable cells (46).
Therefore, it is formally possible that these cells are not VBNC
cells but damaged cells that are dying out during the slow
turnover of the culture. To examine this, S. pyogenes M49-
CS101 was inoculated into TH broth containing a final con-
centration of 1.0% glucose and grown into stationary phase.
After 24 h in stationary phase, no culturable bacteria were
recoverable. These cultures were also stained with the Ba-
cLight live-dead viability stain to determine the percentage of
membrane-intact cells. The BacLight stain consisted of
SYTO-9, which stains all cells regardless of membrane state,
and propidium iodide, a membrane-impermeable fluorescent
dye. Therefore, cell viability was based on membrane integrity;
cells which stained with both fluorescent dyes were scored as
nonviable, while cells which stained with SYTO-9 only were
scored as viable. After 24 h in stationary phase, approximately
0.83% of the initial cell population was scored as viable using
the BacLight stain even though no culturable cells were de-
tected (data not shown). However, after 2 weeks in stationary
phase, neither culturable cells nor membrane-intact cells were
detected (data not shown).

Two microcolony strains have significantly altered pro-
teomes. Two microcolony strains (termed here Alt. 1 and Alt.
2) were isolated from independent 14-week-old cultures of
M49-CS101, as described in Materials and Methods. To char-
acterize these two microcolony strains, we employed a two-
dimensional proteomic method to compare changes in the
mid-exponential proteomes of M49-CS101, Alt. 1, and Alt. 2.
Final protein levels can be affected by changes in transcription,
mRNA stability, translation, proteolytic processing or degra-
dation, and posttranslational modifications (5, 16). In addition,
since our strains are long-term persisters, mutations could ac-
cumulate in the proteins that would change their pI or molec-
ular weight. Though Alt. 1 and Alt. 2 exhibit similar colony
morphologies, their mid-exponential proteomes showed
changes in both common and unique pathways.

Sixty-seven independent protein spots were changed be-
tween M49-CS101 and Alt. 1 or Alt. 2. Thirty-three of these
spots were positively identified as described in Materials and
Methods (Table 2). These 33 spots represented 23 individual
proteins, since some of the spots represented multiple isoforms
of the same protein (Table 2). The remaining 34 spots were
unidentified (data not shown). Functional categories encom-
passing proteins used for processes including division, metab-
olism, transcription, and translation were identified (Table 2).
Additionally, proteins used in the heat shock response, prote-
olysis, and GTP binding and proteins of unknown function
were identified (Table 2). There was significant variability in
the absolute values of protein spot quantitation among exper-
iments. In addition to standard experimental variation, addi-
tional variation in protein spot quantitation may have resulted
from batch-to-batch variations in the preparation of rich me-
dia, which is likely to affect the abundance of metabolic en-
zymes. In addition, low levels of reversion from microcolony to
parental phenotypes could occur and similarly influence the
experimental variation in protein abundance.

When compared to M49-CS101, there were 38 protein spots

TABLE 1. Regrowth of stationary-phase S. pyogenes

Regrowth medium CFU
ml�1a SD

Todd-Hewitt (1.0� concn)b 4.4 � 105 �1.2 � 105

Todd-Hewitt (0.5� concn)b 4.3 � 105 �1.9 � 105

Todd-Hewitt (2.0� concn)b 1.6 � 105 �2.1 � 104

Todd-Hewitt yeast extractb 1.9 � 105 �6.0 � 104

Todd-Hewitt with sheep’s bloodb 3.0 � 105 �1.2 � 105

Todd-Hewitt–0.25 M sucroseb 1.7 � 105 �2.1 � 104

Todd-Hewitt–0.50 M sucrosec 2.9 � 105 �8.4 � 104

Todd-Hewitt–0.50 M sorbitold 2.4 � 105 �7.0 � 104

Todd-Hewitt–500 U catalaseb,e 3.0 � 105 �5.5 � 104

Todd-Hewitt–1,000 U catalaseb,e 2.3 � 105 �1.0 � 104

Todd-Hewitt–40 mg pyruvateb,f 5.3 � 105 �1.4 � 105

Todd-Hewitt–80 mg pyruvateb,f 4.2 � 105 �1.3 � 105

a The number of CFU mL�1 was determined by serial dilution and subsequent
platings of S. pyogenes M49-CS101 cultures aged 2 weeks in stationary phase as
described in Materials and Methods.

b Serial diluent was TH broth.
c Serial diluent was 0.50 M sucrose solution.
d Serial diluent was 0.50 M sorbitol solution.
e A freshly made catalase solution was spread onto TH agar before plating.
f A freshly made pyruvate solution was spread onto TH agar before plating.
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upregulated in Alt. 1 and 12 protein spots upregulated in Alt.
2. Six of the upregulated Alt. 2 protein spots were quantitated
with lower confidence due to inconsistent expression in one of
three experiments (Table 2 and data not shown). Including
these six spots, 12 protein spots were commonly upregulated in
both Alt. 1 and Alt. 2. Some of these proteins were identified
as enolase, fatty acid-phospholipid synthesis protein, and
NADH oxidase (NOX) (Table 2). Though enolase and the
fatty acid/phospholipid synthesis protein were both found in
multiple isoforms, only one isoform of each was upregulated
(Table 2). The additional 16 protein spots upregulated only in
Alt. 1 included two isoforms of enolase, one isoform of fatty
acid-phospholipid synthesis protein, a GTP binding protein,
cysteine synthase, and biotin carboxylase (Table 2).

When compared to M49-CS101, 19 protein spots were
downregulated in Alt. 1 and 28 protein spots were downregu-
lated in Alt. 2. Four of these protein spots from Alt. 1 and one

of these protein spots from Alt. 2 showed variability in one
experiment. Overall, there were 18 commonly downregulated
protein spots in the Alt. 1 and Alt. 2 proteomes. These proteins
included cell division protein FtsZ, one of two isoforms of
carbamate kinase, the precursor protein to C5a peptidase, heat
shock proteins HSP33 and HSP70, phosphotransacetylase, a
hypothetical phage protein (M18_1302), and a conserved hy-
pothetical protein (Spy0145) (Table 2). A single protein spot
was uniquely downregulated in Alt. 1, while 10 protein spots
were uniquely down regulated in Alt. 2. The single protein spot
which was uniquely downregulated in Alt. 1 was identified as a
cell envelope proteinase (Table 2).

An isoform of the alpha subunit of RNA polymerase
(RpoA), which migrated at �45 kDa, was detected among the
proteins isolated from M49-CS101 and Alt. 1 cultures but not
from Alt. 2 cultures. The predicted molecular mass of the
subunit is �35 kDa. Because RpoA is essential (21) and be-

TABLE 2. Identified changes in the proteomes of S. pyogenes microcolonies

Functional category
and identity Function

Quantitationa

M49-CS101 Alt. 1 Alt. 2

Division
Spy1514 Cell division initiation protein (DivIVAS) 0 � 0 3,181 � 2,004 (0; 0; 854)
Spy1514 Cell division initiation protein (DivIVAS) 0 � 0 (289; 283; 2,176)b (0; 0; 1,868)
Spy1514 Cell division initiation protein (DivIVAS) 6,442 � 907 1,239 � 721 (0; 0; 926)
Spy1520 Cell division protein (FtsZ) 12,835 � 650 5,301 � 1,173 4,380 � 1,760

Metabolic
Spy0731 Enolase 0 � 0 1,588 � 205 (0; 0; 1,155)
Spy0731 Enolase 0 � 0 437 � 198 (0; 802; 168)
Spy0731 Enolase 20,778 � 1,599 47,082 � 2,448 28,886 � 23,407
Spy0927 Adenine phosphoribosyltransferase 730 � 175 (0; 737; 0) 0 � 0
Spy1128 Phosphotransacetylase 6,337 � 217 3,557 � 570 (618; 0; 2,135)
Spy1150 NADH oxidase (NOX) 0 � 0 585 � 256 352 � 14
Spy1151 L-lactate dehydrogenase 3,619 � 1,195 (0; 3,988; 1,918) 0 � 0
Spy1541 Carbamate kinase 1,351 � 1,059 (0; 559; 0) 0 � 0
Spy1541 Carbamate kinase 16,592 � 3,443 2,906 � 508 1,874 � 1,189
Spy1618 Cysteine synthase/O-acetylserine lyase 158 � 38 759 � 182 (0; 0; 579)
Spy1745 Biotin carboxylase 45 � 64 444 � 157 (0; 0; 325)
Spy1881 Phosphoglycerate kinase 789 � 231 1,576 � 832 0 � 0

Transcription
Spy0080 DNA-directed RNA polymerase alpha

subunit
615 � 304 (0; 668; 605) 0 � 0

Spy0611 Translation elongation factor EF-Tu 4,914 � 201 11,520 � 2,873 3,915 � 2,908
Spy0611 Translation elongation factor EF-Tu 1,809 � 582 (802; 1,034; 0) 0 � 0
Spy0611 Translation elongation factor EF-Tu 0 � 0 1,424 � 257 0 � 0
Spy2093 Elongation factor Ef-Ts 201 � 138 (1,059; 995; 0) 0 � 0
Spy2093 Elongation factor Ef-Ts 4,448 � 2,762 1,383 � 441 0 � 0

Miscellaneous
M18_1302 Hypothetical phage protein 4,252 � 1,692 247 � 233 0 � 0
Spy0022 Fatty acid/phospolipid synthesis 558 � 115 1,300 � 123 1,548 � 844
Spy0022 Fatty acid/phospolipid synthesis 42 � 60 363 � 111 (0; 0; 159)
Spy0022 Fatty acid/phospolipid synthesis 1,959 � 1,713 (1,080; 2,064; 0) 0 � 0
Spy0123 Heat shock protein HSP33 9,700 � 1,383 3,520 � 726 4,628 � 2,996
Spy0145 Conserved hypothetical protein 2,188 � 65 0 � 0 0 � 0
Spy0416 Cell envelope proteinase 12,023 � 3,354 78 � 134 9,932 � 8,623
Spy1527 GTP binding protein TypA/BipA 2,523 � 259 3,184 � 179 1,300 � 1,216
Spy1760 Heat shock protein 70 1,429 � 1,164 32 � 28 0 � 0
Spy1896 Trigger factor (prolyl isomerase) 2,318 � 69 2,395 � 1,558 (0; 1,257; 0)
Spy2010 C5a peptidase precursor 379 � 212 32 � 55 0 � 0

a Quantitative values for protein spots are in pixels per spot area from two independent experiments for M49-CS101 and three independent experiments for Alt. 1
and Alt. 2. The values are given as a mean � standard deviation for M49-CS101, Alt. 1, and Alt. 2 if the values obtained were consistent across all replicates. If the
spot quantitation was inconsistent across the three replicates for either Alt. 1 or Alt. 2, individual values in pixels per spot area are given for the three independent
replicates. These are considered lower-confidence values.

b These data are given as three individual data points, rather than a mean � standard deviation, for clarity. Since these Alt. 1 data points are consistently elevated
above what is observed for M49-CS101, this spot is considered a high-confidence increase.
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cause an unmodified form was not identified in any of the gels,
Northern blotting was done to assess rpoA transcription. Sim-
ilar levels of transcripts encoding the alpha subunit of RpoA
were detected in Alt. 1, Alt. 2, and M49-CS101 cultures (Fig.
4). In addition, an isoform of phosphoglycerate kinase (PGK),
which migrated at �30 kDa, was detected among proteins
isolated from M49-CS101 and Alt. 1 cultures but not from Alt.
2 cultures; PGK is predicted to have a molecular mass of �42
kDa. Northern blotting showed that the levels of transcripts
encoding PGK are similar in M49-CS101, Alt. 1, and Alt. 2
cultures. It seems likely that additional isoforms of RpoA and
PGK are present among the unidentified protein spots or may
be below the limit of detection. Nonetheless, the nature, origin,
and functional significance of the protein isoforms remain un-
known.

LDH, an essential protein in Streptococcus mutans, was not
detected in Alt. 2 and was variable in three Alt. 1 cultures
(Table 2) (6, 24). Transcripts corresponding to ldh were found
in substantially lower quantities in both Alt. 1 and Alt. 2 than
in the origin strain M49-CS101 (Fig. This suggested the loss of
the LDH protein spot was due to a decrease in transcription or
specific mRNA stability. S. pyogenes has a NOX gene (Spy
1150) that may be able to function to recycle NADH in the
absence of LDH (20, 40, 42). In agreement with this, a protein
spot identified as NOX was upregulated in both Alt. 1 and Alt.
2 (Table 2). NOX upregulation did not appear to be at the
level of transcription, since the nox transcript was observed at

similar levels for all strains examined (Fig. 4). This suggests
that a change had occurred in the posttranscriptional regula-
tion of NADH oxidase in both Alt. 1 and Alt. 2 (Fig. 4).

Spy0145, a protein of unknown function, was not detected in
the proteomes of either Alt. 1 or Alt. 2 but was present in the
proteome of M49-CS101 (Table 2). Transcription of spy0145
was reduced in Alt. 1 or Alt. 2 compared to M49-CS101 (Fig.
4). This suggests that the absence of a detectable protein spot
corresponding to Spy0145 in the Alt. 1 and Alt. 2 proteomes
was at least partially a result of a change in regulation at the
transcriptional level or in specific mRNA stability.

DISCUSSION

In this paper, we describe the long-term stationary-phase
survival of S. pyogenes in batch culture. We found that TH
broth, a complex medium containing a carbon source which
was exhausted by early stationary phase, supported bacterial
survival in excess of 1 year, but CDM did not. The presence of
significant amounts of excess sugar after the cessation of
growth in cultures containing 1.0% initial glucose concentra-
tions shortened survival in both TH and CDM cultures. In
these cultures, entry into stationary phase was not mediated by
carbon starvation but instead was probably induced by deple-
tion of another nutrient, cell density, or buildup of toxic prod-
ucts. Two of the most likely explanations for the shortened
stationary-phase persistence in these cultures are the accumu-
lation of high levels of lactic acid or the lack of a sugar star-
vation signal that is necessary to induce a survival response.
Since streptococci are classified as lactic acid bacteria, the
presence of large amounts of usable glucose at stationary
phase represents a carbon source for continued sugar fermen-
tation, lactic acid accumulation, and subsequent pH decrease.
The induction of an in vitro survival response resultant from
carbon starvation has been previously observed for gram-pos-
itive organisms, such as Staphylococcus aureus and Listeria
monocytogenes, as well as gram-negative organisms, including
E. coli and Salmonella enterica serovar Typhimurium (19, 22,
45, 50). In our studies, the presence of excess (1.0%) glucose in
TH broth caused the culture pH to drop to from a range of 5.6
to 6.2 to a range of 4.8 to 4.9, and the bacteria survived for less
than 24 h in stationary phase. If either lactic acid (an organic
acid) or HCl (an inorganic acid) was used to lower the pH of
sugar-starved cultures to pH �4.8, the cultures survived for
less than 2 days after the addition of exogenous acid. Survival
was significantly shortened at pHs of 	5.5 regardless of
whether lactic acid or HCl was used to reduce the pH. It has
been proposed that organic acid stress is different than stresses
on cells caused by inorganic acids (1, 9). In gram-negative
organisms, such as S. enterica serovar Typhimurium, E. coli,
and L. monocytogenes, protection against protonated organic
acids and strong acids has been shown to require, at least in
part, different regulators (2, 18, 27). Since the addition of both
HCl and lactic acid resulted in similar death curves, it is un-
likely that the killing is a weak organic acid effect, though it
cannot be ruled out. It should be noted that both HCl and
lactic acid were added exogenously, whereas in the presence of
1.0% glucose, lactic acid is produced intracellularly, prior to
export from the cell, and may have a different effect on intra-
cellular pH. Taken together, these data suggest that control of

FIG. 4. mRNA expression of typical M49-CS101 colonies and sta-
tionary-phase-derived microcolony phenotypes Alt. 1 and Alt. 2.
mRNA was isolated from mid-exponential-phase cells (OD600 of 0.50
to 0.65) grown in TH broth. The RNA concentration was determined
by spectrophotometric measurement at OD260, appropriate dilutions
were made, and RNA from each strain was run on a denaturing
agarose gel. Equal loading was confirmed visually by ethidium bromide
staining. RNA concentrations are noted above the lanes in each image.
These RNA gels were subsequently Northern blotted, and the binding
of DNA probes, generated by PCR-mediated digoxigenin incorpora-
tion, was determined by CSPD development followed by autoradiog-
raphy. Specific probes are indicated beside each blot. Fresh RNA was
isolated for each experiment, and the results presented here are rep-
resentative of those from two independently derived M49-CS101, Alt.
1, and Alt. 2 RNA preparations.
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final culture pH is a prerequisite for survival in stationary
phase.

Although a pH level below 5.6 is a limitation for long-term
survival of S. pyogenes in stationary phase, maintenance above
this value does not ensure survival. In our studies, carbon-
starved CDM cultures survived less than 1 week, while carbon-
starved TH cultures survived in excess of 1 year. The OD600s of
the carbon-starved CDM cultures reached �0.3, whereas car-
bon-starved TH cultures reached an OD600 of �1.1 to 1.3.
Prolonged survival may depend on a high final culture density
at entry into stationary phase. In addition, previous studies
performed by Trainor et al. showed that S. pyogenes serotypes
M52 and M62 remained culturable in a chemically defined
medium for at least 3 weeks in stationary phase under condi-
tions of carbon starvation (46). The total time of persistence in
their studies is unknown, since survival was not measured be-
yond 3 weeks (46). Their CDM formulation differs from the
one used in this study in terms of amino acid, vitamin, NADH,
and salt concentrations (13). Therefore, the nutrient concen-
trations and/or NADH/NAD� ratios may affect the mainte-
nance of a stationary-phase population of S. pyogenes.

The survival response observed in this study is characterized
by biphasic survival kinetics. A rapid decrease in overall cultur-
ability is followed by the relative stabilization of the surviving
bacterial subpopulation. Similar survival kinetics were observed
for carbon starvation-induced survival systems described for S.
pyogenes, Staphylococcus aureus, and L. monocytogenes (22, 46,
50). Comparable survival responses were observed when both TH
and THY broths were used as growth medium, indicating that
yeast extract does not influence either survival kinetics or dura-
tion of culturability (data not shown). The survival kinetics of the
four S. pyogenes strains examined in this study were similar, high-
lighting that the induction of long-term starvation survival re-
sponse for S. pyogenes is not limited to M49-CS101.

The formation of VBNC cells among stationary-phase S.
pyogenes cells was also investigated. This phenomenon has
been previously reported by Trainor et al. (46). They observed
a significantly larger number of cells with a functional mem-
brane potential than were able to be cultured by standard
streptococcal culture techniques. We observed that cultures of
cells killed as a result of prolonged incubation at pH 4.8 (2-
week stationary phase in TH with 1.0% glucose condition)
yielded no cells retaining intact membranes. However, early-
stationary-phase cells which are nonculturable due to pH dam-
age (24-h stationary phase in TH with 1.0% glucose condition)
yielded a small percentage of cells retaining membrane integ-
rity. This suggests that there may be a time differential between
loss of culturability and loss of membrane integrity for station-
ary-phase populations of S. pyogenes. Consequently, cells which
maintain intact membranes, as measured by fluorescence tech-
niques, may actually represent cells damaged beyond recovery
rather than true VBNC cells (34, 35). Nonculturable cells with
intact membranes were also found in S. mutans batch and
biofilm culture after formaldehyde killing, suggesting dead or
damaged cells which stain as “live” are not limited to S. pyo-
genes (39).

Consistent with this, we were unable to resuscitate the sub-
population of stationary-phase S. pyogenes cells which retained
intact membranes but were previously unculturable. Popula-
tions of otherwise nonculturable A. hydrophila, V. vulnificus,

and E. coli have all been cultured when regrown in the pres-
ence of the H2O2-degrading enzyme catalase or the antioxi-
dant pyruvate (3, 30, 49); populations of otherwise uncultur-
able Staphylococcus aureus and V. vulnificus have been shown
to require the appropriate types and concentrations of nutri-
ents for recovery (14, 51). Efforts to recover this stationary-
phase subpopulation of S. pyogenes by coincubation under
analogous conditions resulted in no significant increases in
culturability. These data further support the notion that a
subpopulation of stationary-phase cells which stain viable with
fluorescence techniques may not be VBNC and may instead be
damaged beyond their ability to be cultured. Their continued
presence in surviving cultures may indicate a slow cell turnover
in stationary phase, such as that which has been observed for E.
coli and short-term persistence in S. pyogenes (19, 46).

The surviving subpopulations grew with altered phenotypes
beginning after approximately 4 weeks, yielding small colonies
and atypical large colonies. These phenotypes were stable for
greater than 200 generations when they were cultured on TH
agar plates. Previous studies have described the ability of S.
pyogenes, maintained for greater than 24 h in stationary phase
in THY broth, to yield both atypical large and small colonies
when regrown on fresh THY plates (28). The colony morphol-
ogy of these small colonies was associated with the downregu-
lation of capsule and other virulence factors (28). Further-
more, this phenotypic dimorphism was unstable; serial
passaging of small colonies on fresh plate media caused rever-
sion to typical large colonies within 100 generations. This is in
contrast to the phenotype stability seen in long-term survivors
of S. pyogenes M49-CS101 in carbon-depleted TH broth when
replated on TH agar plates. Trainor et al. did not observe these
altered phenotypes in their stationary-phase cultures; however,
the M49-CS101 strain used in these studies produces large
amounts of capsule, making any changes in colony size easily
recognizable (28, 46). Further studies will need to be done with
microcolony-specific markers to determine if all serotypes of S.
pyogenes form alternate colony phenotypes during stationary-
phase persistence or if this is a strain-specific phenomenon.

The switch to stable atypical large colonies and microcolo-
nies in over 25 independent cultures suggests there is some
selective pressure or phase variation favoring the formation of
these two phenotypes. The microcolony phenotype seen here is
similar to the unstable small-colony phenotype observed in
previous studies, which is consistent with phase variation of
genes which alter colony morphology (8, 28). The presence of
microcolony proteomes (e.g., Alt. 1 and Alt. 2) which differ
from each other and the parental strain suggest that the ge-
nomes also have accumulated mutations during persistence in
stationary phase. Mutation rates are elevated for many bacte-
rial species in stationary phase (as reviewed by Kivisaar [25]),
and mutations to the constituents of stationary-phase batch
cultures of E. coli have been reported in detail (19, 25, 52, 53).
In E. coli cells, these mutations conferred a survival advantage
during periods of starvation when cells from aged cultures
were competed against their parental strain (19, 52, 53). When
independent cultures of the same parental strain were aged in
stationary-phase batch culture, they accumulated different mu-
tations when the survivors were compared (19). In Alt. 1 and
Alt. 2, it is unclear what advantages, in terms of either persis-
tence or pathogenesis, the changes to the proteomes have
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conferred. Overall, it seems likely that a combination of cu-
mulative mutation and locked-phase variation of relevant
genes may be responsible for the appearance of the alternate
colony phenotypes observed in this study.

Changes to the proteomes of both Alt. 1 and Alt. 2 were not
limited to a single functional category and could be observed in
proteins involved in transcription, translation, division, and
other miscellaneous processes; however, the category with the
most identified changes was metabolism. There were identifi-
able proteomic changes in major glycolytic enzymes in both
Alt. 1 and Alt. 2, including enolase, PGK, and lactate dehy-
drogenase (LDH) (Table 2). Enolase showed shifts in its iso-
form pattern in both Alt. 1 and Alt. 2 (Table 2). Both RpoA
and PGK spots were not identified in Alt. 2, while transcript
levels remained unchanged (Table 2 and Fig. 4). In M49-
CS101 and Alt. 1, both RpoA and PGK had molecular weights
significantly different from the predicted molecular weight.
The inability to detect PGK and RpoA in Alt. 2 may be the
result of changes in protein processing or accumulation of
mutations that change the pI or molecular weight of the pro-
tein. These observations regarding RpoA and PGK emphasize
the general need for caution in interpreting proteomic data.
The detection of positional variants is consistent with what has
been observed for the comprehensive proteome map for ac-
tively dividing Bacillus subtilis cells (5, 16). Up to 183 proteins
have been observed to have multiple forms which result from
the posttranslational modifications or the processing these pro-
teins have experienced (5, 16). In general, the functional sig-
nificance of such variants is poorly understood. The variant of
RpoA detected in samples obtained from M49-CS101 and Alt.
1 was not detected in samples prepared from Alt. 2 cultures;
however, because RpoA is essential, one or more RpoA pro-
tein spots is presumably among those proteins which were not
identified. This interpretation is supported by results obtained
with Northern blotting, which showed wild-type levels of rpoA
transcripts in both the Alt. 1 and Alt. 2 strains. Therefore, the
results obtained with proteomics revealed clear changes in
protein composition between the wild-type and persister
strains and identified several proteins for further investigation;
however, it remains to be determined which differences are
responsible for enhanced persistence of S. pyogenes in the
stationary phase of growth.

ldh transcription was reduced, indicating regulation of tran-
scription was responsible for the observed reduction of this
enzyme in Alt. 1 (two of three proteomic gels) and Alt. 2 (three
of three proteomic gels) (Table 2 and Fig. 4). Changes in these
glycolytic enzymes suggest that S. pyogenes may be using an
alternate pathway for energy generation. The upregulation of
NOX and the reduction in LDH suggest that NOX may play a
greater role in recycling NADH in the microcolonies. NOX has
been found to be important in aerobic metabolism and is
proposed to have a role in an alternative pathway for energy
production in the absence of glucose (20, 23, 42). The reliance
on NOX to recycle NADH has been noted under conditions of
high oxygen tension and under conditions of intermediate ox-
ygen tension and glucose limitation (20).

Although the proteomic analysis of Alt. 1 and Alt. 2 is
limited without a fully annotated reference map of the M49-
CS101 proteome, it gives an excellent start point for future
studies. Taken together, these data show that S. pyogenes can

persist for longer than 1 year in stationary phase. This persis-
tence depends on maintenance of pH above 5.6 and the pres-
ence of the nutrients in complex medium. Microcolonies with
a stable colony morphology are isolated after 4 weeks in sta-
tionary phase. Comparison of the proteomes of two microcolo-
nies isolated from two independent colonies revealed a com-
bination of shared and unique changes. Clearly, these changes,
as discussed above, can occur by several mechanisms, and
further analysis is needed to determine the significance of the
changes. Some of the shared changes suggest that microcolo-
nies may use lactate and amino acids as a carbon and energy
source. This metabolism may be important for continued slow
growth and turnover of cells that allow for persistence and the
further accumulation of mutations during stationary phase.
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