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The starvation-survival response of Staphylococcus aureus as a result of glucose, amino acid, phosphate, or
multiple-nutrient limitation was investigated. Glucose and multiple-nutrient limitation resulted in the loss of
viability of about 99 to 99.9% of the population within 2 days. The remaining surviving cells developed in-
creased survival potential, remaining viable for months. Amino acid or phosphate limitation did not lead to the
development of a stable starvation-survival state, and cells became nonculturable within 7 days. For multiple-
nutrient limitation, the development of the starvation-survival state was cell density dependent. Starvation
survival was associated with a decrease in cell size and increase in resistance to acid shock and oxidative stress.
There was no evidence for the formation of a viable but nonculturable state during starvation as demonstrated
by flow cytometry. Long-term survival of cells was dependent on cell wall and protein biosynthesis. Analysis of
[**S]methionine incorporation and labelled proteins demonstrated that differential protein synthesis occurred

deep into starvation.

Bacteria in the natural environment are often found under
nutrient-limiting conditions. To survive prolonged periods of
starvation, many bacteria have developed starvation-survival
strategies enabling them to persist in the environment until
conditions become favorable for growth. The starvation-sur-
vival response of non-spore-forming gram-negative bacteria
such as Escherichia coli, Salmonella typhimurium, and Vibrio
spp. has been well characterized (10, 19, 21), but the responses
of non-spore-forming gram-positive bacteria are less well un-
derstood.

A number of gram-negative bacteria, including E. coli and
Vibrio cholerae, have been proposed to enter a viable but non-
culturable (VBNC) state upon starvation (48). The VBNC
state has been defined as a cell which can be demonstrated to
be metabolically active while being incapable of undergoing
the sustained cellular division required to form a colony on a
plate (34). The existence of the VBNC state is controversial,
since the biochemical parameters which define a cell as viable
or dead have not been universally agreed.

Micrococcus luteus is the only gram-positive bacterium for
which the starvation survival response has been characterized.
It was shown that upon prolonged starvation, M. luteus persists
in a dormant state; cells in this state were unable to form
colonies on agar plates (17). The recovery of dormant cells on
agar plates was found to be increased 1,000 to 100,000-fold by
incubation in spent growth medium from exponential-phase
cells. This led to the proposal that a recovery pheromone was
required to break dormancy and allow the growth and division
of dormant cells (18). To date, this is the only non-spore-
forming bacterium for which the formation of such a dormant
state has been well demonstrated.

In the gram-negative bacteria so far studied, nutrient star-
vation results in reductive division, giving rise to cells with an
altered morphology and an increased long-term survival po-
tential (10, 19, 21). Cells in the starved state also develop
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generalized resistance to stresses over and above that of the
adaptive response of growing cells. These stresses include ox-
idizing agents, heat, near-UV radiation, and acid (10, 19, 21).

Cryptic growth is thought to play an important role in star-
vation survival. This is defined as the recycling of nutrients
derived from dead cells for the maintenance of a few surviving
cells (38). There is also considerable evidence to suggest that
starved cultures are not static populations. Culture dynamism
is indicated from studies with E. coli, where long-term-starved
cells have a competitive advantage in a mixed culture with
newly starved cells (49).

The starvation survival of E. coli, Vibrio spp., and S. typhi-
murium is dependent on differential protein synthesis (25, 39,
44). Bulk protein synthesis is sharply reduced during starvation
and is associated with the lower expression of proteins neces-
sary for exponential growth (30, 39). During the early hours of
starvation, novel proteins whose continued activity and pro-
duction is required for long-term survival are synthesized (25,
39). There is also evidence that the degradation of existing
proteins may be a major source of amino acids utilized for
protein synthesis during starvation (40).

Staphylococcus aureus is an important, worldwide pathogen,
particularly in nosocomial infections (20). Infection of patients
in hospital wards occurs via a number of routes including di-
rect contact (e.g., hand to wound), airborne carriage, and via
surfaces such as indwelling devices (e.g., catheters). These
environments are frequently nutrient limiting and stressful.
Therefore, an understanding of the mechanisms of S. aureus
starvation survival and stress resistance is of great interest and
may lead to better clinical practices to prevent the transmission
of S. aureus infection within hospitals. In this paper, we de-
scribe experiments which elucidate the conditions required for
the formation of a stable starvation-survival state in S. aureus.
The characterization of this state is described, and changes in
cell morphology, physiological status, and stress resistance
properties are assessed.

MATERIALS AND METHODS

Growth and starvation of bacterial cells. S. aureus 8325-4 (29) was grown in a
chemically defined medium (CDM) (13). The CDM preparation was amino acid
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limiting. Glucose- and phosphate-limiting CDM was prepared by lowering the
glucose concentration from 1% (wt/vol) to 0.1% and the phosphate concentra-
tion from 0.18 M to 36 mM. Starvation cultures were prepared by the inoculation
of CDM to an absorbance at 600 nm (A44y,) of 0.01; the medium was then
incubated at 37°C with shaking (250 rpm). Stationary phase was reached after
about 8 to 10 h of incubation. After 18 h of growth, the cultures were transferred
to the long-term starvation temperature and incubated statically. Multiple-nu-
trient-limited cells were prepared by harvesting of CDM cultures, after 18 h of
growth, by centrifugation (4,000 X g for 10 min at room temperature), and the
cells washed twice with an equal volume of phosphate-buffered saline (PBS) by
repeated centrifugation and resuspension. The cells were finally resuspended in
water to the original culture volume. All the cultures reached an A, between
3.0 and 5.0, corresponding to 1 X 10% to 5 X 108 CFU ml ™. Viable counts were
determined by serial dilution of cultures in PBS, plating on CDM agar (1%
[wt/vol] agar), and incubation overnight (37°C). The minimum detection level
was 100 CFU ml~". Results are representative of at least two independent cul-
tures, which showed no more than 10-fold variability between equivalent time
points.

Penicillin G inhibition. Penicillin G was added to starved cultures at 1 pg ml™!
(20 times the MIC). The biological activity of penicillin G in CDM over a 15-day
incubation at 37°C decreased only twofold and hence was still 10 times the MIC.

Electron microscopy. Samples for examination were pelleted (10,000 X g for
5 min at 4°C), and the supernatant was removed. Standard fixing and staining
techniques were used to prepare cell sections, which were examined with a
Philips CM-10 electron microscope. Mean cell diameters were calculated from
measurements of 50 cells.

Preparation of cells for flow cytometry. The cells were enumerated by flow
cytometry after being stained with fluorescein isothiocyanate (FITC)-conjugated
human immunoglobulin G (IgG), which binds to surface-associated protein A
(6). Samples (1 ml) were washed with PBS and resuspended in 1 ml of PBS
containing 3% (wt/vol) bovine serum albumin and 15 p.g of FITC-conjugated IgG
ml~". The cell suspension was incubated for 30 min at 37°C and washed three
times in PBS before being subjected to analysis by flow cytometry.

Viable-cell numbers were measured by flow cytometry after staining with
rhodamine 123 (Rh123) by a modification of the method of Diaper et al. (7).
Rh123 is accumulated in an energy-dependent fashion, requiring active metab-
olism. Cell suspensions (1 ml) were washed with PBS and resuspended in 1 ml of
PBS containing 15 wuM Rh123. The suspension was incubated for 30 min at room
temperature and washed three times in PBS. As a negative-staining control,
S. aureus cells (1 ml) were incubated with 15 pM carbonyl cyanide m-chloro-
phenolhydrazone (CCCP) for 10 min and then stained with Rh123; 15 uM CCCP
was included in all solutions.

Flow cytometry. A Skatron instrument was used for flow cytometry. Sheaf fluid
was prepared by filtering distilled water three times through a 0.22-wm-pore-size
nitrocellulose membrane. The sheaf fluid pressure was set at 1 kPa cm ™!, and the
flow sample rate was set between 1 and 10 ml min~'. Changes in light-scattering
properties of the cells were monitored with light at a wavelength of between 395
and 440 nm. Narrow-angle light scattering (NALS) used a gain of 32 and a
photomultiplier tube setting of 640 V. FITC-conjugated IgG and Rh123 fluo-
rescence was assessed with an excitation wavelength of 475 to 495 nm, a stopband
of 510 nm, and an emission wavelength of 520 to 560 nm. A peak at zero
fluorescence is due to background noise.

Resistance to stress conditions. Cells during various phases of growth were
harvested, washed in PBS, and resuspended at a cell density of about 5 X 10°
CFU ml ™. For oxidative stress challenge, 7.5 mM hydrogen peroxide was added
and the cells were incubated at 37°C. Hydrogen peroxide challenge was also
performed on cells resuspended in their culture supernatants to which 7.5 mM
hydrogen peroxide had been added. For heat challenge, the cells were incubated
at 55°C. Acid resistance was determined at 37°C by resuspension of the cells in
CDM which had been acidified to pH 2 with HCL. In all cases, changes in cell
viability were monitored for a 60-min period by serial dilution in PBS followed
by plating onto CDM agar, except for hydrogen peroxide resistance, where the
cells were diluted in PBS containing 10 mg of catalase ml™! to inactivate the
hydrogen peroxide before plating. UV resistance was measured by spreading 5
ml of cells on a 15-cm-diameter glass petri dish, which was then exposed to a
Hanovia 30-W mercury lamp at a distance of 60 cm. The decrease in cell viability
was measured for 1 min.

Methionine incorporation rate determination. The cells were grown in glu-
cose-limiting, methionine-free CDM. Samples (1 ml) were removed at various
time points and pipetted into a microcentrifuge tube, which had been prewarmed
to 37°C and which containing 20 wCi of [**S]methionine (SJ235 [Amersham];
1,200 Ci mmol™ ') in 40 pl. The pulse length was adjusted so that the total
incorporation was roughly comparable in all samples. Unlabelled methionine (80
pul, 10 mg ml~") was added to the samples, which were placed on ice. The cells
were pelleted (10,000 X g at 4°C for 3 min), resuspended in 25 pl of lysis buffer
(10 mM Tris HCI [pH 7.4], 10 mM EDTA, 0.5 mg of lysostaphin per ml, 1 mM
phenylmethylsulfonyl fluoride), and repeatedly freeze-thawed (5 to 10 times)
until lysis was visible. For determination of the level of incorporation, proteins
were precipitated with 5% (wt/vol) trichloroacetic acid at 4°C for 15 min and the
precipitates were recovered by filtration (Millipore; pore size, 0.45 wm). The
filters were washed with 4 ml of 5% (wt/vol) trichloroacetic acid prior to scin-
tillation counting (Beckman LS1801 scintillation counter).
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FIG. 1. Starvation-survival kinetics. Changes in viable counts of S. aureus
8325-4 grown in CDM limiting for glucose at 37°C (@), glucose at 25°C (O),
phosphate at 37°C (A), amino acids at 37°C (m), and multiple nutrients by
incubation in water at 37°C (OJ) are shown.

For samples to be analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), the appropriate volume of lysate containing 5 X
10* dpm was added to 6.25 pl of 5X SDS-PAGE loading buffer (10% [wt/vol]
SDS, 25% [vol/vol] 2-mercaptoethanol, 50% [wt/vol] sucrose, 0.01% [wt/vol]
bromophenol blue) and the volume was made up to 30 wl. These samples were
boiled for 3 min and cooled before being subjected to centrifugation (14,000 X
g for 5 min at room temperature) to remove insoluble material and SDS-PAGE
(Mini Protean; Bio-Rad) with a 15% (wt/vol) polyacrylamide gel (22). After
electrophoresis, the gel was fixed (35% [vol/vol] methanol, 10% [vol/vol] acetic
acid) for 60 min. The gel was then incubated in Amplify (Amersham) for 30 min
before being dried and visualized by fluorography at —70°C with Hyperfilm-MP
(Amersham).

RESULTS

Effect of nutrient limitation on starvation survival. The kine-
tics of starvation survival in glucose-, phosphate-, or amino
acid-limiting CDM and in water at 37°C were examined (Fig.
1). Cultures limited for glucose or multiple nutrients (water
incubation) showed a very different response from those
limited for amino acids or phosphate. Glucose- and multiple-
nutrient-limited cultures demonstrated biphasic kinetics: with-
in the first 2 days, about 99 to 99.9% of the cells lost viability;
after 2 days, the surviving population remained relatively con-
stant with only a slight decrease in viability after 25 days.
Cultures limited for phosphate or amino acids demonstrated a
rapid decrease in viability, becoming nonculturable after 4 and
7 days, respectively (>10°-fold drop in viability). The acceler-
ated loss of viability induced by amino acid and phosphate
limitation may be due to the acidification of the culture super-
natant upon starvation, since the pH of these cultures was
found to decrease to 5.5 whereas glucose-limited cultures re-
mained at pH 7. All cultures lost viability in a temperature-
dependent manner, with higher temperatures resulting in a
faster rate of death (Fig. 1 and data not shown). For glucose-
limited cultures incubated at 25°C, a 99% drop in viability
was observed after 7 days, at which point stable population
numbers were realized. Cultures limited for multiple nutrients
followed the same starvation kinetics as glucose-limited cul-
tures, even if the initial growth was in phosphate- or amino
acid-limiting CDM before the transfer to water. Hence, glu-
cose limitation and multiple-nutrient limitation appear to be
the most important stimuli involved in the long-term survival
response of the cells to starvation.

Role of cell density in starvation survival. The effect of cell
density on the survival of 6-h-post-exponential-phase cells re-
suspended in either water (Fig. 2a) or spent culture superna-
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FIG. 2. Effect of cell density on the survival of glucose-limited S. aureus cells.
Glucose-limited cells (6 h post-exponential phase) were washed and resuspended
in either distilled water (a) or filter-sterilized culture supernatant (b) at cell
densities of about 5 x 10° (@), 5 X 107 (O), 5 X 10° (A), and 5 X 10° (m) CFU
ml~". Changes in cell viability were determined over a 20-day period.

tant (Fig. 2b) was examined. Cells resuspended in water at
densities of 5 X 10° CFU ml~! or below lost viability rapidly,
becoming nonculturable after 2 days, whereas at higher cell
densities, between 0.1 and 0.005% of cells survived prolonged
incubation. When cells were resuspended in spent culture su-
pernatant, they retained culturability over the 20-day period
irrespective of the initial cell density. Stationary-phase culture
supernatants therefore contain sufficient nutrients to maintain
a population of about 10° CFU ml '

Cells already subjected to long-term glucose starvation (7
days) also showed a density-dependent survival phenotype.
When these cells were washed and resuspended in water at cell
densities of >10° CFU ml ™', 99 to 99.9% of them died until
stable numbers were reached after 3 days of incubation at 37°C
(data not shown). At lower densities, the cells lost culturability
with 2 days. When the cells were resuspended in long-term-
glucose-limited culture supernatants, they survived at all cell
densities (data not shown). It therefore appears that even
though cells enter a starvation-survival state, their survival is
still dependent on nutrients or factors present in their culture
supernatants or associated with the dead cell debris.

Effect of penicillin G on starvation survival. To clucidate if
starved cells are growing and dividing during prolonged incu-
bation, inhibitory concentrations of the cell wall biosynthe-
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sis inhibitor penicillin G were incubated with cells at various
stages during starvation (Fig. 3). The addition of penicillin G to
cultures 8 h after the exponential phase accelerated the loss of
viability, with the cells becoming nonculturable after 11 days,
while 0.1% of untreated cells were still viable. Similar results
were observed for 7-day-glucose-limited cultures, where the
addition of penicillin G resulted in the cells becoming noncul-
turable after 10 days, while 10% of cells were still viable in the
cultures to which no penicillin had been added. Hence, the
addition of penicillin G accelerated the rate of death of both
postexponential and starved cells. This suggests that although
population numbers are relatively stable, starved cells are still
active, exhibiting wall growth and probably division, although
at a much lower rate than exponential-phase cells, which lose
viability within a few hours of penicillin G treatment (data not
shown).

Starvation-survival-associated morphological changes.
Electron microscopic examination of glucose-limited cells (in-
cubated at 21°C for 25 days) revealed an altered cell morphol-
ogy compared to exponential-phase cells (Fig. 4). At 25°C,
long-term-glucose-limited cells were quite heterogeneous, with
a wide variation in cell size, but they had a reduced average
diameter of 0.41 £ 0.08 pwm compared to exponential-phase
cells, which had an average cell diameter of 0.69 = 0.08 pum.
Fewer division septa were observed, with only 20% of glucose-
starved cells showing division septa compared with 66% of
exponential-phase cells. At 25°C, glucose-limited cultures con-
tained a large proportion of “ghost” cells, indicating cell lysis;
these can be seen as debris surrounding the intact cells in Fig.
4B. Interestingly, cultures incubated at 37°C had no ghost cells
(data not shown), but the cytoplasm of most cells was patchy,
possibly indicating cell death. The cell lysis observed at 25°C
could be due to the induction of an autolysin which is repressed
when the cells are incubated at 37°C.

Rapid assessment of viable, VBNC, and total cell numbers
by flow cytometry. Flow cytometry allows the analysis of single
cells within a population and hence can measure the hetero-
geneity of a population with respect to a number of parame-
ters. Staining of cells with FITC-conjugated IgG is an accurate
method of directly enumerating the total number of intact cells
of §. aureus in a culture (6). FITC-conjugated IgG binds to
protein A of S. aureus, with intact cells fluorescing more
strongly than lysed cells. When exponential-phase S. aureus
cells were stained with FITC-conjugated IgG and the fluores-
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FIG. 3. Effect of penicillin G on survival in glucose-limiting CDM. Penicillin
G (1 pg ml™") was added to cultures either 8 h post-exponential phase (@) or
after 7 days of incubation (A). Open symbols represent cultures to which no
penicillin G was added (O, 8 h post-exponential; A, 7 days of incubation).
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FIG. 4. Electron micrographs of exponential-phase S. aureus cells grown in
CDM at 37°C (a), and 25-day-glucose-limited cells incubated at 25°C (b). The
cells were stained with uranyl acetate and Reynolds lead citrate before being
subjected to microscopy.

cence distribution was determined by flow cytometry, 94% of
the particles detected had a fluorescence peak channel number
greater than 50 (Fig. 5a). As a negative control, E. coli, which
does not bind FITC-conjugated IgG, was shown to have a
fluorescence distribution below channel 50 (data not shown).
Channel 50 therefore defined the threshold level to distinguish
between stained and non stained cells. The extent of NALS can
be used to indicate the distribution of cell sizes within a pop-
ulation since it is dependent on the mass or volume of the cell,
although this relationship is not always linear (5).

The FITC-IgG staining and NALS distribution for exponen-
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tial-phase cells (Fig. 5a) and glucose-limited cells incubated for
3 weeks at 25°C (Fig. 5b) were compared. Glucose-limited cells
gave slightly higher fluorescence when stained with FITC-IgG
(peak channel fluorescence of 162, with 93% of the detected
particles above channel 50) than did exponential-phase cells
(peak channel fluorescence of 137, with 94% of the detected
particles above channel 50). The most dramatic difference was
observed with the distribution of NALS. Exponential-phase
cells gave a broad distribution of NALS (peak channel 65),
indicating a large variation in cell size, whereas the glucose-
limited cells had a narrow defined distribution with a lower
peak channel number (peak channel 30), supporting the elec-
tron microscopic conclusion that starved cells become smaller.
The broad cell size distribution of exponential-phase cells was
presumably due to the presence of large cells in the process of
dividing and also of cells which had divided but not separated.
Clumping was minimized by treatment in a sonic bath (Kerry
Ultrasonics), which breaks up aggregates but does not kill cells.

The lipophilic dye Rh123 was used to enumerate viable cells,
since it accumulates within bacterial cells in an energy-depen-
dent fashion, with this accumulation being reversible by treat-
ment of cells with compounds which uncouple the membrane
potential (16). Diaper and Edwards (6) demonstrated that
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FIG. 5. Flow cytometric examination of S. aureus. (a) FITC-conjugated IgG-
stained exponential-phase S. aureus cell grown at 37°C; (b) FITC-conjugated
IgG-stained 3-week-glucose-limited cells incubated at 25°C.
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FIG. 6. Flow cytometric examination of S. aureus following Rh123 staining.
(a) 3-week-glucose-limited cells incubated at 25°C; (b) 3-week-glucose-limited
cells incubated at 25°C and treated with CCCP before Rh123 staining.

Rh123 is a useful indicator of cell viability for S. aureus, since
cell counts of CFU on nutrient agar were not significantly dif-
ferent from those obtained by flow cytometry counting Rh123-
stained cells.

Rh123 staining was used to discriminate between viable and
dead cells in glucose-limited cultures incubated at 25°C for 3
weeks (Fig. 6a). The flow cytometric analysis revealed a het-
erogeneous population, with a subpopulation of cells with low
fluorescence (below channel 30) and another with higher
fluorescence (above channel 55). When the same cells were
treated with the membrane uncoupler CCCP (Fig. 6b), the
population of cells with fluorescence greater than channel 55
disappeared while the population with fluorescence below
channel 30 increased. This confirmed that the accumulation of
Rh123 was energy dependent and enabled the identification of
cells with an active membrane potential. By fluorescence-acti-
vated cell sorting, the population of cells with fluorescence
greater than channel 50 was separated from the rest of the
sample and the fraction was plated onto CDM agar. The num-
ber of cells capable of forming colonies on agar was compara-
ble to the number of fluorescent particles separated by fluo-
rescence-activated cell sorting (1.3 X 10° and 1.9 X 10° ml™*,
respectively). This is in agreement with the observation that
Rh123 is an accurate indicator of cell viability (6). It also
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indicates that all “viable” starved cells are capable of recovery
on CDM plates.

Viable-cell numbers enumerated by Rh123 staining were
compared with those determined by measurement of CFU on
CDM agar at various periods during starvation for cultures
incubated at either 25 and 37°C. There was no significant dif-
ference between viable-cell numbers enumerated by either
method, proving that there is no viable but nonculturable state
during the starvation of S. aureus (data not shown).

Changes in resistance properties upon entry into starvation.
Exponentially growing, 6-h-post-exponential-phase and 7-day-
glucose-limited cells (incubated at 37°C) were exposed to oxi-
dative stress, high temperature, UV light, and acidic conditions
to determine changes in the resistance levels of cells as they
entered starvation. Under all stress conditions, 6-h-post-expo-
nential-phase cells were less resistant than exponential-phase
or 7-day-glucose-starved cells (Fig. 7 and results not shown).
Compared to exponential-phase cells, 7-day-glucose-limited
cells exhibited approximately a 100-fold increase in resistance
to both oxidative stress (Fig. 7a) and acid stress (Fig. 7c) after
a 30-min treatment. However, there was no increased resis-
tance to heat (Fig. 7d) or to UV exposure (data not shown).
Interestingly, resistance to oxidative stress could be increased
if the cells were left in their culture supernatant when exposed
to hydrogen peroxide (Fig. 7b). Under these conditions, starved
cells were almost completely resistant to 7.5 mM hydrogen
peroxide whereas exponential-phase cells exhibited only a 1-
log-unit decrease in viability after 1 h. This increased resistance
is probably due to a catalase/peroxidase secreted into the su-
pernatant, breaking down hydrogen peroxide before it can en-
ter and damage the cell.

Intriguingly, 6-h-post-exponential-phase cells exhibited bi-
phasic death kinetics under oxidative stress conditions (Fig.
7b) and when heat treated (Fig. 7d). Within the first 15 min,
about 99% of cells die, and then the rate of death decreased to
become comparable to that of exponential-phase cells. This
biphasic death profile is similar to that observed during glucose
limitation, where about 99% of cells die and 1% survive pro-
longed starvation.

Role of protein synthesis during starvation survival. To de-
termine whether continued protein synthesis is required for
starvation survival, cells were treated with the protein synthesis
inhibitor chloramphenicol during starvation (Fig. 8). Starva-
tion was induced synchronously by transferring the cells to
glucose-free CDM. When chloramphenicol was added imme-
diately upon transfer to starvation conditions, all the cells lost
viability within 30 days, whereas the untreated culture retained
0.4% viability after 60 days under these conditions. The chlor-
amphenicol-induced accelerated loss of viability was greatest
when chloramphenicol was added within the first hour of star-
vation and decreased when the chloramphenicol was added
later in starvation. However, it is interesting that even when
chloramphenicol was added 24 h after the induction of starva-
tion, the culture exhibited an approximately 300-fold-greater
drop in viability than did the control after 55 days. These
results show that proteins synthesized within the first hour are
crucial to survival whereas continued protein synthesis is re-
quired for the long-term survival of cells.

Analysis of protein synthesis during glucose starvation.
Changes in the rate of protein synthesis during starvation in-
duced by glucose limitation in methionine-free CDM were
examined by pulse-labelling the cells with [**S]methionine. When
the [>*S]methionine incorporation rate was calculated per cell,
long-term-starved cells (5 days at 37°C) showed comparable
incorporation rates to exponentially grown cells (1 to 4 dpm
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FIG. 7. Changes in the stress resistance of cells at different growth phases. Cells were harvested from glucose-limiting cultures during the exponential phase (449 =
0.6) (@), at 6 h-post-exponential phase (A), and after 7 days of incubation at 37°C (m). The cells were washed in PBS and then resuspended in either PBS containing
7.5 mM H,0, (a), their own supernatant containing H,O, (7.5 mM) (b), CDM acidified to pH 2 with HCI (c), or PBS preheated to 55°C (d). Viability was measured

at various times by performing appropriate dilutions onto CDM agar.

min~! CFU ™), although incorporation by the nonviable cells
cannot be ruled out.

Proteins synthesized during starvation were examined by
[*>°S]methionine pulse-labelling of cells grown in methionine-
free glucose-limiting CDM, SDS-PAGE, and fluorography
(Fig. 9). For the post-exponential-phase culture (Fig. 9, lane 1),
the cells were pulse-labelled for 5 min, whereas long-term-
starved cells were labelled for 1 h, due to the lower methionine
incorporation rates (lanes 2 to 4). Even after 5 days of starva-
tion, a large number of proteins were still being synthesized
and the pattern was changing. Between 8 h and 3 days of
starvation, a 19-kDa protein was transiently expressed (lane 2).
Two new proteins (21 and 15.5 kDa) appeared by 3 days into
starvation and were still abundant after 5 days (lanes 3 and 4).
Even after 5 days of starvation, two new proteins increased in
intensity (26 and 36 kDa [lane 4]). Changes in protein expres-
sion demonstrate that specific proteins are produced during
development of the starvation survival state, and there is also
a temporal order in the expression of these proteins. Since
many proteins are still synthesized 5 days into starvation, it
confirms our previous observations that starved cells are not
metabolically dormant. Due to the extensive labelling times
required to obtain enough material for analysis and the pres-
ence of large amounts of unlabelled material, two-dimensional

gels of proteins synthesized by long-term-starved cells were
impractical.

DISCUSSION

S. aureus is an important pathogen, and starvation associat-
ed-processes may well be important not only outside the host
but also as part of its pathogenicity. Elucidation of the survival
mechanism is also of intrinsic interest, since it is an important
part of bacterial ecology. Given the medical importance of
S. aureus and its obvious long-term survival potential, such
knowledge may lead to new procedures for the eradication of
surviving cells in the clinical environment.

The development of a long-term starvation-survival state of
S. aureus was shown to be induced under glucose- or multiple-
nutrient-limiting conditions, whereas phosphate- or amino acid
limitation led to a rapid loss of cell viability. This parallels the
situation with Vibrio spp., where carbon starvation and multi-
ple-nutrient starvation were the only limiting conditions that
resulted in cells with increased survival potential (31). In con-
trast, S. typhimurium and E. coli develop long-term survival
potential irrespective of the limiting nutrient (24, 37).

Upon entry into the long-term starvation-survival state, 99 to
99.9% of S. aureus cells lost viability within the first 2 days at
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FIG. 8. Effect of chloramphenicol on the survival of glucose limited cells.
Exponential-phase cells (4499 = 1.0) were transferred to glucose-free CDM to
induce synchronous starvation (0 h). Chloramphenicol (100 g ml~') was added
after 0 h (@), 1 h (A), 2 h (A), and 24 h (m) of incubation at 37°C. A control
culture with no chloramphenicol added (O) was also monitored. Changes in
viability were determined at various times by measuring colony formation on
CDM agar.

37°C. The viability of the culture then remained relatively
constant for a period of months. This is similar to the survival
profile of S. typhimurium (44) and of E. coli grown under cer-
tain limiting conditions (41), where 90% of cells in the culture
lose viability in the first few days. Why such a large proportion
of cells die while a small number of cells survive is unclear. It is
possible that this phenomenon is due to cryptic growth, where
most of the cells die, providing nutrients for the maintenance
of the remaining surviving cells. The fact that the survival of
cells resuspended in water was observed only at high cell den-
sities supports this theory. At low cell densities, the entire
population lost viability, presumably because the dying cells
did not provide enough nutrients for the survival of a small
subpopulation. This supports the observations of Diaper and
Edwards (6) that S. aureus was able to survive prolonged star-
vation only at high cell densities in a lake water microcosm. In
contrast, Vibrio spp. (31) and E. coli under certain defined
conditions (41) can survive starvation without any loss of via-
bility. The stationary-phase medium of these cultures must
therefore retain sufficient nutrients for the long-term survival
of the total population without requiring the sacrifice of cells to
supply additional nutrients.

There is considerable evidence that starved cultures are not
a static population of cells. Addition of penicillin G to starved
cultures resulted in an accelerated loss of cell viability, sug-
gesting that peptidoglycan synthesis is occurring, although very
slowly. A similar effect has been observed in V. vulnificus,
where the addition of ampicillin to starved cells resulted in a
slow loss of viability (36). Electron microscopy of S. aureus cells
also revealed that starved cells were capable of cell division,
since a small proportion of cells had evidence of division sep-
tum formation. Culture dynamism has also been shown in
E. coli, where long-term-starved cells have a competitive ad-
vantage in a mixed culture with newly starved cells (49). These
changes take place due to the presence of mutants with a
growth advantage over the rest of the population.

It has been demonstrated that some bacteria may enter a
VBNC state upon starvation (48). The existence of pathogenic
bacteria in a VBNC state has wide implications for sterility
testing, which still relies on the ability to form colonies in order
to detect the presence of bacteria. If VBNC cells can persist
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and regain growth capacity and pathogenicity once inside the
host, conventional sterility testing will fail to protect against
infections. It has been reported that some VBNC cells can be
resuscitated, including a fraction of VBNC cells in membrane
chambers in situ in the environment (36) and in vivo in mice
(39).

We have found no evidence of the formation of a VBNC
state in S. aureus upon starvation under defined conditions.
The number of cells determined by measurement of CFU on
CDM agar was not significantly different from viable-cell
counts determined by Rh123 labelling and flow cytometry dur-
ing starvation. Fluorescence-activated cell sorting also demon-
strated that Rh123-labelled particles were due to living cells
with colony-forming ability.

The acquisition of heightened resistance to environmental
stresses is characteristic of the starvation-survival response of
many gram-negative bacteria. For E. coli (15) and Vibrio spp.
(31), starvation induces cross-resistance to heat, hydrogen per-
oxide, and UV irradiation, whereas S. typhimurium develops
increased acid, UV, and hydrogen peroxide resistance (42).
Surprisingly, starvation of S. aureus did not confer a broad
range of cross-resistance properties upon the cell. Resistance
to acidic conditions and to oxidative stress increased, but no
significant change in UV and heat resistance was observed.
Interestingly, the increased protection against hydrogen per-
oxide was conferred by culture supernatants and an increase in
individual cellular resistance. Presumably, cells can synthesize
an extracellular catalase that accumulates in the external mi-
lieu, protecting the cells from the damaging effects of external
hydrogen peroxide. This catalase appears to be synthesized
throughout growth, since both exponential-phase and long-
term-starved culture supernatants conferred resistance to hy-
drogen peroxide. Such an extracellular catalase has been iden-
tified in Bacillus subtilis and was found to protect cells from a
hydrogen peroxide challenge (28).

E. coli has two catalases, one of which is synthesized only
upon entry to stationary phase under the control of o° (27),
demonstrating the importance of oxidative stress resistance in
starvation survival. Oxidative stress resistance is also important
in pathogenesis, since superoxide plays a significant role in the
killing process of S. aureus by neutrophils (12). Recently, it has
also been shown that a periplasmic superoxide dismutase in
S. typhimurium contributes to the pathogenesis of salmonello-
sis by protecting the cells from oxygen radical-mediated host
defenses (9). Superoxide free radicals are neutralized by the
action of superoxide dismutase, generating hydrogen peroxide,
which in turn is broken down by catalase.

FIG. 9. SDS-PAGE analysis of proteins synthesized during glucose limita-
tion. The cells were pulse-labelled with [**S]methionine, and 2 X 10* dpm of the
cell lysate was loaded into each lane. Lanes: 1, 8-h culture; 2, 1 day after onset
of the stationary phase; 3, 3 days after onset; 4, 5 days after onset.
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Surprisingly, post-exponential-phase S. aureus cells had an
increased sensitivity to hydrogen peroxide and heat stresses
compared to that of exponential-phase cells. The death kinet-
ics were biphasic, with about 99% of cells appearing to be more
sensitive to these stresses than the remainder of the popula-
tion. It may be that the cells which show reduced resistance
properties are the same cells which will die upon long-term
starvation. This suggests the possibility that the cells become
committed to survival or death early after entry into the sta-
tionary phase unless they are rescued by the provision of nu-
trients.

During long-term starvation, the cells undergo morpholog-
ical changes. Glucose-starved S. aureus cells exhibited a re-
duced diameter, a reduced number of division septa, and a
more electron-dense appearance. The reduction in cell size
upon starvation has been observed in a number of bacteria,
including E. coli, Vibrio spp., and M. luteus (19, 23, 26) and is
thought to be the result of reductive division upon entry into
stationary phase. For E. coli, changes in cell morphology upon
entry to stationary phase are regulated by BolA (1). The bol4
gene is induced during entry to stationary phase under the
control of stationary-phase sigma factor, 0° (23) and results in
the increased expression of penicillin-binding protein PBP6,
which is involved in septum formation.

We have shown that protein synthesis is necessary for star-
vation survival in S. aureus and that even long-term-starved
cells are actively synthesizing proteins. Protein synthesis was
also demonstrated to be necessary for starvation survival in
E. coli, Vibrio spp., and S. typhimurium (25, 39, 45). In S. au-
reus, the acceleration of loss of viability was greater the earlier
chloramphenicol was added to glucose-starved cells. The pro-
teins synthesized during the first few hours of glucose starva-
tion are therefore probably critical for the survival of starva-
tion. However, even though the majority of proteins required
for starvation survival are synthesized early, continued protein
synthesis is still required. The requirement for continued pro-
tein synthesis during starvation would not contradict a cryptic
growth hypothesis. In E. coli and Vibrio spp., most of the sur-
vival related proteins are similarly synthesized during the early
hours of starvation and continued protein synthesis is still es-
sential (25, 39). We found that for S. aureus new proteins were
being synthesized even 5 days into glucose starvation, which
suggests the dynamic nature of the population. A similar anal-
ysis of protein synthesis by glucose-starved E. coli cells also
revealed marked changes in the identities of proteins synthe-
sized up to 5 days into starvation (2).

Similar changes have been observed, and well characterized
by one- and two-dimensional gel electrophoresis, in E. coli,
S. typhimurium, and Vibrio spp. (11, 31, 45). Many proteins
involved in starvation have been identified. It has been shown
that a characteristic set of 40 to 80 proteins are induced spe-
cifically in response to starvation. In E. coli, the synthesis of
starvation proteins involves the expression of several temporal
classes of starvation genes, which are coordinately expressed
under the control of three alternative sigma factors (23, 32,
43). Some of the proteins synthesized in response to starvation
have been identified and shown to play diverse roles, including
nutrient scavenging (46), heat shock response (14), and recov-
ery from starvation (33). One-dimensional gel analysis of pro-
teins synthesized by 5-day-starved E. coli cells led to the iden-
tification of several prominently labelled proteins, one of which
was designated DPS (for DNA binding protein from starved
cells; 2). This protein is abundant in 3-day-starved cells and was
shown to form extremely stable complexes with DNA, leading
to dramatic changes in protein expression, while also playing a
role in protecting the DNA from oxidative damage. It is inter-
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esting to speculate that the proteins identified during long-
term starvation in S. aureus may play similar roles.

In this study, we have characterized the starvation-survival
response of S. aureus. We are currently using transposon mu-
tagenesis to identify mutants defective in starvation survival.
This will enable the identification of specific components
involved in the response and also of the global regulators
of starvation-survival gene expression. Recently, a homolog of
B. subtilis o® has been identified in S. aureus (47). o® is in-
volved in the regulation of stationary-phase and stress resis-
tance genes in B. subtilis (3, 4, 8). S. aureus o® is therefore a
good candidate for a starvation-survival gene regulator. We are
currently analyzing the role of sigB in starvation survival and
stress resistance in S. aureus.
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