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A high proportion of Micrococcus luteus cells in cultures which had been starved for 3 to 6 months lost the
ability to grow and form colonies on agar plates but could be resuscitated from their dormancy by incubation
in an appropriate liquid medium (A. S. Kaprelyants and D. B. Kell, Appl. Environ. Microbiol. 59:3187-3196,
1993). In the present work, such cultures were studied by both flow cytometry and conventional microbiological
methods and were found to contain various numbers of viable cells. Pretreatment of such cultures with
penicillin G, and subsequent dilution, was used to vary this number. When the initial number of colony-forming
cells per 30-ml flask was approximately nine (±five) or more, resuscitation of 10 to 40% of the cells, and thus
culture growth, was observed. The lag period before the appearance of a population of cells showing significant
accumulation of the fluorescent dye rhodamine 123 (i.e., of cells with measurable membrane energization)
decreased from 70 to 27 h when the number of viable cells was increased from 30 to 105 per flask, while the lag
period before an observable increase in the number of colony-forming cells occurred was almost constant (at
some 20 h). Provided there were more than nine (+five) initially viable cells per flask, the number of initially
viable cells did not affect the final percentage of resuscitable cells in the culture. The lag period could be
ascribed in part to the time taken to restore the membrane permeability barrier of starved cells during
resuscitation, as revealed by flow cytometric assessment of the uptake of the normally membrane-impermeant
fluorescent DNA stain PO-PRO-3 {4-[3-methyl-2,3-dihydro-(benzo-1,3-oxazole)-2-methylidene]-1-(3'-trimethylammonium propyl)-pyridinium diiodide}. Although cell populations which contained fewer than nine ±five
viable cells per flask failed to grow, 4 to 20% of the cells (of 1.2 x 106) were able to accumulate rhodamine 123
after 80 to 100 h of incubation, showing the ability of a significant number of the cells in the population at least
to display "metabolic resuscitation." Resuscitation and cell growth under such conditions were favored by the
use of a 1:1 mixture of fresh lactate medium and supernatant from late-logarithmic-phase M. luteus cultures
as the resuscitation medium. We conclude that the presence of a small fraction of viable cells at the onset of
resuscitation facilitates the recovery of the majority of the remaining (dormant) cells. The cell density
dependence of the kinetics, or population effect, suggests that this recovery is due to the excretion of some
factor(s) which promoted the transition of cells from a state in which they are incapable of growth and division
to one in which they are capable of colony formation.

the criticism that an increase in the viable-cell count at a
nominally constant total cell count may be due not to resuscitation but to the possible multiplication during the resuscitation period of a small number of cells which were viable from
the beginning (24, 32, 40). Nonetheless, using flow cytometry
with appropriate fluorescent probes and suitable conditions of
incubation, we found that these difficulties can be overcome so
that neither the rate, the extent, nor the physiological character
of the resuscitation observed could be accounted for in terms
of the ongrowth of initially viable cells. Under our conditions,
at least 50% of M. luteus cells in 3-month-old populations
could be resuscitated, and hence those cells were dormant
(18). However, older cultures in which the initial number of
colony-forming cells was statistically indistinguishable from
zero demonstrated only 'metabolic resuscitation" (the appearance of membrane energization) and not growth (18).
By exploiting the most-probable-number approach and by
resuscitating cells in media which contained (statistically) no
initially viable cells but which were fortified with sterile (filtered) supernatant from the late logarithmic phase of batch
growth, we showed that growing cultures could produce a
resuscitation-promoting factor which could promote the resuscitation of dormant cells (20) in the MPN assay. While the
culturable cells in the extended-stationary-phase populations

One may define (bacterial) dormancy as "a reversible state
of low metabolic activity, in which cells can persist for extended
periods without division" (16), and we have recently reported
that cells of the nonsporulating gram-positive coccus Micrococcus luteus can indeed persist in a dormant state during prolonged incubation in spent growth medium for a lengthy
stationary phase following batch growth (16, 18, 19). Two other
groups of nonsporulating bacteria may be considered potentially dormant, viz., the so-called -viable but nonculturable
forms (26, 33) and (at least some of) the ultramicrobacteria
(25) found in natural water habitants. For each of these cases
(including ours), a characteristic property of these forms is
their inability to produce colonies when plated directly onto
solid agar media (for a review, see reference 16), and it has
been suggested that dormant cells can be converted to normal,
colony-forming bacteria following a special resuscitation procedure involving precultivation in liquid media (1, 16, 18, 23).
However, given the imperfect precision of total-cell-count
measurements, such studies are always potentially subject to
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did not contribute to the increase in viable-cell counts observed during resuscitation by dividing, the question of
whether they may have promoted the resuscitation of the
other, dormant cells by excreting such a factor or factors arose.
Indeed, a correlation of the initial cell density with the ability
of starved copiotrophic bacteria to survive (as judged by
viable-cell-count methods), known as the population effect, has
long been established (10, 28, 29, 38, 39). We therefore studied
the resuscitation of starved and mainly dormant cultures in
which the concentrations of viable cells present prior to the
resuscitation were varied. We found that the lag before the
cells observably began to resuscitate depended significantly on
the initial size of the population of viable cells, with kinetics
consistent with the view that such initially viable cells did
indeed secrete a dormancy-breaking or resuscitation-promoting factor. In addition, we showed that the lag periods could be
ascribed at least in part to the time taken to restore the
membrane permeability barrier of starved cells during resuscitation, as revealed by flow cytometric assessment of the
uptake of the normally membrane-impermeant fluorescent
DNA stain PO-PRO-3 {4-[3-methyl-2,3-dihydro - (benzo - 1,3 oxazole)-2-methylidene]-1-(3'-trimethyl-ammonium propyl)pyridinium diiodide}.

MATERUILS AND METHODS
Organism and media. M. luteus NCIMB 13267 (previously
described as Fleming strain 2665) was grown aerobically at
30°C in shake flasks (30-ml medium volume) in a lactate
minimal medium containing L-lactate, exactly as described
previously (17).
Starvation and resuscitation. When the culture had reached
stationary phase (some 4.109 cells ml-1), agitation was continued at 30°C for up to 3 months. Cultures were then held
aerobically at room temperature without agitation for various
periods up to a further 3 months. Before resuscitation, cells
were diluted 10-fold into lactate minimal medium containing
0.05% (wtlvol) yeast extract and 0.1 to 0.5 j±g of penicillin G
per ml. The cell cultures were incubated aerobically at 30°C
with agitation for 20 to 24 h. Then cells were washed twice with
minimal medium minus lactate (although there was no difference if lactate was included) and inoculated into fresh lactate
minimal medium containing 0.05% yeast extract. Given that
penicillin does not kill all the cells under these conditions (18),
a range of dilutions (from 100- to 100,000-fold) of the penicillin-pretreated, washed cell suspension was employed to produce the inocula which were used in these resuscitation media.
Also, because different experiments did not result in the same
number of viable cells following the incubation with penicillin,
the ratio of viable cells/total cells also varied slightly, normally
being in the range of 3 x 10-8:1 to 8 x 10-8:1. The
resuscitation was carried out with agitation at 30°C.
For the preparation of sterile supernatants, fresh cultures of
M. luteus were grown aerobically at 30°C in lactate minimal
medium until late logarithmic phase and centrifuged, and the
supernatants were passed through a 0.22-,Lm-pore-size filter
(Gelman or Millipore).
Flow cytometry. The flow cytometric analysis of the distribution of cells in populations in experiments with rhodamine
123 (Rh123) uptake was performed exactly as described previously (17, 21) with a Skatron Argus 100 instrument. To stain
cells with PO-PRO-3 (supplied as a 1 mM solution in water/
dimethyl sulfoxide [4:1]), cells were incubated in lactate minimal medium with (normally) 30 ,uM PO-PRO-3 at room
temperature for 5 min. To detect fluorescent cells, a G-1
fluorescent filter block (excitation, 530 to 550 nm; band stop,
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FIG. 1. Changes in viable-cell and total cell counts, percent viability, and percentage of cells accumulating Rh123 during resuscitation of
starved M. luteus cells. Cells were starved for a total of 4.5 months,
incubated with penicillin G, washed, and resuscitated as described in
Materials and Methods. The concentration of cells (total count) at the
onset of resuscitation was 1.7 x 107 mI-1. Symbols: open circles,
viable-cell count per milliliter (by agar plating); solid circles, total
count per milliliter; open triangles, percent viability; open squares,
percentage of cells fluorescing in a channel number above 65.
0

20

560 nm; emission, >580 nm) was used. The photomultiplier
tube voltages were 400 V for the forward light scattering
channel and approximately 600 V for the fluorescence channel.
To ensure probe equilibration with the target, at least three
passages of the sample through the instrument were done for
each measurement. All samples were carefully dispersed before flow cytometry by repeated extrusion through a 0.4-mmdiameter hypodermic needle to eliminate clumps of organisms.
CFU and total cell counts. The number of viable cells (CFU)
was estimated by plating cells on agar plates containing
Nutrient Broth E (Lab M) and 1.5% (wt/vol) purified agar
(Lab M no. 1) as previously described (17). Total cell counts of
unstained cells were performed with a phase-contrast microscope and a modified Neubauer counting chamber. In experiments with low cell concentrations (<5.107 ml-1), total cell
counts were performed in the flow cytometer with a diluted
sample of M. luteus cells of known cell concentration as a
reference. To obtain total cell counts during the resuscitation
experiments, samples were collected and immediately frozen at
-20°C; the total count was then performed by flow cytometry
for all the samples seriatim on the same day.
Chemicals. Nutrient Broth E, yeast extract, and agar were
obtained from Lab M, while L-lactate (Li salt), penicillin G,
and Rh123 were obtained from Sigma. PO-PRO-3 (11) was
obtained from Molecular Probes, Eugene, Oreg. Other chemicals were of analytical grade.
RESULTS

Viability and Rh123 accumulation during resuscitation of
M. luteus cells and influence of initial concentration of viable
cells on resuscitation. For resuscitation of starved M. luteus
cells, we used the same general procedure that we described
previously (18). However, for the present experiments, we
wished to decrease significantly the concentration of initially
colony-forming (viable) cells and therefore diluted the culture
after penicillin G pretreatment by 100- to 100,000-fold. Then
we examined the behavior of cell cultures with different initial
concentrations of viable cells during resuscitation. Figure 1
shows typical results for a resuscitation experiment in which
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FIG. 2. Effect of the number of colony-forming, viable cells present
at the onset of resuscitation on the lag periods during resuscitation of
starved M. luteus cells before the increase in colony-forming-cell
numbers and in the appearance of the ability of at least 0.5% of the
cells to accumulate Rhl23 to a flow cytometer fluorescence channel
above 65. Resuscitation was performed under conditions similar to
those described in the legend to Fig. 1, save that the inoculum size was
varied as indicated. Symbols: open circles, viable cells; solid circles,
Rhl23-accumulating cells.
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the initial concentration of viable cells was 4/ml (120 per flask).
There are discernible lag periods both between the onset of
incubation and the beginning of the increase in viable-cell
count (20 h, defined as the time point at which the viable-cell
count has increased by at least 20%) and between the onset of
incubation and the beginning of a noticeable increase in the
percentage of Rh123-accumulating cells (55 h, defined as the
time point at which >0.5% of the objects observed in the flow
cytometer accumulate Rh123 to a level giving a fluorescence
signal above channel 65). Both lag periods so defined depended on the initial concentration of viable cells (Fig. 2).
However, while the lag time for the appearance of rhodamineaccumulating cells continued to decrease as the viable-cell
concentrations was increased from 30 to 105 per flask, the lag
time before the appearance of viable cells remained essentially
constant. For all the initial viable-cell concentrations tested
(except the highest), there was a plateau region in the viablecell count following its initial increase (this occurred at 40 to 55
h in the experiment whose results are shown in Fig. 1), as well
as a difference in viability as measured by plating and as
assessed from rhodamine accumulation by flow cytometry
between 60 and 75 h (Fig. 1).
The colonies which appeared on plates from samples taken
after 20 h of resuscitation included both early, large colonies
(visible after a 4-day incubation of the plates) and late, small
colonies (with a diameter of <1 mm and visible after a further
4 to 10 days of incubation). It is worth noting that the ratio of
the different colonies which could be observed on the same
plate was a function of the time of resuscitation. Figure 3
shows that the maximum percentage of small colonies was
registered after 50 to 70 h of incubation in the experiment for
which the results are shown in Fig. 1.
The decrease of the inoculum size to below 30 viable cells
per flask led to a significant increase in the lag periods (Fig. 2),
while a further decrease of the concentration of initially viable
cells in the inoculum below a threshold resulted in the absence
of colonies on plates from samples taken from cultures which
were incubated for up to 180 h. This threshold number was six
viable cells per flask in the experiment for which the results are
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FIG. 3. Changes in the percentage of small, late colonies which
appeared on agar plates during the resuscitation of starved M. luteus
cells. The conditions of the experiment are described in the legend to
Fig. 1.
20

shown in Fig. 1, statistically nine ± five (mean ± standard
deviation) in 12 experiments. However, under these conditions, flow cytometry revealed a transient increase in the
percentage of cells able to accumulate Rh123 (Fig. 4 and 5).
The maximum percentage of such metabolically active cells (80
to 100 h of incubation) varied from 4 to 20% in five different
experiments.
In order to better promote the resuscitation of cells under
such conditions, we used as a medium for resuscitation a 1:1
mixture of lactate minimal medium containing 0.05% (wt/vol)
yeast extract and supernatant obtained after centrifugation of
late-logarithmic-phase M. luteus cells. Under such conditions, a
gradual increase of both rhodamine-accumulating cells (lag
period of ca. 40 h) and colony-forming cells (lag period of 20
to 25 h) in the culture (Fig. 6) was again found.
Membrane permeability barrier in individual cells during
resuscitation. To clarify the possible reasons for the existence
of lag phases during cell resuscitation, as observed, for instance, in the results shown in Fig. 1 and 2, we studied the state
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FIG. 4. Changes in the viable-cell count and in the percentage of
cells able to accumulate Rh123 during resuscitation of starved M.
luteus cells. The concentration of colony-forming cells at the onset of
resuscitation was 0.2 cells per ml (6 cells per flask). The initial total
count was 7.106 ml-'. For further experimental details, see the legend
to Fig. 1. Symbols: open circles, viable-cell count; solid circles,
percentage of cells accumulating rhodamine to a channel number
greater than 65.
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FIG. 5. Changes in the ability of starved M. luteus cells to accumulate Rh123 during resuscitation. Cells (4.5 months old) were resuscitated and
assessed by flow cytometry for the ability to accumulate Rh123, as described in Materials and Methods. The total cell number and number of viable
cells at the onset of resuscitation were 7.4 x 106 ml- and 0.2 ml-' (6 per flask), respectively. (a) Onset of resuscitation; (b) after 100 h of
incubation. Data were displayed with the SKATGRAF program (6).

of the permeability barrier represented by the cytoplasmic
membrane in starved M. luteus cells before and during resuscitation. To this end, we used the recently developed probe
PO-PRO-3, which fluoresces significantly only after binding to
DNA (i.e., inside the cell). Moreover, this probe is considered
membrane impermeant (11). Indeed, the use of PO-PRO-3 at
concentrations of up to 80 ,uM did not result in the appearance
of fluorescent staining in freshly grown cells of M. luteus as
judged by flow cytometry (Fig. 7), while the concurrent addition of octanol (which is an excellent membrane-permeabilizing agent) (5, 37) included significant fluorescence in almost
80% of the particles in the population (Fig. 7). In contrast to
cells from freshly grown cultures, M luteus cells starved for 5 to
6 months were well stained by PO-PRO-3, indicating the
existence of a damaged permeability barrier in at least 80% of
the population (Fig. 7 and 8). We further found that the
distribution of cellular properties as judged by flow cytometry
was not changed upon increase of the time of incubation with
the probe or upon variation in the cell concentration (data not

shown). In further experiments, we used PO-PRO-3 under
standard conditions to monitor the state of the permeability
barrier during cell resuscitation (see Materials and Methods).
Figure 9 shows that starved cells were still leaky after 22 h of
incubation with penicillin G (which represents the zero time of
resuscitation); however, after the first 20 to 40 h of incubation
in resuscitation medium, the percentage of stainable cells
decreased to <20 to 40% (in five different experiments) and
remained at this level during further incubation.
DISCUSSION
In the present resuscitation experiments, we used an inoculum containing a much lower concentration of starved bacteria
after penicillin G pretreatment than those described previously
(18). Notwithstanding this difference, the shapes of the curves
shown in Fig. 1 were similar to those previously obtained with
a higher initial cell concentration (18), and the data again
showed a measurable difference in percent viability as judged
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percentage of cells accumulating Rh123 during the rresuscitation of
starved M. luteus cultures containing only a very small niumber of viable
cells. The conditions for resuscitation were similar to tthose described
in the legend to Fig. 1, save that the medium for resusci tation was a 1:1
mixture of lactate minimal medium containing 0.05% yeeast extract and
supernatant from a late-logarithmic-phase M. luteus ciulture and that
the concentration of colony-forming cells at the onset (of resuscitation
was 0.46 cells ml-' (a number insufficient for this cultur
without the supernatant) (data not shown). Symbols open circles
viable-cell count; solid circles, total cell count; open sq uares, percentage of rhodamine-accumulating cells.

phase on the inoculum size (viable bacteria) found in this study
(Fig. 2) accords in part with the well-known dependence of the
lag phase of conventional bacterial cultures on inoculum size
and is best explained in terms of the density-dependent
excretion of one or more chemicals which either activate
resuscitation or remove a dormancy-maintaining factor. However, while the lag phase between the onset of incubation and
the beginning of the increase in colony-forming-cell numbers
was almost independent of the initial concentration of viable
cells (which varied between 30 and 105 cells flask -'), the lag
period for the appearance of a cell fraction accumulating
Rh123 was decreased from 70 to 20 h. Clearly, the thresholds
for the sensitivity of cell counting by flow cytometry and by
plating are different (the appearance of 1,000 newly viable cells
in a culture containing a total of 107 cells ml-' is not seen by
flow cytometry). However, if the appearance of Rhl23-accumulating cells after 60 h of incubation were to be caused by the
multiplication of initially viable cells until they achieved some
detectable level, the lag period as judged by flow cytometry
should also be expected to be constant over the same range of
inoculum sizes (given an independence of the cell generation
from the initial concentration of viable
time during growth
cells). It is worth noting that the sensitivity of flow cytometry is
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determined by the ratio of cells with different properties and
not by their absolute concentrations. Finally, the existence of
the plateau in the middle of the resuscitation also argues
against the appearance of viable cells being due to their
reproduction. Thus, these experiments provide further eviof Rh123-accumulating cells is due
dence that the
and support our earlier
and not to ongrowth
to resuscitationappearance
conclusions concerning the resuscitation of dormant M. luteus
cells after cultivation in liquid medium (18).
It is probable that towards the end of the resuscitation
period, not all cells capable of resuscitating have done so
before some of the resuscitated cells begin to reproduce,
i.e., at
this stage, resuscitation and the multiplication of now-viable
cells begin to occur simultaneously; this would lead to uncertainty in the calculation of the final concentration of resuscitable cells from the viable-cell count. Indeed, by this period (ca.
80 h in the experiment for which the results are shown in Fig.
1), the apparent "generation time" is less than 40 min, a rate
much higher than any that has been found for the moderately
slowly growing M. luteus under these conditions. The fast rise
in the counts of viable and total cells at the end of the
incubation can be explained only by an overlap of growth and
resuscitation, which in turn results in an underestimation of
resuscitable cells from the viable-cell counts as judged by
plating. The existence of heterogeneity in the size and number
of colonies which appear on agar plates in samples taken after
40 h of incubation also supports this suggestion. It may well be
that late, small colonies reflect the appearance of cells in liquid
medium that are able to resuscitate further directly on agar
plates, since the decrease in the percentage of such cells
coincides in time with the onset of the intensive multiplication
of cells (at more than 80 h).
The loss of cell

viability is well known generally

to be

associated with a loss of the membrane permeability barrier,
and many so-called viable strains of course rely on this
principle to distinguish biomass from necromass (for example,
see reference 9). It was therefore of interest to establish
whether dormant cells possessed intact or leaky membranes.
Indeed, we found that the lag phase before colony-forming
cells increased (20 h) could indeed be correlated with a
restoration of the membrane permeability barrier. The use of
the

normally membrane-impermeant

DNA stain PO-PRO-3

and flow cytometry revealed that almost 80% of the cells in the
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FIG. 8. Changes in the ability of starved M. luteus cells to stain with PO-PRO-3 during resuscitation. (a) At the beginning of the resuscitation;
(b) after 65.5 h of resuscitation. Flow cytometry was performed with photomultiplier tube voltages for the light-scattering and fluorescence
channels of 400 and 600 V, respectively. For experimental details, see Materials and Methods and the legend to Fig. 7.

population had a damaged barrier before resuscitation (Fig. 8
and 9). This cell number was likely underestimated (i.e., the
real percentage of damaged cells is close to 100%), since
octanol administration did not increase the percentage of
"cells" stainable by PO-PRO-3 to above 80%. In this case, this
margin probably reflected the heterogeneity of the cells in the
culture with respect to their DNA content (18) (or, more
accurately, the heterogeneity of the particles capable of scattering light and on which the flow cytometer was gated).
Evidently, a cell which is to be resuscitated must repair its
membrane permeability barrier first. In this regard, flow
cytometry showed that in the first 20 to 30 h of resuscitation
(well before Rh123 accumulation by the cells was observable),
the fraction of cells which had repaired their permeability
barrier increased to up to 50 to 70%. (A similar restoration of
the barrier properties of the membrane has been found in
bacteria cultivated in fresh medium after freeze-thawing and
other stresses [13, 31].) While the repair and possession of an
intact membrane are presumably conditions that are necessary
for a cell to resuscitate and subsequently to grow under these

conditions (8), they are not sufficient ones, in that the maximum percentage of resuscitable cells in the cultures used in
this study was estimated (from nine experiments) to be 10 to
20% (from viable-cell counts) or 20 to 40% (from rhodamine
accumulation by flow cytometry). These estimations were
carried out according to the method elaborated previously (18)
and were taken from the viability and Rh123 accumulation
curves (Fig. 1), which were based on the maximum viability as
determined by plate counting or by the percentage of Rh123accumulating cells under conditions of a constant total count
of cells during the resuscitation (before 79 h for Fig. 1).
Summarizing, we suggest that the following sequence of
events occurs during the resuscitation of cultures under conditions similar to those used for the experiment for which the
results are shown in Fig. 1: (i) 0 to 20 h (lag phase), recovery
of the cell membrane permeability barrier; (ii) 20 to 40 h,
increase in the concentration of metabolically active cells able
to produce colonies during further prolonged incubation and
resuscitation (10 to 15 days) on an agar surface but unable to
multiply rapidly in liquid medium in this time period (note the
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actually promote the resuscitation of dormant cells were
different (1, 4, 23, 24, 32, 40). The existence of a population
effect for the survival of starved bacterial cells and of cells
suffering other stresses has long been established (10, 28, 29,
38, 39), while cognate phenomena of dormancy and of the
social control of cell survival are now being detailed even for
higher eukaryotic cells (for example, see references 30, 35, 36,
41, 43, and 44). Finally, an increasing number of cases in which
small diffusible signal molecules of a known structure can
mediate a variety of cell density-dependent biochemical
changes in prokaryotes are now being recognized (2, 3, 7, 12,
14, 15, 22, 27, 34, 42, 45); it is clear that further progress in the
characterization of the properties of bacterial dormancybreaking factors must include their chemical identification.

Time /h
FIG. 9. Changes in the percentage of cells fluorescing during
resuscitation of M. luteus cells when the cells were stained with
PO-PRO-3. For resuscitation conditions, see the legend to Fig. 1. The
cells were starved for a total of 4.5 months, incubated with penicillin G
for 22 h, washed, and resuscitated as described in Materials and
Methods. To stain the cells with PO-PRO-3, a 0.2-ml sample was taken
from the flask and incubated for 5 min with 30 ,uM stain. Flow
cytometry was performed as described in the legend to Fig. 7. Time
zero represents the beginning of the resuscitation period.

existence of a plateau in the viable-cell counts within 40 to 55
h); (iii) 55 to 78 h, resuscitation of a significant number of cells
in the population and an increase in the proportion of cells
accumulating Rh123 and able to reduce 5-cyano-2,3-ditolyl
tetrazolium chloride (a marker of cell respiration [19]); and
(iv) 78 h and beyond, further resuscitation accompanied by cell
multiplication, visible culture growth, and an increase in total
cell counts.
An important result of this study is thus the demonstration
that the presence of viable cells in a population before
resuscitation is a requirement for the recovery of dormant
cells. The number of viable (colony-forming) cells critical for
resuscitation to occur was found to be nine ± five cells per 30
ml. There was no culture growth if the initial concentration of
viable cells was below this level. Nevertheless, flow cytometry
revealed the transient appearance after 100 h of incubation of
a significant number of cells (5 to 20%) with the ability to
accumulate rhodamine. Thus, under these conditions, starved
cells were able to recover at least partially in terms of their
metabolic activity but unable to go on to divide despite the
restoration of their permeability barrier as revealed by a
decrease of the cell fraction stained with PO-PRO-3 (data not
shown). Evidently, metabolically resuscitated cells needed
some factor(s) excreted from viable cells for the further
maintenance of their metabolic activity and for the promotion
of cell multiplication. The presence of such a factor(s) in cell
cultures also clearly caused a shortening of the lag phase
before Rh123 accumulation during cell resuscitation, and we
have recently found that supernatants taken from late-logphase batch cultures of M. luteus greatly stimulated the resuscitation of starved cells at high dilutions, as judged by the

most-probable-number method (20). Usage of this approach in
the present study indeed resulted in the successful resuscitation of cultures with a concentration of viable cells less than the
critical number and in a substantial shortening of the lag prior
to observable Rh123 accumulation (Fig. 6).
We believe that these findings, taken together, may help to
explain some of the difficulties and controversial published
results obtained in experiments on resuscitation in which the
initial numbers of viable cells in a population which may

ACKNOWLEDGMENTS
We are indebted to the Biotechnology Directorate of the Science
and Engineering Research Council, United Kingdom, and the Royal
Society, under the terms of the Royal Society/Russian Academy of
Sciences Joint Project scheme, for financial support of this work.
We thank J. Gareth Morris and John R. Postgate for many useful
discussions and Galina V. Mukamolova for the preparation of starved
cultures.
REFERENCES
1. Allen-Austin, D., B. Austin, and R. R. Colwell. 1984. Survival of
Aeromonas salmonicida in river water. FEMS Microbiol. Lett.
21:143-146.
2. Bainton, N. J., B. W. Bycroft, S. R. Chhabra, P. Stead, L. Gledhill,
P. J. Hill, C. E. D. Rees, M. K. Winson, G. P. C. Salmond,
G. S. A. B. Stewart, and P. Williams. 1992. A general role for the
lux autoinducer in bacterial-cell signaling; control of antibiotic
biosynthesis in Erwinia. Gene 116:87-91.
3. Clewell, D. B. 1993. Bacterial sex pheromone-induced plasmid
transfer. Cell 73:9-12.
4. Colwell, R. R., B. R. Brayton, D. J. Grimes, D. B. Roszak, S. A.
Huq, and L. M. Palmer. 1985. Viable but non-culturable Vibrio
cholerae and related pathogens in the environment: implications
for release of genetically engineered microorganisms. Bio/Technology 3:817-820.
5. Davey, C. L., G. H. Markx, and D. B. Kell. 1993. On the dielectric
method of monitoring cellular viability. Pure Appl. Chem. 65:
1921-1926.
6. Davey, H. M., C. L. Davey, and D. B. Kell. 1993. SKATGRAF: a
stand-alone program for the calibration and plotting of flow
cytometric data. Binary 5:165-170.
7. Grossman, A. D., and R. Losick. 1988. Extracellular control of
spore formation in Bacillus substilis. Proc. Natl. Acad. Sci. USA
85:4369-4373.
8. Harold, F. M., and J. van Brunt. 1977. Circulation of H' and K+
is not obligatory for bacterial growth. Science 197:372-373.
9. Harris, C. M., and D. B. Kell. 1985. The estimation of microbial
biomass. Biosensors 1:17-84.
10. Harrison, A. P., Jr. 1960. The response of Bacterium lactis
aerogenes when held at growth temperatures in the absence of
nutriment: an analysis of survival curves. Proc. R. Soc. Lond. Ser.
B 152:418-428.
11. Haugland, R. P. 1992. Molecular Probes handbook of fluorescent
probes and research chemicals 1992-1994, 5th ed. Molecular
Probes Inc., Eugene, Oreg.
12. Horinouchi, S., and T. Beppu. 1990. Autoregulatory factors of
secondary metabolism and morphogenesis in actinomycetes. Crit.
Rev. Biotechnol. 10:191-204.
13. Ignatov, S. G., 0. V. Andreeva, 0. A. Evdokimova, V. Y. Artzatbanov, V. V. Pereligin, A. S. Kaprelyants, and D. N. Ostrovsky.
1982. Investigation of membrane reparation after low temperature
freezing of E. coli cells. Biokhimiya 47:1621-1628. (In Russian.)
14. Jones, S., B. Yu, N. J. Bainton, M. Birdsall, B. W. Bycroft, S. H.
Chhabra, A. J. R. Cox, P. Golby, P. J. Reeves, S. Stephens, M. K.
Winson, G. P. C. Salmond, G. S. A. B. Stewart, and P. Williams.
1993. The lux autoinducer regulates the production of exoenzyme

VOL. 60, 1994

15.
16.

17.

18.

19.

20.

21.
22.

23.
24.

25.
26.
27.

28.
29.

virulence determinants in Erwinia carotovora and Pseudomonas
aeruginosa. EMBO J. 12:2477-2482.
Kaiser, D., and R. Losick. 1993. How and why bacteria talk to each
other. Cell 73:873-885.
Kaprelyants, A. S., J. C. Gottschal, and D. B. Kell. 1993. Dormancy in nonsporulating bacteria. FEMS Microbiol. Rev. 104:
271-286.
Kaprelyants, A. S., and D. B. Kell. 1992. Rapid assessment of
bacterial viability and vitality using rhodamine 123 and flow
cytometry. J. Appl. Bacteriol. 72:410-422.
Kaprelyants, A. S., and D. B. Kell. 1993. Dormancy in stationaryphase cultures of Micrococcus luteus: flow cytometric analysis of
starvation and resuscitation. Appl. Environ. Microbiol. 59:31873196.
Kaprelyants, A. S., and D. B. Kell. 1993. The use of 5-cyano-2,3ditolyl tetrazolium chloride and flow cytometry for the visualisation of respiratory activity in individual cells of Micrococcus luteus.
J. Microbiol. Methods. 17:115-122.
Kaprelyants, A. S., G. V. Mukamolova, and D. B. Kell. 1994.
Estimation of dormant Micrococcus luteus cells by penicillin lysis
and by resuscitation in cell-free spent culture medium at high
dilution. FEMS Microbiol. Lett. 115:347-352.
Kell, D. B., H. M. Ryder, A. S. Kaprelyants, and H. V. Westerhoff.
1991. Quantifying heterogeneity: flow cytometry of bacterial cultures. Antonie Leeuwenhoek 60:145-158.
Kuspa, A., L. Plamann, and D. Kaiser. 1992. A-signalling and the
cell density requirement for Myxococcus xanthus development. J.
Bacteriol. 174:7360-7369.
MacDonell, M. T., and M. A. Hood. 1982. Isolation and characterization of ultramicrobacteria from a Gulf Coast estuary. Appl.
Environ. Microbiol. 43:566-571.
Morgan, J. A. W., P. A. Cranwell, and R. W. Pickup. 1991. Survival
of Aeromonas salmonicida in lake water. Appl. Environ. Microbiol.
57:1777-1782.
Morita, R. Y. 1990. The starvation-survival state of microorganisms in nature and its relationship to bioavailable energy. Experientia 46:813-817.
Oliver, J. D. 1993. Formation of viable but nonculturable cells, p.
239-272. In S. Kjelleberg (ed.), Starvation in bacteria. Plenum,
New York.
Piper, K. R, S. Beck von Bodman, and S. K. Farrand. 1993.
Conjugation factor of Agrobacterium tumefaciens regulates Ti
plasmid transfer by autoinduction. Nature (London) 362:448-450.
Postgate, J. R. 1976. Death in macrobes and microbes. Symp. Soc.
Gen. Microbiol. 26:1-18.
Postgate, J. R, and J. R Hunter. 1962. The survival of starved
bacteria. J. Gen. Microbiol. 29:233-263.

RESUSCITATION OF MICROCOCCUS LUTEUS CELLS

3291

30. Raff, M. C. 1992. Social controls on cell survival and cell death.
Nature (London) 356:397-400.
31. Ray, B. 1979. Methods to detect stressed microorganisms. J. Food
Prot. 42:346-355.
32. Rose, A., A. Ellis, and A. Munro. 1990. Evidence against dormancy
in the bacterial fish pathogen Aeromonas salmonicida. FEMS
Microbiol. Lett. 68:105-108.
33. Roszak, D. B., and R R Colwell. 1987. Survival strategies of
bacteria in the natural environment. Microbiol. Rev. 51:365-379.
34. Stephens, K. 1986. Pheromones among the procaryotes. Crit. Rev.
Microbiol. 13:309-334.
35. Sternberg, P. W. 1993. Intercellular signaling and signal transduction in C. elegans. Annu. Rev. Genet. 27:497-521.
36. Stewart, T. H. M., and E. F. Wheelock (ed.). 1992. Cellular immune mechanisms and tumor dormancy. CRC Press, Boca Raton,
Fla.
37. Stoicheva, N., C. L. Davey, G. H. Markx, and D. B. Kell. 1989.
Dielectric spectroscopy: a rapid method for the determination of
solvent biocompatibility during biotransformations. Biocatalysis
2:245-255.
38. Strange, R E., and F. A. Dark 1962. Effect of chilling on Aerobacter aerogenes in aqueous suspension. J. Gen. Microbiol. 29:719730.
39. Strange, R E., and M. Shon. 1964. Effects of thermal stress on
viability and ribonucleic acid of Aerobacter aerogenes in aqueous
suspension. J. Gen. Microbiol. 34:99-114.
40. Weichart, D., J. D. Oliver, and S. Kjelleberg. 1992. Low temperature induced nonculturability and killing of Vibrio vulnificus.
FEMS Microbiol. Lett. 100:205-210.
41. Wheelock, E. F., K. J. Weinhold, and J. Levich. 1981. The tumor
dormant state. Adv. Cancer Res. 34:107-140.
42. Williams, P., N. J. Bainton, S. Swift, S. R Chhabra, M. K. Winson,
G. S. A. B. Stewart, G. P. C. Salmond, and B. W. Bycroft. 1992.
Small molecule-mediated density-dependent control of gene-expression in prokaryotes-bioluminescence and the biosynthesis of
carbapenem antibiotics. FEMS Microbiol. Lett. 100:161-167.
43. Wyllie, A. H. 1992. Apoptosis and the regulation of cell numbers in
normal and neoplastic tissues: an overview. Cancer Metastasis
Rev. 11:95-103.
44. Yefenof, E., L. J. Picker, R H. Scheuermann, T. F. Tucker, E. S.
Vitetta, and J. W. Uhr. 1993. Cancer dormancy: isolation and
characterization of dormant lymphoma cells. Proc. Natl. Acad. Sci.
USA 90:1829-1833.
45. Zhang, L. H., P. J. Murphy, A. Kerr, and M. E. Tate. 1993.
Agrobacterium conjugation and gene-regulation by N-acyl-L-homoserine lactones. Nature (London) 362:446-448.

