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Abstract

It has been found previously that a significant numbevimfrococcus luteusells starved in a prolonged stationary

phase (up to 2 months) and then held on the bench at room temperature without agitation for periods of up to a
further 2—7 months can be resuscitated in liquid media which contained (statistically) no initially-viable (colony-
forming) cells but which were fortified with sterile supernatant from the late logarithmic phase of batch growth.
Here it was found that such resuscitation can be done only within a defined time period after taking the first
sample from such cultures, necessarily involving agitation of the cells. The duration of this period depends on
the age of the starved culture: cells kept on the bench for 3 months possess a 2 month period of resuscitability
while cells starved for 6 months can be resuscitated only within 10 days after the beginning of sampling. It is
suggested that the input of oxygen to the starved cultures while they are agitated may exert a negative influence
on the cells, since cultures stored in anaerobic conditions (under nitrogen) had a more prolonged ‘survival’ time.
The cells which experienced between 10 and 60 days of starvation on the bench could be resuscitated, although the
number of resuscitable cells depended strongly on the concentration of yeast extract in the resuscitation medium.
This concentration for cells stored on the bench for more than 2 months was 0.05% while ‘1-month-old’ cells
displayed a maximum resuscitability in the presence of 0.01% of yeast extract. Application of the fluorescent probe
propidiumiodide revealed the formation of cells with a damaged permeability barrier if resuscitation was performed
by using concentrations of yeast extract of 0.1% and above. Thus the successful resuscitation of bacterial cultures
under laboratory conditions may need rather strictly defined parameters if it is to be successfully performed for the
majority of cells in a population.

Introduction (for review see (Barer et al., 1993; Oliver 1993; Kell
et al., 1998) although the evidence for aryersibil-
The persistence of nonsporulating bacterial cells in ity of this state is hard to come by (and we consid-
‘non-culturable’ or dormant forms is the subject of er that demonstrating the possibility of a ‘backward’
intensive discussions (Barer, 1997; Kell et al., 1998). transition from ‘non-culturable’ to culturable cells is a
Dormant cells are defined as metabolically inactive key issue if ‘non-culturable’ cells are to be considered
cells which often are not ‘alive’ in the sense of being as having a significant importance for microbiology).
able to form a colony when plated on a suitable sol- Indeed, many attempts to resuscitate potentially dor-
id medium but capable of making a transition to a mant bacteria have been undertaken, some claiming
culturable state by a procedure referred to as resuscita{positive results (Allen-Austin et al., 1984; Nilsson et
tion (Kaprelyants et al., 1993). For many cases it was al., 1991; Oliver & Bockian, 1995; Wai et al., 1996;
found that the starvation of bacterial (especially Gram- Bovill & Mackey, 1997; Kell et al., 1998), while fur-
negative) cells led to cultures with low ‘culturability’  ther experiments disproved this conclusion when the
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problem of the presence of a small number of ‘initially
viable’ cells in the population before resuscitation had
been taken into consideration by using heavily diluted
cell cultures (Morgan et al., 1991; Rose et al., 1990;
Weichart & Kjelleberg, 1996). The failure of resuscita-

Materials and methods
Organism and media

Micrococcus luteus NCIMB 13267 (previously

tion in these experiments might be due to inappropriate described as ‘Fleming strain 2665’) was grown aer-

conditions chosen for the resuscitation of putative dor-
mant bacteria (MacDonnell & Hood, 1982).

In our own studies we have found that cells of
the nonsporulating, copiotrophic, Gram-positive bac-
terium Micrococcus luteustarved for 3—7 months in
spent growth medium following growth to stationary

obically at 30°C in shake flasks (200 ml of culture in a
900ml flask) in lactate minimal medium (LMM) con-
taining L-lactate as described previously (Kaprelyants
& Kell, 1993). When the culture had reached station-
ary phase agitation was continued at°8Dfor up to 2
months. Cultures were then held under nominally aer-

phase in batch culture can persist in a dormant state obic conditions at room temperature without agitation

in cultures which overall exhibited a very low via-
bility (< 104, given as a ratio of cfu number: total
count) (Kaprelyants & Kell, 1993; Kaprelyants et al.,
1994; Mukamolovaetal., 1995). Using flow cytometry
with appropriate probes and conditions (Davey & Kell,
1996) we found that a high percentagdbiuteuscells

in 3-month-old populations could be resuscitated to
normal, colony-forming bacteria (Kaprelyants & Kell,
1993), under conditions which excluded any significant
regrowth of initially viable, colony-forming cells. We
confirmed this by exploiting the Most Probable Num-
ber (MPN) approach, and resuscitating cells in media
which contained (statistically) no initially-viable cells
but which were fortified with sterile supernatant from
the late logarithmic phase of batch growth (Kaprelyants
et al., 1994). From this, operationally, dormant cells

are cfu-negative but (in the presence of spent medi-

um) MPN-positive cells. It was concluded that viable
and active cells oM. luteuscan secrete a pheromone-

for periods of up to a further 2—7 months. The taking of
the first sample from particular cultures for cell resus-
citation, necessarily involving agitation, was taken as
the beginning of the experiment.

In some experiments, 2 ml aliquots of culture after
their period of agitation at 30C were distributed into
different test tubes (10ml) and kept under identical
conditions on the bench. For sampling at one particular
time of storage one tube was used. When necessary,
cells were maintained in anaerobic conditions during
storage after agitation at 3@ by bubbling nitrogen
through 3ml of culture for 10 min, and storing on the
bench in 15 ml bottles sealed with a rubber seal. The
sampling in this case was performed using a syringe. To
obtain cultures with different cell densities stationary
phase cells were centrifuged and resuspended in their
spent medium to the desired concentration.

Each version of the above experiments was repeated
2-5 times; those shown in Results represent typical

like substance, which is apparently necessary (thoughdata.

not sufficient) for the resuscitation of starved, dormant
cells of the same organism (Kaprelyants & Kell, 1996).

At the same time, the application of supernatants
for resuscitation resulted in a rather broad variation of
the final number of resuscitated cells of cultures with
different ‘age’ (Kaprelyants et al., 1994), which might
be taken to indicate the necessity of optimisation of
the conditions for resuscitation of dormant cells in any
particular culture.

The main goal of present study was thus to charac-

terise in more detail the conditions for the successful
production of dormant cells and their resuscitation.
Consistent with the sometimes controversial nature of

this phenomenon, we found that such conditions are

rather strict for the particular organisms used. This
finding might be of significance regarding the high

Spent medium preparation

Supernatant was obtained after the centrifugation of
late logarithmic phash!. luteuscultures grown in lac-
tate minimal medium. The inoculum consisted of 2%
(by volume) of a cell suspension grown in rich medi-
um (Broth E, Lab M, Amersham) after washing them
in lactate minimal medium lacking lactate. The super-
natants were passed through a Q.22 filter (What-
man) before use.

Estimation of viable cell number by plating

Plates consisting of 1.3% Nutrient Broth E (Lab M)
or lactate minimal medium plus 1.5% of agar (LabM

number of uncultured organisms now widely recog- Agar N1, Amersham) were used. Cell dilutions were

nised (McVeigh et al., 1996).

made in quadruplicate with centrifuged and autoclaved
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spent medium taken from the starved culture. 0.1 ml = 10t
of an appropriate dilution was spread using a spatula. &
Plates were incubated at 3C for 3-5 d. g 10

= 10°
Cell resuscitation and estimation of viable cell § 10°
number by MPN assay %}

g 10
The MPN assay was performed in a Bioscreen C opti- ; 10°
cal growth analyser (Labsystems, Finland) using lac- & ;s
tate minimal medium supplemented by 0.5% lactate = Lo

and 0-0.1% of yeast extract as a resuscitation medium
(Kaprelyants et al., 1996). Dilutions of starved cells .
were made as described (Kaprelyants et al., 1994). 5— Time / days
10ulof ea(.:h. dilution (5_1.0 replicates) W.e.re added FO a Figure 1 Changes in the content of colony-forming cells and in the
well containing ZOQJI of either lactate minimal medi- total count during prolonged incubation under aeration of stationary-
um supplemented by 0.5% lactate and 0.05% of yeast phaseM. luteushaving different initial cell concentrations. Station-
extract with supernatant (190). A 600 nm filter was ary phase cells were concentrated by centrifugation and diluted in
used to monitor the OD. Plates were incubated &30 SPentmedium wn? final concentrations of 914 6ells mi—(circles)
" . . . . or 5.1Fcells m1(squares). Open symbols- total count, closed
with intensive continuous She}k'ng- The calculation of - sympols- cfu count. Atypical experiment of two performedis shown.
the MPN was based on published Tables (Meynell &
Meynell 1965).

Results and discussion
Total cell counts

It was reported previously that prolonged incubation
Unstained cells were counted with a phase-contrastof M. luteusin spent growth medium resulted in a
microscope and an improved Neubauer counting cham-rapid decrease in the number of viable cells as judged

ber (Kaprelyants & Kell 1992). by plating on agar plates while the total count was
stable over several months of storage (Kaprelyants &
Propidium iodide staining Kell 1993). Here we found that the behaviour of the

starving culture during a prolonged stationary phase
Unfixed cells were stained by propidium iodide with depended on the initial cell concentration, an increase
final concentration of 3,8M for 2-5 min. For per- in which resulted in a more rapid and pronounced fall
meabilization cells before staining were treated with of cell viability (as judged by cfu) while a decrease
octanol (5Ql/ml of a solution diluted in ethanol had the opposite effect (Figure 1). Nevertheless, the
(1:10)) for 1-2 min. A Leica epifluorescent micro- total cell count remained almost unchanged during the
scope (LEITZ DM RB) with an N2 filter block (excita-  period tested. Note that in these experiments diluted
tion 530-560 nm, band stop 580, emissiprb80 nm) and concentrated cultures were subjected to starvation

was used to monitor the fluorescence. in the same spent medium obtained from the original
culture (see Materials and methods).
Chemicals Earlier we also found that supernatant (SN) taken

from actively growingM. luteusin LMM promotes the
Nutrient Broth E, yeast extract and agar were obtained resuscitation of starved bacteria in liquid medium as
from Lab M, whilst L-lactate (Li salt) was obtained detected by an MPN assay (Kaprelyants et al., 1994;
from Sigma. Propidium iodide was obtained from Votyakova et al., 1994). In a similar vein, Figure 2
Molecular Probes. Other chemicals were of analyti- shows thatthere are significant differences between the
cal grade and were obtained from Sigma or BDH. number of viable cells calculated on the basis of cfu
(plates) and by MPN assay in the presence of super-
natant (the MPN count performed in the absence of
SN was very close to the cfu number). The difference
between these two decreased with time after the start of
sampling since the MPN count decreased while the cfu
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Figure 2 Changes in the total counts and the viable counts as judged _. . ) )
by agar plates or by a Most Probable Number (MPN) method in a Figure 3 Changes in the total counts and the viable counts aswdged
culture ofM. luteusafter 5 months of starvation in spent medium (2 °Y @gar plates or by a Most Probable Number (MPN) method in a

months in an agitated flask and 3 months kept on the bench). For the Culture ofM. luteusafter 4 months of starvation in spent medium (2

MPN assay supernatant taken from a batch culture of the organism MONths in agitated flask and 2 months kept on the bench). Before
grown in LMM (plus 0.5% lactate) to an OD of 2, slightly before the period in which the culture was kept on the bench nitrogen was

1
the beginning of stationary phase, was added (0.1ml of supernatant Passed through the culture. The total count (Fckls.mi*) of
per well containing 0.1ml resuscitation medium and starved cells - the culture through the experiment was almost constant. For other

see Materials and Methods). A typical experiment of 4 performed is details see the legend to Figure 2 and "Materials and methods'’. A
shown. typical experiment of 4 performed is shown.

number increased (Figure 2). At the beginning of sam- conditions on the bench until sampling) (Figure 4).

pling of this particular culture that had been keptonthe Under these conditions only ca 1% of resuscitable
bench there were almost 100% dormant (resuscitable)cells were found at the onset of storage in the stan-
cells, whilst at 40 days the population contained only dard conditions used previously while after 45 days
2% of resuscitable cells. Figure 2 represents one par-the MPN count was close to the total count (50-100%
ticular M. luteusculture, although such behaviour was resuscitability). The viable count of the cells judged

typical for the majority of many cultures starved for by plates was almost constant during the whole peri-
3-9 months. To check if the decrease in the number of od (Figure 4), as was the total count (not shown).

resuscitable cells depended on a possible oxygen sup-However ‘young’ cells (between 10-30 days) could

ply after agitation of the flask we used cultures stored be also resuscitated when a lower concentration of
under nitrogen. Under these conditions an MPN assay yeast extract (0.01%) was used in resuscitation medi-
revealed resuscitation even after 80 days of cell storageum while for more ‘mature’ cells (more than 40 days

(Figure 3). storage) this concentration was not appropriate.

It was also found that in conditions similar to those In separate experiments 0.05% was found to be
of Figure 2 the time gap after the first sample was tak- the optimal concentration of yeast extract for the suc-
en when the MPN assay could reveal that resuscitation cessful resuscitation of dormant cells stored on the
had been successful (for 10-100% of cells in the popu- bench for more than 1.5 months 410°, 2.6 x 10°,
lation) depended on the duration over which the culture 2.8 x 10Presuscitable cells /ml by using 0.01%, 0.05%
had previously been stored: cells kept on the bench for and 0.1% yeast extract respectively).

3 months possess a 2 month period of resuscitability = To study the behaviour of the cells during resus-
while cells starved for 6 months can be resuscitated citation in the presence of different concentrations of
only within 10 days after the beginning of sampling.  yeast extract the state of the permeability barrier of the

While the first sample taken from cultures with cells was monitored by staining with propidium iodide
a storage time between 2—6 months demonstrated an(a DNA staining probe). We first established that this
almost constant and significant resuscitability, short- does not penetrate through the cytoplasmic membrane
er periods of storage revealed a pronounced decreasef intact or starved/. luteusand that octanol adminis-
in the number of resuscitable cells. To characterise in tration to the cell suspension (0.5%) resulted in 100%
more detail the behaviour of cells between 0—2 months stained cells (see also (Humphreys et al., 1994; Lloyd
of storage experiments with nonagitated cultures were & Hayes, 1995)).
conducted (to this end aliquots of culture were distrib- Figure 5 clearly shows that there is a significant
uted between different test tubes and kept in identical increase in the proportion of cells with a damaged per-
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Figure 5 Effect of the yeast extract concentration in the resuscitation
-@- cfu count medium on the percentage M luteuscells stainable by propidium

0 iodide after 7 hours incubation in fresh medium. The 2 month-
¥ MPN, 0.05% yeast extra starved cells were diluted 20-fold and incubated in fresh lactate
-0+ MPN, 0.01% yeast extra

—

minimal medium with different concentration of yeast extract. Cells
were stained by propidium iodide and studied under the fluorescence
microscope. A typical experiment of 3 performed is shown.

Figure 4 Effect of yeast extract concentration in the resuscitation

medium on the resuscitation of starvigd luteusof different ‘age’.

Starvec_j cultures were pre_pared as shown in FigL_Jre_4 while before be explained in part by cryptic growth (Mason et al.,
starvation on the bench aliquots of culture were distributed through ) . . .
different test tubes and kept in identical conditions on the bench until 1986; Postgate, 1967), in this study varying the cell
sampling. Periodically the culture was checked for viable count /by concentration in the culture at the beginning of starva-
plates and MPN assay (as described in the legend to Figure 2). Eachtjon showed that the rate and the extent of the decrease
point_on the gra_lph represents one te_st tube with nonagitated culture. in cfu counts are maximal in more dense cultures (Fig-
A typical experiment of 5 performed is shown. .

ure 1). It may be assumed that a loss of culturability of

the remaining cells in the population during starvation

in a stationary phase could be promoted by the secre-
meability barrier after 7 hours of incubation of dormant tion of some substances from the same cells, or by the
cells in lactate medium supplemented by yeast extract more rapid creation of anaerobic (or microaerophilic)
when the latter is at a concentration above 0.05%. After conditions in the denser populations (see later).
10-15 hours of incubation of these cells in media with In this study it was found that the conditions in
any concentration of yeast extract the initially viable which flasks with dormant bacteria are stored is a very
cells in the culture started to multiply, which did not important factor for the maintenance of their dorman-
allow us further to monitor dormant cells under these cy. The decrease in the number of resuscitable cells
conditions. 90% of cells in media without any yeast and the increase of the number of dead cells after
extract became stainable cells after 25 hours of incu- the flask was agitated (Figure 2) may simultaneous-
bation. ly reflect the beginning of attempted cell resuscitation

The decrease in cfu count ®. luteusduring a (due to presence of viable and active cells which could

prolonged stationary phase under conditions in which stimulate resuscitation (Votyakova et al., 1994)), and
the total count was almost constant (Figure 1) was cell lysis and cryptic growth (see Mason et al., 1986).
found to reflect aransition of viable and active bac-  This activation of the cell population in the flask could
teria to cells which were dormant and apparently non- be due to oxygen input to the bacteria during sam-
culturable (until resuscitation) (Kaprelyants & Kell, pling because anaerobic cells stored under nitrogen
1993; Kaprelyants et al., 1994). In contrast to the well revealed a longer maintenance of resuscitability (Fig-
known phenomenon in which the rate of decrease of ure 3) since the absence of oxygen concentration will
the cfu count of copiotrophic bacteria under starvation have suppressed any metabolic processes in the strict-
conditions is lower in more dense populations (Har- ly respiratoryM. luteus.lIt is of course also possible
rison, 1960; Postgate & Hunter, 1963), which could that oxygenper secan be inimical to dormant cells

—
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of an organism which is normally resistant to oxygen. ulation before resuscitation (Kaprelyants et al., 1996),

In particularM. luteuscells have a significant amount similar to that found for NADH (Mukamolova et al.,

of catalase (Dhaese, 1996) and the recently discovered1995), although it is not possible to exclude the conta-

cyclopyrophosphate (Ostrovsky, 1995) which is sup- mination of PO-PRO-3 by a membrane-permeant con-

posed to serve as an oxygen stress defence system anthminant.) Taken together these findings demonstrate

which could be damaged during prolonged starvation. that the term ‘membrane permeability barrier’, like

The effect of the ‘age’ of starved culturesf luteus ‘viability’ (Davey & Kell, 1996; Kell et al., 1998), is

on the period of successful resuscitation of the cells rather arbitrary, and depends on the degree of injury:

after the first sample was taken from the flask may a membrane could be intact if tested by one particular

also reflect a decrease of cell resistance to oxygen with probe but injured and capable (or incapable) of repair

their ‘starvation age’. At all events, microaerophilic if tested by another.

conditions which presumably are set up in unagitated = We would suggest that a successful exit from dor-

dense culture (when some cells in the starved popula- mancy (and thus by definition its demonstration) needs

tion remain active) must be important for the mainte- rather strict conditions, since cells in the initial phase

nance of the dormant state of the cells in the popula- of resuscitation possess an unbalanced metabolism and

tion. Indeed, it is worth noting that Wayne found that are very sensitive to an excess of substrates (‘nutrient

microaerophilic conditions are particularly appropriate shock’ (Jensen et al., 1996)). Figure 4 also shows that

for the formation of dormant forms &f. tuberculosis the formation of dormant cells continues for a long

under laboratory conditions (Wayne, 1994). Recently time of storage of unagitated cell cultures at room tem-

Wayne and Hayes reported on the necessity of keep-perature on the bench, the different optimum of yeast

ing M. tuberculosisn microaerophilic conditions for ~ extract concentration with different culture age pre-

a sufficient time before they would effect a transition sumably reflecting different depths of dormancy. Thus

to a nonreplicating (and purportedly dormant) stage, in these results, in turn, clearly show that the application

which they could further survive anaerobiosis (Wayne of a single set of conditions is not enough for the cor-

& Hayes, 1996). The evident similarity between the rect monitoring of the number of potentially culturable

protocol adopted for obtaining sudi. tuberculosis cells in an environmental sample.

and our 2-stage procedure fidr luteusstarvation in a Finally, we would like to stress that both entry

prolonged stationary phase allows us to suggest that itinto the dormant state and exit from it (resuscitation)

may be that oxygen tension may play an additional role for bacterial cultures under laboratory conditions need

in determining the transition dfl. luteusto a dormant strictly defined parameters if they are to be effected

state. successfully for the majority of cells in the population.
The other important condition for successful resus- Indeed, itis likely that such conditions are different for

citation of dormant cells is the composition of the each microorganism.

resuscitation medium. As did McDonell and Hood

(recovery ofVibrio, Aeromonas, Pseudomonasd

Alcaligenesspp. (MacDonell & Hood, 1982)), we  Acknowledgements
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