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Abstract 

A high proportion of Micrococcus luteus cells in cultures starved for 3-6 months in spent medium following 
growth to stationary phase in batch culture lost the ability to grow and form colonies on agar plates, but could be 
resuscitated from dormancy by incubation in liquid medium containing supernatant taken from the late log phase 
of viable cultures of the same organism (Kaprelyants et al. 1994). In the present work, we found that during the first 
50-70 h of such resuscitation the dormant cells actually divide for 10-17 generations in lactate minimal medium 
containing yeast extract whilst remaining nonculturable on agar plates. Further incubation results in a decrease in the 
total cell number in liquid medium. The addition of viable (culturable) Micrococcus luteus cells in concentrations 
of up to 104 ml-1 to test tubes containing either resuscitating cells or supernatant from these cultures revealed the 
excretion of a factor or factors which inhibited the proliferation of otherwise viable cells. The maximum production 
of this factor took place after some 96 h of incubation of starved cells in resuscitation medium. Supernatant from 
late logarithmic phase batch cultures of M. luteus abolished the antibacterial effect of starved cultures incubated 
in resuscitation medium. It is concluded that the stimulating effect of viable cells, and of supernatant taken from 
batch cultures, on the resuscitation of dormant cells might be connected in part with overcoming the activity of an 
antibacterial factor causing self-poisoning of dormant cells during their resuscitation. 

Introduction 

The nonsporulating Gram-positive coccus Micrococ- 
cus luteus starved for 3-7 months in spent growth 
medium following growth to stationary phase in batch 
culture exhibited very low viability (i.e. culturabili- 
ty: less than 0.001% as estimated by plating on agar 
plates) whilst the total count remained close to its ini- 
tial value at the onset of starvation (Kaprelyants & Kell 
1993; Kaprelyants et al. 1993). Using flow cytom- 
etry with appropriate probes and conditions (Kell et 
al. 1991; Kaprelyants & Kell 1992) we found that at 
least 50% of M. luteus cells in 3-month-old populations 
could be resuscitated to normal, colony-forming bac- 
teria (Kaprelyants & Kell 1993). This indicated that 
a significant number of cells in the starved popula- 
tions were not dead but dormant, where we used the 
term 'dormancy' to describe a reversible state of low 

metabolic activity in which a cell can persist for extend- 
ed periods without division (Kaprelyants et al. 1993). It 
has occasionally been suggested that two other groups 
of nonsporulating bacteria, viz. the so-called viable- 
but-non-culturable (VBNC) forms (Roszak & Colwell 
1987; Barer et al. 1993; Oliver 1993) and the ultra- 
microbacteria (Morita 1990) found in natural water 
habitats, might also exhibit dormancy (for a review 
see Kaprelyants et al. 1993). It has also been sug- 
gested that dormant cells can be converted to normal, 
colony-forming bacteria following a special procedure 
of resuscitation involving cultivation in liquid media 
(MacDonell & Hood 1982, Allen-Austin et al. 1984). 
However, and although in our own work Kaprelyants 
& Kell 1993 we could exclude these arguments on 
quantitative grounds, these other studies were subject- 
ed to the criticism that the resuscitation observed might 
merely be the regrowth of the small number of cells that 
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were viable prior to the resuscitation (Allen-Austin et 
al. 1984; Rose et al. 1990; Morgan et al. 1991). More 
recently by using the Most Probable Number (MPN) 
method we resuscitated cells in media which (statisti- 
cally) contained no 'initially-viable' cells and found a 
huge (1000 to 100,000-fold)increase in the number of 
potentially culturable (viable) bacteria in starved pop- 
ulations as compared to the numbers determined by the 
agar plate method. The important condition for such 
a resuscitation was the addition of sterile supernatant 
taken from normal batch culture of M. luteus. It was 
concluded (Kaprelyants et al. 1994) that viable cells 
can produce a factor which stimulates the resuscitation 
of dormant cells. By monitoring by flow cytometry the 
kinetics of reappearance of various cell properties dur- 
ing the resuscitation we confirmed this suggestion and 
found that a small fraction of viable cells at the onset of 
resuscitation facilitated the recovery of the majority of 
the remaining (dormant) cells, again presumably due 
to the excretion of some factor(s) which promote the 
transition of cells to a colony-forming state (Votyakova 
et al. 1994). However the chemical nature and mech- 
anism of action of this factor remain to be elucidated, 
as well as the processes which take place during the 
initial stages of resuscitation. 

In the present study we found that during the resus- 
citation of starved cells without the supernatant from 
viable cell cultures, the dormant cells are able to under- 
go a limited number of divisions but that they excrete an 
antibacterial substance(s), presumably inhibiting their 
further multiplication. 

Materials and methods 

Organism and media 

Micrococcus luteus NCIMB 13267 (previously 
described as 'Fleming strain 2665') was grown aerobi- 
cally at 300 C in shake flasks (30 ml medium volume) in 
a lactate minimal medium containing L-lactate, exactly 
as described previously (Kaprelyants & Kel11992). 

When the culture had reached stationary phase 
(some 4.109 cells ml-1), agitation was continued at 
300 C for up to 3 months. Cultures were then held 
aerobically at room temperature without agitation for 
periods of up to a further 3-9 months. To avoid growth 
of any "initially" viable (culturable) cells resuscita- 
tions were performed under MPN-like conditions (i.e. 
at high dilution) using lactate minimal medium sup- 
plemented by 0.05% of yeast extract as described 

(Kaprelyants et al. 1994). No penicillin pretreatment 
was performed. Test tubes were incubated aerobi- 
cally at 300 C with agitation during 120-180 h. In 
some experiments resuscitation medium was diluted 
by supernatant (in amounts ranging from 10-100% 
v/v) taken from late-logarithmic phase batch cultures 
of M. luteus grown on lactate minimal medium. 

For preparing sterile supernatant, fresh cultures 
of M. luteus were grown in lactate minimal medium 
until late logarithmic phase ~c~r~ cm = 1.8-2.2) was 
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centrifuged and supernatants were passed through a 
0.22 #m filter (Gelman or Millipore). 

Estimation of antibacterial activity 

To test antibacterial activity during resuscitation 4.102 
to 4.107 of early stationary phase M. luteus cells were 
added to test tubes (2 ml) that contained either starved 
cells that had been incubated in lactate minimal medi- 
um containing 0.05% w/v yeast extract for an appropri- 
ate time, or filtered (0.22 #m filter) liquid from these 
cultures. In control experiments the same concentra- 
tion of viable cells was inoculated into resuscitation 
medium that was either fresh or had been kept for 70-  
120 h at 300 C without starved cells or supernatant 
from these cells. All test tubes were incubated with 
agitation at 30 o C for up to 180 h. In the disc method 
30-100 #1 of filtered culture liquid taken from starved 
cells (initial concentration 400 m1-1) that were incu- 
bated for 96 h in lactate minimal medium containing 
0.05% yeast extract and was added to a 1 cm diame- 
ter paper filter disc placed on the surface of an agar 
plate containing nutrient broth E (Lab M) on which 
had been spread a lawn of freshly harvested M. luteus. 
Plates were kept at 300 C for 120 h. 

Colony-forming units and total cell counts 

The number of viable cells (cfu) was judged by plating 
on agar plates containing Nutrient Broth E (Lab M) 
and 1.5% w/v purified agar, Lab M Nol,  as described 
(Kaprelyants & Kell 1992). Total cell counts were 
performed on unstained cells using a phase-contrast 
microscope and a modified Neubauer counting cham- 
ber. Under low cell concentration the samples were 
concentrated by centrifugation before counting. 
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Fig. 1. Changes in the total counts of diluted starved M. luteus 
culture during incubation in growth medium. 9-month-old cells (total 
count 7.109 cells.ml- ]), viable counts 5.105 ml- l were diluted and 
inoculated into test tubes containing 2 ml of lactate minimal medium 
with 0.05% yeast extract to a final cell concentration of 360 m1-1. 
0.5-2 ml of culture were concentrated by centrifugation and cells 
were counted microscopically. 

C h e m i c a l s  

Nutrient Broth E, yeast  extract, agar were obtained 
from Lab M. L-lactate (Li salt), was obtained from 
Sigma. Other chemicals were of  analytical grade. 

R e s u l t s  

In order to shed further light on the behavior of  M. 
lu teus  cultures during resuscitation we incubated small 
numbers of  starved M. lu teus  cells in 2 ml lactate min- 
imal medium containing 0.05% yeast  extract. In all 
experiments,  the test tubes with these diluted samples 
did not contain any viable (colony-forming) cells at the 
onset of  resuscitation, and the majori ty of  such cells 
under these condit ions have been shown to be dormant 
(Kaprelyants & Kell 1993; Kaprelyants et al. 1994). 
Figure l shows that under such conditions the total 
count of  cells nevertheless actually increased within 
70 h from 700 to 3.107 (the latter being equivalent to 
a n  OD lcm650nm of  0.015-0.02),  which corresponds to 16 
generations. (The range in 6 independent replicates of  
this experiment was 10-17 generations, not shown.) 
Further incubation led to a decrease in the total count 
and to cell degradation and lysis (as observed by light 
microscopy, data not shown). Parallel measurements 
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Fig. 2. Lag periods before the visible growth (O131cm > 0.5) of 
~ - - - - 6 5 0 n m  - -  

fresh M. luteus inoculated into test tubes with diluted, starved M. 
luteus cells or with filtered supematant from these cultures at dif- 
ferent time of starved cells incubation. The experimental conditions 
are similar to those described in the legend to Fig. 1. Viable, late 
logarithmic phase cells were added at a concentration of 700 ml- l to 
a culture of starved bacteria (open circles) or to supematant prepared 
from these cultures by filtration (closed circles). For points marked 
as 240 h there was no growth for at least this period. There was no 
growth in test tubes containing starved bacteria without the addition 
of viable bacteria. 

revealed that no colony-forming cells appeared in sam- 
ples taken during the 200 hours of  incubation and plat-  
ed onto agar plates which were incubated for up to a 
month, suggesting that the cells could maintain their 
nonculturabili ty for at least the stated period of  incu- 
bation in lactate minimal medium with 0.05% yeast  
extract. This is in agreement with our earlier report. 

To elucidate the possible  reasons for the cessa- 
tion of  cell multiplication (in a medium which would 
have supported 5.109 cells.ml - ] ), we inoculated tubes 
containing starved bacteria with a low concentration 
of  freshly harvested (late logari thmic phase), viable 
micrococci at different times after the onset of  resus- 
citation, and studied the effect of  this on the lag time 

before the viable cells exhibited visible turbidity. The 
results of  these experiments (Fig. 2) revealed the inhi- 
bition of  bacterial growth when cells were added more 
than 50 h after the beginning of  resuscitation. I f  viable 
cells were added to tubes with starved bacteria that 
had been incubated for more than 80 h they did not 
grow during more than 10 days of  incubation. How- 
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Fig. 3. Effect of the number of starved M. luteus cells on the 
lag period before visible cell growth after addition of fresh late 
logarithmic phase cells. 700 viable cells.ml- 1 were added to starved 
M. luteus cells that had been incubated for 96 h. Conditions were 
otherwise similar to those described in the legends to Fig. 1 and 2. 
For points marked as 240 h there was no growth for at least this 
period. 
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Fig. 4. EffectofthenumberofviableM. luteus cells on the lag period 
before visible increase in cell growth. Late log cells were added to the 
lactate minimal medium with 0.05% yeast extract (closed circles) or 
to the culture of starved M. luteus cells incubated during 120 h (open 
circles). Conditions are similar to those described in the legends to 
Fig. 1 and 2. For points marked as 240 h there was no growth for at 
least this period. 

ever, the simple incubation of  resuscitation medium 
for 70-200 h alone (i.e. without any dormant cells 
being present) before inoculation with viable cells did 
not influence the cell growth. Figure 3 provides fur- 
ther evidence that the antibacterial action of  incubated 
starved cultures is indeed connected with the presence 
of  starved cells, since their initial concentration sig- 
nificantly influenced the growth of  added viable cells. 
A similar antibacterial effect was found when viable 
cells were inoculated into supernatants obtained after 
filtration of  cultures with the appropriate cell concen- 
tration and time of  resuscitation (Fig. 2). The filter disc 
method (see Materials and methods) of  antibacterial 
assay also demonstrated the presence of  an antibacte- 
rial substance in filtered supernatants (as the develop- 
ment of  a zone of  nongrowing M. luteus cells around a 
disc containing a drop of  supernatant, not shown). 

The antibacterial factor(s) found in the supernatants 
of  starved bacteria incubated in resuscitation medium 
preserved their activity after autoclaving or freezing, 
but disappeared after dialysis. Similar experiments in 
liquid media revealed that this factor was also active 
against E. coli and Brevibacterium ammonigenes  (data 
not shown). The experiments with E. coli and B. ammo-  

niagenes were done exactly as were those described for 
M. luteus when we tested antibacterial properties using 
liquid medium (see Methods): late log cells at a con- 
centration of  103 cells/2 ml were added to test tubes 
with lactate minimal medium and 0.05% yeast extract 
(control) or to a culture of  starved M. luteus cells that 
had been incubated for 120 h. After further incuba- 
tion of  tubes for 240 h there was no growth in the test 
tubes containing starved cultures in contrast to control 
tubes. 

The effectiveness of  the antibacterial activity of  the 
dormant, resuscitating culture was found to be depen- 
dent on the concentration of  viable cells added to the 
culture after 120 h of  preincubation (Fig. 4): the addi- 
tion of  4.107 cells to test tubes (2 ml) containing starved 
cultures incubated in resuscitation medium resulted in 
fast growth while 104 cells didn't  grow under the same 
conditions (control experiments showed cell growth at 
all concentrations when added to medium preincubated 
without starved bacteria (Fig. 4)). 

To establish whether the antibacterial activity of  
starved cultures can be related to our earlier report 
of  the resuscitation-promoting activity of  supernatants 
taken after centrifugation of  normal, batch cultures 
with high viability (Kaprelyants et al. 1994), we stud- 
ied the influence of  such supernatants on the growth 
of  viable cells in test tubes with starved, resuscitat- 
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Fig. 5. Effect of the supernatant oflate-log phase M. luteus culture on 
the lag period before visible growth was observed after the addition 
of viable M. luteus cells to starved bacteriaincubated in resuscitation 
medium. Conditions are similar to those described in the legends to 
Figs 1 and 2. 700 viable cel ls .ml-  1 were added to starved M. luteus 
cells that had been incubated in lactate minimal medium containing 
0.05% yeast extract for 96 h. For points marked as 240 h there was 
no growth for at least this period. Similarly, there was no growth in 
test tubes containing starved bacteria without the addition to viable 
bacteria. 

ing populations. We found that a mixture of cultures 
of starved cells that had been incubated for 96 h with 
filtered supernatant from a culture of late logarithmic- 
phase micrococci resulted in the restoration of growth 
of viable cells added to the mixture at a concentration 
of 700 ml-1 (Fig. 5). The same effect was obtained 
when instead of starved cells that had been incubated 
in resuscitation medium we used the supernatant of this 
culture. Simple dilution of starved cell culture with the 
medium used for resuscitation in the proportion 1 : 1 
or 1 : 2.5 did not result in any growth of the test bacte- 
ria. These experiments indicated the inactivation of the 
antibiotic properties of resuscitating starved cultures 
by the supernatants from viable cultures. 

Discussion 

The important result of the experiments described here 
is the finding of the ability of starved, cells that are 
not observably culturable on solid media to undergo a 
limited number of divisions under conditions that were 
previously employed for the resuscitation of dormant 
cultures of M. luteus. 
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The ability of starved cells to exhibit only a limited 
number of doublings that we observed is reminiscent 
of the cognate behavior of some eukaryotic cells in 
cell cultures (the Hayrick effect; Hayrick & Moor- 
head 1961). In principle, the observed cessation of 
growth might be due to 'endogenous reasons' such as 
mutations consequent upon prolonged starvation, or as 
a result of the appearance of some antibacterial com- 
pound(s) in the culture medium during cell incubation. 
The results obtained in this study lend strong support 
to the latter possibility. The data in Fig. 2, and those 
obtained using the paper disc method, clearly show 
the excretion of an antibiotic substance 70 h after the 
onset of resuscitation of starved bacteria. Whether all 
bacteria or only a fraction of the starved population are 
responsible for the antibiotic excretion remains to be 
clarified. At all events, the production of this factor is 
definitely connected with the resuscitation of dormant 
cells since incubation of starved cells in minimal medi- 
um without lactate and yeast extract for a long time led 
neither to cell multiplication, nor to resuscitation, nor 
to any antibacterial effect (data not shown). Weichart 
et al. (1992) also reported the production of an antimi- 
crobial factor excreted by V. vulnificus during the tran- 
sition of the culture to a nonculturable state caused by 
lowering the temperature. The supernatant of such cul- 
tures decreased the culturability of V. vulnificus cells, 
although it was not stated if cells also produced this 
factor under conditions in which culturable cell num- 
bers increased (Weichart et al. 1992). E. coli starved 
in the stationary phase also revealed a 'killing effect' 
with respect to nonstarved cells, although in this case 
the authors failed to find a 'killer' in the supernatant; 
it was concluded (Zambrano et al. 1993) that the accu- 
mulation of particular mutants during cell starvation 
could lead to cell death due to cell competition in such 
a mixed culture. Finally, Shimkets (1990) reviews a 
number of studies (Wireman & Dworkin 1975, 1977; 
Varon et al. 1984, 1986; Rosenbluh & Rosenberg 1989; 
Rosenbluh et al. 1989) in which it has been shows that 
Myxococcus xanthus normally produces an autocide, 
AMI, during its developmental transition to form a 
fruiting body (spore). 

The antibacterial activity of starved cells could be 
revealed only when the concentration of viable cells 
added to starved cultures or to supernatants was below 
a certain level (Fig. 4). Two interpretations of this are 
that (i) the antibacterial factor excreted by starved cells 
is present in limited amounts and is tightly bound upon 
interaction with the target cells, or (ii) viable cells can 
inactivate the factor. While we cannot exclude the sig- 
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nificance of the first mechanism, the data in Fig. 5 
support the second. Earlier we found that the num- 
ber of potentially viable cells in M. luteus populations 
after 3-6 months of starvation could be dramatically 
increased after dilution of appropriate medium used 
for cell growth in MPN experiments with supernatants 
taken from normal late log phase culture (Kaprelyants 
et al. 1994). Recently, by using flow cytometry we 
found that the presence of viable cells at the onset of 
resuscitation of starved culture is otherwise vital for 
the resuscitation of nonculturable cells. In conditions 
which excluded the presence of viable cells resusci- 
tation was unsuccessful unless supernatant was added 
(Kaprelyants et al. 1994; Votyakova et al. 1994). On 
the basis of the present results it is tempting to suggest 
that one of the roles of such supernatants could lie in 
the inactivation of an antibacterial factor produced by 
starved bacteria. MacDonell & Hood (1982) report- 
ed the conversion of nonculturable cells to colony- 
forming ones by repeated passages ( 'conditioning')of 
cells from plate to plate. Plausibly the role of such 
passages could be the stepwise 'washing' of cells and 
removal of an inhibitor produced during cell resuscita- 
tion on the agar surface. The ratio between the concen- 
tration of antibacterial factor and its inactivating factor 
from the supernatant of viable cultures can determine 
the final result of M. luteus resuscitation as judged by 
the MPN-like method described earlier (Kaprelyants 
et al. 1994), and may well be the reason for the sig- 
nificant noise in the stated results. We also found that 
the variation of the time when 'viable' supernatant is 
added to test tubes during the incubation of starved 
cultures in MPN experiments significantly influenced 
cell resuscitation (not shown), in that administration of 
the supernatant from viable cultures after 45 h of incu- 
bation in resuscitation medium normally led to much 
higher final MPN counts than when the supernatant 
was present from the outset. 

These experiments clearly, and for the first time, 
demonstrate the secretion of an antibacterial substance 
during the resuscitation of dormant bacteria. Such 
secretions may well be a general phenomenon for 
starved cells and this should therefore be taken into 
consideration during resuscitation when employing a 
dilution method to avoid the presence of any viable 
cells at the beginning of the resuscitation (Allen-Austin 
et al. 1984; Rose et al. 1990; Morgan et al. 1991). 
Complementarily, while even a relatively small num- 
ber of viable cells can make the results of similar 
experiments (Allen-Austin et al. 1984; Colwell et al. 
1985; Nilsson et al. 1991; Weichart et al. 1992) dif- 

ficult to interpret, such conditions are arguably just 
those which are necessary for the resuscitation of non- 
culturable cells. An important task for the future is 
the elucidation of the nature, specificity and chemical 
structure of the antibacterial factor(s) and its inactiva- 
tor(s), as well as the mechanisms of their action. Final- 
ly, we would stress that the resuscitation-promoting 
and resuscitation-inhibiting factors reveal the impor- 
tance of cell-ceil interactions in the phenomenon of 
dormancy, a phenomenon long foreshadowed as the 
'population effect' showing a cell density-dependent 
cell survival in starved cultures (Harrison 1960; Post- 
gate & Hunter 1962; Strange & Dark 1962; Strange & 
Shon 1964; Postgate 1976). It is now becoming evi- 
dent that signal molecules can influence cell density- 
dependent biochemical processes in a very wide vari- 
ety of prokaryotes (e.g. Stephens 1986; Horinouchi & 
Beppu 1990, 1992; Khokhlov 1991; Jones et al. 1992; 
Kim et al. 1992; Kuspa et al. 1992; Williams et al. 
1992; Kaiser & Losick 1993; Piper et al. 1993; Swift 
et al. 1993; Zhang et al. 1993; Fuqua et al. 1994; 
Pearson et al. 1994; Kell et al. 1995). 
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