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Abs t rac t  Changes in the biochemical properties of Mi- 
crococcus luteus cells were studied during the transition 
to a dormant state after incubation in an extended station- 
ary phase. The overall DNA content after 150 days of  
starvation was similar to its initial level, while the RNA 
content decreased by 50%. Total lipids and protein, phos- 
pholipids and membrane proteins declined rapidly within 
the first 1-10 days of starvation. After 180 days of starva- 
tion, cells contained 43% of the protein and 35% of the 
lipid initially present. Starvation for 120 days resulted in 
the loss of phosphatidylglycerol and, to some extent, of 
phosphatidylinositol, giving a membrane whose phospho- 
lipids consisted mainly of  cardiolipin. The membrane flu- 
idity declined during starvation, as judged by diphenyl 
hexatriene fluorescence anisotropy measurements. Oxi- 
dase activities declined to zero within the first 20-30 days 
of  starvation, while the dehydrogenases and cytochromes 
were more stable. The activities of some cytoplasmic en- 
zymes were lost very rapidly, while NADPH-linked isoc- 
itrate dehydrogenase had 30% of its initial activity after 
120 days of starvation. For all parameters tested there 
were significant fluctuations during the first 10-20 days 
of starvation, which may reflect cryptic growth in the cul- 
ture. 
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Introduction 

In recent work, we have found that cells of the nonsporu- 
lating, copiotrophic, gram-positive coccus Micrococcus 
luteus starved for 3-7 months in spent growth medium 
following growth to stationary phase in batch culture can 
persist in a dormant state, exhibiting very low viability 
(< 10-4), as estimated by plating on agar plates, while the 
total count remains close to its initial value (Kaprelyants 
and Kell 1993; Kaprelyants et al. 1993). Using flow cy- 
tometry with appropriate probes and conditions (K e l l e t  
al. 1991), we found that at least 50% ofM.  luteus ceils in 
3-month-old populations could be resuscitated to normal, 
colony-forming bacteria (Kaprelyants and Kell 1993) un- 
der conditions that excluded any significant regrowth of 
initially viable cells. We confirmed this by using the most- 
probable-number (MPN) method when we resuscitated 
cells in media which, statistically, contained no "initially 
viable" ceils. When the medium also contained spent 
growth medium from a culture in early stationary phase, 
we found a substantial increase (1,000- to 100,000-fold) 
in the number of viable bacteria in such starved popula- 
tions compared to those estimated with the agar-plate 
method (Kaprelyants et al. 1994). While these and other 
data (Votyakova et al. 1994) led to the conclusion that, 
from a physiological point of  view, a significant number 
of cells in such starved M. luteus populations were dor- 
mant and not dead, little is known about the biochemical 
properties of such cells. 

Broadly similar comments may be made about two 
other groups of nonsporulating bacteria, which are some- 
times considered to be dormant forms in natural water 
habitats, viz. the so-called viable-but-non-culturable 
(VBNC) forms (Colwell et al. 1985; Roszak and Colwell 
1987) and ultramicrobacteria (Morita 1990). (For reviews 
see Kaprelyants et al. 1993; Kjelleberg 1993). Siegele and 
Kolter (1992) collected a limited amount of information 
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on the changes in some of the biochemical  properties of 
some bacteria when cells enter the stationary phase, and 
special at tention has been paid to the regulat ion of gene 
expression and the synthesis of novel  proteins and other 
substances in stationary phase cultures of E s c h e r i a  coli  
(e.g. Kolter 1992; Mat in  1992; Kjel leberg 1993; Hui sman  
and Kolter  1994; Loewen and Hengge-Aronis  1994). 
More detailed biochemical  studies have been performed 
with respect to the relatively short-term starvation of non-  
sporulating bacteria in unsupplemented  water or in buf- 
fers (Kjelleberg et al. 1983; Hood et al. 1986; Smigielski  
et al. 1989; Lappin-Scot t  and Costerton 1990; Holmquis t  
and Kjel leberg 1993). It is not  known,  however, whether 
the populat ions of starved bacteria in these studies contain 
any dormant  bacteria, so that the properties observed are 
plausibly not  characteristic of the dormant  state. The aim 
of the present study was therefore to characterize the bio- 
chemical  properties of bacterial cultures under  condit ions 
in which the concentrat ion of dormant  cells was known  to 
be substantial.  

Materials and methods 

Organism and media 

Micrococcus luteus NCIMB 13267 (previously described as 
"Fleming strain 2665") was grown oxically at 30 ~ C in shake flasks 
in lactate minimal medium containing L-lactate described previ- 
ously (Kaprelyants and Kell 1992). When the culture reached sta- 
tionary phase, agitation was continued at 30 ~ C for up to 3 months. 
Cultures were then held oxically at room temperature without agi- 
tation for a period of up to 3 more months. 

Preparation of membrane and cytoplasmic fractions 

Harvested cells were washed with 50mM potassium phosphate 
buffer, pH7.4, by centrifugation. The pellet was suspended in the 
same buffer supplemented with 5 mM MgSO 4 and incubated with 
lysozyme (1 mg/g wet cells) for 30min at 30~ with a few crystals 
of DNase. Membranes were sedimented by centrifugation at 
22,000 x g for 30min, and the membrane pellet was suspended in 
phosphate-Mg buffer. 

Polarographic measurments 

The oxygen consumption rates of cells and membranes were mea- 
sured by a Clark oxygen electrode at 30 ~ C in the above phosphate- 
Mg buffer. 

Determination of cytochrome concentration 

Reduced-minus-oxidized difference spectra were recorded at am- 
bient temperature with a Hitachi-557 spectrophotometer. Cy- 
tochromes were oxidized with potassium ferricyanide (5 mM) and 
reduced with a few crystals of sodium dithionite. The cytochrome 
content was calculated using the following molar absorption coef- 
ficients (cm -~ mM-l): for cytochrome c 21, for cytochrome b 20, 
and for cytochrome a 13 (Artzatbanov et al. 1991). 

Determination of dehydrogenase activity 

Malate, lactate and NADH dehydrogenase activities in membrane 
fractions were measured spectrophotometrically using 2,6-di- 

chlorophenolindophenol (DCPIP) as an electron acceptor (Ostro- 
vsky et al. 1976). Malate-, lactate-, and ethanol-dependent NADH 
production and isocitrate-dependent NADPH production catalyzed 
by the cytoplasmic fraction were measured fluorimetrically at 
room temperature using a Hitachi MPF-4 fluorescence spectopho- 
tometer (excitation 350nm, emission > 450nm) in 50mM phos- 
phate buffer, pH7.5, containing 1 mM NAD(P). Substrate concen- 
trations were: malate (10mM), lactate (20mM), ethanol (50raM), 
and isocitrate (2mM). 

Membrane fluidity 

M. luteus cells were stained with diphenyl hexatriene (DPH) by in- 
cubating cells (1.5-2rag dry weight ml -l) with 10mM DPH in 
0.2M phosphate buffer containing 0.5raM MgSO4 at 30~ for 15 
rain. The stained cell suspensions were diluted tenfold with phos- 
phate buffer before measurement. DPH fluorescence polarization 
anisotropy was measured at ambient temperature using a Hitachi 
MPF-4 spectrofluorimeter equipped with the Perkin Elmer 
063-0568 polarization accessories. The fluorescence anisotropy r 
was calculated from the relationship: r =(Ipa r -Iper)/(lpa r +2Iper) , 
where Ipa r and Ipe r a r e  the fluorescence intensities for the parallel 
and perpendicular positions of analyzers (430nm) with respect to 
the exciting photons (348 nm). 

DNA and RNA 

DNA was determined in cells with diphenylamine as described by 
Burton (1956). For total RNA determination, bacterial cells were 
lysed with lysozyme, followed by membrane centrifugation 
(22,000 • g, 30 min) and supernatant dialysis. RNA was deter- 
mined in both membrane and cytoplasm fractions with orcinol 
(Kerr and Seraidarian 1945). 

Lipids 

Lipids were extracted from cells with chloroform/methanol ac- 
cording to Folch, as described by Ansell and Hawthorne (1964). 
The total lipid concentration in extracts was determined by heating 
with H 2 S O  4 (Gribanov and Sergeev 1975). Two-dimensional TLC 
of standard phospholipids and lipid extracts was performed with 
the first solvent, chloroform/methanol/water (65/35/5, v/v), and 
the second solvent, chloroform/methanol/water (65/25/4 v/v). 
Phospholipid spots were visualized by treatment with molybdate 
blue (Dittmer and Lester 1964). Phospholipid content was deter- 
mined with Victoria blue R dye in lipid extracts (Eryomin and 
Poznyakov 1989) and individual phospholipids after scraping sil- 
ica gel from the approrpiate areas of TLC plates by heating with 
H 2 S O  4 (Gribanov and Sergeev 1975). 

Protein 

Protein in cell extracts and membranes was determined according 
to the modification of Lowry et al. (1951). 

Chemicals 

These were of analytical grade wherever possible, and were ob- 
tained from Sigma (Poole, Dorset, UK) or from Reachim (Moscow, 
Rusia). Water was singly distilled in an all-glass apparatus. 

Electron microscopy 

Cell deposits were fixed with 2.5% glutaraldehyde solution pre- 
pared in 0.1 M Na-cacodylate buffer (pH7.6-7.8) for about 2-12h 
at room temperature. All specimens were postfixed with 0.8-1% 
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osmium tetroxide containing 0.1% potassium dichromate. Osmium 
fixation lasted not less than 12h at room temperature. Dehydration 
was perfomed in ethanol (50, 70, 80, 100% for 15-20min each) 
and in 100% acetone (4 changes, 15-20min each). The dehydrated 
material was kept overnight in the following mixture: 1 vol. unit of 
100% acetone plus 1 vol. unit of Epon 812/Araldite M (Serva, Hei- 
delberg, Germany). Specimens were embedded overnight in epoxy 
resin at 37-40 ~ C. Thin sections (50-80 nm thick) were cut with an 
LKB Ultratome using glass knives. Sections were stained in 70% 
ethanol solution saturated with uranyl acetate for 5-10min. Thin 
sections were studied with a JEM 100B electron microscopes. 
Magnifications were calibrated for each experiment by using cross- 
grating replicas. 

Results 

Cell composition 

Earlier we found that prolonged incubation of M. luteus in 
spent growth medium resulted in a rapid decrease in the 
number of colony-forming units after the first 10 days of 
starvation, while the total count of bacteria changed only 
slightly during 6 months of starvation (Kaprelyants and 
Kell 1993). Also, cells gradually lost protein in contrast to 
their DNA content, which was stable as judged by flow 
cytometric measurements (Kaprelyants and Kell 1992). 
Figure 1 shows that the decrease in protein content is due 
mainly to the degradation of cytoplasmic proteins, while 
the membrane protein content was more stable. As with 3- 
month-old cells (Kaprelyants and Kell 1993), 5-6 months 
of starvation did not result in DNA degradation as judged 
by the conventional diphenylamine method (2.9 + 0.4 fg 
DNA cell -I at the onset of starvation and 2.8 + 0.5 fg 
cell -~ after 5 months of starvation). However, the RNA 
content decreased from 15 + 1 fg RNA cell -1 at the onset 
of starvation to 8 + 1 fg cell -~ after 5 months of starvation. 

The losses of lipid material by cells were more pro- 
nounced during the first 10-20 days of starvation (Fig. 2), 
and the final content of both total lipids and phospholipids 
was approx. 50% of that at the onset of starvation. The 
protein:lipid ratio in membrane fractions was estimated as 
2.8:1 at the onset of starvation, 2.7:1 at 65 days of starva- 
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Fig. 1 Changes in the total, membrane and cytoplasmic protein 
contents of M i c r o c o c c u s  luteus starved in a prolonged stationary 
phase. Starvation was performed and proteins were assayed as de- 
scribed in Materials and methods 
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Fig.2 Changes in the total lipids and phospholipid content of Mi- 
c rococcus  luteus starved in a prolonged stationary phase. Starva- 
tion, lipid extraction and total lipid and phospholipid determina- 
tions were as described in Materials and methods 
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Fig.3 Changes in the phospholipid composition of Micro co ccu s  
luteus subject to starvation in a prolonged stationary phase. Star- 
vation, lipid extraction and TLC analyses were as described in Ma- 
terials and methods 

tion, and 3.8:1 after 6 months of starvation. After 6 
months of starvation, the cells had almost completely lost 
their main carotenoid, lutein (data not shown). 

More detailed studies of the phospholipids revealed 
dramatic changes in their composition during starvation 
(Fig. 3). Phosphatidylglycerol disappeared almost com- 
pletely, leaving cells possessed of membranes that con- 
tained cardiolipin as the dominant phospholid after 10- 
100 days of starvation. Subsequently, there was a notice- 
able accumulation of phosphatidic acid at the expense of 
cardiolipin and phosphatidylinositol (Fig. 3). After 10 
days lysophospholipids (mainly lysocardiolipin) appeared 
in the lipid extracts, amounting to 5-10% of the total 
phopholipids, a figure which did not change significantly 
during further cell incubation (data not shown). 

Membrane and cytoplasmic enzyme activities 

We tested the activities of some of the enzymes responsi- 
ble for the energy metabolism of these cells during starva- 
tion. Figure 4A shows that the oxidase activities for 
malate, lactate and NADH in isolated membranes had de- 



376 

A 

"-~ 250 

"~ 200 

o 100 

0 

B 

, i I I I I I 

R 
']~ -O- lactate oxidase 
j ~  -0- malate oxidase 

( ~ ~ NADH oxidase 

20 40 60 

"~" -O- lactate 800 "~ 8"~  
~ 40 - t-  malate 

~0~:~ -~- NADH 600 Z~ ~= 

400 

200 

0 i ~ 0 

0 1 lO  lOO 

Starvation t ime/days 

Fig.4 Changes in oxidase (A) and dehydrogenase (B) activities of 
membranes isolated from Micrococcus luteus ceils starved in a 
prolonged stationary phase. The starvation regime, the preparation 
of cytoplasmic membranes and the enzyme assays were performed 
as described in Materials and methods 
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Fig.5 Changes in the cytochrome content of membranes isolated 
from Micrococcus luteus cells starved in an extended stationary 
phase. Measurements were carried out exactly as described in Ma- 
terials and methods 
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Fig. 6 Changes in the activities of various cytoplasmic enzymes of 
Micrococcus luteus ceils starved in an extended stationary phase. 
Measurements were carried out exactly as described in Materials 
and methods 
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Fig.7 Changes in the fluorescence polarization anisotropy of 
DPH in Micrococcus luteus cells starved in an extended stationary 
phase. Measurements were carried out and the fluorescence polar- 
ization anisotropy calculated as described in Materials and meth- 
ods 

starvation their content was 22% for cytochrome a, 71% 
for cytochrome b and 64% for cytochrome c relative to 
those obtained initially (Fig. 5). 

In contrast to the membrane  enzymes tested, cytoplas- 
mic dehydrogenases were much less stable during starva- 
tion except for NADP-dependent  isocitrate dehydroge-  
nase, which retained 26% of  its initial activity after 6 
months of  starvation (Fig. 6). It is worth stressing that all 
the activities tested demonstrated significant fluctuations 
during the first 10-20  days of  starvation, revealing a tran- 
sient increase o f  activities a few days after the stationary 
phase. 

creased to unmeasurable levels after 2 months of  starva- 
tion, while Fig. 4B indicates that malate and N A D H - d e h y -  
drogenases retained some activity (about 30 and 25 % of  
their initial activities, respectively) for up to 6 months of  
starvation. Similarly, the cy tochrome contents decreased 
during the first 20 days of  starvation, while further incu- 
bation of  cells in spent medium resulted in only a minor  
further loss o f  cytochromes.  After a total o f  6 months '  

Membrane  fluidity 

Study of  isolated membranes  with the fluorescent probe 
DPH revealed a general tendency: the fluorescence 
anisotropy of  DPH increased during starvation, a finding 
which indicates a decrease in the fluidity of  the bulk lipid 
phase (Fig. 7). However,  there were also fluctuations in 
the DPH anisotropy during the first 20 days of  starvation. 



Fig. 8 A, B Transmission elec- 
tron micrographs of thin sec- 
tions of Micrococcus luteus. 
A. Nonstarved cells harvested 
from an exponential phase. 
B. Cells that had been starved 
for 4 months under the condi- 
tions described in Materials 
and methods. (Bar 0.5 gm) 
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Cell morphology 

Although their cytoplasmic membranes were permeable 
to a normally membrane-impermeant nucleic acid stain 
(Votyakova et al. 1994), electron microscopy revealed 
that most cells in a population that had been starved for 6 
months were grossly morphologically intact, with a 
thicker cell wall and a denser cytoplasm in comparison 
with growing bacteria. There were no signs of cell lysis or 
of dividing bacteria. However, the structure of the nu- 
cleoid region in starved cells differed somewhat from that 

in fresh cells (Fig. 8). A small fraction of the population 
was represented, however, by partially plasmolysed cells 
(data not shown). 

Discussion 

In some respects, the behavior of M. luteus cells held in a 
prolonged stationary phase resembles that of bacteria held 
under starvation conditions in water or buffers. Thus, a 
rapid and significant decline in RNA, lipid and protein 
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content has been reported during the starvation of Es- 
cherichia coli (Lappin-Scott and Costerton 1990, Oliver 
1993), Selenomonas ruminantium (Mink et al. 1982) and 
Vibrio cholerae (Hood et al. 1986). Generally, DNA ap- 
peared to be more stable even during prolonged starvation 
(Lappin-Scott and Costerton 1990, Siegele and Kolter 
1992), although in some cases the DNA content per cell 
apparently declined gradually over a period of time (Mink 
et al. 1982; Hood et al. 1986; Moyer and Morita 1989; 
Galdiereo et al. 1994). In the present work we found that 
the DNA content of M. luteus cells starved in spent 
medium for a period of 6 months was not changed signif- 
icantly. In previous experiments using flow cytometry, M. 
luteus held for 3 months in similar conditions showed a 
DNA distribution between cells that was even more ho- 
mogeneous relative to that observed at the onset of  starva- 
tion (Kaprelyants and Kell 1993). Especially because un- 
der these conditions a significant proportion of these old, 
starved cells could be resuscitated to normal bacteria 
(Kaprelyants and Kell 1993; Votyakova et al. 1994), it 
seems reasonable that the maintenance of DNA integrity 
is a prerequisite for cell resuscitation from a dormant state. 

The relative stability of  membrane protein can account 
for the fact that the protein:lipid ratio increases in mem- 
branes when cells are starved, which can in turn account 
for the decrease in membrane fluidity (Fig. 7). As with the 
starvation of Vibrio fluvialis in buffered medium (Smi- 
gielski et al. 1989), oxidase activities in isolated memb-  
tranes of  M. luteus decreased during starvation. The inhi- 
bition of cell respiration during the transition to the so- 
called "viable-but-non-culturable" state appears to be a 
general phenomenon (Oliver 1993). While after 1 month 
of starvation the overall oxidase activity of the respiratory 
chain was practically inactive, a number of dehydroge- 
nase activities revealed significant potential activity (es- 
pecially the membranous malate and NADH dehydroge- 
nases) even after 4 months of  starvation. In view of the 
maintenance of a high level of  cytochromes, it would ap- 
pear that the loss of respiratory chain activity during star- 
vation is due either to degradation of menaquinone or 
(quantitatively less likely) to changes in the extent of  in- 
teraction between the respiratory chain components as a 
result of the modification of lipid composition and mem- 
brane fluidity observed (see also Kaprelyants and Ostro- 
vsky 1984). By contrast, the pronounced decrease in the 
endogenous respiration rate of  starved M.luteus cultures 
within the first 10 days of starvation (Kaprelyants and 
Kell 1993) evidently reflects a decrease in the concentra- 
tion of endogenous substrates rather than an inhibition or 
degradation of the respiratory chain per se. It is reason- 
able that the maintenance of key respiratory chain en- 
zymes in a potentially active (latent) state after long-term 
starvation allows dormant cells to respond rapidly when 
nutrients become available. 

The observed decrease in membrane fluidity evidently 
reflects the changes in lipid composition. A similar effect 
of starvation to produce an increase in the content of car- 
diolipin at the cost of phosphatidylglycerol in the early 
stationary phase has been noted in Staphylococcus aureus 

and E. coli (Wanner and Egli 1990); an increase in the sat- 
urated fatty acids in the membrane during starvation has 
also been noted (Wanner and Egli 1990). 

An interesting peculiarity of the behavior of  starved M. 
luteus cells is the significant fluctuation in almost all the 
parameters tested during the period of ca. 3-20 days fol- 
lowing the initiation of starvation. These fluctuations co- 
incided with those in optical density and the total cell count 
found earlier under the same conditions (Kaprelyants and 
Kell 1993). Similar fluctuations were also found during 
starvation of a psychrophilic marine bacterium (Moyer 
and Morita 1989). These fluctuations presumably reflect 
cryptic growth in the culture (see Postgate 1976), fol- 
lowed by culture stabilisation and the maintenance of rel- 
atively constant enzyme activities and cell composition. 

In conclusion, the prolonged starvation of M.luteus 
cells in spent growth medium results in the appearance of 
cells that possess a significantly changed composition, ac- 
tivities of both cytoplasmic and membrane enzymes, and 
membrane fluidity. At the same time, most of the cells in 
the population preserve their morphological integrity even 
after 4 months of starvation, an evident requirement for 
the resuscitation observed in these cultures (Kaprelyants 
and Kell 1993; Kaprelyants et al. 1994; Votykova et al. 
1994; Mukamolova et al. 1995). Finally, however, the 
question of which of the biochemical changes observed 
are beneficial adaptations for surviving starvation and for 
permitting a rapid response to improved nutritional for- 
tune (Kell et al. 1995), and which of them are simply a 
consequence of starvation, remains to be elucidated. 
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