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Abstract. We review recent studies from this laboratory
on the unusual and interesting biology of starved cells of
Micrococcus luteus. Cells of the copiotrophic bacterium Micrococcus lweus become donnant when subjected to severe
nutrient limitation, in that they enter a hypometabolic state
in which they are incapable of colony fonnmion (i.e., they
are not viable in the usual sense) but from which they may
be recovered by resuscitation in a weak nutrient broth (i.e.,
they were not dead). The results of quantitative measurements exclude the regrowth of initially viable cells as the
source of the resuscitated cells. Dormant cells are permeable
lo normally membrane-impenneant siains, and an early event
in resuscitation is the repair of the permeability barrier. When
cells are diluted so that no viable cells at all are present in
the resuscitation medium, under the conditions of a mostprobable-number assay, resuscitation does not proceed in
the absence of a culture supernatant from batch-grown cells.
This suggests that viable cells can excrete a pheromone-like
substance necessary for the resuscitation of donnant cells.
An important reason why microorganisms make secondary
metabolites generally is that they are actually pheromones;
this has significant implications for the search for bioaclive
molecules from marine microorganisms.

Dormancy may be defined as a reversible state of low metabolic activity, in which cells can persist for extended periods
without division; this often corresponds to a state in which
cells are not "alive" in the sense of being able to fonn a
colony when plated on a suitable solid medium, but one in
which they are not "dead'' in that when conditions are more
favorable they may be resuscitated so as to revert to a state
of "aliveness" as so defined (Kaprclyants et al. 1993). In
natural marine ecosystems, the total cell count obtained mi-
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croscopically typically exceeds the viable count on nonselective media by orders of magnitude. The question therefore
arises as to whether the "invisible," apparently noncullurable
cells are dead, are killed by our isolation media. or are
merely in a dormant slate from which we might. in principle,
be able to resuscitate them if only we knew how.
Attempts to correlate rnacr0$copic properties (such as
ATP content, respiratory rate or the extent of lipophilic cation
uptake) with the ability or lack of ability to form a colony
are doomed to fail (Kell 1988). since if a decline in the level
of ATP has occurred. we cannot know whether it is because
all the cells have lost half of their ATP or half the cells have
lost all of their ATP, or any other combination. Methods
of measurement that study individual cells, such as flow
cytometry (Kell et al. 1991 ), are therefore necessary to effect progress.
Dormancy may be correlated with the extent of uptake
of rhodamine-123 measured by flow cytometry in individual
cells of Micrococcm /111e11s when they are starved in buffer
(Kaprelyants and Kell 1992). when grown in chemostat culture at low dilution rates (Kaprelyants and Kell 1992; Davey
et al. 1993). and in the stationary phase of batch cultures
(Kaprelyanls and Kell l993a; Kaprelyants et al. 1993). Dormant cells are much smaller than viable and resuscitated
cells, and reversibly lose the ability to reduce 5-cyano-2,3·
ditolyl tetrazolium chloride (CTC) (Kaprelyants and Kell
1993a,b).
The regrowth of initially viable cells is always a potential
artifact in donnancy studies, since the increase in viable
counts while the total count is constant within the limit of
experimental precision (and before the total count increases
via division in the resuscitation medium) is normally much
lower than the noise in the latter. Importantly. and for the
first time, we were able to exclude this artifact using three
quantitative arguments (Kaprelyants and Kell I993a): (I)
resuscitated donnanl cells constituted a much higher percentage of the culture than the percentage noise in the total cell
count, (2) the rate of resuscitation was far greater than the
division rate of the organism, and (3) resuscitation was ac-
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companied by the conversion or small eel Is imo large cells,
nol merely by the appearance of newly viable cells.
Dormant cells are pem1eab!c to normally membrane·
impermeant stains, so an early event in resuscitation is the
repair of the permeability barrier (Votyakova et al. 1994).
This has profound implications for the assessment of cell
viability using so-called viability stains.
The previous experiments (Kaprelyants and Kell 1993a)
had been done undcrconditions in which at least a small number of viable cells were initially present. When no such cells
were present (Kaprelyants and Kell I993a) or were removed
by dilution (Kaprclyants et al. 1994. Votyakova et al. 1994),
resuscication was nol observed. This suggested. as had the
kinetics of resuscitation (Kaprclyants ct al. 1994: Votyakova
et al. 1994). that viable cells may excrete u factor that is re·
quired for resuscitation. Indeed. when resuscitation was car·
ried out at high dilution. domiant cells could be resuscitated
when supernatant from the early stationary phase of batchgrown cells was added 10 the resuscitation medium, such !hat
1he viable counts (obtuincd viu the most-probable-number
me1hod) exceeded the plate counts by three to five orders of
magnitude (Kaprelyants er al. 1994). It is possible that the
stimulating effcc1 of viable cells, and of supernatant taken
from batch cultures. on 1he resuscitation of dormant cells
mighl be connected in part with overcoming the activity of an
antibacteriul factor causing self-poisoning of dormam cells
during their resusciiation (Mukamolova er al. 1995).
As defined by Stephens ( 1986). "A pheromone is a chemical excreted by an organism into the environment that acts
IO elicit a specific response fonn other organisms of the
same species." On this basis. the molecule that M. /111e11.1·
secretes to assist in the resuscitation of dorman1 forms is
indeed a pheromone. and we have recently pointed our (Kell
el al. 1995) that the bcncfi1s to the producing strain of the
production of pheromones of this type in prokaryotcs may
be accounted for by a simple application of Hamillon's
( 1964) rule. since organisms in colonies that ure mothers
and daugh1ers (and so on) have a degree of relatedness
close to I. The existence of such social behavior among
prokaryotes is becoming increasingly widely appreciated
(e.g .. Stephens 1986: Bainton ct al. 1992: Kaiser and Losick
1993: Fuqua ct al. 1994: Kell at al. 1995: and sec, e.g .. Raff
1992: Yuen and Gomer 1994 for eukaryotes). Pheromones
arc by definition excreied, as arc those secondary metabolites
of pharmaceutical interest: pheromonal uctivity may there·
fore serve to explain many of the udvanlages to be had from
secondary metabolite formation generally (e.g .. Campbell
1984: Vining 1990: Kell ct al. 1995).
In conclusion, we believe 1ha1 lhcse studies have brought
together two imponant areas of significance to marine microbiology and biotechnology. First. we may state that if the
abilily to form a colony is the sole criterion of whether a
cell is alive or not, it is reasonable that dormancy is likely
to be far more common than death in oligotrophic marine
(and other) microbial ecosystems and that it may therefore
be necessary to add appropriate culture supernatants to effect
the resuscitation or recovery of such strains. Similarly. the
demonstrable existence of phcromonal behavior among marine prokaryotcs such as Vibrio han•ayi (sec Fuqua ct al.

1994; Kell at al. I995) suggests that the screening for bioacrivc marine molecules might most fruitrully be directed to·
wards those microhabitats in which substantial nutritional
shifts arc likely.
Ackn111rledge111e111s. We arc indebted for financial support of this work to
the Chemicals nnd Phannaccuticals Dircctoru1e of the BBSRC and to the
Royal Society under the tenns of the Royal Society/Russian Academy of
Sciences Joint Project scheme.

References
Bainton NJ, Bycrofl BW. Chhabra SR. Stead P. Gledhill L, Hill PJ, Recs
CED. Winson MK. Salmond GPC, Stewart GSAB. Williams P (1992)
A general role for the lux auloinducer in bacterial-cell signaling: control
of antibiotic biosynthcsis in f:nl'i11ia. Gene 116:87-91
Cnmpbcll IM ( 1984) Secondary metabolism and microbiul physiology. Ad"
Microbial Physiol 25: 1-60
Da\'ey HM. Kaprelyants AS. Kell DB ( 1993) Flow cytometric analysis.
using rhodamine 123, of Mirmcocc11.d11tr11s ut low growth rutc in chemostal culture. In: Uoyd D (ell). Flow cytomctry in microbiology. SpringcrVcrl:1g, Heidelberg. pp 83-93
Fuquu WC. Winans SC. and Greenberg EP ( 1994) Quorum sensing in
hacteria-thc luxR-luxl fomily of cell dcnsi1y-rc.1ponsive lrJnscrip!ional
regulators. J Bactcriol 176:269-275
Hamilton WD ( 196-l) The gcneticul evolution of social hchaviour, I and
JI. J Theor Biol 7; 1-52
Kaiser D, Losick R ( 1993) How untl why bacteria talk lo euch other.
Cell 73:873-885
K<iprclyanls AS, Kell DH (1992) Rapid assessment or hactcriul viabil'uy
und vimlity using rho<laminc 123 and noy,• cywmclry. J Appl Bacte·
riol 72:410-422
Kuprelyants AS, Kell DB ( 1993a) Domiuncy in .~tationary·phasc cultures
or Micmcocws /111e11.<: flow cytomctric analysis of star\'ation und rcsusci·
talion. Appl Env Mkrobiol 59:3187-J 196
Kaprelyants AS, Kell DB (I 99Jb) The use of 5·cyano-2.3·di1Dlyl tet=.olium chloride and flow cytometry for the visualisution of rcspimtory
ac1i1·iry in individual cell; of Micmcocrn.r l11tP11.r. J Microbiol Meth·
ods 17:115-122
Kaprelyanls AS. Gottschal JC. Kell DB ( 1993) Donnancy in nonsporulating
buc1eriu. FEMS Microbiol Rev 104:271-286
Kaprelyants AS, Mukamolom GV, Kell DB ( 1994) Estimation of dormant
Micmcocc11s lwem cells by penicillin lysis and by resuscitation in cell·
free spent culture medium at high dilution. FEMS Microbiol Len
115:347-352
Kell DB ( 1988) Protonmotive energy-trnnsducing systems: Some physical
principles and e.\perimental approaches In: Anthony CJ (cd). Bacterial
energy transduction. Academic Press. London. pp 429-490
Kell DB, Ryder HM. Kaprclyants AS. Westerhoff HV (1991} Quantifying
heterogeneity: flow cytometry of bacterial cultures. Antonie 1•an l..ceuwenhock 60:145-158
Kell DB. Kaprelyunts AS, GrJfcn A (1995) On pheromones, social beha1·iour and the functions of secondary mctaholism in bacteria. Trend.~ Ecol
Evol 10:126-129
Mukamolo\'u GV, Kaprelyant~ AS. Kell DB ( 1995) Secretion of an antibacterial factor during rcsuscitulion of donnanl cells in Micmcoc:r11.r l11te11.~
cultures held in an extended stationary phase. Anionic van Leeuwenhoek 67:289-295
Raff MC ( 1992) Social controls on cell survival and cell dcuth. Nature
356;397-400
Stephens K (1986) Pheromones among the prokaryores. CRC Crit Rev
Microbiol 13:309-334
Vining LC (1990) Functions of secondary mctnbolitcs, Annu Rev Microbiol 44:395-427
Votyakovn TV. Kaprelyanls AS. Kell DB (1994) lnnucncc of 1•iablc cells
on the resusdrntion of donnanl cells in Micmc11cc11.r lute11.r cultures
held in extended s1a1ionury phase. The population effect. Appl Environ
Microbial 60:3284-3291
Yuen JS, Gomer RH (1994) Cell censhy-scnsing in Dictyosrefi11111 by meuns
of the accumulation rate. diffusion coefficient und activity threshold of
a protein secreted by stan·cd cells. J Thcor Biol 167:273-282

supplied by the British Library 24 Feb 2020, 11 :55 (GMT)

