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Abstract—This paper discusses (1) programmed cell death, a phenomenon typical of the stationary phase of
bacteriaoccurring under unfavorable conditions, (2) its pleiotropic regulation by guanosine tetraphosphate, and
(3) the conception of “addiction module,” a specific genetic system responsible for the cell choice between sur-
vival and death under unfavorable conditions. The shortcomings of the proposed interpretation of the problem
at hand are considered and the necessity of their further investigation is substantiated.
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INTRODUCTION TO THE PROBLEM

The investigation of the bacteria stationary phase
goes back to the 1930s, when Kluyver and Perquin
developed and first described the technique of sub-
merged cultures ([1] asfoundin[2, 3]). For at least half
acentury, theinvestigations of such kind were centered
on the physiology of stationary-phase batch cultures
and their analogues, i.e., continuous cultures grown at
low rates under the conditions of severe limitation by
one of the nutrients present in the cultivation medium
[2]. Studied were physiological parametersin aconven-
tional sense, such as the dynamics of biomass and pop-
ulation, the consumption of substrates, the secretion of
metabolic products, respiration, and the effect of vari-
ous physicochemical conditions on the growth parame-
ters and the metabolic activity of cells. Populational
processes in the stationary phase were considered, as a
rule, in relation to spore formation [3].

During the last decade, there has been atendency to
treat such processes asthe expression of genes, the con-
version of macromolecules, the transduction of signals,
and, particularly, the responses of bacteria to various
shocks and stresses [4—6] in terms of bacterial physiol-
ogy. Recently, however, these processes, as well as
some others (e.g., signal reception, the control of meta-
balic fluxes, and the operation of intracellular regula
tors), have been properly placed in the science of cell
biology (relevant discusson may be found, for
instance, in [7]).

The present paper, like the previous one [8], will
consider the stationary phase of bacteriajust in terms of
cell biology, taking into account the fact that the sta-
tionary phase is a sophisticated phenomenon, which

includes severa organizational levels of cells, different
global regulatory systems, and the expression of vari-
ousS genetic programs.

The previous review [8] was devoted to the cell
response to general stress, i.e., to various shocks and
stresses, including those which initiate the transition of
bacteria to the stationary phase. Great attention was
given to the aternative o-subunit of the RpoS RNA
polymerase and the specific protein regulator UspA of
Escherichia coli, which control certain regulons and
are activated under starvation conditions. At the same
time, some other important aspects of the cell and pop-
ulation biology of the bacterial stationary phase
remained beyond the scope of that review.

The aim of the present paper isto fill this gap, with
particular emphasis on programmed cell death and the
function of the pleiotropic regulator guanosine tetra-
phosphate.

PROGRAMMED CELL DEATH

General consideration. The phenomenon of pro-
grammed cell death (“suicide™) has long been investi-
gated with reference to embryogenesis and morphogen-
esis in higher organisms [9-11], for which this phe-
nomenon is known as apoptosis [9-14]. This term is
also used with respect to yeasts [12-14] but not with
respect to prokaryotic organisms, in which the mecha
nisms of programmed death are very specific.

The phenomenon of programmed death has long
been recognized for bacteria. For instance, it wasfound
that the bacterial cells that were transformed with cer-
tain plasmid vectors remain viable during subsequent
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replication if they retain the vector. But if the trans-
formed cells lose the vector as a result of segregation,
they rapidly die. Similar segregational death was
observed for natural plasmid-bearing bacterial strains.
This particular case of programmed bacterial death was
considered by Yarmolinsky [15].

An analysis of the segregationa death of bacteria
and the apoptosis of yeasts, as well as of some other
related phenomena, such as morphogenetic processes
associated with the formation of spores and fruiting
bodies, allows some suggestions important for further
discussion to be made. Namely,

(1) microorganisms benefit from the death of a por-
tion of their population;

(2) there is an adaptive mechanism that provides for
the viability of aportion of amicrobial population pro-
vided that the other portion of the population will die;

(3) programmed cell death may be triggered by the
very population heterogeneity;

(4) some stationary-phase phenomena, such as the
partial autolysis of stationary-phase cultures, may
result from programmed bacterial death [15] and not
from random metabolic alterations.

The mechanisms of the stabilization—programmed
death of bacteria may be different. One of the possible
mechanisms was proposed by Yarmolinsky [15] and
Naito et al. [16], who studied mutants defective in
restriction endonucleases and the restriction—modifica-
tion DNA methylase of plasmid PIk137 and found that
it is the proportion between these enzymes that may be
responsible for programmed cell death. In normal
E. coli cells bearing this plasmid, DNA is protected
from the action of restriction endonucleases by the
methylation of susceptible sites with the plasmid DNA
methylase. In the mutants lacking the plasmid, DNA is
no longer protected by the methylase and is digested by
the remaining restriction endonucleases, which results
in cell death. This mechanism may betreated asa“ self-
ish behavior” of the plasmid, since plasmidlesscellsare
excluded by plasmid-bearing cells[15, 16].

The conception of “addiction module.” Within the
framework of his general conception of the stabiliza-
tion—programmed death of bacteria [15], Yarmolinsky
postulated the existence of a specific genetic module,
the so-called “addiction module,” which is responsible
for the continuous maintenancein cellsof agenethat is
not necessary for their normal functioning and, under
certain conditions, may even cause their death. Based
on the data of Naito et al. [16], Yarmolinsky suggested
that this module should contain two genes, one of
which encodes afactor (for instance, arestriction endo-
nuclease) that is toxic to the cell and is neutralized by
the product (as DNA methylase) of the second gene.
These factors are usualy called toxin and antitoxin.
Under norma conditions, the high expression of the
second gene results in antitoxin domination. However,
when a cell loses the addiction module, the remaining
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toxin, which is more abundant and stable than the anti-
toxin, killsthe cell.

Thediversity of addiction modules. In 1944, Big-
ger showed that even the long-term incubation of a sus-
pension of staphylococci with penicillin leaves a por-
tion of the population viable ([17] as found in [18]).
The survived cells were unlikely to be defective, since
their portionsin cultures occurring under different con-
ditions were the same. Nor were the survived cells
mutant, since their offspring cells were also heteroge-
neous with respect to penicillin resistance. The cells
behaved as though they could choose between their sur-
vival and death under the action of the antibiotic, a sit-
uation typical of an addiction module. Similar phenom-
enawere observed in other bacteriafor other detrimen-
tal factors, such as UV radiation and severe thymine
starvation [18].

Asfor the mechanism of the action of the addiction
module, there are severa relevant hypotheses. Along
with the aforementioned hypotheses of Yarmolinsky
[15] and Naito et al. [16], thereis a so the hypothesis of
Gerdeset al. [19], who suggested that the product of the
sok gene of the hok—sok system carried by plasmid R1
is a lethal antisense RNA, which plays the role of the
unstable (nuclease-susceptible) component of the
addiction module.

The addiction module can be carried by various
plasmids [20] and phages. For instance, the phd—doc
module is known to stabilize prophage P1 [21]. The
rexB gene of bacteriophage lambdais an antideath gene
[22].

Chromosomal addiction modules. A search for
genes controlling the death of E. coli cells alowed
Moyed and Bertrand [23] to reveal three independent
hip (high-persistence) chromosomal loci, whose muta-
tion increased the percentage of antibiotic-resistant
cellsby three orders[23]. Thefollowing discussion will
be restricted to the chromosomal addiction modules,
leaving aside the addiction modules of mobile extrach-
romosomal genetic elements.

One of the best studied and important (due to its
interaction with global regulatory systems) chromo-
somal addiction modules of bacteria is mazeF [24],
also known as chpA [25]. In the nucleotide sequence,
this module is homologous to the peml K module of
plasmid R100. The mazEF genes are situated down-
stream the relA gene, which controls the stringent
response of cells to a deficiency of nitrogen in the
medium, i.e., the global system of metabolic rearrange-
ment under nitrogen starvation conditions. Accord-
ingly, the mazEF genes belong to the rel A operon [24].
Moreover, they are identical to the rel BE genes of this
operon [26]. The investigation of the products of the
mazEF genes showed that MazE is a labile protein
which protects bacteria cells from the letha action of
the stable MazF protein [27]. Toremain viable, thecells
must maintain a high level of expression of the mazEF
addiction module.
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PROGRAMMED CELL DEATH
AND ITS REGULATION BY GUANOSINE
TETRAPHOSPHATE

General information on guanosine tetraphos
phate-mediated regulation. As mentioned above, the
rel A operon controlsthe global regulatory system of the
stringent response [28]. The product of the relA gene
(RelA) is the synthetase of the universal regulator
3',5-bis(guanosyl)pyrophosphate  (guanosine tetra-
phosphate, ppGpp), aso cdled ppGpp synthetase | (PS1).
Thereisalso asecond synthetase of ppGpp, SpoT (PS|1).
The RelA protein (stringent factor) islocalized at the A
site of ribosome and is activated under amino acid defi-
ciency. In wild-type strains, the amino acid deficiency
isinduced by the exhaustion of nitrogen sourcesin the
medium, due to which they transit to the stationary
phase. RelA tests this state by detecting nonacylated
tRNA in ribosomes [28—-30] and responds to it by syn-
thesizing ppGpp through guanosine pentaphosphate
(ppPGpp) with the use of GTP and the energy and the
phosphate groups of ATP.

Thelocation of the second phosphatase, SpoT, isnot
conclusively established. It may be associated with the
ribosome or may occur in the cytosol [30]. Unlike
RelA, SpoT is activated when cell growth islimited by
the deficiency of carbon sources. It is likely that SpoT
isdirectly activated by intermediates of the synthesis of
membrane fatty acids, which accumulate in cells when
their growth is limited [28-30].

Spira et al. reported that the synthesis of guanosine
tetraphosphate may also be activated by the deficiency
of inorganic phosphate in the medium [31] and depends
on SpoT. Therefore, ppGpp is synthesized when cells
transit to the stationary phase, which precedes the
phase of cell death and the formation of resting forms.
Let us analyze in more detail the role of ppGpp in the
stationary phase control.

Guanosine tetraphosphate is a powerful pleiotropic
regulator of the metabolism of cells whose growth is
limited by some factors. The role of ppGpp is to com-
pensate for the action of these factors. This regulatory
system has been described not only for many bacteria
but also for actinomycetes [32]. Moreover, analogous
stringent control systems were revealed in yeasts [33],
although their mechanisms differ from those found in
bacteria[34]. Therefore, ppGpp may be auniversal reg-
ulator in prokaryotes. At least, there is no doubt that
guanosine tetraphosphate is one of the mgjor regulators
in E. coli cells, especially those which grow under lim-
itation conditions or occur in the stationary phase [29,
35-37]. The regulatory action of ppGpp is either acti-
vating or inhibiting. Inhibited are glycolysis, respira-
tion, and the synthesis of ribosomal proteins, tranda
tional factors and other components of the protein-syn-
thesizing apparatus, lipids, nuclectides, and
peptidoglycans. Activated are the transport of amino
acids and some carbohydrates, the synthesis of neces-
sary amino acids and the excretion of those which are
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unnecessary at a given time, the expression of the lac
gene, some other genes of carbohydrate metabolism,
and some genes of the Pho regulon that control phos-
phate uptake in E. coli, the proteolysis of unnecessary
proteins, the cleavage and mobilization of compounds
required for biosyntheses and reserve substances, and
the hydrolysis of stable RNA [28, 31, 36-42]. These
processes are regulated at severa levels, including
DNA transcription and the modulation of enzymatic
activities [28, 29, 36-38]. Guanosine tetraphosphate is
also involved in the regulation of secondary syntheses
and morphogenesis, as shown for Streptomyces coeli-
color A(3)2[43].

Furthermore, guanosine tetraphosphate controls
some populational processes. In E. cali, it coordinates
growth rate in accordance with the availability of nutri-
ents by controlling DNA replication and cell division
[44], as well as influences the frequency of mutations
[45]. In Pseudomonas aeruginosa, ppGpp activates the
guorum sensing system and modulates the expression
of genes depending on the concentration of cellsin the
medium [46]. During the formation of the P. aerugi-
nosa biofilm, guanosine tetraphosphate, together with
the AlgR 2 protein, is involved in the coordination of
alginate synthesis [47]. In this case, AIgR 2 may medi-
ate the transduction of the signals generated by gua
nosine tetraphosphate in response to the onset of the
stationary phase and other conditions necessary for bio-
film formation.

It should be noted that the concentration of gua-
nosine tetraphosphate in cells correlates with their
growth rate, but the relationship between these param-
etersisnot functional [47, 48]. The dynamics of ppGpp
in cells may be determined by the specificity of the car-
bon sources used or the occurrence of stressful condi-
tions, as was shown for pseudomonads grown on toxic
substituted phenols [49]. Sce and Shingler showed that
guanosine tetraphosphate directly controls the P, pro-
moter of the DmpR operon responsiblefor the degrada-
tion of the phenols. This operon is transcribed by an
RNA polymerase with the aternative o> subunit
(which is specific for nitrogen metabolism and the
metabolism of aromatic compounds), but not by the
major bacterial RNA polymerase [49]. It is known that
transcriptional regulation by guanosine tetraphosphate
involvesitsinteraction with the 3-subunit of RNA poly-
merase [50]. The ability of ppGpp to interact with the
different o subunits of RNA polymerase indicates that
ppGpp may be involved in the regulation of the slow
growth of bacteriaunder various stressful conditions, in
which these subunits are a so involved.

It should be noted that some authors do not recog-
nize ppGpp as a bacterial growth regulator [51].

Guanosinetetraphosphate and programmed cell
death. The coexpression of the mazEF addiction mod-
ule genesisinhibited by high concentrations of ppGpp
in cells [27]. Since the mazE gene product is more
labile than the mazF gene product, the balance between
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them is upset, and the prevailing concentrations of the
MazF protein kill the cell. Thus, the program of cell
suicide is implemented by the stringent response sys-
tem through the addiction module. The deficiency of
the stabilizing MazE protein is caused by protease
ClpA, whichisinvolved in the control of regulatory and
stress proteins and is most likely activated in the sta-
tionary phase. The role of ppGpp in this process
remains unclear, although thereis evidence that ppGpp
controls the P, promoter of the mazE and mazF genes
[27] and blocks the function of RNA polymerase at the
level of the initiation of transcription [52]. The finding
that ppGpp is slightly toxic to mutants having deletions
in the mazEF module or possessing the impaired clpA
gene opensanew way for elucidating the role of ppGpp
in programmed cell death. Thisroleisnot simple, asis
evident from the dataof Sat et al. [53], who showed that
the antibiotics rifampicin, chloramphenicol, and spect-
inomycin, known as the inhibitors of DNA transcrip-
tion and/or tranglation, can trigger the mazEF lethality.

It should be noted that some authors sometimes
interpret the common death of cells under the action of
unfavorabl e factors as the phenomenon of bacterial sui-
cide. For instance, Aldsworth et al. [54] called the death
of cellsinduced by active oxygen species accumul ated
in response to various shocks and growth-limiting con-
ditions as cdll suicide. It is also difficult to suggest the
involvement of any addiction modules in the lysis of
cells under the action of quinolone mutagens [55].
These mutagens enhance the synthesis of the SOS pro-
teins RecA, LexA, and SulA, the latter of which inhib-
itsthedivision of cellsand activatestheir autolysis. The
cell death induced by various unfavorable factors is a
special problem of the cell biology of bacteria and will
not be considered here.

CONCLUSION

When discussing the role of programmed cell death
in the physiology, cell biology, and the population biol-
ogy of bacteria, it seems necessary to emphasize that
researchers have long overestimated the significance of
stochastic processes in the developmental biology of
bacterial cultures. The idea that the heterogeneity of a
genetically homogeneous microbial population and the
death of some cellsunder the action of unfavorable fac-
torsare due to random fluctuationsin the environmental
conditions and metabolic alterations in these cells cor-
responds to one of the postulates of the general theory
of ecology and evolution: those organisms die that are
the weakest and the |east adapted.

The conception of programmed cell death, which
states that cells occurring under unfavorabl e conditions
have a choice to survive or to die, refutes this postul ate
and shows that some of the genera principles of the
theory of ecology and evolution areinapplicable to bac-
teriaand that the adaptive responses of amicrobial pop-
ulation based on stochastic processes cannot provide
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for its survival. The microbial population, as an organ-
ism, must control the death and the life of each of itscells.

It should be noted that there are still many unclear
points in the phenomenon of programmed cell death.
What signal causes a cell to choose between death and
life? Guanosine tetraphosphate cannot obviousy be
such a signal, since it will otherwise be difficult to
explain the different responses of particular cells to
external factors. Those researchers may be right who
suggest that programmed cell death ismerely caused by
the genetic mechanisms of self-destruction, which are
activated by stress factors in some cells in accordance
with the random distribution of the adverse effect of
these factors among the cells [54, 55]. Then the postu-
lated ability of cells to choose between life and death
becomes a beautiful legend. Is there arelation between
the viable but not culturable state of bacteria [56] and
their programmed death? May the transition to this
state be programmed? These and many other relevant
guestions need further comprehensive studies.
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