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Until recently, it was thought that bacterial cultures
are communities of independent cells capable of auto-
nomic growth. However, a large body of facts has accu-
mulated that testifies to the complexity of the processes
occurring in a bacterial population, where the cells are
in constant interaction. This complexity is reminiscent
of that found in a multicellular organism [1]. Now, the
role and mechanisms of bacterial intercellular commu-
nication via the secretion of signaling molecules have
been clarified [2].

The physical interactions between cells and, espe-
cially, their functional role, remain to be studied in
greater detail. Generally, the formation of cell aggre-
gates is well known in microbiology. Thus, the appear-
ance of specialized structures, namely, fruiting bodies,
in myxobacteria can be considered as a differentiation
stage for a culture experiencing a deficiency of nutri-
ents [3]. Some species of bacteria form so-called con-
sortia, within which different intermediate biochemical
processes occur with the involvement of a certain type
of cell, which provides for the effective formation of the
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end product (e.g., generation of methane and its oxida-
tion) [4]. Biofilms and bacterial colonies can be
regarded as an extreme case of intercellular interaction,
when aggregates are so large that they can be seen with
the naked eye. The occurrence of cells in biofilms
endows them with certain advantages, e.g., increased
resistance to antibiotics or to the defense systems of the
host organism [5]. Numerous studies on the organiza-
tion of microbial colonies provide evidence of the mor-
phological and physiological heterogeneity of cell
composition [6]. It is noteworthy that individual outer
cell envelopes (capsules, extracapsular mucus, etc.)
tend to merge, which results in the formation of a uni-
fied biopolymer matrix surrounding the colonies. The
constituents of the matrix are acid polysaccharides, gly-
cosylphosphate-containing biopolymers such as
teichoic acid, and glycoproteins, as well as (in certain
bacteria, e.g., bacilli) polyglutamic acid and other
biopolymers [7]. Similarly to the intercellular matrix of
animal tissues, the microbial matrix includes fibrillar
elements [7]. Animal and microbial matrices also con-
tain certain common chemical components (e.g., sialic
acids). In a similar way to the eukaryotic cells in the tis-
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Abstract

 

—It was found that the growth of 

 

Rhodococcus rhodochrous

 

 cells in a modified Saton’s medium
strongly depends on the rate of culture agitation in the flask: agitation at 250 rpm in flasks with baffles stops
cell multiplication, whereas slight agitation leads to pronounced culture growth. The growth retardation phe-
nomenon was reversible and did not manifest itself in exponential-phase cultures or when the cells were grown
in a rich medium; furthermore, it was not connected with the degree of culture aeration. When agitated at a mod-
erate rate, the bacterial cells formed aggregates in the lag phase, which broke up into single cells in the expo-
nential phase. The inhibitory effect of vigorous agitation was removed by the addition, to the medium, of the
supernatant (SN) of a log-phase culture grown in the same medium with moderate agitation. Vigorous agitation
is thought to interfere with cell contact, whose establishment is necessary for the development of an

 

R. rhodochrous

 

 culture in a poor medium, which occurs in the form of (micro) cryptic growth. When grown in
a modified Saton’s medium, 

 

R. rhodochrous

 

 cells were capable of transition, in the prolonged stationary phase,
to a resting and transiently nonculturable state. Such cells could be resuscitated by incubation in a liquid
medium with the addition of the supernatant or the Rpf secreted protein. The formation of transiently noncul-
turable cells was only possible under the conditions of a considerable agitation rate (250–300 rpm), which pre-
vented secondary (cryptic) growth of the culture. This circumstance indicates the importance of intercellular
contacts not only for the initiation of growth but also for the transition of the bacteria to a dormant state.
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sues of animals and plants, prokaryotes establish intra-
colonial intercellular contacts, which probably aid in
the propagation of signaling molecules in the popula-
tion, especially those that do not diffuse in the medium.
These intercellular contacts are established at the
expense of diverse surface structures, including
microfibrils, cone-shaped projections, cell wall evagi-
nations, and glycocalyx [8].

The data cited show that, in bacterial colonies, there
exists heterogeneity and the cells can perform different
functions. Nevertheless, the biological significance of
bacterial aggregations, including those formed in liquid
media, still needs to be understood in greater detail.
Microbiologists are well aware that aggregation often
occurs when cells are grown under nonoptimal condi-
tions. However, the significance of this phenomenon
for the vital activity of the cells is unknown.

In this study, we attempted to clarify the role of
physical cell interactions (aggregation) in the develop-
ment of a bacterial culture, or, more specifically, their
role during the transition of bacteria to a resting (dor-
mant) state and their exit from this state. The subject of
this study was the gram-positive bacterium 

 

Rhodococ-
cus rhodochrous

 

, which is known to form aggregates at
the initial stage of culture development.

MATERIALS AND METHODS

 

Conditions of cultivation of 

 

Rhodococcus rhodo-
chrous

 

.

 

 In order to obtain the inoculum, 

 

Rhodococcus
rhodochrous 

 

NCIMB 13805 was grown in a rich Broth
E medium (LabM) for 24 h. The inoculum was intro-
duced in an amount of 1 ml into 750-ml Erlenmeyer
flasks containing 125 ml of the rich Broth E medium
(LabM) or 125 ml of a modified Saton’s minimal nutri-
ent medium with the following composition (g/l):

 

MgSO

 

4

 

 · 

 

7H

 

2

 

O

 

, 0.5; L-asparagine, 4; an iron–citrate–
ammonium complex, 0.05; sodium citrate, 2; 

 

K

 

2

 

HPO

 

4

 

 ·

 

3H

 

2

 

O

 

, 7.75; 

 

NaH

 

2

 

PO

 

4

 

 · 

 

2H

 

2

 

O

 

, 4.25; glycerol, 60 ml; and

 

ZnSO

 

4

 

 · 

 

7H

 

2

 

O

 

 (1% solution), 0.1 ml. In some of the
experiments, flasks with baffles were used. In other
experiments, Twin-80, at a concentration of 0.05%, was
added to the culture to act as a detergent. The initial
amount of cells was 

 

10

 

3

 

 or 

 

10

 

5

 

 cells/ml. The cultures
were grown at 

 

37°ë

 

 at the agitation rates indicated in
the Results and Discussion section.

 

The optical density

 

 was measured on an SF-14
spectrophotometer at 600 nm in a 1-cm cuvette.

 

Obtaining transiently nonculturable 

 

R. rhodo-
chrous 

 

forms.

 

 

 

R. rhodochrous 

 

was grown in the rich
Broth E medium for 18 h, and 1 ml of this culture was
used to inoculate the flasks containing modified Saton’s
minimal nutrient medium. These flasks were incubated
at an agitation of 200 rpm for 86–90 h.

 

Determination of cell viability from CFU num-
bers.

 

 Bacterial suspensions were serially diluted in a
growth medium, and agar dishes with agarized Broth E
were inoculated with 100 

 

µ

 

l of each dilution. The colo-

nies were counted after three to four days of growth.
The detection threshold was 5 CFU/ml.

 

Determination of cell viability according to the
serial tenfold dilution method (STDM).

 

 Serial ten-
fold dilutions were also used during resuscitation of
dormant cells in liquid medium, and the number of
resuscitated cells was determined simultaneously. The
reactivation was carried out in 48-well plates, in which
12 wells were used per dilution. In the first four wells,
containing 0.5 ml of Saton’s medium with 0.5% yeast
extract, 50 

 

µ

 

l of the cell suspension from the dilution
under study was introduced. In the following four
wells, the protein Rpf was added to a concentration of
100 pM to promote cell resuscitation. In the remaining
four wells, 0.5 ml of a supernatant of a log-phase (20-h)

 

R. rhodochrous 

 

culture, supplemented with 0.5% yeast
extract, was used as the resuscitation medium. The
incubation was carried out at 

 

37°ë

 

 at an agitation rate
of 150 rpm for 5–6 days. The cell viability was judged
by visually determining the growth of the microbial
culture in each of the wells.

 

The total cell number (TCN)

 

 was determined
microscopically in a Helber chamber and was calcu-
lated according to the formula 

 

n

 

/5 

 

× 

 

10

 

8

 

, where 

 

n

 

 is the
average cell number in one square. For the counting
process, dilutions providing for the occurrence of
50

 

−

 

200 cells per square were used.

 

Obtaining a recombinant factor Rpf.

 

 The recom-
binant protein Rpf was obtained according to the
method described by Mukamolova 

 

et al

 

. [9].

 

Obtaining the supernatant.

 

 The supernatant was
obtained from log-phase (20-h) and stationary-phase
(132-h) 

 

R. rhodochrous 

 

cultures by centrifugation at
10000 

 

g

 

, with subsequent filtration of the liquid phase
through a filter possessing a 0.2-

 

µ

 

m pore size
(Watmann).

 

Quantitative determination of the cell distribu-
tion by size and shape

 

 was performed with a Malvern
3600Ec laser diffraction determiner of particle size and
shape. This device includes a low-powered helium–
neon laser, which emits a monochromatic light beam
(

 

λ

 

max

 

 = 633 nm) that passes through the experimental
cell. The results, expressed as a percentage of each
fraction in relation to the total cell number, were pro-
cessed according to the method described by Sy-
roeshkin 

 

et al.

 

 [10].

 

Measurements of the respiratory activity and
membrane potential of the cells.

 

 Measurement of the
respiratory activity of the cells was carried out, as
described by Kaprelants 

 

et al.

 

 [11], with the use of
5-cyano-2,3-di-tolyl-tetrazolium chloride (CTC). Mea-
surement of the membrane potential was carried out
with the use of Rhodamine 123 as described by
Kaprelants 

 

et al.

 

 [12].
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RESULTS AND DISCUSSION

 

The formation of cell aggregates at the early
stages of development of the 

 

R. rhodochrous 

 

culture
in liquid media.

 

 Microscopic study of the development
of the 

 

R. rhodochrous 

 

culture showed that, after 12 h of

growth in a liquid medium, when the cell concentration
was 

 

5

 

 

 

×

 

 

 

10

 

6

 

 cells/ml, virtually all the cells appear in the
form of small aggregates (10–40 cells per aggregate)
(Fig. 1). With an increase in the growth time, the aggre-
gates become enlarged; after 18 h of incubation (the
end of the exponential phase), they begin to disinte-
grate; and by the 24th hour (the beginning of the sta-
tionary phase), virtually the whole culture consists of
single cells. The cell aggregates appear as accumulations
of irregular form. Sometimes large aggregates are seen to
be covered by transparent material, which probably sta-
bilizes the cells in the aggregate (Fig. 1c). Staining the
large aggregates with the fluorescent dye propidium
iodide, which reveals bacteria only with damaged cyto-
plasmic membrane, helped to identify a considerable
number of damaged cells within them (Fig. 1e).

The cells’ size distribution in the population of the
growing 

 

R. rhodochrous 

 

culture, deduced from the dif-
fraction of the laser beam passing through a cell sus-
pension, confirmed that, at the early stages (12 h) in the
development of 

 

R. rhodochrous

 

, most of the cells occur
in small (5 

 

µ

 

m in diameter) and medium-sized (15 

 

µ

 

m
in diameter) aggregates (Fig. 2). At the late stages of
development (24 h), the bulk of the culture consists of
single cells (2 

 

µ

 

m in diameter).

 

The role of intercellular interactions in the initi-
ation of 

 

R. rhodochrous 

 

growth in Saton’s synthetic
medium.

 

 In order to clarify the role played by the

 

(d) (e) (f)

(a) (b) (c)

 

Fig. 1.

 

 Light and fluorescent microscopy of an 

 

R. rhodochrous 

 

culture: (a) inoculum (24 h); (b–e) midexponential growth phase;
and (f) stationary growth phase. (e) Cells stained with propidium iodide and revealed with fluorescent microscopy. (c) A cell aggre-
gate covered with transparent material. Magnification: (b) 100

 

×

 

 and (a, c–f) 1000

 

×

 

.
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Fig. 2.

 

 Diffraction analysis of the size of the particles and
their distribution in (a) a 12-h and (b) a 24-h culture of

 

R. rhodochrous

 

. Abscissa shows the size of the particles in

 

µ

 

m. The sizes of the most frequently occurring particles are
2, 5, and 15.
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aggregation of rhodococcal cells at the early stages of
population development, the culture growth was stud-
ied under conditions in which the intercellular contacts
were destroyed mechanically. For this purpose, the bac-
terial cells were grown at different agitation rates.
Enhanced agitation of the culture (250 rpm) appeared
to impair cell growth, and agitation at 250 rpm in flasks
with bafflers completely stopped visible cell growth
(Fig. 3). The observed effect was not related to
increased aeration of the culture, since the bubbling of
air under moderate agitation conditions did not affect
the growth rate (Fig. 3). In addition, the 

 

R. rhodo-
chrous

 

cells showed a virtually 100% survival rate on a
solid medium, where oxygen availability is virtually
unlimited. If the intensity of the agitation was
decreased or the flask was allowed to stand, so that the
culture could grow without agitation, very soon, an
increase in turbidity indicated cell multiplication (data
not shown). An Increase in the agitation rate at the
moment when the culture was already in the logarith-
mic phase of development did not affect the growth rate
(data not shown). A more detailed study of the culture
development under conditions resulting in growth
retardation revealed that, after inoculation (in this
experiment, the inoculum dose was 

 

10

 

3

 

 cells/ml), the
cells underwent several cycles of division, attaining a
density of 

 

10

 

5

 

 cells/ml, and then stopped dividing; how-
ever, their concentration did not decrease (Fig. 4). It is
noteworthy that the addition of the yeast extract to the
Saton’s medium at a concentration of 0.5% completely
abolished the negative effect of vigorous agitation
(Fig. 4). It should also be noted that this effect was
observed only when the cells were grown with agitation
in the Saton’s minimal medium; in the rich Broth E
medium, the cell growth curves did not differ at differ-

ent agitation rates (data not shown). These observations
demonstrate that vigorous cell agitation in flasks with
baffles did not cause lethal mechanical cell damage.
Thus, when the stationary-phase cells were transferred
to a vigorously agitated fresh liquid nutrient medium,
they retained their viability. We assume that, in a cul-
ture with a very small amount of inoculum, especially
if its quality is nonoptimal, other conditions for inter-
cellular communication are important.

 

The formation of transiently nonculturable

 

R. rhodochrous 

 

cells in Saton’s minimal medium.

 

The above-described experiments demonstrated that
intercellular interactions in the 

 

R. rhodochrous 

 

culture
manifest themselves in a poor medium, i.e., under unfa-
vorable conditions. In order to find out whether this
conclusion can be generalized, we staged experiments
to study the role of intercellular contacts for rhodococ-
cal cells experiencing another type of stress, namely,
transition to the dormant state and resuscitation from
the dormant state. To model this process, we used an
approach, which we earlier employed for 

 

Micrococcus
luteus

 

 cells, consisting in prolonged incubation of the
cells in the stationary phase [11]. For the transiently
nonculturable 

 

R. rhodochrous 

 

cells to be obtained, the
culture was initially grown in the rich Broth E (LabM)
medium for 18–19 h and then used to inoculate
(

 

10

 

5 cells/ml) the modified Saton’s minimal medium
(the increased phosphate concentrations in this medium
stabilized the medium pH throughout the growth
period). After 24 h of growth, the stationary phase of
the culture growth was observed under these condi-
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Fig. 3. Relationship between the growth of R. rhodo-
chrousin Saton’s liquid medium and the intensity of agita-
tion. Erlenmeyer flasks containing 150 ml of Saton’s
medium were inoculated (103 cells/ml) with an
R. rhodochrous culture grown in a rich medium (Broth E,
24 h). (1) Agitation at 250 rpm in an ordinary flask; (2) bub-
bling of the medium without agitation; and (3) agitation at
250 rpm in a flask with baffles.
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Fig. 4. Growth of R. rhodochrous cultures under different
agitation conditions in rich and poor media. The growth
conditions were as described in the caption to Fig. 3. In
experiments 1 and 2, yeast extract (YE) was added to the
Saton’s medium, adjusting it to a final concentration of
0.5%. In experiment 3, the Saton’s medium was replaced by
the supernatant (SN) of a log-phase R. rhodochrous culture
grown in this medium. (1) Saton’s medium + YE, an ordi-
nary flask; (2) Saton’s medium + YE, a flask with baffles;
(3) SN, a flask with baffles; (4) Saton’s medium, a flask with
baffles.



424

MICROBIOLOGY      Vol. 74      No. 4      2005

VOLOSHIN et al.

tions, but further incubation led to a sharp decrease in
the number of viable cells (CFU numbers) 30 h after
inoculation (Fig. 5a). The minimal CFU value was
recorded between the 80th and 100th hours of incuba-
tion. With further cultivation, the CFU number gradu-
ally increased until it attained the value observed in the
stationary phase (in the 24th hour). With further culti-
vation, the total cell number (data not shown) and the
optical density of the culture remained virtually the
same (Fig. 5a).

The time at which the CFU number attained its min-
imal value differed from one experiment to another, but
the CFU minimum coincided with the moment of
increase in the culture redox potential (Fig. 5b) (the cul-
ture pH barely changed, Fig. 5b). The minimal CFU
value attained in the stationary phase depended on the
inoculum age. The greatest CFU decrease was observed
when the inoculum was aged 18–19 h (Fig. 6). Micros-
copy of the bacteria that were incapable of producing
colonies on the solid media revealed that most of the

cells in this phase were coccoid or ovoid and measured
0.6 µm, whereas ordinary cells were rod-shaped and
measured 2–4 µm (not shown). Approximately 10% of
the cells in this growth phase were metabolically active
(according to fluorescent microscopy with the use of
rhodamine 123 as a membrane potential indicator and
CTC as an indicator of respiratory activity). When using
propidium iodide as a dye, 80–90% of the cells did not
stain, which is indicative of membrane integrity [13].

Thus, at a certain stage of prolonged cultivation,
R. rhodochrous cells were obtained that exhibited min-
imum colony-forming capacity but retained their struc-
tural integrity. Such properties allow the assignment of
the rhodococcal cells occurring during this period of
loss of colony-forming capacity (80–85 h) to tran-
siently nonculturable proliferative–dormant forms [14].
For the transition of R. rhodochrous cells to the tran-
siently nonculturable state, the rate of culture agitation
appeared to be an important factor: it had to be no less
than 200 rpm to ensure a quick and complete transition.
At a lesser agitation rate, no CFU decrease was
observed (data not shown). Under these conditions, the
cells formed aggregates of varying size, where, evi-
dently, nonviable cells with a damaged membrane bar-
rier were present (not shown).

Activation of transiently nonculturable R. rhodo-
chrous cells. In order to prove the ability of R. rhodo-
chrous cells to form transiently nonculturable dormant
forms, it is essential to demonstrate their ability to
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Fig. 5. Dynamics of development of the cell population of
R. rhodochrous in a poor medium in prolonged stationary
phase. The inoculum was grown in the rich Broth E medium
for 18 h, and the poor medium was inoculated at a dose of
106 cells/ml. During incubation, the optical density (a, cur-
ve 1), CFU number (a, curve 2), pH (b, curve 1), and redox
potential (b, curve 2) were measured.
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Fig. 6. Influence of the inoculum age on the formation of
nonculturable R. rhodochrous cells in the stationary phase.
Inocula of different ages were grown in the rich Broth E
medium for the purpose of inoculating modified Saton’s
medium (see the caption to Fig. 5a). The cells were inocu-
lated at 200 rpm.
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restore their metabolism and the capacity for division.
We have earlier shown that a special procedure, the
activation of dormant cells, is necessary for the reversal
of growth [11]. Similarly to the activation of M. luteus
cells [15], the activation of transiently nonculturable
cells of R. rhodochrous (Fig. 5a) implies cultivation in
a specially selected liquid medium. The serial tenfold
dilution method was used for quantitative assessment
of the reversal of transiently nonculturable cells to the
dividing state [15]. The incubation of transiently non-
culturable cells in the Saton’s medium with the addition
of 0.5% yeast extract led to an increase in viability by
three orders of magnitude as compared to that deter-
mined according to the CFU number (table). Different
changes in the medium composition did not result in a
further increase in the STDM-determined value. When
resuscitation was carried out in a rich medium (Broth E)
(table) or more than 0.5% yeast extract was added to the
Saton’s medium, a decrease in the STDM-determined
cell titer was observed as compared to the resuscitation
in the Saton’s medium without yeast extract (data not
shown). The addition of catalase (3 mg/ml) or pyruvate
(0.5 mM) did not contribute to cell resuscitation either
in liquid or solid media. However, a substantial increase
in the number of dividing cells determined by the
STDM was observed after four to five days of incuba-
tion of transiently nonculturable cells in the supernatant
obtained by centrifugation of log-phase cultures of
R. rhodochrous (table). The supernatant obtained from
the cultures aged 18–20 and 118–132 h revealed resus-
citating activity, whereas the supernatant obtained from
45- to 70-h cultures had an inhibitory effect (Fig. 7).
The latter supernatant also suppressed the development
of the R. rhodochrous culture in the logarithmic growth
phase (data not shown). The resuscitating activity of the
supernatants depended on their concentration: the max-
imum effect was observed when it constituted 50% or
more of the medium volume (Fig. 7). The addition of
the recombinant protein Rpf, which is secreted by M.
luteus and aids in the activation of its dormant cells in
Saton’s medium with 0.5% yeast extract, also increased
the effectiveness of activation of transiently noncultur-
able R. rhodochrous cells, but the effect was less than
that observed in the supernatant (table). The intensity of
the culture agitation proved to be equally important for
both passing into and out of the transiently noncultura-
ble state. However, in the latter case, vigorous agitation
of the cells in the Saton’s medium negatively affected
the efficiency of cell activation. When the cells sus-
pended in the supernatant were activated, the agitation
rate was not crucial (data not shown). This result also
agrees with the supposition that, under favorable condi-
tions of growth, the cells behave independently of each
other in any physiological process.

In this study, we found that cells of the bacterium
R. rhodochrous cultivated in a poor medium depend on
the presence of physical intercellular contacts. This
conclusion is based on the fact that vigorous agitation,
which evidently destroys intercellular contacts estab-

lished in the lag phase of population development, pre-
vents the bacterium from initiating growth (Fig. 1). The
possibility of culture growth under conditions of aera-
tion by air bubbling (Fig. 3) and the activation of
growth after a decrease in the intensity of agitation pre-
clude attributing the effects observed to excessive oxy-
genation or cell damage by agitation. This behavior of
the bacterial culture is reminiscent of the requirements
of some eukaryotic cell cultures, which need weak agi-
tation to establish the intercellular contacts necessary
for growth in the form of a tissue monolayer. Many bac-
teria are known to exhibit cell aggregation when grown
in a liquid medium [6]. Moreover, it is well known that
such “multicellular” organisms can be stabilized by
special supracellular structures, i.e., secreted polymers
that envelop the cell aggregates (examples are the orga-

Table

Method of study Number of cells per ml

TCN 7.39 × 108

CFU 6.7 × 102

STDM

Broth E 4.5 × 104

Saton’s 1.5 × 105

Saton’s + Rpf 1.4 × 106

SN-1 3.7 × 107

SN-2 1.6 × 108
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Fig. 7. Influence of the supernatant concentration and age
on the resuscitation of nonculturable forms. An R. rhodo-
chrousculture occurring in the nonculturable state was inoc-
ulated into (1) supernatants of different age and (2) media
containing different amounts of the supernatant of a log-
phase R. rhodochrous culture. In order to obtain the SNs,
1 ml of a 24-h inoculum grown in a rich medium was intro-
duced into 125 ml of Saton’s medium.
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nization of streptococcal chains [16] and colonies of
E. coli, St. aureus, or M. bovis, covered by several poly-
mer layers [17]). The extracellular material found
around the R. rhodochrous aggregates (Fig. 1) may also
be involved in aggregate stabilization.

When speculating on the role of cell aggregation in
the growth of R. rhodochrous cultures, it is essential to
remember that their growth was independent of inter-
cellular contacts in a rich medium or after the exponen-
tial growth phase had been attained by the culture. The
latter fact is obviously connected with the accumula-
tion, in a moderately agitated culture, of certain metab-
olites that promoted its growth when the agitation rate
was increased; accumulation of such metabolites is
shown by the stimulating effect of the culture fluid
(Fig. 4). We suggest that the products of cell degrada-
tion (lysis), which is probably undergone by some of
the cells in the culture during the lag phase, may well
be these metabolites. Thus, the growth of rhodococcal
cells, at least at the beginning of the exponential phase,
is likely to be stimulated by cell degradation products
and actually represents so-called cryptic growth. An
alternative explanation may be connected with the
accumulation of specific growth-stimulating factors,
such as protein Rpf, in the growth medium, as we ear-
lier revealed. However, this assumption seems to be less
probable, since the stimulants released into the growth
medium were insensitive to autoclaving (in contrast to
Rpf). Obviously, at the early stages of culture develop-
ment, cryptic growth does take place within the aggre-
gates. We suggest that the cells multiply or persist in the
maintenance state in aggregates at the expense of
microcryptic growth, utilizing the products of damaged
or destroyed neighboring bacteria. Since this process
has a local character, the amounts of such substances
are sufficient to afford several cycles of division of the
cells remaining within the aggregate (Figs. 1d, 1e).
With an increase in the level of nutrients, transition to
the exponential phase begins. If the suggested scenario
for the development of events in the lag phase of
R. rhodochrous is correct, then the inability of a culture
begin exponential growth is easily explained by the
destruction of cell aggregates in the lag phase under
conditions of vigorous agitation. The cell communities
in the lag phase can be regarded as a kind of incubator
for the formation of viable cells when the initial cell
concentrations are small and the medium composition
is too poor for autonomic growth. Such a type of cell
growth in liquid media is analogous to the growth of a
colony on solid media.

Although the phenomenon of cryptic growth has
long been known [18], until now it was considered to be
characteristic of the stationary phase, when the cell
concentration is high and that of the nutrients is low. It
cannot be ruled out that the lysis of bacterial cells is
controlled genetically and is an analogue of pro-
grammed death (apoptosis) in eukaryotes [19]. Interest-
ingly, cell death and lysis within microcolonies during
the formation of a Pseudomonas aeruginosa biofilm

leads to the dispersion of a local film fragment and dis-
semination of viable bacteria into the environment [20].

We believe that the features of R. rhodochrous
growth in a poor medium may represent a special strat-
egy for the survival and development of the bacteria in
poor media, where they would never grow autono-
mously; nevertheless, it is social behavior that makes
such growth of the bacterial cells possible.

The role of intercellular contacts was also mani-
fested when the R. rhodochrous culture passed into the
proliferative–dormant state, which was characterized
by the formation of transiently nonculturable cells in
the prolonged stationary phase. Such a transition to the
dormant state was only possible when the culture was
vigorously agitated (Fig. 5a); at the same time, no
decrease in cell viability was observed under slight agi-
tation. This result would seem to be linked to the effects
discussed above; i.e., under conditions permitting inter-
cellular contacts to be established (slight agitation of
the culture), the cells aggregate and, possibly, release
factors of a chemical nature that sustain their viability.
Under more vigorous agitation, the social survival of
the cells is interfered with, which induces their transi-
tion to the transiently nonculturable state.

The phenomenon of nonculturability of bacterial
cells is the subject of heated debate [14]. Many publi-
cations supporting the existence of viable but noncul-
turable bacteria, including several pathogenic species,
are available. However, only in relatively few cases has
the reversibility of the nonculturable state been clearly
demonstrated [21]. If such reversibility cannot be pro-
duced, the corresponding cells should be considered as
nonviable. It was earlier found that, in the prolonged
stationary phase, a culture of M. luteus contains a large
number of nonculturable cells, which remain in the dor-
mant state for several months [11]. In the present inves-
tigation of the R. rhodochrous culture, a similar
approach enabled us to obtain a population of noncul-
turable cells; however, as distinct from M. luteus, the
occurrence of the cells in the nonculturable state was
transient and lasted for about 2–4 h (Fig. 5a). It appears
that, for such a transfer to occur, it is necessary to
ensure a number of specific cultivation conditions (the
composition of the growth medium and the inoculum
age). This behavior of the R. rhodochrous culture is
similar to the formation of dormant Mycobacterium
tuberculosis cells in the prolonged stationary phase
under aerobic conditions [22].

The possibility of resuscitating transiently noncul-
turable cells of R. rhodochrous, as assessed by the serial
tenfold dilution method (table), indicated the reversibil-
ity of their dormant state. However, as in the case of
M. luteus cultures, cell resuscitation was successful if
the SN obtained from a log-phase R. rhodochrous cul-
ture of a certain age was added to the medium (Fig. 7).
It is possible that the primary agent conducive to cell
resuscitation is a protein similar to the protein Rpf,
which we previously discovered in the SN of M. luteus.
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Indeed, the immunoenzyme method and immunoblot-
ting revealed proteins immunologically close to Rpf in
the SN of R. rhodochrous (unpublished data). Interest-
ingly, the nonpathogenic bacterium R. rhodochrous is
close to M. luteus in relation to its capacity for resusci-
tation and the dependence of resuscitation on exoge-
nous SN or Rpf, while nonculturable cells of the patho-
genic bacterium M. tuberculosis can spontaneously
resuscitate in liquid medium [22]. This property of the
tuberculosis pathogen is probably somehow linked to
its capacity for long-term persistence in a host body and
the reactivation of tuberculosis.
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