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Nowadays, the “nonculturability” of bacteria is a
subject of active discussion. Nonculturability is under-
stood as the inability of cells to grow on solid or liquid
laboratory media, although quite often the ability to
grow in liquid media may be retained in the absence of
growth on solid media. The existence of viable but non-
culturable (VBNC) cells is widely known for both
pathogenic and nonpathogenic species [1, 2]. Cells
with the NC phenotype may retain some residual meta-
bolic activity or be dormant with absolutely no metab-
olism. However, dormant cells in general are not neces-
sarily nonculturable [3–5]. Thus, the terms “dormancy”
and “nonculturability” cannot be considered identical.

There is a widespread opinion that the causative
agent of tuberculosis—the pathogenic, slowly growing
non-spore-forming bacterium 

 

Mycobacterium tubercu-
losis

 

, is able to survive in vivo for a long time after the
infection in a dormant (or NC) state [6, 7]. Thus, a
latent infection arises, which is thought to be related to
the formation of dormant cells. Such cells seem to be
nonculturable [8].

However, the mechanisms of conversion of bacteria,
including mycobacteria, into and from the NC state
have been little studied up to now. Some recently
obtained data allow us to conclude that cell–cell inter-
actions, which significantly influence the growth and
development of bacterial populations, play an impor-
tant role in the formation and reactivation of mycobac-
terial NC cells.

“NONCULTURABILITY” OF MYCOBACTERIA 
AND LATENCY OF TUBERCULOSIS

According to the World Health Organization, every
third man on the Earth is latently infected with the
tuberculosis pathogen, 

 

M. tuberculosis

 

, and such latent
infection can be suddenly activated after a long period
during which it is not manifested. Khomenko et al.
studied different forms of 

 

M. tuberculosis

 

 in tissues of
patients and concluded that this organism has special
small (filterable) forms, which he supposed to be latent
forms of tuberculosis. “Khomenko forms” could not be
cultured on standard media, but their introduction into
animal organisms in many cases induced the process of
tuberculosis, after which the pathogen could be
revealed on nutrient media [9].

A number of experimental models employing ani-
mals have been developed for the study of latent tuber-
culosis in vivo, including the so-called model of
chronic tuberculosis [10, 11] and the Cornell model of
the formation of nonculturable cells upon exposure to
antibiotics [12].

For quite a long time, the most popular in vitro
model simulating the transition of 

 

M. tuberculosis

 

 cells
to dormancy was the Wayne dormancy model [4] con-
sisting in interruption of cell division under gradual
oxygen depletion. After a long-term incubation, when
the system reaches an anaerobic state at an oxygen level
below 0.06%, cell division completely stops and thick-
ening of the bacterial cell wall is observed. The transfer
of cells to fresh aerated medium results in their syn-
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chronous division [4, 5]; i.e., dormant cells in the
Wayne model remain culturable.

Currently, there also exists a model of obtaining 

 

M.
tuberculosis

 

 NC cells by incubation in prolonged sta-
tionary phase. After four months of cultivation under
gradually decreasing oxygen concentration, such cells,
in contrast to the dormant cells in the Wayne model,

which retain high viability, completely lose the ability
to form colonies on agarized medium [13] but can be
reactivated by incubation in a liquid nutrient medium
(Fig. 1).

Recently, an in vitro model has also been developed
for 

 

M.

 

 

 

smegmatis

 

, a fast-growing nonpathogenic rela-
tive of 

 

M.

 

 

 

tuberculosis.

 

 In this model, cells cultured on
a specially developed potassium-free medium convert
to the NC state in the stationary phase under aerobic
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Fig. 1.

 

 Formation of NC

 

 M. tuberculosis

 

 cells (a) and their
resuscitation (b) in liquid cultivation media: (

 

1

 

) total cell
number, (

 

2

 

) CFU number and cell numbers after resuscita-
tion of wild-type NC cells (

 

3

 

) in synthetic Sauton medium
in the presence of 0.05% yeast extract, (

 

4

 

) in synthetic Sau-
ton medium in the presence of 0.05% yeast extract and
recombinant Rpf protein (125 pM), and (

 

5

 

) in supernatant
from an actively growing

 

 M. tuberculosis

 

 culture used as a
resuscitation medium and (

 

6

 

) after resuscitation of NC cells
of the mutant strain KDT8 lacking three of the five Rpf-
encoding genes, in synthetic Sauton medium in the pres-
ence of 0.05% yeast extract.
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Fig. 2.

 

 Formation of NC

 

 M. smegmatis

 

 cells (a) and their
resuscitation (b) in liquid cultivation media: (

 

1

 

) total cell
number, (

 

2

 

) CFU number, and cell numbers after resuscita-
tion of wild-type NC cells (

 

3

 

) in synthetic Sauton medium
in the presence of 0.05% yeast extract, (

 

4

 

) in synthetic Sau-
ton medium in the presence of 0.05% yeast extract and
recombinant Rpf protein (125 pM), (

 

5

 

) in supernatant from
an actively growing

 

 M. smegmatis

 

 culture used as a resusci-
tation medium, and (

 

6

 

) in synthetic Sauton medium in the
presence of 0.05% yeast extract and Rpf producer
(

 

M. luteus

 

); and (

 

7

 

) after resuscitation of strain AGR
(obtained by transformation of

 

 M. smegmatis

 

 with a plas-
mid bearing the

 

 rpf

 

 gene of

 

 M. luteus

 

) in synthetic Sauton
medium in the presence of 0.05% yeast extract.
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conditions [14] (Fig. 2). The level of endogenous respi-
ration of such cells does not exceed 1–2% of the level
of respiration of metabolically active cells (Fig. 3).
Such NC cells could be reverted to the active state by a
special resuscitation procedure.

CELL–CELL COMMUNICATION
AND “NONCULTURABILITY”

OF MYCOBACTERIA

The formation of NC 

 

M. smegmatis

 

 cells is accom-
panied by the accumulation in the growth medium of an
inhibitory substance with an antibacterial effect. The
supernatant from the culture of NC cells inhibits the
growth of active cells of 

 

M. smegmatis

 

 inoculated at a
concentration of 

 

10

 

7

 

 cells/ml. The chemical nature of
the inhibitor has not been identified, though it is appar-
ently a low-molecular, sufficiently hydrophilic com-
pound (molecular weight of about 500–700 Da). Prob-
ably, increasing concentration of this substance in the
culture of multiplying cells induces their conversion
into the NC state; then, this phenomenon should be
considered as intercellular communication mediated by
chemical factors.

Reactivation of NC forms is one of the key issues in
the study of nonculturability because it is rather diffi-
cult to demonstrate their principal difference from dead
cells—potential viability—by other methods. The pro-
tein factor Rpf secreted by 

 

Micrococcus luteus

 

 into the
culture liquid and showing reactivation ability towards
dormant cells of 

 

M. luteus

 

 [15] was also shown to pos-
sess resuscitating activity towards NC cells of 

 

M. smeg-
matis

 

 and 

 

M. tuberculosis

 

 [13, 14]. As is known, chem-
ical communication of gram-positive bacteria is real-
ized via secreted oligopeptides and proteins [16]. In
this case, the Rpf protein is obviously such a mediator
of bacterial communication.

The attempt of reactivation of 

 

M. smegmatis

 

 NC
cells in the presence of the Rpf protein producer,

 

M. luteus

 

, showed that this approach allows reactiva-
tion of up to 

 

10

 

7

 

 of NC mycobacterial cells per 1 ml of
the culture liquid (Fig. 2), which is somewhat higher
than upon reactivation in the presence of an isolated
Rpf protein. This result may be explained, for instance,
by proteolytic degradation of the protein, which occurs
during the prolonged reactivation procedure. It is also
possible that the higher values of reactivation during
cocultivation of NC cells with the producer are due not
only to the presence of fresh Rpf continuously secreted
by the producer into reactivation medium, but also to
physical contacts of the NC mycobacteria with micro-
cocci during reactivation. It is known that physical cell–
cell contacts, in particular the formation of bacterial
aggregates during cultivation in liquid media, are quite
typical of mycobacteria, nocardias, streptomycetes, and
some other bacteria belonging to the high G+C lineage
of gram-positive bacteria, even under optimal cultiva-
tion conditions; thus, this phenomenon is apparently
important for processes of growth and develop-
ment [16].

Interestingly, NC cells of strain AGR, obtained by
transformation of 

 

M. smegmatis

 

 with a plasmid carry-
ing the 

 

rpf

 

 gene of 

 

M.

 

 

 

luteus

 

, show marked capacity for
self-reactivation in fresh growth medium in the absence
of additional resuscitation factors, which is atypical of
the wild-type NC cells. Quantitative assessment of the
effectiveness of resuscitation showed that the quantity
of reactivated cells of 

 

M. smegmatis

 

 AGR was close to
the value obtained upon cocultivation of the wild-type
NC cells with 

 

M. luteus

 

 (Fig. 2).

Thus, the important role of protein Rpf in the reacti-
vation of NC forms is evident; however, the mechanism
of its activating effect on dormant cells is still not quite
clear. The peptidoglycan hydrolase activity of Rpf
towards a cell-wall preparation and a model substrate
[17], as well as the presence in its C-terminal sequence
of the so-called LysM motif, which provides for the
binding of proteins with the bacterial cell wall pepti-
doglycan, suggests that the effect of protein Rpf on
nonculturable bacteria may be analogous to the effect
of germination-specific lytic enzymes (GSLE) [18] and
consist in loosening of the thickened cell wall of dor-
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Fig. 3. Respiratory activity of NC (a) and metabolically
active (b) M. smegmatis cells: (1) endogenous respiration
and respiration in the presence of (2) 5 mM malate or
(3) 5 mM glucose.
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mant bacteria or bacterial spores. As a result, bacterial
spores or dormant cells would become more sensitive
to external impacts and trophic stimuli (amino acids,
ions, reactive oxygen species, etc.), which may initiate
viable activity.

The rpf gene has been isolated and its nucleotide
sequence fully determined. Comparison of the amino
acid sequence of the M. luteus rpf gene product with the
genomes of other organisms has revealed in many bac-
teria of the high G+C gram-positive lineage, mycobac-
teria in particular, one or several genes homologous to
a certain region of the rpf gene of M. luteus. Five such
genes were found in M. tuberculosis and M. bovis, four
in M. smegmatis, and two in M. leprae. The supposed
structure of Rpf proteins of M. tuberculosis and
M. smegmatis is shown in Fig. 4. It can be seen that
three of the five proteins of M. tuberculosis (Rpf A, B,
and C) exhibit considerable similarity to the corre-
sponding Rpf-like proteins of M. smegmatis.

It was demonstrated that, as in case of M. luteus, Rpf
proteins exhibit stimulatory activity towards the pro-
ducer, particularly if its growth is disturbed for any rea-
son (e.g., growth stimulation of long-starved M. bovis
cells); however, the level of Rpf secretion by M. tuber-
culosis, M. smegmatis, and M. bovis is very low [19].
For M. smegmatis, the maximum accumulation of Rpf
proteins was observed in the beginning of the logarith-
mic growth phase during cultivation on optimal growth
medium: it was approximately 50 pg/ml, whereas the
level of Rpf protein production by M. luteus reaches
1 µg/ml. However, when the supernatant from a
M. smegmatis culture occurring in the phase of active
growth and maximal production of Rpf proteins is used
as the reactivation medium, it is possible to reactivate
NC cells of this bacterium in a quantity comparable to
that achieved upon their cocultivation with M. luteus
(Fig. 2). Reactivation of NC cells of M. tuberculosis in
a supernatant of an actively growing culture of the same
bacterium (with maximal production of Rpf proteins)
allows up to 100% of cells to be converted to the active
state. NC cells of the mutant strain M. tuberculosis
KDT8, which misses three of the five genes encoding
Rpf proteins, completely lacked the capacity for self-

reactivation in fresh medium (Fig. 1). At the same time,
the growth pattern of this strain under normal condi-
tions did not differ from that of the parent strain [20]. It
should be noted that mutant strains in which only one
of the five genes encoding Rpf proteins were inacti-
vated showed no decrease in the capacity of NC cells
for self-reactivation.

Since the reactivation of NC forms is associated
with Rpf proteins, it was assumed that the formation of
NC cells may also depend on the level of Rpf protein
production. It is known that the amount of Rpf protein
accumulated in the M. smegmatis culture liquid by the
stationary phase is beyond the limits of detection by
immunological methods. However, as already noted
above, these proteins can influence the cells at very low
concentrations; therefore, the level of the Rpf protein
synthesis at the moment of M. smegmatis conversion to
the NC state was assessed by reverse polymerase chain
reaction that used primers specific to the genes encod-
ing the Rpf proteins A, B, C, and F.

The level of transcription of the rpf genes was mon-
itored in the dynamics of conversion to the noncultura-
ble state. In parallel, an actively growing M. smegmatis
culture was studied. Transcripts of all four genes were
revealed in the metabolically active culture; the RpfB-
encoding gene was characterized by a decrease in the
transcription level in the stationary phase. The culture
growing with the formation of nonculturable forms
contained no transcripts of the rpf B gene even at early
growth stages; for other Rpf proteins, transcripts of the
corresponding genes were found at the early stages of
NC cell formation, but the formation of transcripts
declined along with the decrease in the CFU number
(Fig. 5). Consequently, the conversion of M. smegmatis
to the NC state is accompanied by a decrease in the
expression level of the Rpf-encoding genes.

CONCLUSIONS

The ability of bacteria of the genus Mycobacterium
to convert to the NC state under unfavorable growth
conditions (absence of ä+ ions in the growth medium
for M. smegmatis or anaerobic cultivation conditions

Rpf A
Rpf E
Rpf D
Rpf C
Rpf B

Rpf A
Rpf F
Rpf C
Rpf B

M. smegmatisM. tuberculosus

0 100 200 300 400 500 600
Number of amino acid residues
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Fig. 4. Hypothetical structure of Rpf proteins of M. tuberculosis and M. smegmatis: , signal sequence;  , conservative Rpf
domain; , a segment with high contents of proline and alanine.
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for M. tuberculosis) seems to underlie the processes
that eventually result in latent forms of tuberculosis.
However, the reasons for the conversion of the bacteria
into the nonculturable state are still unclear. Probably,
one reason is the synthesis of some intra- or extracellu-
lar factors leading to the cessation of cell division. Our
experimental data on the growth-inhibiting metabolite
are in good agreement with this assumption. Besides,
the inability of cells to divide, particularly marked on
solid media, may result from unbalanced metabolism
after a stress impact [3].

Conversion from the NC state occurs under the
effect of Rpf proteins which are peptidoglycan hydro-
lases assumed to participate in cell wall modification
during resuscitation of NC forms, similarly to the
enzymes that activate spore germination. It is necessary
to emphasize that the procedure of reactivation under
the action of Rpf proteins, which are chemical media-
tors of bacterial communication, is efficient only in liq-
uid medium, which offers more opportunities for inter-
cellular communication.

It should be noted that NC cells of M. tuberculosis
have a much more pronounced capacity for spontane-
ous reactivation as compared to their nonpathogenic
relative M. smegmatis, whose NC cells can be con-
verted into the active state only in the presence of exter-
nal reactivating factors. This property of the tuberculo-
sis pathogen is probably due to its virulence and capac-
ity for long persistence in the host organism. The
above-described procedure of reactivation of M. tuber-
culosis cells seems to be similar to the process of acti-
vation of latent tuberculosis in living organisms.
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