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PHEROMONES: GENERAL CONCEPTS

Pheromones are substances enabling distant com-
munication among conspecifics. Pheromones can regu-
late individual behavior including reproduction-related
activities. A classical example is provided by insect sex
pheromones such as those of nocturnal saturnians
(moths). Special organs located at the feather-like
antennae of males can sense the female odor at a dis-
tance of several hundred meters. Pheromones released
in social insects (bees, ants, etc.) can serve as a signal
changing the status of all individuals in a community
(a beehive, an anthill, etc.).

A large number of pheromones have been described
in bacteria. They transmit signals from cell to cell, so
that a bacterial culture becomes a simulacrum of a mul-
ticellular organism. Small peptides perform this func-
tion in a relatively large number of systems. However,
pheromones also include aspartate, butyrolactone,

 

N

 

-acyl-L-homoserine lactone, branched-chain fatty
acids, etc. [1]. As a rule, these substances represent rel-
atively small molecules fairly resistant to environmen-
tal influences and active at very low concentrations
(down to 

 

10

 

–11

 

 M with 

 

E. faecalis

 

 sex pheromones:
1

 

−

 

5 pheromone molecules per cell are sufficient for the
cell to sense and respond to these pheromones, which
are octapeptides).

The mechanisms of sensing a pheromone signal and
responding to it are partly related to the 

 

quorum sensing

 

phenomenon. The term 

 

quorum sensing

 

 was coined in
1994 [2]. It signifies the cell’s reception to environmen-
tal changes occurring when a bacterial culture reaches
a certain threshold cell number and its response to these
changes. The term was introduced in connection with
the bioluminescence phenomenon in 

 

V. fischeri

 

. This
luminescent bacterium expresses its luminescence gene
at the terminal stages of culture growth when the cell
number is sufficiently high (at the late exponential and
early stationary stages). However, an early stage culture
can be made to emit light by the addition of the filtrate
of a later stage culture, obviously indicative of a factor
accumulating towards the end of culture growth. The
authors of the article cited wrote that “certain bacterial

behaviors can be performed efficiently only by a suffi-
ciently large population of bacteria. We describe this
minimum behavioral unit as a quorum of bacteria”
[2, p. 273]. Occasionally, the term 

 

density-sensing sys-
tem

 

 (a system estimating its own density) is used
instead of the term 

 

quorum sensing.

 

 Quorum sensing
can be based on monitoring various parameters includ-
ing ion concentrations in the environment. A wide-
spread example concerns the changes in pheromone
concentrations (an increase in the cell concentration
results in an increase in the concentration of a phero-
mone produced by the cells).

The simplest system used by a cell to sense a pher-
omone signal consists of two protein components, a
sensor and a response regulator (Fig. 1). The sensor
protein is composed of (i) a transmembrane receptor
domain penetrating the cell surface layers and contact-
ing the external space and (ii) a transmitting module
embedded in the cytoplasm. A pheromone interacts
with a receptor characterized by a sufficient affinity for
it. The signal reaches the transmitting module and thus
also the second component of this system, the response
regulator protein. Signal transmission is accomplished
by phosphorylating the regulator protein (involving the
residues of the amino acids histidine and aspartate).
The phosphorylated regulator interacts with the pro-
moter of an operon that initiates the operation of previ-
ously silent genes (which may form a hierarchy; such a
system is referred to as a regulon). This results in pos-
sibly drastic changes in the cell’s metabolism. In
essence, this is the description of the cell’s response to
a pheromone signal sensed by a receptor. A specific
preformed two-component system corresponds to each
of the potentially possible pheromones. Each receptor
is tuned to a specific signal. For example, an 

 

E. coli

 

 cell
possesses 40–50 such systems (reviewed in [3]). This
creates the illusion that bacterial cells behave reason-
ably under changing environmental conditions. A large
number of sensor proteins belong to the histidine
kinase family that is capable of autophosphorylation
[4]. Since pheromones cause whole chains of responses
which are superimposed on one another, the situation in
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the cell is thereupon significantly more intricate than
the above scheme. In addition, intracellular proteins
can also serve as regulators. The mechanism of signal
transmission is somewhat different from the classical
prototype in the latter systems. 

Bacterial pheromones perform quite diverse func-
tions. The system regulating bioluminescence in 

 

V. fis-
cheri

 

 was one of the first to be described. Pheromones
can regulate antibiotic synthesis and the formation of
aerial mycelium in actinomycetes; the production of
extracellular protein virulence factors in staphylococci;

the formation of the lantobiotic nisin in lactococci; the for-
mation of fruiting bodies in myxococci, etc. [1, 4–7].

A self-contained group includes sex pheromones
responsible for the conjugal transfer of plasmids in

 

E. faecalis

 

 and Ti-plasmids in agrobacteria. This
review concentrates on competence pheromones. Since
the mechanism of action of these pheromones has been
under study for a long time (about 40 years), it seems
expedient to consider this research from a chronologi-
cal perspective. From this example, it is evident that the
success of a scientific initiative depends to a large
extent on the advantages of the methods used by
researchers.

COMPETENCE STATE IN BACTERIA

Competence in terms of genetic transformation usu-
ally implies the capacity of bacterial cells to bind and
take up DNA. It seems reasonable to extend this notion
to all subsequent stages including the recombination of
the transforming DNA with the bacterial chromosome.
In most systems, competence represents a transient
state characteristic of cells in a growing population at
the mid- and late-exponential growth stages. However,
competence in some species is either related to the sta-
tionary growth stage (hemophilic bacteria) or omni-
present, irrespective of the growth stage (gonococci).
The highest attainable competence level implies that
either almost all cells in a population possess this prop-
erty (this is the case with streptococci) or only a part of
them (10–15% in bacilli). The DNA to be taken up can
be added to the cells in the experiment or can appear in
the medium as a result of the autolysis of a part of the
cells of a growing culture (this causes spontaneous, or
natural, transformation). This is the case with the
growth of bacteria in a natural habitat. Importantly,
some terminological confusion in the last decade has
been caused by the fact that natural transformation is
also construed to mean transformation accomplished
by virtue of natural competence, not via DNA injection
into cells based on artificial laboratory tools (protoplast
transformation, electroporation, the calcium method of

 

E. coli

 

 transformation, etc.). In my view, one should
therefore retain the original term 

 

spontaneous transfor-
mation

 

 in relation to transformation via the DNA
released from cells during autolysis.

The competence state is subject to regulation by a
multitude of genes (at least 40 in bacilli). They are tra-
ditionally subdivided into the early and the late genes.
The early genes include those 

 

adjusting

 

 a cell to com-
petence acquisition. The late genes are responsible for
DNA binding, uptake, and processing associated with
DNA uptake (the cleavage of double-stranded mole-
cules into small-size fragments, the formation of sin-
gle-stranded DNA molecules as a result of destroying
one of the original strands, and suction of single-
stranded molecules into the cell using pilin proteins).
The late genes also include those controlling DNA–
chromosome recombination (Fig. 2). All of these genes
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form a sophisticated hierarchy involving epistatic inter-
actions. The mechanisms responsible for transforma-
tion may significantly differ in different bacterial spe-
cies [8–11].

Following is the discussion of the mechanisms that
turn on the competence state once a growing population
reaches a sufficient density (the quorum density). These
mechanisms are well understood in two groups of
gram-positive bacteria, streptococci and bacilli. Com-
petence pheromones perform a key function in these
systems. It seems expedient to consider the peculiari-
ties of this process in each of the two groups separately.

COMPETENCE PHEROMONES
IN STREPTOCOCCI

All streptococci (

 

S. pneumoniae, S. gordonii,
S. intermedius

 

, etc.) are closely related microorganisms
that belong to one genus, although they may cause
diverse diseases. The degree of DNA homology is suf-
ficiently high between various species of streptococci
and provides for interspecies crossing. A substance that
subsequently proved to be a competence pheromone,
was first described in these bacteria as far back as in the
early 1960s. The first studies in this research direction
were conducted by R. Pakula with the Challis strain of

 

S. gordonii

 

 [12–15]. The main experiment was per-
formed as follows. A culture at the early exponential
(precompetent) growth stage was supplemented with
the filtrate or with the redissolved ammonium sulfate
precipitate of the medium taken from a midexponential
stage (competent) culture. This resulted in the acquisi-
tion of the competence state by the immature culture.
The substance producing this effect was termed the
competence factor.

These articles and other works of the same period
dealt with the properties of the competence factor. It
was isolated by ammonium sulfate or ethanol precipita-
tion. The competence factor was a protease-sensitive
protein. Increasing the purification degree resulted in a
decrease in its activity. The competence factor was rel-
atively resistant to high temperatures. It was inactivated
at 100

 

°

 

C by 20 and 100% in 10 and 90 min, respec-
tively. Treating precompetent cells with competent
cell-specific antibodies prevented the effect of the com-
petence factor. Apparently, the antibodies bound to
some cell surface receptor specific for the competence
factor. The effect of the competence factor was also
prevented by the addition of chloramphenicol to recip-
ient cells, suggesting that competence induction
required protein synthesis [16–18].

The substance stimulating competence acquisition
in 

 

S. pneumoniae

 

 was detected two years later by
A. Tomasz and R. Hotchkiss [19] and originally termed
the activator. The activator’s effect was first revealed in
studies on cocultivating a competent and a precompe-
tent culture in a V-shaped test tube separated by a cell-
impermeable filter. The precompetent cells also

attained the competence state. The properties of this
activator were investigated in A. Tomasz’ laboratory.
The activator was partially purified and characterized.
Based on its characteristics, it was considered a low
molecular weight protein. It was trypsin-sensitive.
Heating at 100

 

°

 

C inactivated it in 30 min. At a concen-
tration of 0.1 

 

µ

 

g/ml, the activator could induce the com-
petence state in a population of 10

 

8

 

 cells per ml.
Chloramphenicol treatment rendered the cells activa-
tor-insensitive. Activator attachment on the cell surface
implies the involvement of a preexistent protein distinct
from the activator (referred to as the inhibitor). The iso-
lated and purified inhibitor bound to the activator, sup-
pressing its activity. Therefore, it was called the inhibi-
tor [20–22].

The research on competence-stimulating sub-
stances in different 

 

Streptococcus

 

 species was contin-
ued in the 1970s and the 1980s. The main result
obtained was that the effect of the competence factor
and the activator involves the formation of a number
of new proteins in the cell; the whole metabolism is
restructured under the influence of these proteins
(which form a cascade) [23–26]. 

This research was continued on a new instrumental
level in the 1990s. It was (at least in part) completed in
the studies conducted by D. Morrison’s and L. Havar-
stein’s groups [27]. The employment of a large number
of new clinical isolates of streptococci and the goal-
directed creation and mapping of mutations located in
early competence genes significantly contributed to the
successful completion of this research. The use of 

 

the
reporter gene

 

 (the 

 

lacZ

 

 gene of 

 

E. coli

 

 responsible for

 

β

 

-galactoside synthesis) in combination with a pro-
moter operating in the competence operon also proved
a fruitful research strategy. This enabled the determina-
tion of the activity of this operon from the 

 

β

 

-galactosi-
dase amount synthesized in the system. The portions of
the 

 

Streptococcus

 

 genome incorporating the compe-
tence genes were sequenced; the methods of purifica-
tion of the activator and the competence factor were
improved. 

The in vitro synthesis of peptides identical to natural
pheromones was also an efficient strategy. The terms

 

activator

 

 and 

 

competence factor

 

 were substituted in the
last decade by the abbreviation CSP (competence stim-
ulating factor) or the term 

 

pheromone

 

 (used hereafter in
this article).

The main results of the recent studies on 

 

Streptococ-
cus

 

 pheromones can be summed up as follows. These
pheromones are small cationic peptides. For instance,
the 

 

S. pneumoniae

 

 pheromone is a sequence of 17 amino
acid residues, H-Glu-Met-Arg-Leu-Ser-Lys-Phe-Phe-
Arg-Asp-Phe-Ile-Leu-Gln-Arg-Lys-Lys-OH [28]; the
pheromones of other streptococci consist of 14–23 res-
idues. This accounts for their comparatively high
thermostability revealed as early as in the 1960s. The
activity of these pheromones can be extremely high.
The competence state in 

 

S. pneumoniae

 

 can be
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induced by the addition of 10 ng of the pheromone to
6 

 

×

 

 10

 

7

 

 cells/ml [29].

The relevant peptides were synthesized proceeding
from the nucleotide sequences of their structural genes;
the biological activity of the synthetic peptides
matched that of the natural peptides. The competence
pheromones of various 

 

Streptococcus

 

 species differ in
their size, amino acid composition, and species speci-
ficity. Moreover, different clinical isolates of the same
species may produce differing pheromones (see
below). The products of the 

 

comC

 

 gene forming part of
the 

 

comCDE

 

 operon are pheromone precursors. The
genes of these operons and those of the 

 

comAB

 

 operon
belong to the early competence genes. Following is the
description of their interaction and the effects on the
late competence genes (Fig. 3). 

The 

 

comC

 

 gene is responsible for the synthesis of
the pheromone precursor that contains 41 amino acid
residues in 

 

S. pneumoniae.

 

 It interacts with the peptide
export system (the ABC system), which is formed by
the products of the 

 

comAB

 

 genes. The pheromone pre-
cursor is cleaved at the leader sequence site. The mature
pheromone, which is reduced in size by 2.4 times, is
liberated from the cell. Thereupon, the two-component
pheromone-transferring system comes into play: the
pheromone contacts its cell surface receptor (the trans-
membrane moiety of histidine kinase, the product of
the 

 

comD

 

 gene). This is the sensor protein. Apparently,
it was the transmembrane moiety of histidine kinase
that was described as the inhibitor of the competence
factor in the earlier works (see above). The activated
histidine kinase phosphorylates the product of the

 

comE

 

 gene, the response regulator protein, and this
phosphorylated protein accumulates in the cell. These
processes are carried out at a relatively low baseline
rate, and they do not result in competence acquisition.

However, this pattern occurs only at the stage of cul-
ture growth characterized by a low cell number and,

accordingly, an insignificant pheromone concentration
in the medium. As the cells accumulate in the medium,
the pheromone amount increases and finally reaches
the critical level (slightly above 10 ng/ml). Accord-
ingly, the intracellular amount of phosphorylated pro-
tein ComE increases. Once its concentration reaches
the threshold level, it binds to the promoter of the

 

comCDE

 

 operon and stimulates its operation (positive
regulation). Autoinduction occurs, and a feedback loop
forms: the more pheromone is released into the
medium, the more phosphorylated protein ComE
forms. It binds to the promoter of its own operon and
stimulates its operation, resulting in the formation of
additional pheromone amounts, etc. The intensity of
the operation of competence operons (primarily of the

 

comCDE

 

 operon) was quantitatively determined from

 

β

 

-galactosidase synthesis using a reporter gene under
the control of the relevant promoter [32–35]. 

Phosphorylated protein ComE, apart from stimulat-
ing its own promoter, also activates the promoter of the

 

comAB

 

 operon (the secretory system releasing the
pheromone from the cell). In addition, it activates the

 

comX

 

 operon that turns on a chain of late competence
genes [30]. As mentioned above, they are responsible
for the binding and uptake of transforming DNA and
for all the late transformation stages. In 

 

Streptococcus

 

,
these late genes constitute a complex epistatic system
termed the competence regulon [33]. This enables the
synthesis of a multitude of new proteins mandatory for
the completion of all transformation stages. However,
the subsequent regulation of cascade synthesis depends
on the progressive increase in the concentration of
phosphorylated protein ComE. Excessive amounts of
this protein at this stage result in the inhibition of the

 

comCDE

 

 operon against the background of continued
stimulation of the operation of the late genes [36]. This
causes the deceleration of the synthesis of the protein
products of the early competence genes, whereas the
products of the late genes are actively synthesized. Due
to these concentration effects characteristic of protein
ComE, the maximum DNA uptake by the cells occurs
with a 5–6 min lag after the release of the pheromone
into the medium [35]. Evidently, the protein plays the
crucial role in the regulation of transformation by coor-
dinating the operation of the early and the late compe-
tence genes.

An increase in the pheromone amount in the culture
fluid to the threshold value represents, therefore, the
signal resulting in the onset of the complex processes
described above. The pheromone increase in turn
reflects the growth of the cell number in the population.
This enables quorum sensing (see the beginning of this
article). Culture cells use the pheromone language to
communicate the message “We are sufficiently numer-
ous to make the transition to a new state” (to the com-
petence state). A possible reason why this transition is
useful is that the culture accumulates a large amount of
DNA that has been released from the cells during autol-
ysis. DNA uptake is the final goal of the transformation
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 The synthesis of competence pheromone in strepto-
cocci and the regulation of the functions of competence
genes (according to [30], modified). 
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process [36]. Possibly, the baseline level of pheromone
synthesis changes in response to the alterations in the
medium composition resulting from culture growth
[30, 37].

Streptococci produce different kinds of pheromones
(see above), which differ in their size and amino acid
composition. Two types of pheromones were detected
in 42 clinical isolates of 

 

S. pneumoniae

 

; they were
referred to as pherotypes [38]. Nine 

 

Streptococcus

 

 iso-
lates among 11 tested representatives of the mitis
9 group had different pherotypes [39]. Some natural
isolates (mutants?) do not synthesize active phero-
mones. One of the works by R. Pakula (done in the 1960s)
used such an isolate (the Wicky strain). This strain became
competent under the influence of the pheromone of the
Challis strain [15]. Both strains belonged to the 

 

S. gordonii

 

species. The difference between the pheromones of two
different pherotypes may amount to one half of the amino
acids they contain. 

There are analogous differences between the recep-
tors (histidinase allelomorphs). Each pherotype is char-
acterized by key-lock interactions between the phero-
mone and the respective histidine kinase (involving the
first three coils of its transmembrane moiety). Phero-
mones can efficiently induce competence only in their
own pherotype [31]. Streptococci of various pherotypes
resemble eukaryotes that tend to cross within their own
population only (sexual isolation). Competence cross-
induction between strains with different pherotypes, if
at all possible, is three orders of magnitudes less effi-
cient than competence induction inside one pherotype.
However, the degree of the net homology of chromo-
some DNA in strains with different pherotypes can be
very high, providing for highly efficient homologous
recombination; obviously, the strains belong to the
same species. Hence, the pherotype-based classifica-
tion does not in all cases conform to the traditional clas-
sification of streptococci. There may be strains with
different pherotypes within one species, and, con-
versely, different species belonging to the same phero-
type. This peculiarity is supposedly due to intense hor-
izontal gene transfer with subsequent recombination in
streptococci, resulting in the formation of mosaic genes
that contain whole blocks of the other partner’s nucle-
otides [39]. It is unclear why this kind of mosaicism
and, accordingly, pherotype hypervariability, mainly
occur in the pheromone gene and the part of the histi-
dine kinase gene that is responsible for the transmem-
brane domain interacting with the pheromone.

COMPETENCE PHEROMONES IN BACILLI

Recent studies on 

 

Bacillus transformation mainly
focused on the Bac. subtilis species (the Bac. subtilis
168 strain) and, to a considerably lesser extent, on
related strains (subspecies) of soil bacilli. 

Research on competence pheromones in Bac. subti-
lis dates back to the 1960s. M. Charpac and

R. Dedonder [40] in 1965 and A.N. Pariiskaya and
E.S. Pukhova [41] two years later independently
reported on a competence factor contained in the cul-
ture fluid of a competent culture; the factor was par-
tially purified using an ion exchange column. This sub-
stance accelerated competence development in Bacil-
lus cells at the initial stages of culture growth [42–46].
Like the Streptococcus factor, the Bacillus competence
factor was sensitive to trypsin. The addition of
chloramphenicol to a growing culture suppressed the
formation of competent cells and of the competence
factor per se. However, the data obtained were contra-
dictory in some respects. Some works of the late 1960s
presented data that the competence factor exhibited
nuclease and lytic activities [47], apparently due to the
incomplete purification of the factor. Ambiguous
results were also obtained with respect to the thermo-
stability of this substance. The role of the competence
factor in Bacillus was called into question by some
researchers [48].

It was relatively recently that the research on com-
petence pheromones in bacilli received a new impetus,
thanks to the studies conducted by A. Grossman et al.
It was demonstrated that the growth medium of a com-
petent culture contains a small peptide (9–10 amino
acid residues). It converts immature cells to competent
cells. If the lacZ gene is put under the control of the
promoter of srfA, one of competence operons, then the
addition of this peptide induces β-galactosidase synthe-
sis (i.e., the peptide stimulates the operation of compe-
tence genes). Determining the changes in the mode of
operation of competence genes by monitoring β-galac-
tosidase synthesis was more convenient than directly
counting the number of transformant colonies. The
peptide was designated ComX [49]. The same research
team published a paper one year later describing one
more competence-stimulating peptide of a very small
size (five amino acids) [50]. This peptide, termed CSF
(competence stimulating factor), operated indepen-
dently of but in combination with peptide ComX.

The mechanism of the influence of both phero-
mones on the transformation capacity of bacterial cells
fits the following scheme (Fig. 4).

The precursor of pheromone ComX is encoded by
the small comX gene (which should not be confused
with the comX operon of streptococci: the same desig-
nations refer to different genes in streptococci and
bacilli). The precursor size is 55 amino acids. While
inside the cell, it is modified by another gene, comQ,
that partially overlaps with comX, and released into the
intercellular space in the form of an active peptide, a
pheromone, which is six times shorter than the precur-
sor. Possibly, its release from the cell is accomplished
by a specific transfer system (distinct from that of the
Streptococcus pheromone). The pheromone interacts
thereupon with the transmembrane receptor, a histidine
kinase (the product of the comP gene in bacilli), result-
ing in its activation. In response, the histidine kinase
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phosphorylates the relevant regulatory protein ComA,
the product of the comA gene (a functional analog of
protein ComE in streptococci). Upon phosphorylation,
this protein binds to the promoter of the srfA operon.
This results in turning on the complex system of Bac.
subtilis competence genes (including the late genes
responsible for the binding, uptake, and processing of
transforming DNA [8, 11]). 

The synthesis of the second pheromone, CSF, is
apparently subject to regulation by an early sporulation
gene (spoOH, the gene encoding one of the sigma fac-
tors). However, its production is influenced at the tran-
scription level by other genes related to the early sporu-
lation stages, spoOA and abrB. The small peptide con-
taining five amino acid residues is released from the
cell by an unknown mechanism; it reenters the cell with
the help of the product of the spoOK gene, an oligopep-
tide permease. Using an unidentified mechanism, it
maintains the comS gene (whose promoter interacts
with phosphorylated protein ComA) in the working
condition. Possibly, CSF blocks the phosphatase, pre-
venting ComA dephosphorylation and thereby stimu-
lating the interaction between ComA and the comS
gene. Hence, the efforts made by both pheromones
(ComX and CSF) pursue the same goal of activating the
comS gene in the srfA operon. Since the mutations of
some of the genes involved in early sporulation stages
also affect CSF production, it is possible that CSF,
among other functions, does the sideline job of a signal
peptide at early sporulation stages [51].

Hence, there are common features in the behaviors
of pheromone ComX in bacilli and the competence
pheromone of streptococci. First, both small peptides
are extruded into the medium. They induce competence
development by activating the whole hierarchy of com-

petence genes in almost all cells of the population (in
streptococci) or in a part of the cells (in bacilli). Sec-
ond, the transfer of such a signal from the extracellular
space involves a two-component system: the sensor
protein (a histidine kinase) and the response regulator
phosphorylated by it. Both pheromones appear in the
medium once the culture reaches the threshold cell den-
sity; i.e., they are responsible for quorum sensing.
However, there are also a number of differences
between the two pheromones. Streptococci have no
analog of the second Bacillus pheromone, CSF. This
pheromone extrudes from the cell and thereupon reen-
ters it. It does not give an order via the receptor. Never-
theless, CSF is essential for the development of compe-
tence in bacilli. A deletion in the spoOH gene decreases
16-fold the transformation capacity of the mutant that
fails to produce CSF [52]. In addition, bacilli lack the
autocatalytic mechanism enabling the pheromone to
stimulate its own synthesis via the sensor protein–
response regulator system. Research on competence in
bacilli presents difficulties, owing to their sporulation
(controlled by over a hundred genes). The gene systems
responsible for competence and sporulation partially
overlap at early stages and separate stages of both pro-
cesses are difficult to discern [8, 9, 51]. Therefore, we
cannot exclude that the scheme describing the initiation
of the competence state in bacilli by pheromones will
lose much of its coherence in light of new facts accu-
mulated in the future. 

COMPETENCE WITHOUT PHEROMONES
AND BACTERIA WITHOUT COMPETENCE

Although natural transformation has been described
in more than 50 bacterial species until now, competence
pheromones have been detected only in streptococci
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and bacilli. Possibly, they have not yet been revealed in
some of the species; however, it has been firmly estab-
lished that transformation in gonococci, meningococci,
and hemophilic bacteria, which is sufficiently well
understood, proceeds without pheromones. As for
gonococci and meningococci, this may be to some
extent due to the capacity of their cells to carry out
transformation at all growth stages. The transformation
capacity is their constant property. In contrast, hemo-
philic bacteria acquire competence at the early expo-
nential growth phase, i.e., competence is a transient
property of this system. However, the competence state
is achieved without the prior production of signals
related to quorum sensing (such as pheromones) in the
cells of these bacteria. It was suggested that the forma-
tion of competence pheromones is to some extent due
to the desirability of the uptake of conspecific DNA
during spontaneous transformation in mixed popula-
tions. It was assumed that, at the maximum competence
moment, the medium contains the maximum concen-
tration of DNA that is released from cells undergoing
autolysis [5]. Hence, a high concentration of free DNA
and a functional pheromone concentration may be due
to the achievement of a threshold cell number by a bac-
terial culture. Since streptococci and bacilli do not dis-
criminate between conspecific and alien DNA in a
mixed population, this mechanism can signal that there
is enough conspecific DNA to engage in taking it up.
Hemophilic bacteria can only take up their own DNA,
because it includes specific, fairly frequent nine-nucle-
otide repeats [53]. Therefore, they do not require addi-
tional signals concerning the availability of conspecific
DNA that is detectable as it is. 

As for pheromone-producing bacteria, pheromones
form a necessary part of the whole intricate mechanism
of competence development. The Wicky isolate of
S. gordonii (see above), devoid of its pheromone (prob-
ably due to a single mutation or a series of them),
became competent after the addition of the pheromone
of the Challis strain to its culture. Transformation in
S. pyogenes isolates has not been yet achieved in labo-
ratory conditions. The probable reason is that this
group of streptococci lacks the comC gene that is
responsible for the synthesis of the pheromone precur-
sor in S. gordonii. The rest of the competence genes,
including the comDE genes that control the synthesis of
the histidine kinase and the response regulator protein,
are operative in this system [27]. Other researchers [39]
described clinical isolates belonging to other Strepto-
coccus species, which were incapable of acquiring
competence because of the disruption of their phero-
mone system. 

Hence, the existence of competence-devoid Strepto-
coccus isolates is a sufficiently widespread phenome-
non. As for bacilli, we detected only 12 transformation-
capable strains among the 118 strains isolated from the
soil, which were either similar or identical to Bac. sub-
tilis 168 [54]. However, we did not try to establish the
reason why 106 strains lacked competence. The ques-

tion to raise in this context is as follows: How important
is the transformation capacity for bacteria? The signif-
icant number of genes involved in this process and the
perfectly coordinate series of events occurring in the
cell during the development of competence suggest that
transformation is essential for microorganisms. Based
on the data increasingly accumulated in genomics and
genetic archaeology, horizontal gene transfer is of par-
amount importance for the evolution of the genome of
many bacteria [55]. However, I do not know of a single
work that experimentally demonstrates the selective
value of transformation for bacteria under quasinatural
conditions. Apparently, an enormous number of gener-
ations living in a changing environment is a prerequi-
site for bacteria to gain the full the advantages of the
analogs of sexuality (such as transformation) they pos-
sess. Besides, a number of microorganisms probably
exist without these advantages.
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