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Recently, considerable evidence has been accumu-
lated in the literature suggesting that all the compounds
(or most of them) excreted by cells perform certain
communicative functions at the population level, in
interspecific relations, and in microbial–host interac-
tions. The inhibitory effect of bacterial metabolites, an
effect which induces bacteriostasis in high-density cul-
tures has been studied in the most detail. This work is
primarily concerned with two other aspects of culture
growth: autostimulation of cell growth, and autoregula-
tion of cell survival under starvation conditions.

 

Autoregulation of cell survival.

 

 The death rates of

 

Escherichia coli

 

 M-17 cells suspended in distilled
water, physiological solution, or solutions of other salts
were the highest at low (

 

2 

 

×

 

 10

 

6

 

 CFU/ml and lower) and
extreme (more than 

 

20 

 

×

 

 10

 

9

 

 CFU/ml) concentrations.
A certain intermediate (critical) concentration range
(

 

0.6–2.0 

 

×

 

 10

 

9

 

 CFU/ml) proved to be optimal for their
survival [1–3]. Similar patterns were observed in exper-
iments performed on other bacteria, although the con-
centrations optimal for their survival varied, e.g., reach-
ing as low as 

 

0.5–1 

 

×

 

 10

 

8

 

 CFU/ml for 

 

Salmonella enter-
itidis

 

 [3, 4].
The partial removal of low-molecular exometabo-

lites by dialysis or sorption allowed us to increase bac-
terial survival in high-density suspensions. If these
compounds were removed almost completely by high-
flux dialysis, the rate of cell death increased again. In
the cultures with a density below critical, metabolite
removal resulted in a decrease in cell survival [2, 3].

The low-molecular metabolites from high and low-
density cultures (HD and LD metabolites) differed in

their biological effect. The HD metabolites added to the
cultures with a density of 

 

10

 

10

 

 CFU/ml or higher accel-
erated bacterial death, while the LD metabolites had no
noticeable effect on bacterial survival. This has allowed
us to assume that high-density cultures produce specific
compounds accelerating cell death factors (ACD fac-
tors). The ACD activity reached its peak when CFU
decreased by approximately 50%, then it began to
decrease, and disappeared completely at a concentration
of 

 

10

 

9

 

 CFU/ml. In the low-density cultures (

 

5 

 

×

 

 10

 

6

 

–
5 

 

×

 

 10

 

7

 

 CFU/ml), the ACD factors were active only
when the test culture liquids were diluted 

 

10

 

3

 

–10

 

7

 

-fold,
since at lower dilutions, the products of cell autolysis
present in these culture liquids served as growth sub-
strates for the test culture. The minimum working con-
centration of ACD factors was not higher than tens of
picograms per milliliter [2, 3].

The use of low-density cultures allowed us to mon-
itor the ACD factor dynamics during cultivation of bac-
teria, because, during the experiment, the medium was
diluted to the extent that all the compounds, except the
ACD factors, did not influence the test culture surviv-
ability. During the lag phase, the ACD factor activity
was comparatively low, but rapidly increased after-
wards. Its peak occurred during the first half of the
exponential phase; afterwards, the concentration of
ACD factors decreased and then increased again at the
beginning of the stationary phase [3, 5]. On the basis of
the dynamics of ACD factors, one can assume that their
presence in the culture liquid may cause the decrease in
cell survival during the lag phase, which is a phenome-
non well-known but poorly understood. Our present
understanding of autoregulation allows us to think,
with minor reservations, of the ACD compounds as fac-
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tors that induce apoptosis in bacterial cells. The factor

 

d

 

2

 

 [6] (a “killing factor”, [7]), as well as the compounds
produced in the presence of a death-accelerating sub-
strate, may perform an analogous function [8].

 

Autostimulants of microbial growth.

 

 A compara-
tively small number of studies have investigated the
characteristics of autostimulants that induce bacterial
growth. In addition to the previously known results [9,
10], we studied the dynamics of autostimulation of

 

E

 

. 

 

coli

 

 M-17 growth under starvation conditions during
growth in flasks and in a fermentor; we have developed
methods to isolate growth stimulators (ARK-1 and
ARK-2) and studied their influence on the growth and
viability of bacteria.

The concentration of autostimulants reached its
peak during the stationary phase of bacterial growth. As
the cell density increased, it caused an increase in the
autostimulant concentration. However, the stimulatory
effect of the culture liquid in the stationary growth
phase was observed only after its dilution, whereas the
undiluted culture liquid inhibited bacterial growth. This
means that various concentrations of the same metabo-
lites may produce either a stimulatory or inhibitory
effect. A study of the dynamics of cell numbers in batch
cultures was performed. The result confirmed that the
growth started and ended with synchronous cell divi-
sion [11]. Immediately before the division of cells, the
stimulator concentration increased markedly, then it
dropped during the division process, and after the pro-
cess termination it was restored practically to the initial
level. Investigation into the autostimulation dynamics
during the step growth of bacteria yielded analogous
results [9]. The growth autostimulants also accumu-
lated during the storage of high-density and ultrahigh-
density cultures, their activity being noticeably higher
than during bacterial growth.

 

Starvation-induced autooscillations.

 

 During the
storage of cultures with certain cell densities or during
the incubation of the stationary phase cultures, changes
in bacterial numbers (CFU) occurred not monoto-
nously, but exhibited pronounced oscillatory behavior.
Oscillations were observed if the density of the stored
suspension was slightly higher (

 

3–11 

 

× 

 

10

 

9

 

 CFU/ml) or
lower (

 

0.4–6 

 

×

 

 10

 

8

 

 CFU/ml) than the critical cell con-
centration; these oscillations were accompanied by
periodic changes in the concentrations of growth stim-
ulators and ACD factors. Each increase in cell concen-
tration was preceded by an increase in the concentra-
tion of growth stimulators, and each decrease was pre-
ceded by an increase in the ACD factor concentration
[5]. In order to explain the generation mechanism of
these oscillations, a mathematical model has been
developed [12], which describes, in addition to the
oscillations in bacterial cell numbers, the relationships
between the lag phase duration and inoculum density,
acceleration of cell death induced by high population
density, substrate-induced stimulation of cell death [8],

as well as certain other phenomena of cell develop-
ment.

 

Biological properties and chemical nature of

 

E. coli

 

 M-17 regulatory exometabolites.

 

 Low molec-
ular weight fractions of 

 

E

 

. 

 

coli

 

 M-17 exometabolites
obtained by dialysis or ultrafiltration of the culture liq-
uid of the stationary phase culture (ARK-1 prepara-
tion), or of the culture liquid of a starving high-density
culture (ARK-2 preparation), exhibited the ability to
stimulate cell growth to or accelerate the death of bac-
teria. Both preparations contained growth autostimu-
lants; the latter also contained ACD factors. The prepa-
rations stimulated the growth of 

 

E

 

. 

 

coli

 

 M-17 and some
other microorganisms, and showed certain specificity.
The maximum stimulatory effect was experimentally
observed on 

 

E

 

. 

 

coli

 

 M-17; this effect was somewhat less
pronounced on 

 

E

 

. 

 

coli

 

 K-12, and still less in experi-
ments with the representatives of other species (

 

S

 

almo-
nella

 

 

 

enteritidiss

 

 and 

 

Serratia

 

 

 

marcescens

 

) [13]. This
fact corresponded well with earlier results obtained by
other authors [9]. Furthermore, it was shown that 

 

E

 

. 

 

coli

 

M-17 metabolites enhanced the growth of the normal
human symbionts 

 

Lactobacillus

 

 

 

acidophilus

 

 (strains
D-75 and D-76) and 

 

Bifidobacterium

 

 

 

adolescentis

 

MC-42, but not of 

 

Lactobacillus

 

 

 

bulgaricus

 

 ATCC
21815, which is not a normal human symbiont. These
facts agree well with the ability of 

 

E

 

. 

 

coli

 

 M-17 (as the
colibacterin preparation) to restore the natural balance
of human microflora; we assume that this restoration
mechanism is related to the stimulatory effect of the
metabolites produced by this strain [14].

The addition of ARK (ARK-1 or ARK-2) to the
mixed cultures of 

 

E

 

. 

 

coli

 

 M-17 with 

 

E

 

. 

 

coli

 

 K-17 or
with 

 

S

 

. 

 

enteritidis

 

) made 

 

E

 

. 

 

coli

 

 M-17 grow faster
(approximately 2.6-fold) in comparison to the other
component [14]. The addition of ARK into the mixed
culture during starvation enhanced the viability of

 

E

 

. 

 

coli

 

 M-17 and decreased that of the competitive
strain [15]. Thus, 

 

E

 

. 

 

coli

 

 M-17 exometabolites
enhanced the antagonistic activity of the strain,
although they had no bactericidal effect (see above)
[13]. The ARK preparations enhanced the antagonistic
activity of 

 

L

 

. 

 

acidophilus

 

 D-75 and D-76: the addition
of these preparations to the mixed culture of 

 

L

 

. 

 

acido-
philus

 

 and 

 

S

 

.

 

 

 

enteritidis

 

 resulted in an almost 100-fold
decrease in 

 

S

 

. 

 

enteritidis

 

 content. When solid media
were supplemented with ARK-1, the zone of 

 

S

 

. 

 

enterit-
idis

 

 growth inhibition by lactobacilli increased
1.75-fold [13, 14].

Our further task was to isolate and identify the
growth stimulators of 

 

E

 

. 

 

coli

 

 M-17. Our preliminary
experiments have shown that, during separation on
TSK gel HW-40 (pH 7.4), growth stimulators and
inhibitors were detected in the neighboring fractions,
whereas the ACD factors were represented by at least
two compounds—ACD

 

1

 

 and ACD

 

2

 

; the ACD

 

2

 

 factor
might contain an amino group. Using a three-stage
purification process, we also obtained two fractions of
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growth stimulators; the less active one contained
organic amines [1, 3]. By frontal anion-exchange chro-
matography, appropriate procedures for sorption and
removal of metabolites were chosen; it has been shown
that the initial culture liquids may contain up to five
growth stimulators acting individually or in combina-
tion with other compounds. The metabolites that exhib-
ited the highest sorption affinity were the most potent
growth stimulators. One could suggest that these com-
pounds had individual, as well as group, activity. We
intended to identify these compounds in subsequent
experiments, and then investigate other fractions and
their influence on the activity of the compounds that
had already been isolated.

The sorption of low molecular weight exometabo-
lites onto an anion-exchange resin with the subsequent
elution of growth stimulators at pH 3.1 was the first
stage of the scheme (after ultrafiltration). At the second
stage (HPLC), two groups of active fractions were
revealed in these stimulators. Glutamic acid was the
sole active component of the first group. After addi-
tional separation, it was found that the second group
contained succinic acid as an active component [16,
17]. The success of these investigations was due to the
concept of the multicomponent structure of growth
stimulators and, therefore, of the application of diverse
methods to monitor the changing activity of the frac-
tions as the separation progressed. It was possibly the
lack of such concepts and control methods that did not
allow other authors to achieve similar results [18].

The fact that “ordinary” metabolites were found to
be the major components of growth stimulators, instead
of some specific compounds (for instance, such as AI-1
or AI-2), allowed us to assume that other products of

 

E

 

. 

 

coli

 

 metabolism may display stimulatory activity [4,
19]. After investigating the composition of low-molec-
ular metabolites from 

 

E

 

. 

 

coli

 

 M-17 culture liquid, a
composition was made of all the identified compounds.
The activity of this composition was no lower than that
of the prototype. Other growth stimulators (methionine,
lysine, and acetate) and inhibitors (alanine, aspartate,
histidine, formate, cysteine, indole) were revealed in
this composition. Other compounds did not show any
individual activity. It was confirmed that succinate was
the major component of the stimulatory complex, since
it showed the highest activity; it was present in the
medium in higher concentrations than the other stimu-
lators (except for acetate). The second important stim-
ulator was glutamic acid [4, 19].

To study the combined effect of the metabolites,
aside from their full composition (Comp-1), several
mixtures were composed which contained only growth
stimulators (

 

Σ

 

st

 

), growth inhibitors (

 

Σ

 

i

 

), neutral com-
pounds (

 

Σn), and some others. The stimulatory activity
of these mixtures decreased according to the following
series: Comp-1 > [Σst + Σn > Σst > individual stimula-
tors. Hence, the synergetic effect of growth stimulators
was confirmed, and the capacity of neutral compounds

to enhance their activity revealed. These results agreed
well with the conclusions based on the results of frontal
anion-exchange chromatography.

Likewise, Σi inhibited growth more effectively than
individual compounds. The presence of acetate intensi-
fied the effect of other inhibitors, but only at high
enough concentrations. On the contrary, low acetate
concentrations decreased this effect to the extent of its
neutralization, or even resulted in a slight stimulatory
effect. Thus, acetate was found capable of modulating
the stimulatory activity of the extracellular medium: at
low concentrations, it intensified the stimulatory effect
and diminished the inhibitory effect, whereas it showed
its own inhibitory activity at high concentrations and
augmented the inhibitory effect of other compounds.
These properties of acetate suggest that it is a density-
dependent factor affecting the changes of the phases of
culture development [4, 19].

The hypothesis that metabolites may have regula-
tory functions was confirmed by recent molecular bio-
logical studies. For instance, it was shown that on addi-
tion of acetate to E. coli medium, the expression of 37
proteins increased and the expression of 60 proteins
decreased. Formate inhibited the synthesis of 10 pro-
teins out of the total of 37 acetate-induced proteins [20,
21]. There is evidence of the regulatory effect of pH and
propionate [22], as well as of the synergetic effect of
short-chain amino acids.

The study of the dynamics of already identified
compounds revealed that an exchange of metabolites
between cells and the adjacent medium occurred imme-
diately after inoculation. Unless the culture was overly
diluted, growth stimulators were released to the
medium; otherwise the cells consumed these stimula-
tors. The extension of the lag phase resulted from this
phenomenon. During the cell growth cycle, the overall
stimulatory activity of the medium changed with the
changes in the exometabolite (stimulator) concentra-
tions: the activity intensified by the second hour with
increasing acetate concentration, as well as in the final
phase, simultaneously with the increasing concentra-
tions of acetate and succinate. Both increases preceded
the synchronous division of the culture [23].

The metabolite compositions possessed the same
properties as the prototypes investigated (ARK): they
intensified the antagonistic activity of E. coli M-17 dur-
ing its growth and starvation in mixed cultures with
S. enteritidis, stimulated the of growth L. acidophilus
D-75 and D-76, and increased their antagonistic activ-
ity against a wide spectrum of pathogenic bacteria.

The composition similar to the exometabolite com-
position of the starvation medium of E. coli M-17
(Comp-2) showed the capacity to accelerate the death
of high-density (25 × 109 cells/ml) test cultures. The
presence of acetate (and probably of some other metab-
olites) caused fluctuations in the number of E. coli
M-17 cells. As the cell number increased, acetate was
consumed by the cells and returned in lesser amounts to



418

MICROBIOLOGY      Vol. 75      No. 4      2006

VAKHITOV, PETROV

the medium after their death. Out of all the compounds
present in the medium, glycine was shown to be the
most active cell-death stimulator of E. coli M-17. Its
addition to the composition accelerated the cell death,
and its removal would enhance survivability. However,
the identity of glycine as an ACD2 factor requires fur-
ther examination.

The specificity of the ARK functions, metabolite
compositions, and their components was confirmed
during experiments on solid nutrient media. We studied
the effect of different concentrations of these compo-
nents in agarized media; the concentration of 50 µg/ml
was used in order to compare their activity. Succinate
had a much weaker stimulatory effect on the growth of
E. coli BL colonies than on those of E. coli M-17 and
inhibited the growth of S. enteritidis. Lactate stimulated
only E. coli M-17 growth and inhibited the growth of
other strains. It was confirmed (see [24]) that aspartic
acid inhibited the growth of E. coli M-17, while it stim-
ulated the growth of other strains of E. coli. An increase
in heterogeneity or the bimodality of the size distribu-
tion of the colonies under the influence of metabolites
indicated that all (or most) of them influenced not the
whole population, but only its segments, subpopula-
tions. One can assume that subpopulations stimulate
the growth of each other as they exchange appropriate
metabolites and form the total pool of exometabolites
within their population. The list of these metabolites
must include various gaseous compounds influencing
bacterial growth, such as ëé2, ç2S, H2, etc.

The results of our experiments on solid and liquid
media correlated well with each other. However, there
were some differences. Aspartate, alanine, and lactate,
inhibiting the growth of a particular strain on solid
media, could induce its growth in a liquid medium,
since in the latter case they operated at the population
level, rather than at the subpopulation level. Therefore,
it was sufficient to induce the growth of a single cell for
the appearance of the stimulatory effect.

On the basis of the data obtained, a new concept was
proposed concerning the possibility of the application
of low-molecular exometabolites for medical purposes.
In pursuing these aims, the synthetic composition
“Actoflor-C” was developed; this composition sur-
passes the prototype preparations (ARK) in its ability to
stimulate growth and to intensify the antagonistic activ-
ity of the normal microflora. In our experiments on lab-
oratory animals, the efficiency of this composition for
the correction of dysbiotic states and the treatment of
intestinal ulcers was demonstrated [25, 26].

According to the results of our experiments on the
growth-stimulating complex “bios” [27] and some
other investigations [28], the metabolic autoregulation
system of yeasts resembles in many respects the bacte-
rial one, but differs from it in utilizing vitamins and
other similar compounds (more specialized than amino
acids and fermentation products) as regulators.
Although the autoregulation process of multicellular

organisms is based on the effect of still more specific
compounds, it still uses L- and D-amino acids (glycine,
glutamate, aspartate, D-serine, etc.) and even simpler
compounds (ëé2, ëé, ç2S, NO, H2). Information
transfer in the nervous system is based on a variety of
simple chemical signals. Each presynaptic ending is
able to generate several mediators, a combination of
which may differ even in synapses from one
neuron [29].

The data presented agree well with the concept of
metabolic regulation [30] that works at all levels of life
and is thought to be the lowest and most ancient level in
the hierarchy of regulatory processes. Its evolution can
be traced back to chemical regulation based on two
opposite phenomena: inhibition of the reaction by the
resulting product, and autocatalysis. Further investiga-
tions into the relationship between the system of meta-
bolic regulation and other systems, including the sys-
tem of production and activation of resting forms of
microorganisms [6], or of production and consumption
of inductors AI-2 by E. coli cells [31], are of particular
interest.
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