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A recent major scientific achievement is the eluci�
dation of the molecular mechanisms of the biological
activity of the extracellular autoregulatory factors that
control many aspects of the functional activity and cell
differentiation of prokaryotes [1]. This is especially
true in the case of nonspecies�specific extracellular
autoregulators (d1 factors). In a number of bacteria
and yeasts, these factors belong to alkylhydroxyben�
zenes (AHBs). They control the transition of recipient
cells to the hypometabolic and anabiotic state [2].
Another aspect of the biological activity of AHBs is
their functioning as adaptogens involved in developing
of microbial resistance to a wide variety of deleterious
factors [3]. In a number of studies, the protective
effects of AHBs on the cells of bacterial and yeast cul�
tures under various kinds of stress [4, 5], including UV
irradiation [6], were demonstrated. This provided the
foundation for more detailed research on the mecha�
nisms of action of the above group of microbial auto�
regulators.

Previous studies on this subject revealed that the
molecular mechanisms of the regulatory effects of
AHBs were based on their capacity for nonspecific
binding to cell biopolymers such as proteins and the
DNA, as well as to membrane lipids, due to the forma�
tion of hydrogen bonds and hydrophobic and electro�
static interactions [7–10]. Formation of AHBs com�
plexes with enzyme proteins caused changes in their
conformation and, accordingly, in their functional
activity and stability [7, 10, 11]. In addition, our ear�
lier works demonstrated a direct interaction between
AHBs and the DNA accompanied by alterations in its
topology and physicochemical properties [8]. Impor�
tantly, the resulting DNA + AHB complexes were
characterized by enhanced resistance to UV irradia�
tion [9].

Under ordinary conditions, DNA intensely
absorbs UV light within the 240–300 nm wavelength
range with a maximum at 254 nm. This accounts for
the serious damage of this biopolymer, with its
extreme manifestations resulting in single� or double�
strand breaks in the DNA. An essential role in terms of
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protecting the cells from UV radiation is therefore
assigned to the DNA repair system. Of paramount
importance for this system is the operation of the SOS
response genes [12]. The mechanism of SOS regulon
induction is based on the interaction between the
products of the recA and lexA genes. By binding to
impaired single�stranded DNA areas, the RecA pro�
tein facilitates the cleavage of the LexA protein dimers
and thereby abolishes the LexA�induced repression of
about 40 RecA�dependent genes involved in repairing
the DNA, including the recA gene [13].

Initial research on alkylhydroxybenzene effects on
repair activity suggested the possibility that the stress
genes of the bacterial SOS system were subject to both
positive and negative regulation, due to the involve�
ment of AHB homologues with different hydropho�
bicity [6]. However, cellular protective systems
use also a “passive” mechanism involving AHBs as
(i) traps for reactive oxygen species (ROS) [10] and
(ii) biopolymer molecule stabilizers [7–11].

Of special interest in the light of the above was the
whole coherent pattern of the interrelationships
between the “active” and “passive” mechanisms of
DNA protection from UV radiation involving alkylhy�
droxybenzenes. An additional intriguing issue was to

develop the experimental system simulating the
impact of environmental factors characterized by
lethal intensity that occur in natural ecosystems. This
system should be different from our earlier models of
short�term sublethal stresses including those caused by
UV irradiation [4⎯6].

Therefore, the goal of this work was to investigate
the involvement of alkylhydroxybenzenes, natural
adaptogens, in the stress response of Escherichia coli to
lethal intensity of UV irradiation with special empha�
sis on elucidating the effects of AHB homologues with
different hydrophobicity with respect to the “active”
and “passive” mechanisms of DNA protection in this
system.

MATERIALS AND METHODS

We used a number of alkylhydroxybenzene homo�
logues differing in the length and location of the
hydrophobic alkyl radical, including the commercially
available preparations C7�AHB, C11�AHB, and C12�
AHB (Sigma, United States) as well as C9�AHB and
C18�AHB (Enamine, Ukraine), with a purity degree
of 99.9%, which were synthesized for this study
(Table 1).

Table 1. Chemical analogs of alkylhydroxybenzenes used in the work

Designation Structural formula Molecular mass Manufacturer

C7�AHB 124 Sigma, United States 

C9�AHB 152 Enamine, Ukraine

C11�AHB 180 Sigma, United States 

C12�AHB 194 Sigma, United States 

C18�AHB 278 Enamine, Ukraine 
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The recombinant strain Escherichia coli recA'::lux,
kindly provided by I.V. Manukhov (State Research
Institute of Genetics, Russia) was used as the model
microorganism. Its special feature is that it contains
the precA'::luxCDABE�AmpR plasmid with the lux
gene cassette from the luminescent soil bacterium
Photorhabdus luminescence Zm 1, cloned using the
promoter of the E. coli recA gene and the marker gene
responsible for resistance to ampicillin. This genetic
system secures a sufficiently low background lumines�
cence level of carrier cells. The luminescence level is
drastically increased upon damaging the DNA, due to
a synchronous induction of the recA gene and the
bioluminescence gene promoter it controls. Accord�
ingly, measuring the luminescence intensity of the
tested strain provides for the real�time quantitative
assessment of the SOS system activation level, partic�
ularly upon UV irradiation [14], without carrying out
any additional procedures.

Prior to the study, the E. coli recA'::lux strain was
grown for 16–18 h at 37°C in LB broth (Sigma,
United States) in the presence of 20 μg/mL ampicil�
lin. Shortly before the experiment, the culture was
diluted, at a ratio of 1 : 20, with fresh medium of the
same composition and incubated for 3–5 h in order to
achieve an optical density of 0.2 U (λ = 640 nm, l =
1 cm, Fluorat�02 Panorama, Lumex R&D Company,
Russia). This corresponded to the early phase of the
exponential growth of the batch culture. In the exper�
imental systems, aliquots of this culture were mixed
with AHB solutions (1 : 1), so that the final AHB con�
centrations were 10–5, 10–4, and 10⎯3 M. In the control
systems, the AHB solutions were replaced with dis�
tilled water. The mixtures were preincubated for
60 min. Thereupon, 1 mL samples were dispensed into
the wells of polystyrene plates.

The samples were UV�irradiated with a broad�
band mercury–quartz lamp (Osram, Germany) at a
distance of 10 cm, using an interference light filter
with a transmission peak around 254 nm. This enabled
us to selectively impair the DNA of bacterial cells,
while only minimally affecting other intracellular
structures. The irradiance of the samples measured
with a TKA�PKM UV radiometer (Russia) was
6.7 W/cm2, the exposure time varied from 0 to 180 min
with 60 min increments, which corresponded to total
UV doses of 1.21, 2.43, and 3.64 J/m2, respectively.

After the intervals specified above (60, 120, and
180 min), 100 μL aliquots were taken from the tested
samples in order to determine the bioluminescence
intensity using an LM 01T bioluminometer (Immu�
notech, Czech Republic).

In the tested samples, we determined the number
of viable cells from the colony�forming unit number
(CFU) by inoculating 10 μL aliquots on LB agar with
a subsequent 24 h incubation at 37°C. We established
whether the resulting colonies belonged to the S, R, or
RS type using a magnifying glass (magnification 5×).

The quantitative assessment of the SOS response
induction was carried out using the formula Fi =
luxAi × B0/luxA0 × Bi where luxA0 is the light emission
of the control cell suspension, luxAi is the light emis�
sion of the irradiated cell suspension, В0 the viable cell
number in the control sample, and Bi the viable cell
number in the irradiated sample [15].

At least three repeats of each experiment were car�
ried out. The results were statistically processed using
the Statistica software package. Shannon’s entropy
test [16] was employed to calculate the phenotypic
S  R phase variation index.

RESULTS

During the first stage of our study, we investigated
the pattern of the responses of the test strain E. coli
recA'::lux to various doses of UV radiation, a natural
stress factor. Comparing cell viability (CFU number)
and bioluminescence intensity made it possible to
determine the quantitative and dynamic characteris�
tics of the process of SOS system induction (Fig. 1).
An UV radiation dose within the 0–1.21 J/m2 range
stimulated bioluminescence as a consequence of SOS
system induction, which manifested itself in an
increase in the absolute luminescence intensity with a
maximum value 2.65 times exceeding the control
level. However, further rise in the stress factor dose
resulted in a progressive decrease in detectable biolu�
minescence that reached the initial value at the radia�
tion dose of 3.64 J/m2 (Fig. 1a). The most likely reason
is the death of a significant portion of bacterial cells
that was monitored upon the inoculation of the tested
samples on the solid medium. The CFU number dis�
played a near�exponential dependence on the UV
radiation dose (Fig. 1b). Nonetheless, the relative
index Fi, which links bioluminescence intensity to the
viable cell number, indicated an inverse relationship
between these values: the Fi value (25.37) at the abso�
lute bioluminescence maximum with the UV radia�
tion dose of 1.21 J/m2 was lower than the Fi value
(282.85) by an order of magnitude at the UV radiation
dose of 3.64 J/m2 (Fig. 1c). Since the radiation dose in
our studies varied depending on the exposure time, we
conclude that the activation of repair processes con�
tinued in a numerically insignificant subpopulation of
the cells that remained viable and metabolically active
upon a long�term (180 min) stress. In terms of colony
morphology, an additional effect produced on the
E. coli recA'::lux cells that survived the lethal dose was
the phenotypic phase variation of the population that
manifested itself in replacing the dominant S�type col�
onies with R type colonies that amounted to 50% of
the colonies in the experimental and 8% in the control
system.

Taking account of the earlier established capacity
of one of the AHB homologues, C12�AHB, to activate
stress gene expression at a sublethal UV irradiation [6,
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17], we assessed similar regulatory properties in a rep�
resentative array of autoregulatory factors. Research
on AHB effects on the luminescence, viability, and
phase variation enabled us to reveal a number of inter�
linked processes that are associated with the peculiar�
ities of the AHB chemical structure (Table 1) and their
concentrations (Fig. 1). Under the experimental con�
ditions, none of the AHB homologues alone caused a
significant increase in absolute bioluminescence; they
rather brought about a significant decrease in the
background fluorescence level. This inhibitory effect
increased in the C9�AHB  C11�AHB  C12�
AHB  C8�AHB row with increasing length of the
alkyl radical and the molecules' hydrophobicity that
depends thereupon. The effect was reliably observed at
AHB concentrations exceeding 10–5 M. C7�AHB
failed to affect cell bioluminescence, regardless of its
concentrations (Fig. 1d). An analysis of E. coli
recA'::lux cell viability in the presence of various AHB
homologues revealed a CFU number decrease that
was concomitant with the weakening of biolumines�
cence (Fig. 1e) and was particularly prominent with
C12� and C18�AHB. The latter is due to the known
growth�inhibiting activity of these long�chain AHBs
[2, 3]. In terms of our work, it should be emphasized
that the inhibitory action of AHBs on the growth�

related characteristics of microorganisms was two
orders of magnitude less significant than that associ�
ated with the lethal effect of UV radiation (see above).

Based on the data given above, we calculated the Fi

value that links bioluminescence intensity to the viable
microbial cell number. We established AHB concen�
tration�dependent changes in the SOS system activity
(Fig. 1f). For instance, the influence of the C12� and
C18�AHB homologues at a concentration of 10–5 M
resulted in a 4–5�fold activation of the relative fluores�
cence of E. coli recA'::lux with Fi values of 4.30 and
4.84, respectively. This is consistent with the idea that
long�chain AHBs exhibit weak mutagenic activity [6,
17] and may act as alarmones, i.e. bacterial alarm sig�
nals [6]. In terms of SOS response induction, these
AHB homologues were 1–2 orders of magnitude less
efficient than UV radiation. High (10–3 M) concentra�
tions of long�chain AHBs that induce the anabiotic
state of bacterial cells [2, 18] brought about a pro�
nounced repression of the SOS response. This was due
to transcription arrest in anabiotic cells [2, 3]. It
should be mentioned that the action of long�chain
alkylhydroxybenzenes at the post�translational level
results in inhibiting the functional activity of proteins
[2, 3, 7, 11]. Since the AHB concentration of 10–4 M

1.2E+0.5

1.0E+0.5

8.0E+0.4

6.0E+0.4

4.0E+0.4

2.0E+0.4

0.0E+0.4
3.642.431.21

I log[CFU/mL] Fi

(a) (b) (c)

(d) (e)

 Dose, J/m2

1.0E+0.8

1.0E+0.7

1.0E+0.6

1.0E+0.5
3.642.431.21

 Dose, J/m2
00

300

200

100

0 3.642.431.21
 Dose, J/m2

Fi
5

2

1

0 10–310–410–5

c, M

3

4

(f)

0 10–310–410–5

c, M
0 10–310–410–5

c, M

6.0E+0.4

4.0E+0.4

2.0E+0.4

0.0E+0.0

1.0E+0.8

1.0E+0.7

I log[CFU/mL]

1

2
3

4

5

1
2
3

4
5

1

2

3
4

5
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caused minimal SOS system changes with all tested
homologues, it was convenient to use it in subsequent
studies on the combined action of AHBs and the nat�
ural stress factor (UV radiation). In general, the results
obtained at this stage confirmed the pleiotropic effect
of AHBs whose regulatory function partly depends on
their interaction with cell biopolymers and the modi�
fication of their functional activity [2, 6]. This applies
to the test organism E. coli recA'::lux.

Another effect of AHBs was their influence on the
intensity of phenotypic transitions in E. coli recA'::lux
cells. In particular, some AHB homologues at a con�
centration of 10–4 M increased the frequency of the
S   (R + RS) transition to 38%, in contrast to 8%
in the control system. This effect was quite consistent
with the data on the AHB influence on the frequency
of phase transitions in bacteria including Bacillus sub�
tilis [6], Staphylococcus aureus [19], Pseudomonas
aurantiaca [20], and Pseudomonas fluorescens [20],
which increases the likelihood of survival of the bacte�
rial population under the influence of deleterious fac�
tors and under changing environmental conditions
[21, 22].

Hence, by consecutively applying the natural stress
factor (UV radiation) and alkylhydroxybenzenes,
chemical analogs of bacterial autoregulators, to the
test strain E. coli recA'::lux, we revealed principally
similar changes in the following stress response�
related variables: bioluminescence, viable cell num�
ber, and the level of intrapopulation phenotypic vari�
ability. This gives us grounds for assigning a signal role
to AHBs in terms of protective bacterial responses,
and suggesting cell preadaptation during consecutive
action of AHBs and UV irradiation. This was investi�
gated in the next stage of our work.

Monitoring the parameters of the bioluminescence
intensity and cell viability and determining,
from these data, the degree of SOS system activation
under various UV doses in E. coli recA'::lux that was
preincubated with AHB homologues at a concentra�
tion of 10–4 M revealed a number of interrelated
effects (Fig. 2). The most important finding was that
the absolute bioluminescence level of AHB�preincu�
bated cells varied depending on the chemical structure
and, accordingly, hydrophobicity of the AHB homo�
logues involved. The treatment with the most
amphiphilic C7�AHB yielded an absolute lumines�
cence intensity value equal to the control one (without
AHB) under the radiation dose of 1.21 J/m2 and
exceeded the control value under a higher dose
(Fig. 2a). The bioluminescence level was lower than in
the control system in the case of the cells preincubated
with C9� and C11�AHB. As for the cells pretreated
with the most hydrophobic homologues C12� and
C18�AHB, their bioluminescence intensity was below
the background level at all the tested radiation doses
(Fig. 2a). The results obtained, therefore, did not sup�
port the conclusion that the SOS response is synergis�

tically activated the in systems in which cells are con�
secutively treated with AHB and UV radiation: the
number of viable cells at high radiation doses was sig�
nificantly higher in the variants with long�chain
homologues (Fig. 2c). Moreover, comparative analysis
of Fi values that links bioluminescence intensity to the
viable microbial cell number after UV irradiation
revealed a relative decrease inFi of AHB�preincubated
cells (Fig. 2b). The degree of SOS response repression
increased in proportion to the decrease in the hydro�
phobicity of AHB homologues used for the pretreat�
ment. It was 3.7 and 7.0 with C12� and C18�AHB,
respectively, at an UV irradiation dose of 3.64 J/m2.
This was 40–76 times lower than the SOS system acti�
vation level in test strain cells that were treated only
with UV radiation (Fig. 2b). At the AHB concentra�
tion decreased to 10–5 M, statistically reliable differ�
ences between the factors of induction in the control
and experimental samples remained, although repres�
sion of the SOS response was somewhat less pro�
nounced. Increasing the tested AHB concentration to
10–3 M resulted in a more significant decrease in abso�
lute bioluminescence values (I) and in a somewhat
lesser reduction in relative bioluminescence (Fi,
Table 2).

Analysis of the data obtained demonstrates that the
influence of bacterial autoregulatory d1 factors belong�
ing to the AHB group on the SOS response of E. coli
recA'::lux cells to lethal UV irradiation was chiefly
inhibitory. Nonetheless, both the absolute
(lgCFU/mL) and relative (percentage of the control
level Figs. 2c, 2d) parameters of bacterial cell viability
were significantly higher with AHB�pretreated cells
than with control cells that were not treated with AHB.
Taken together, the data obtained suggest that previous
contact of bacterial cells with AHB results in their pre�
adaptation, which significantly increases their resis�
tance to lethal�intensity stress without involving the
activation of the SOS repair system.

Another factor contributing to the protective effect
of AHBs is their influence on the genotype stability,
which can be estimated from the frequency of S  R
phase transitions in a bacterial population. If it
remains at the background level, this implies genotype
stability, and an increase in phenotypic variability is
interpreted as a manifestation of adaptive variability
[21, 22]. As shown above, AHBs without additional
stress factors increased the S  R transition fre�
quency with the formation of a sufficiently large num�
ber of colonies with the intermediate RS phenotype,
which confirms the role of AHBs in controlling the
intrapopulation variability [6, 17]. The population
variability index in the presence of 10–4 M AHB was
maximum with C7� and C11�AHB (Fig. 3a), which
yielded the values of Shannon’s entropy test of 1.16
and 1.27, in contrast to 0.4 in the control system. UV
radiation also induced transition from the dominant S
type to the R type, but no intermediate RS phenotype
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was generated in this case, and the phenotypic vari�
ability index was 1.0 (Fig. 3b). Against this back�
ground, research on phenotypic phase variation in
E. coli recA'::lux preincubated with AHB (10–4 M) and
thereupon treated with an UV radiation (3.64 J/m2)
revealed a significant increase in the population phe�
notypic variability index within the viable population
part (Fig. 3b). In particular, the highest phase variation
index values occurred with the cells preincubated with
the long�chain C12� and C18�AHBs. The Shannon’s
test values were 1.35 and 1.29, respectively. As for the
variant with C9�AHB, the R type cells were com�
pletely replaced by RS type cells.

The results obtained indicate that the AHB�depen�
dent mechanism of cell protection from lethal UV

radiation doses implicating a relative suppression of
the SOS system activity causes an increase in the fre�
quency of intragenomic transitions. They increase the
phenotypic variability of the viable part of the bacterial
population.

DISCUSSION

Autoregulatory d1 factors comprise various alkyl�
hydroxybenzene isomers and homologues. They con�
trol the transition of bacterial cells to the dormant
state and belong to the most evolutionarily conserved
adaptogens [2] that were inherited by plants and fungi
[23]. These low�molecular�weight compounds exhibit
amphiphilic properties, antioxidant activity, and the
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capacity for nonspecific physical and chemical inter�
actions with a wide range of biopolymers [7–11] and
membrane lipids [24]. This accounts for the acquisi�
tion of enhanced resistance to diverse extreme envi�
ronmental factors by these structures and whole cells
[3]. Particularly extensive data on such protective

activities were obtained with respect to the resistance
of bacterial and yeast cells to UV and ionizing radia�
tion [4, 6, 9] which represents an important abiotic
factor in both ancient and modern ecosystems.

Another, mechanism of resistance to radiation
(probably a more recent one) involves repair systems
[13] that operate in the vegetative cells and actively
undo the resulting damage to the genetic machinery.

Of special interest in the light of the above is unrav�
eling the pattern of the interaction between these stress
response systems. This was earlier researched in sev�
eral in vitro [7–9] and in vivo [3–6] models and inves�
tigated in this work using the recombinant strain E. coli
recA'::lux. A distinctive feature of this genetic system
that facilitates attaining our goal is its capacity to
respond to UV irradiation�caused DNA impairments
with bioluminescence. This enables monitoring the
induction (activation) of the SOS system in real time
[14].

The data obtained (Figs. 2c, 2d) confirmed the ear�
lier findings that alkylhydroxybenzenes function as
adaptogens conferring enhanced resistance to envi�
ronmental stress factors on bacterial and fungal cells
[2, 3]. Using a novel model for investigation of the pro�
tective responses of a bacterial population under the
deleterious influence of UV radiation enabled us to
investigate in detail the patterns of stress response for�
mation and to obtain data on new aspects of the adap�
togenic activity of AHBs. Methodological prerequi�
sites for our novel model included (i) the employment
of an early exponential growth phase E. coli recA'::lux
culture whose cells display the highest sensitivity to
stress factors; (ii) prolonged UV irradiation that made
it possible both to produce a cumulative deleterious
effect enabling us to evaluate the impact of the tested

Table 2. Effect of alkylhydroxybenzenes on the relative indices
of SOS system induction and the viability of E. coli recA'::lux
upon UV irradiation (3.64 J/m2)

Tested compound, 
concentration (M)

SOS system in�
duction factor (Fi)

Remaining CFU 
number (% of the 

control)

C7�AHB, 
10–5/10–4/10–3 

238.3 ± 21.1 
234.9 ± 21.0 
92.15 ± 9.1* 

0.39 ± 0.03 
0.62 ± 0.06 
0.96 ± 0.1* 

C9�AHB, 
10–5/10–4/10–3

250.0 ± 23.3 
141.9 ± 13.3* 
57.43 ± 5.5** 

0.53 ± 0.04 
1.03 ± 0.05* 

1.5 ± 0.11** 

C11�AHB, 
10–5/10–4/10–3 

112.0 ± 10.1 
38.3 ± 3.5** 
51.2 ± 4.8**

 0.83 ± 0.04* 
1.87 ± 0.1** 
2.17 ± 0.05** 

C12�AHB, 
10–5/10–4/10–3 

65.2 ± 5.0** 
3.7 ± 0.3** 

18.9 ± 1.7** 

1.31 ± 0.05** 
2.73 ± 0.2** 
5.95 ± 0.43*** 

C18�AHB, 
10–5/10–4/10–3 

54.3 ± 5.0** 
7.0 ± 0.6** 

13.7 ± 1.4** 

1.96 ± 0.12** 
4.32 ± 0.15** 
9.36 ± 0.8*** 

Control 282.8 ± 26.5 0.3 ± 0.07 

Designations: * P < 0.05; ** P < 0.01; *** P < 0.001.
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Fig. 3. Phase variation of the E. coli recA'::lux culture incubated for 1 h with AHB at a concentration of 10⎯4 M (a) and subse�
quently treated with an UV radiation dose of 3.64 J/m2 (b). Designations: grey sectors, S type colonies' black sectors, RS type
colonies; white sectors, R type sectors.
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radiation dose and to analyze the dynamics of the
stress response; and (iii) the monitoring of a combina�
tion of stress response�related variables at the molecu�
lar (SOS system activation), cell (proliferative activity
retention), and population (changes in the phase vari�
ation spectrum of the population) levels.

Using the model developed in the present work, we
consecutively investigated the stress responses of
E. coli to the lethal influence of various UV radiation
doses, to an increase in the alkylhydroxybenzene level
in the culture, and to the combined effect of AHBs and
subsequent lethal level of UV irradiation.

The main conclusion drawn from the first part of
this work was that the test microorganism’s responses
to a natural stress factor (UV radiation) and to an
increase in the long�chain AHB level in the culture
were uniform. By assessment of the absolute and rela�
tive viability of E. coli recA'::lux cells, we revealed new
patterns in the development of stress responses to con�
secutive treatment with AHBs and lethal doses of UV
radiation. Lethal effects involving the death of the
major part of the population (Fig. 1b) against the
background of a decrease in absolute bioluminescence
intensity (Fig. 1a) were established to result in an
increase in the relative value of the SOS response
induction factor (Fi) that was inversely proportional to
the viable cell number (Fig. 1c). A similar dynamics of
the stress response occurred upon increasing the con�
centration of long�chain AHBs in the culture; at
10⎯5 M, AHBs caused a 2–5�fold increase in the Fi

value compared to the background level. This enables
us to expand on our earlier concept that AHBs func�
tion as alarmones by applying it, apart from sublethal
factors [6], to lethal doses of stress factors.

The results obtained also indicate that the effect of
long�chain AHB is dose�dependent in terms of
stress responses. With AHB concentrations exceeding
10–5 M, a parallel decrease in both absolute CFU
number and total bioluminescence level occurred.
This could be due to the fact established earlier that
long�chain AHBs operate as anabiosis autoinducers.
Increasing their concentrations results in the develop�
ment of the hypometabolic (10–4 M) and then ameta�
bolic (10–3 M) cell state [2, 18, 25]. This accounts for
a decrease in the SOS system activity that was caused
by a reduction in the general metabolic activity deter�
mined from the decrease in Fi value at AHB concen�
trations over 10–5 M. Interestingly, the short�chain
C7�AHB that does not affect the development of the
anabiotic state failed to induce the SOS response of
the test strain, regardless of the concentration applied.
This is in line with the data obtained earlier with other
model organisms [6].

These results provided the foundations for our
studies on the AHB effects in relation to bacterial pre�
adaptation to the lethal influence of UV irradiation.
Relative cell viability data (as CFU percentages) pro�
vided compelling evidence for a protective effect of

AHBs during long�term exposure to a lethal�intensity
stress factor. The magnitude of the effect significantly
varied depending on the chemical structure of AHBs
and their concentrations. If AHBs were added at a
concentration of 10–4 M (Fig. 2c), their protective
effect monotonously increased in the C7�AHB 
C18�AHB sequence, being 2–20 times higher than the
control values at the UV dose of 2.43 to 3.64 J/m2.
Decreasing the tested AHB concentrations to 10–5 M
or increasing them to 10–3 M entailed an approxi�
mately proportional decrease or increase in protective
effect, respectively (Table 2). This confirms the dose�
dependent adaptogenic action of AHBs.

Against this background, the results of calculating
the SOS response induction factor appear to be some�
what discordant. They testify to a significant decrease
in SOS system activation level in AHB�preincubated
cells. However, this contradiction is eliminated by tak�
ing account of the pleiotropic effect of AHBs that
involves a complex mechanism of regulating the resis�
tance of bacterial cells to UV radiation. This mecha�
nism implicates the influence of AHBs on the comple�
mentary and, to some extent, alternative “passive” and
“active” systems of protecting cell biopolymers, espe�
cially the DNA, from harmful factors. The “active”
protection is accomplished via the modulation of the
expression of stress genes including the SOS system [6,
17]. Direct AHB–DNA interactions that result in
changing the physical and chemical properties of the
DNA and in developing resistance to a wide range of
stress factors with different intensity underlies the
“passive” protection system [8, 9]. The results
obtained give us grounds for the suggestion that such a
“passive” mechanism can secure direct DNA protec�
tion from UV radiation, resulting in lowering the acti�
vation level of the SOS system responsible for the
“active” mechanism of protecting the DNA. An addi�
tional contribution to the modulation of the SOS sys�
tem activity can be made by AHB effects at the tran�
scriptional and post�translational level. As a result, the
viability of the bacterial cells that assume the
hypometabolic state can be retained with minimal
repair activity. Of paramount importance is the fact
that the preadaptive AHB effects provide for signifi�
cantly higher relative and, with high UV radiation
intensities, absolute numbers of viable E. coli recA'::lux
cells than in the control system where the structural
and functional integrity of the DNA is secured by the
SOS system alone.

Taken together, the results obtained make it possi�
ble to regard alkylhydroxybenzene�controlled
“active” and “passive” DNA protection systems as
complementary. They are aimed at securing the exist�
ence of a bacterial population at various UV radiation
intensities. Under stress, the biosynthetic activity
(productivity) of the cells with respect to AHBs is sub�
stantially increased [10], enabling them to function as
adaptogens. Long�chain AHBs activate SOS regulon
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expression [6, 17], which provides for a sufficiently
high repair activity level at low and medium UV radi�
ation intensities. This secures the survival of a consid�
erable part of a bacterial population and the mainte�
nance of its relative geno� and phenotypic homogene�
ity. A prerequisite for the AHB action in the “passive”
protection system is an additional rise in AHB con�
centration upon increasing the deleterious factor’s
dose to the lethal level. This is due to the extrusion of
AHBs from the dying cells of the population, which
was simulated in this work by increasing the AHB con�
centration added to the test culture. The resulting rise
in the AHB level brings about a pronounced inhibition
of metabolic and biochemical processes including the
SOS response, causing the development of the
hypometabolic and, subsequently, of the anabiotic
state [18]. The extreme manifestation of this effect is a
loss of bacterial cells' capacity to form colonies on
solid media, i.e. the development of the nonculturable
state [25]. However, this is accompanied by the pro�
cesses resulting in AHB�dependent stabilization of
cell biopolymers including the DNA, which become
highly resistant to a wide variety of stress factors,
including UV irradiation. The cells that acquire a met�
abolically inactive state with the SOS system repressed
because of the AHB pretreatment are characterized,
therefore, by a considerably higher viability upon
lethal UV irradiation. This manifests itself in an
increase in both relative and absolute numbers of the
colony formation�capable cells that exhibit an
enhanced capacity for phase variation. Importantly,
there is a direct relationship between protection effi�
ciency and the chemical structure of the AHB and its
concentration, which coincide with those required for
blocking the metabolism of a bacterial cell [2–6,
18, 19].

Taken together, the results obtained enable us to
construe the AHB�controlled mechanisms of general
stress resistance of bacteria and SOS repair of the
DNA as the alternative “passive” and “active” systems
that are both aimed at securing the survival of bacterial
populations at various UV irradiation intensities. An
additional AHB�dependent protective effect is an
increase in the subsequent phase variation of the sur�
viving part of the bacterial population. As a result, the
species potentially has a large number of ecological
options after surviving extremely intense UV irradia�
tion.
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