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Abstract—The investigation of the response of a batch culture of Staphylococcus aureus to exogenous akyl-
substituted hydroxybenzenes (AHBS), chemical analogues of anabiosis autoinducers, showed that C,-AHB at
concentrations from 5 pM to 1.5 mM did not influence the culture growth, whereas the more hydrophobic
Cs-AHB inhibited it at concentrations of 0.5 mM and higher. Either of the AHBs drastically enhanced the phe-
notypic dissociation of staphylococcal cultures, which manifested itself in an increase in the fraction of cells
producing small nonhemolyzing colonies of G type when plated on solid media with erythrocytes. In a sub-
merged staphylococcal culture, the relative number of cells producing G-type colonies varied from 10 to 90%,
depending on the concentration of the AHB added. The growth of S aureus in the presence of AHBs also
enhanced cell toleranceto heat shock (heating at 45 or 60°C for 10 min). Therole of AHBSs, which are structural
modifiers of membranes and possess chaperone activity, in the mechanisms responsible for cell tolerance and
phenotypic dissociation of microbial populations is discussed.
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Alkyl-substituted hydroxybenzenes (AHBs), which
are low-molecular-weight amphiphilic compounds
synthesized by some microorganisms, are the principle
natural growth autoregulators of microbial cultures.
They are also called the d, factors of cell differentia-
tion. Elevated concentrations of AHBs limit the growth
of microbial cultures, and high AHB concentrations
may cause a fraction of cellsin amicrobia population
totransit to an anabiotic state[1, 2]. Thereisincreasing
evidence that AHBs are involved in the adaptive
response of cells to stresses [3-5]. The development of
hypometabolic conditions and ultimately anabiosis is
provided by several mechanisms, one of whichinvolves
AHBs[6]. In this mechanism, AHBs act as membrano-
tropic agents (which cause the polycrystallization of
cellular membranes, affect their permeability to
monovaent ions, and induce the dehydration of proto-
plasts [7]) and chemical chaperones (which stabilize
the spatial structure of enzymes [3, 5]). In addition,
AHBs may form complexes with biopolymers, includ-
ing those of the cell wall, thus lowering the specificity
of these polymers in enzymatic reactions and causing
biological inactivity [6]. These effects enhance the tol-
erance and viability of cells in senescent and long-
stored microbial cultures. The effect of d, factors,
including AHBS, is not species-specific, due to which

the action of intrinsic growth autoregulators on particu-
lar microorganisms can be simulated by the addition of
exogenous AHBs. Of great practical interest is the
study of the effect of exogenous AHBS, such as alkyl
resorcinols, on pathogenic and opportunistic bacteriain
relation to their antibiotic resistance.

The present study was performed with Staphyl ococ-
cus aureus. Research interest to this species is stimu-
lated by the fact that it isisolated, occasionally or per-
manently, from 15-30% of virtually healthy individu-
als, in which staphylococcal infections usually develop
dueto activation of autogenous microflora[8]. Thisfact
callsfor investigation of the mechanisms of the antibi-
otic resistance of staphylococci and their control.

We present here the results of the study of the effect
of AHBson the physiological characteristics of Staphy-
lococcus aureus, the production of hemolysins by this
bacterium, and the devel opment of cellular response to
heat shock.

MATERIALS AND METHODS

The strain of Staphylococcus aureus used in this
study was obtained from the collection of microorgan-
isms at the Institute of Medical Microbiology, Giessen,
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Germany. The strain was grown in 250-ml flasks con-
taining 50 ml of nutrient broth on a shaker (200 rpm) at
37°C. The inoculum (cells from the linear growth
phase) was added to give an optical density (OD) of 0.2,
which was measured in a Specord spectrophotometer
using 10-mm-pathlength cuvettes.

Two chemical analogues of the d, autoregulatory
factors of bacteria [1], hexylresorcinol or Cg-akyl
hydroxybenzene (C,-AHB, M, = 196) and methylresor-
cinol or C;-alkyl hydroxybenzene (C,-AHB, M, = 124)
with a purity of 99.9%, were used in the form of solu-
tions in dimethylsulfoxide (DM SO). These substances
were added in amounts such that the concentration of
DM SO in the medium did not exceed 3%. The control
reaction mixtures contained the equivalent amount of
DMSO.

The growth-inhibiting activity of AHBs was evalu-
ated by adding them to the growth media of staphylo-
cocci (nutrient broth or blood agar) together with the
inoculum. Bacterial growth in nutrient broth was esti-
mated by measuring culture turbidity at A = 560 nm or
by plating cell suspension dilutions on blood agar. In
the latter case, the results were expressed as colony-
forming units (CFU) per milliliter. The hemolytic activ-
ity of S aureus was assayed on blood agar and

expressed in the diameter of hemolysis zones around
staphylococcal colonies.

Heat shock was induced by heating the aliquots of a
12-h linear-phase S aureus culture at 45 or 60°C for
10 min. The protective activity of AHBs was evaluated
from their effects on the colony-forming ability (esti-
mated at 37°C) of S. aureus cells exposed to heat shock.
Cellsweregrown in the presence of 50 uM C4-AHB for
12 h (variant a), or C,-AHB was added at the same con-
centration to 12-h-old cells (variant b). Variant ¢ repre-
sented control cells grown in the absence of AHBs and
not treated with them. Aliquots (0.1 ml) of these three
variants of cell suspensions were added to afresh nutri-
ent broth and incubated for 8 h. The growth of these
cultures was monitored as described above.

The results were statistically processed in terms of
Student’s t-test and standard deviation using the
Microsoft Excel 2000 program. Data files were consid-
ered to be homogeneous if their standard deviations o
did not exceed 13%. The t-statistic was calculated for
significance level P < 0.05.

RESULTS

Experiments showed that the effect of AHBs on the
growth of staphylococci depended on the hydrophobic-

Table 1. Theeffect of AHBs on the number of S aureus cellsin asubmerged culture capable of producing colonies on blood agar

Cell number, CFU x107/ml
Days Control C,-AHB, UM Cs-AHB, UM

0 10 100 10 100
1 186 (0) 167 (0) 408 (0) 47 (0) 41 (0)
2 592 (35.7) 840 (20) 592 (13.5) 248 (9.4) 73(9.5)
3 16 (22.5) 16.5 (20) 19.4 (16) 17.6 (29.5) 15.8 (25.3)
6 2.7 (7.4) 3.3 (40) 2.2 (15) 1.0 (81.8) 8.9 (46.1)
7 0.31(12.9) 0.15 (53.3) 0.1 (69.8) 0.09 (33.3) 0.63 (90)

Note: Parenthesized isthe percentage of cells producing G-type colonies.

Table 2. The effect of C4-AHB on the number of S. aureus cells that retained their colony-forming ability after exposure to
45 or 60°C for 10 min

Variant ¢ (control) Variant a Variant b
Time, h

45°C 60°C 45°C 60°C 45°C 60°C
0 0.15 41 0.09 80 0.12 16.48
2 0.37 438 0.51 24.48 0.63 0
4 53 59.3 19.2 68 7.04 0
6 140.8 118.4 348.8 50.88 358.4 0
8 518.4 570 784 228.8 579.2 0

Note: Cell numbers for heat shocks at 45 and 60°C are given in CFU x 107/ml and CFU x 10%/mll, respectively. Experimental variants are

described in the Materials and Methods section.
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(a)

(b)

Fig. 1. Colonies produced on blood agar by S. aureus cells
grown in nutrient broth for 7 day in the (a) absence and (b)
presence of 100 uM Cg-AHB.

ity of AHBs and their concentration. C,-AHB stimu-
lated the growth of staphylococci at low concentrations
(Table 1) and inhibited it at high concentrations (data
not shown). The inhibitory effect of C.-AHB was more
profound than that of C,-AHB, which agrees with the
data in the literature indicating that more hydrophobic
AHBs exert more extensive effects on the functional
(including the energy-yielding) activity of membranes
[7,9].

Theinhibitory effect of AHBsis bacteriostatic. This
follows from the observation that staphylococci whose
division was arrested by AHBs did not autolyse for at
least 12 h. The number of cells that retained their col-

ony-forming ability decreased with increasing C,-AHB
concentration (Table 1). This can be explained by the
factsthat some AHB-treated cellstransit to an anabiotic
state [10] and that some morphologically intact cells
irreversibly lose their growth ability [11].

On the other hand, the possibility cannot be
excluded that some cellsin an AHB-treated submerged
S aureus culture are resistant to AHB and continue
growing. It should be noted in thisregard that the long-
term cultivation of microorganisms under unfavorable
conditions, such as starvation, promotes the develop-
ment of more adaptable cell variants, which, however,
have lower growth rates [12]. In view of this, we ana-
lyzed the populational variability of staphylococci
grown in the presence and absence of AHBS.

When plated on blood agar and incubated for 1 day,
control (untreated with AHBS) cells primarily produced
smooth, convex, dull, yellowish colonies surrounded by
a zone of complete hemolysis (Fig. 1). But when sta-
phylococci were cultivated in nutrient broth with AHB
for 12 h, they predominantly produced small colonies
without hemolysis zones (so-called G-type colonies). It
should be noted that, in general, about 1% of fresh sta-
phylococcal isolates, when grown on nutritionally defi-
cient media lacking necessary growth factors (hemine,
thiamine, pantothenic acid, and others), are ableto pro-
duce such colonies[8]. In our experiments, the relative
number of G-type colonies produced by the control
cells reached a maximum (36%) on the second day of
cultivation, i.e., when the bacterial population was also
a a maximum (Table 1). When staphylococci were
grown in nutrient broth in the presence of AHBS, the
relative number of G-type colonies peaked on the 6th to
7th day of cultivation. The fraction of cells capable of
producing such colonies under the action of 10 uM
C¢-AHB and C,-AHB was 82 and 40%, respectively.
At a higher concentration of C,-AHB and C,-AHB
(100 uM), the percentage of G-type coloniesincreased
to 90 and 70%, respectively, and peaked on the 7th day
of cultivation. It should be emphasized that AHBs
caused no increase in the CFU number (except for the
C,-AHB at a concentration of 10 uM) but actively pro-
moted the segregation of a subpopulation producing
G-type colonies. At a high concentration (100 puM),
both AHBs inhibited the growth of staphylococci and
increased the number of cells capable of producing
G-type colonies. Since these colonies are characterized
by a dower growth rate and lower number of genera-
tions, asis evident from their small size, it can be sug-
gested that they must have other distinguishing fea-
tures.

Indeed, the hemolytic activity of cells capable of
producing G-type colonies was obviously lower than
that of normal cells. Figure 1 shows the colonies pro-
duced on blood agar by 7-day-old S. aureus cellsgrown
in nutrient broth in the absence (Fig. 1a) and presence
(Fig. 1b) of 100 uM C,-AHB. It can be seen that the
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clone segregated under the action of C,-AHB com-
pletely lost its ability to synthesize hemolysins. This
tendency was observed for aging cultures. thus, some
senescent cells from the 7-day-old culture grown in the
absence of C4-AHB also had a diminished ability to
synthesize hemolysins. The effect of AHBs on the phe-
notypic stability of staphylococci can be explained by
taking into account two facts. First, as was shown for
streptomycetes [13], bacilli [14], and some other
microorganisms [12], any microbial population is het-
erogeneous and contains cells of several phenotypes
differing in their growth and physiological characteris-
tics[12-14]. Second, as was shown for Bacillus cereus,
AHBs are able to induce the segregation of microbial
populationsinto cell variants producing colonies of dif-
ferent morphotypes [14].

It can be suggested that the populationa dissocia-
tion of staphylococci induced by AHBs is aimed at
increasing their tolerance to stresses. The results of the
following experiments confirm this suggestion. Three
culture variants—a culture grown in the presence of
50 UM C4-AHB for 12 h (variant a), a 12-h-old culture
grown in the absence of AHB but supplemented with
C,-AHB immediately before heating (variant b), and a
control culture grown in the absence of AHBs and not
supplemented with them (variant ¢)—were exposed to
heat shock at 45 and 60°C for 10 min. To avoid a pos-
sible protective effect of extracellular factors of shock
tolerance (or adaptogens of direct and indirect action)
[15], the heat shock tolerance of cells was evaluated
from the degree of preservation of the proliferative
potential of cellstransferred to afresh nutrient medium.

Severe heat shock at 60°C for 10 min completely
arrested the growth of S. aureus cells, both control and
AHB-treated, after the transfer to fresh nutrient
medium (growth was estimated either turbidimetrically
or from changes in the colony-forming ability of cul-
tures). At the sametime, heating at 45°C for 10 min did
not kill staphylococci. The pretreatment of cells with
Cs-AHB in both experimental variants (a and b)
enhanced their heat shock tolerance (Fig. 2 and Table 2),
presumably due to the AHB-dependent rapid repair of
heat-induced damage or, more likely, to a smaller
amount of the damage. The plated cells had normal
morphology. All these results imply that C,-AHB
exerts a protective effect on staphylococci.

Some cells exposed to 60°C for 10 min retained
their ability to produce G-type colonies, whose number
was greater in variant a (growth in the presence of
C4-AHB for 12 h) than in the control variant c. After
transferring these two culture variants into a fresh
medium, the relative number of cells capable of pro-
ducing G-type colonies gradually decreased (Fig. 3),
indicating that they are less competitive than cells of the
dominant phenotype growing under standard condi-
tions.
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Fig. 2. Growth in fresh nutrient broth of S aureus cells
exposed to mild heat shock at 45°C for 10 min: (1) experi-
mental variant ¢ (control); (2) experimental variant a; and
(3) experimental variant b. The experimental variants are
described in the Materials and Methods section.
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Fig. 3. The time dependence of the number of G-type col-
ony-forming units after the transfer of heat-shocked (60°C;
10 min) S aureus cells to fresh nutrient broth. Exposed to
heat shock were (a) control S. aureus cells and (b) cells
grown in the presence of 50 uM Cg-AHB for 12 h.

In general, C,-AHB enhanced the tolerance of sta-
phylococci to mild heat shock (exposure to 45°C for
10 min). Severe heat shock (exposure to 60°C for
10 min) drastically decreased the number of colony-
producing cells, the decrease being more profound in
the experimental variant b (the addition of C,-AHB
immediately before heating). These data indicate that a
sharp increasein the C4,-AHB leved acts as a stress factor.
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DISCUSSION

Itisknown that cells universally produce heat shock
proteins (HSPs) in response to various stresses, such as
hyperthermia and exposure to reactive oxygen species,
heavy metal ions, ethanol, and other toxic agents. In
shocked cells, HSPs stabilize the altered tertiary struc-
ture of proteins, i.e., they act as molecular chaperones.
In unshocked cells, HSPs play an important rolein pro-
tein folding and the translocation of polypeptides
through membranes [16]. It should be noted that HSPs
are not exclusive stabilizers of biopolymersin cells. It
was shown that the role of membrane lipids in the tol-
erance of yeasts to heat shock and exposure to ethanol
is even more important than that of HSPs[17]. Hydro-
phobic toluene induces adaptive mutations in
Pseudomonas putida, which are characterized by an
atered phospholipid composition of the cytoplasmic
and outer cell membranes of the mutants [18]. The tol-
erance of mutant E. coli cells to high pressuresis con-
sidered to be due to specific changes in the stability of
the Ca2*-binding components of the cell surface [19],
whereas the tolerance of E. coli cells to heat shock,
antibiotics, and other factorsis provided by extracellu-
lar dialyzable substances with adaptogenic functions
[15]. These and some other observations indicate that
small molecules can be very important for the stabiliza-
tion of various cellular structures and for cell tolerance
to extreme conditions. The study of alkyl hydroxyben-
zenes as low-molecular-weight chemical chaperones
[1-6] may provideinsight into the universal response of
cellsto stresses.

Elevated concentrations of AHBs in microbia cul-
tures not only inhibit their growth [20] but also enhance
the general tolerance of the stationary-phase cells,
whichis primarily dueto the stabilizing effect of AHBs
on cellular membranes and macromolecules [3, 5, 7]
and the segregation (or the induction of growth) of
minor cell subpopulations characterized by low growth
rates, altered biosynthetic activity, and enhanced toler-
ance to unfavorable environmental conditions. The
existence of a correlation between the effects of AHBs
on the colony-forming ability and phenotypic dissocia-
tion of microbia populations suggests that AHBS not
only stabilize various cellular structures and biopoly-
mers but may also affect the cell genome. This problem
isinvestigated in the accompanying paper.
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