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Abstract—Different capacity for phenotypic variation of Pseudomonas aurantiaca and P. fluorescens in pop-
ulations of cyst-like resting cells (CRC) during their germination on solid media, was shown to be a character-
istic trait of biodiversity for the dormant forms of these bacteria. This biodiversity manifests itself as qualitative
and quantitative differences in the spectra and emergence frequency of phenotype variants, obtained by plating
of CRC, and depends on the conditions of CRC formation and storage time. In P. aurantiaca, the variation was
associated with transition of the wild-type S-colonial phenotype into the R-type or the more pigmented P-type.
These transitions were most pronounced for the CRC obtained under nitrogen depletion (a twofold N limita-
tion), as well as under the influence of a chemical analogue of microbial anabiosis autoinducers, C;,-AHB. In
the latter case, the frequency of S — R and S — P transitions (up to 70% and 80%, respectively) depended
on the C;,-AHB concentration (1.0 x 10 M and 2.5 x 10* M) and on the storage time of CRC suspensions
(from 3 days to 1.3 months). In the CRC populations grown in nitrogen-deficient media, R-type appeared with
a frequency of up to 45% after at least four months of storage. In the case of P. fluorescens, S — R transitions
depended not only on the storage time of CRC and C,,-AHB concentrations, but also on the composition of the
solid medium used for plating. Differences were shown between the R-, P-, and S-variants of P. aurantiaca in
such morphological, physiological, and biochemical characteristics as the growth rate (l,,,) in @ poor medium,
biomass yield (Y,,,,), resistance to streptomycin and tetracycline (LDs), and the productivity in extracellular
proteases. The R- and S-variants of P. fluorescens differed in their growth characteristics, resistance to high
salinity and oxidative stress, as well as in their sensitivity to exogenous introduction of chemical analogues of
microbial autoregulators (C;,-AHB and C;-AHB). Hence, both the formation of dormant forms of the various
morphological types [1] and intrapopulation phenotypic variability observed during their germination are
important for the survival strategy of pseudomonads under unfavorable environmental conditions.
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In the previous work [1], we demonstrated the for-
mation of cyst-like resting cells (CRC) of
pseudomonads, Pseudomonas aurantiaca and P. fluore-
scens, as well as of other non-spore-forming bacteria
[2-5]. CRC possess the following, common properties
of bacterial resting forms: (1) long-term preservation of
viability; (2) absence of an experimentally detectable
level of metabolism; (3) specific features of ultrastruc-
tural organization which point to cytodifferentiation;
and (4) formation during the ontogenetic developmen-
tal cycles of microbial cultures [1-5]. The acquirement
and maintenance of a dormant state is controlled by
low-molecular-weight anabiosis autoinducers, d, fac-
tors, which in some microbial species belong to alkyl-
hydroxybenzenes (AHB). alkylresorcinols [4, 6-8].
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When dormant forms enter a new development cycle,
the phenotypic (phase) variability of the microbial pop-
ulation often occurs, which can be easily diagnosed by
the morphology of colonies developing on solid media,
or by the predominance of a variant adapted to selective
environmental conditions. This was previously demon-
strated for various types of Bacillus cereus and
B. licheniformis dormant forms (endospores, CRC, and
anabiotic cells formed under the influence of AHB)
[9, 10] and anabiotic cells of Staphylococcus aureus [11]
and Pseudomonas aurantiaca [12].

Special attention should be paid to the intraspecies
polymorphism of dormant bacterial forms, which is
especially pronounced in bacilli (B. cereus, B. subtilis,
and B. lichenformis) whose developmental cycle culmi-
nates in formation of endospores or CRC, depending on
growth conditions that favor or inhibit spore formation
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[2, 9, 10]. Importantly, morphologically different types
of dormant forms (endospores, CRC, and anabiotic
resting cells) of B. cereus vary in their ability for pheno-
typic variation. For instance, a wide spectrum of pheno-
typic variants appeared in the first transfer during ger-
mination of CRC in contrast to endospores [9]. In the
case of gram-negative, non-spore-forming bacteria of
the genus Pseudomonas, we have also demonstrated the
intraspecies diversity of dormant forms. This diversity
manifested itself in differences in the following physi-
ological and morphological characteristics of
pseudomonad CRC: preservation of the proliferation
potential, thermal resistance, intrapopulation heteroge-
neity in reaction to staining with fluorescent dyes. For-
mation of different morphological types of resting cells
depended on the cultivation conditions [1]. This work
concentrates on another level of the biodiversity of
pseudomonad dormant forms, that is, differences in
their phenotypic variability during germination on solid
media.

The goal of this work was to study the differences
between the resting cells of P. aurantiaca and P. fluore-
scens formed under different conditions, in their ability
for phenotypic variation, as well as to describe the
physiological and biochemical properties of the iso-
lated variants.

MATERIALS AND METHODS

The objects of research were gram-negative bacte-
ria, Pseudomonas aurantiaca VKM B-1558 and P. fluo-
rescens NCIMB 9046. Colonial R- and P-types were
obtained upon plating CRC suspensions onto a solid
medium. The methods used to obtain cyst-like resting
cells were described in our previous work [1]. The S-
variant of the collection strains was dominant in exper-
iments to obtain CRC and to study the intrapopulation
variability. The phenotype variability index was deter-
mined as the percentage of S-, R-, and P-type variants
of the total colony number. The variants were selected
based on their colony characteristics: shape, consis-
tency, and pigmentation.

Media and cultivation conditions. Cultures of
P. aurantiaca and P. fluorescens variants were grown in
a 50% nutrient broth or balanced synthetic medium
M9, as well as in a deficient synthetic medium with
twofold nitrogen limitation and twenty-fold phospho-
rus limitation (as compared to the M9 medium). Bacte-
ria were cultivated at 28°C in 250-ml flasks (50 ml of
the medium) in a shaker at 140-160 rpm. Stationary-
phase cultures of the S-, R-, and P-variants grown in
50% nutrient broth or in a nutrient broth-wort medium
(1: 1), served as inoculum; they were added to the ini-
tial optical density (OD) 0.03-0.08 (Specord, A =
540 nm, [ = 10 mm).

Microbiological methods. Growth of the cultures
was monitored by OD of cell suspensions, maximum
specific growth rate (U,,), and maximum biomass
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yield (Y.0)- To determine the number of colony-form-
ing units (CFU), cell suspensions in appropriate tenfold
dilutions were plated onto nutrient agar or nutrient agar
supplemented with wort and incubated at 28°C for
3 days. Dry cell mass (DCM) was determined after
24-h drying at 105°C. Microscopic examinations were
carried out using a Reichert microscope (Zetopan, Aus-
tria) equipped with a phase-contrast device.

Stress induction. Oxidative stress was caused by
hydrogen peroxide (170-2000 pm); high salinity stress
was induced by increasing NaCl concentration in the
M9 medium from 0.05% (control; 8.5 mM) to
340 mM-1.7 M. Tetracycline or streptomycin was
added simultaneously with inoculum to final concentra-
tions of 10-1000 pg/ml. Resistance of the cultures to
stress factors was assessed by changes in OD as com-
pared to the control culture. Antibiotic resistance was mon-
itored as the growth inhibition effect AOD,.(/AOD, o cal-
culated as the ratio between the increase in OD in the
test variant and that in the control variant after 24-h
incubation at 28°C. The LDy, values were determined
as doses of antibiotics, H,0,, or NaCl, which caused a
50% inhibition of the growth.

In some experiments, we assessed the sensitivity of
the cultures to chemical analogues of bacterial growth
and development autoregulators, C;-AHB or C,,-AHB,
added simultaneously with inoculum in concentrations
ranging from 5 to 1000 mM. The AHB concentrations
that caused the growth-stimulating and inhibiting
effects were determined. Effects of C,~AHB and
C,-AHB on bacterial growth were evaluated from
AOD,/AOD,,. ratios calculated for 8—24 h intervals
depending on the growth characteristics of the bacteria
under study.

The productivity in extracellular proteases was
determined using the modified Anson’s method by the
rate of accumulation of casein hydrolysis products (2%
solution), which were not precipitated by trichloroace-
tic acid and reacted with the Folin-Ciocalteu reagent,
giving color at A= 670 nm. The unit (mE) of proteolytic
activity was expressed in a tyrosine equivalent which
corresponds to 1 wmol (0.181 mg) of tyrosine produced
upon casein hydrolysis over 1 min at 30°C.

Measurements in three independent series of exper-
iments were repeated threefold. The presented results
show the average values. The data were statistically
analyzed by the Student’s test; P < 0.05 was taken as
sufficient.

RESULTS

The phenotypic variation in P. aurantiaca and P. flu-
orescens was determined from the number of morpho-
logically different colonies observed at the first transfer
on nutrient agar of the CRC formed in developmental
cycles of the dominant S-variants of each strain. The
phenotypic variability depended on the method of cyst-
like resting cells production [1] and time of their stor-
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Table 1. Description of the phenotypic variants of P. aurantiaca and P. fluorescens and conditions of their emergence

Conditions of emergence
Type Description Variant of CRC obtaining (f)ccurrenc:
Storage time Medium requency
P. aurantiaca
R Pink wrinkled colonies with | 1, (twofold N limitation), 4 months and more Nutrient agar 45-50%
uneven edges 2,(C;-AHB 1 x 10* M), |3 days Nutrient agar  |67%
2 (C,-AHB 2.5 x 10* M) |1 month and heating Nutrient agar 100%
at 60°C, 5 min
P Highly pigmented pink 2C;,-AHB x 10*M 1.3 months Nutrient agar | 78%
round smooth colonies with
even edges
domi- |Pink rounded smooth colo- |1 (twofold N limitation), 7 days — 3 months Nutrient agar  |93%
nant S |nies with even edges 3 (SiO,-containing medium), |7 days — 3 months Nutrient agar  |97%
type 4 (soil extract) 7 days — 3 months Nutrient agar | 98%
and stationary-phase culture Nutrient agar 100%
P. fluorescens
R Transparent rough or wrin- |1 (twofold N limitation), 3-5 months Nutrient agar— |52%
kled colonies wort medium
2 (C,-AHB 1 x 104 M), 20 days Nutrient agar— |20%
wort medium
2 (C;,-AHB 2.5 x 10*M) |20 days Nutrient agar— |22%
wort medium
M Cream-colored slimy colo- |2 (C;,-AHB 1 x 104 M), 3 days Nutrient agar— |49%
nies with raised center and | stationary-phase cultures wort medium  |31%
even edges Nutrient agar—
wort medium
Sm Semi-transparent or pig- 2 (C,,-AHB 1 x 107* M) 1.3 months Nutrient agar— |59%
Mm | mented small round smooth wort medium
colonies with even edges
(d=1-1.5 mm)
domi- | Transparent rounded 1, 2, 3, 4 stationary-phase | up to 3 months Nutrient agar | 97-99%
nant S | smooth colonies with even | cultures
type |edges (d = 6-8 mm)

* At growth conditions and storage time were optimal for the emergence of the variants.

age (Table 1). After plating of P. aurantiaca CRC
obtained in variant 1 (twofold N limitation, storage for
more than four months), irregularly shaped (rough)
wrinkled colonies (R-type) emerged at a frequency of
45-50% of the total colony number. However, this
S — R transition was not the case after plating of
CRC of the same variant stored for shorter periods
(3 days—3 months). R-type colonies appeared as a
minor variant with a 2% frequency after inoculation of
P. aurantiaca CRC suspensions produced by variant 4
(incubation in soil extract; 1.3 months).

However, phenotypic variation was most prominent
(both in qualitative and quantitative terms) after plating
of the CRC produced according to variant 2 by adding
C,,-AHB in concentrations of 1 X 10#M and 2.5 X 10+ M)
[1]. The populations grown from the P. aurantiaca
CRC of this variant contained highly pigmented colo-
nies (P-type) as well as R-type colonies. The occur-
rence frequency of P- and R-variants depended on the
concentration of C,,-AHB and the storage time of the
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CRC suspensions. For instance, the ratio of P-type col-
onies grown from the CRC obtained by addition of
C,,-AHB (1 x 10* M) increased to 80% during storage
for up to 40 days, while the number of S-type colonies
decreased, and R-type appeared at a relatively low fre-
quency (5-15%) (Fig. 1a). The opposite pattern was the
case for the CRC obtained by adding a higher concentra-
tion of C;,-AHB (2.5 x 10 M) and stored for 3-20 days
(Fig. 1b). The highest ratio of R-type colonies (45—
67%) was observed after plating of CRC after three
days of storage. At further incubation of these CRC for
up to 40 days, the frequency of R-type occurrence
decreased to 15%, while the ratio of S-type colonies
increased to 60%, and that of P-type remained the same
(~25%) (Fig. 1b). In the control variants obtained by
plating of the stationary-phase cultures, the S — R
and S — P transitions were not observed. Importantly,
heating of the P. aurantiaca CRC obtained according to
variant 2 (C;,-AHB, 1 x 10 M; storage for 1.3 months)
at 60°C for 5 min resulted in 100% frequency of occur-
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Fig. 1. Occurence frequency of the colony variants after gerrnlnatlon of anabiotic CRC of P. aurantiaca (a, b) and P. fluorescens (c,
d) obtained by addition of C;,-AHB at concentrations of 1 X 104 M (a,c)and 2.5 x 1074 M (b, d) and stored for 3—40 days. Des-
ignations : /, S-type; 2, R-type; 3, P-type (P. aurantiaca); 4, mucoid M-type (P. fluorescens); 5, small Sm- and Mm-types.

Fig. 2. Colonies of P. fluorescens on nutrient broth-wort
(1:1) agar: (a) wild-type S colonies; (b) mucoid M-type;
(c) R-type, and (d) small colony forming Sm- and Mm-
types. Scale bar, 5 mm.

rence for R-type colonies (Table 1), although the num-
bers of viable cells (CFU) decreased by four orders of
magnitude [1]. Heat treatment probably resulted in
elimination of the S-variant and favored the predomi-
nant development of the R-type.

As for the other Pseudomonas species, P. fluore-
scens, the phenotypic variation depended on the condi-
tions of CRC formation, storage period, and the compo-
sition of the solid nutrient media used for CRC inocu-
lation. For example, the populations grown on nutrient
agar from CRC of different variants were represented
only by S-type colonies, i.e. phenotypic variation was
not observed (Table 1). However, a wide spectrum of
colony variants was observed on solid nutrient agar
supplemented with wort (as an additional carbohydrate
source). Plating P. fluorescens CRC of variant 2 (C,-
AHB, 1 x 10* M) on this medium resulted in the
appearance of a high ratio (up to 50%) of mucoid (M-
type) translucent creamy and slimy colonies (Fig. 2).
The frequency of S — M transitions decreased in the
course of CRC maturation and was the highest (49%) in
the cultures stored for three days (Table 1 and Fig. 1c).
After plating of the CRC induced by high C,-AHB
concentrations (2.5 x 10* M), the M-variant did not
emerge (Fig. 1d). Besides, Sm- and Mm-types, repre-
sented by small semitransparent and mucoid colonies
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(Fig. 2) of about 1 mm in diameter (in contrast to other
types with the colony diameter of 6-8 mm) developed
in CRC populations of variant 2 (AHB addition) plated
onto nutrient broth-wort agar.

The emergence of the R-variant was detected only
on the nutrient agar—wort medium (1 : 1) after plating
of P. fluorescens CRC, which were grown in a nitrogen-
deficient media (variant 1) and stored for 3—5 months or
were produced according to variant 2 (C,,-AHB, 1 X 10*M
and 2.5 X 10* M) and stored for 20 days. Noticeably,
the phenotypic variability of anabiotic P. fluorescens
CRC of variant 2 (addition of C;,-AHB in various con-
centrations) depended on the duration of their subse-
quent storage, as it was demonstrated for P. aurantiaca.
For example, R-variants emerged at a frequency of
20—-22% upon plating P. fluorescens CRC, produced by
treatment with C,,-AHB and incubated for 20 days. It
was subsequently almost completely eliminated and
replaced by other dominant S-type or Sm- and Mm-
variants after 1.3 months of storage (Fig. 1c, 1d).

Hence, changes in the spectrum of phenotypic vari-
ants were found in the course of germination of the
pseudomonad CRC formed under various cultivation
conditions. The phenotypic variability depended on
both the type of dormant pseudomonad forms and stor-
age time. Such an intraspecies heterogeneity of dor-
mant bacterial forms can be considered as a mechanism
involved in the adaptation of microorganisms to new
environmental conditions. Another goal of our investi-
gation was to study the differences between P. auranti-
aca and P. fluorescens variants, developing from germi-
nating CRC, in their adaptive capabilities.

Our experiments demonstrated that, when grown in
arich medium (50% nutrient broth), the P- and R- vari-
ants of P. aurantiaca had the same growth characteris-
tics as the dominant S-type. However, when grown in a
medium with a twofold nitrogen limitation, these vari-
ants exhibited considerable differences (Fig. 3a). Thus,
the pigmented P-variant grew at the highest rate (W, =
0.046 h™'), had the maximum biomass yield (Y,,,=1¢g
DCM/1), and was best adapted to nitrogen deficiency.
The R-variant, while growing on nitrogen-limited
medium, showed low W, and ¥,,, (0.035h!and 0.7 g
DCM/I, respectively), whereas the dominant S-variant
had the lowest growth rate under these conditions
(Table 2). Thus, the differences between the P-, R-, and
S-variants in their adaptation to new environmental
conditions were determined by the medium quality, i.e.,
the content of nutrients (50% nutrient broth) or the defi-
ciency in one of the nutrient compounds (nitrogen).

Another demonstrated difference between the S-, P-
and R-type variants of P. aurantiaca concerned their
ability to grow in the presence of streptomycin and tet-
racycline in 50% nutrient broth, the medium, in which
the variants exhibited the same growth characteristics.
Based on the dependence of growth inhibition on anti-
biotic concentrations, LDs, and LD, values were deter-
mined. Analysis of these parameters did not reveal any
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Fig. 3. Growth of P. aurantiaca variants in synthetic nitro-
gen-limited medium (a) and dependence of the specific
growth rate of P. fluorescens variants on the inoculum size
(initial OD) (b). Designations: /, S-type; 2, R-type; and 3,
P-type of P. aurantiaca.

significant differences between the variants in their antibi-
otic sensitivity. P- and R-variants were more sensitive to
streptomycin (LDs, = 155 and 180 pg/ml, respectively)
than the dominant S-variant (LDs, = 235 pg/ml). The S-
type was more sensitive to tetracycline (LDs, = 25 pg/ml)
then the P- and R-variants (LDs, = 65 and 40 pug/ml,
respectively) (Table 2). In addition, the P. aurantiaca
variants differed in their extracellular protease activity;
in the cultures grown in 50% nutrient broth, the domi-
nant S-type and the R-variant exhibited the highest and
the lowest protease activity respectively, at the onset of
the stationary growth phase (Table 2).

Analysis of the growth characteristics of R- and
S-types of P. fluorescens did not reveal any significant
differences (Table 3). Thus, the rate (1,,,,) of the R-type
growth on balanced synthetic medium M9 was 20%
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Table 2. Differences between P. aurantiaca variants in physiological and biochemical properties

T Growth characteristics* Resistance (LDsg, Lg/ml) to
ypes Extracellular protease
of P. aurantiaca Biomass yield | Maximum growth : activit m[;E/ml
. . . vity,
variants (Y00)s £ DCM/I rate (L), h-! streptomycin tetracycline
R 0.7 0.035 180 40 53
S 0.65 0.024 235 25 14.8
P 1 0.046 155 65 13

* Nitrogen-limited medium. Deviation values +5%.

Table 3. Correlation between sensitivity to the chemical analogues of microbial anabiosis autoinducers (C4-AHB and C,-
AHB), enhanced stress resistance, and the growth characteristics of P. fluorescens variants

Types — e Resistance
of P. ﬂzgrescens Growth characteristics Sensitivity to d; factor analogues (LDsg), pg/ml to
variants Yoo EDCM/| Wy, BT C,-AHB C,-AHB NaCl H,0,
R 0.50 0.4055 Growth stimulation: Growth stimulation: | 380 mM 1800 uM
50-200 puM; 5-15 uM;
Growth inhibition: 300— | Growth inhibition:
700 uM; >30-50 uM;
Growth inhibition by Growth inhibition by
50%: 1220 uM 50%: 54 uM
S 0.64 0.6419 No effects on growth Growth stimulation: 185 mM 600 uM
at a concentration 70 uM;
of 50-1000 uM; Growth inhibition
Growth inhibition by >150-400 uM;
50%: 2600 uM Growth inhibition
by 50%: 370 uM

* Growth on M9 medium with an initial OD value of 0.08. Deviation values £5%.

lower than that of the dominant S-variant; the biomass
yield was lower as well. The differences in [,
depended on the initial size of inoculum (0.03-0.08)
and became more pronounced with the increase of its
amount (Fig. 3b). The low growth rate of the R-variant
can be due to enhanced production of extracellular and
intracellular metabolites, having growth-inhibiting
effects, as in the case of P. aeruginosa [13]. Accord-
ingly, the content of inhibitors increased with an
increase in the amount of inoculum. This function is
inherent to microbial anabiosis autoinducers, repre-
sented in some pseudomonads by alkylhydroxyben-
zene (AHB) isomers and homologues [4, 6]. Differ-
ences between R- and S-variants of P. fluorescens in the
AHB production can be assessed indirectly from the
sensitivity to an increase of the extracellular level of
these metabolites due to their exogenous introduction.
Therefore, in subsequent experiments, we assessed the
effect of two analogues of microbial AHB, C;-AHB
and C;,-AHB with different alkyl chain length, added
in concentrations of 5 uM—-2 mM, on the growth of
studied variants in comparisons with control cultures
(without AHB). It was demonstrated that the addition of
C,-AHB (50-200 uM) stimulated the growth of P. fluo-
rescens R-variant by 10-20%, whereas the addition of
300-700 uM C,;-AHB inhibited its growth by 10-30%.

C,-AHB had no noticeable effect on the growth of the
S-variant (Fig. 4a). However, the responses of R- and
S-variants to addition of C,,-AHB differed signifi-
cantly. Thus, C,-AHB exerted a growth-stimulating
effect on the R-type in a narrow concentration range
(5—15 uM) and inhibited its growth by 15-50% at con-
centrations of 30-50 uM, in contrast to the S-type,
whose growth was inhibited by C,;,-AHB concentra-
tions in a range of 150-500 uM (Fig. 4b). Hence, the R-
variant of P. fluorescens was more sensitive to high con-
centrations of exogenously added AHB than the wild
type S-variant. These results suggest the presence of
high levels of intrinsic intracellular AHB, bacterial
growth autoregulators, which is in accordance with the
data on high productivity of P. aeruginosa R-variant in
alkylhydroxybenzenes [13].

Being the cause of its relatively slow growth, an ele-
vated AHB level in the culture of P. fluorescens R-vari-
ant may also contribute to enhanced resistance of its
cells to unfavorable conditions and damaging factors,
as proved by our experiments with creation of different
stressful factors. We found that R-variant was generally
more tolerant to osmotic stress (high salinity), than
S-variant as judged from the revealed dependence of
their growth on NaCl concentrations in the medium
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Fig. 4. Influence of (a) C;-AHB, (b) C,-AHB, (c) NaCl, and (d) H,O, on the growth of (/) S- and (2) R-variants of P. fluorescens.

(Fig. 4c) and LDy, values (Table 3). Also, R-type was
more resistant to H,O,-induced (170-2000 uM) oxida-
tive stress than S-variant (Fig. 4d), as seen from the cor-
responding LDs, values (1800 and 600 uM, respec-
tively; Table 3). Thus, comparative analysis of the R-
and S-variants of P. fluorescens indicate a correlation
between their growth characteristics, resistance to various
stress factors, and differences in the production of autoreg-
ulators for growth and development of microbial cultures,
which was confirmed indirectly in our experiments by the
reaction to exogenous AHB addition.

DISCUSSION

The major result of this work was the demonstration
of another level in the biodiversity of dormant bacterial
forms. This level manifests itself in the different ability
of P. aurantiaca and P. fluorescens CRC to give rise to
phenotype variants. Intrapopulational variability
depended on the conditions of CRC formation and stor-
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age time (age of resting cells). An increase in the vari-
ability index, as judged by appearance of the variants
with different colony morphology and physiological
and biochemical characteristics was also demonstrated
for the germination of B. cereus CRC obtained under
various conditions of spore formation repression [9], as
well as for anabiotic cells of S. aureus [11], Salmonella
typhimurium [14], and P. aurantiaca [12] whose forma-
tion was induced by AHB. Hence, the results of this and
cited works suggest that increased phenotypic variabil-
ity can be regarded as a salient feature of bacterial cyst-
like resting forms. Since cyst-like cells are widespread
in natural habitats [4, 5], their high phenotypic variabil-
ity constitutes an adaptive mechanism for microbial
populations and promotes survival of bacterial species.

A relationship between the dormant state and the
phenotypic variability can be suggested from the stud-
ies of P. aeruginosa biofilms [15-19]. Generally, the
development of these bacteria in biofilms favored the
emergence of (1) small S-type colonies with reduced
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motility and enhanced adherence (strain P. aeruginosa
57RP) [15]; (2) mini-colonies and rough colonies dif-
fering in the ability to produce biofilms (various
P. aeruginosa strains) [16]; and (3) small-type (ST)
wrinkled colonies (P. aeruginosa PAO1) [17], all differ-
ing from the wild type colonies. According to the con-
ception [18], biofilms contain “absolutely dormant”
cells; however, these cells were assigned to this cate-
gory solely because the majority of the biofilm popula-
tion did not exhibit alkaline phosphatase activity [19].

The formation of RSCV (rough small-colony) vari-
ants with a high resistance to a wide range of antibiotics
was observed upon plating of P. aeruginosa onto solid
media supplemented with kanamycin [20]. Emergence
of P. aeruginosa RSCV is probably associated with the
transition of a part of the microbial population to the
dormant state that is also characterized by resistance to
antimicrobial agents. It is noteworthy that antibiotic-
resistant, persistor cells of E. coli differ from actively
growing and stationary phase cells in the expression of
several genes and in the transcriptome profile and exist
in a specific physiological state associated with prolif-
erative dormancy [21].

Finally, F- and S-variants of P. fluorescens strain
F113, differing in their colony morphology, motility,
and productivity of some bioactive compounds, were
isolated from the alfalfa rhizosphere inoculated with
the wild-type variant and incubated for four weeks [22].
On the basis of population analysis of the marker P. flu-
orescens strain introduced into the rhizosphere, it was
concluded that some cells were in a dormant state and
showed heterogeneity in their ability to produce colo-
nies and microcolonies [23].

Our studies with P. aurantiaca and P. fluorescens
provided direct evidence for the relationship between
phenotypic variability and dormancy, as well as its
dependence on the properties of CRC and conditions of
their formation, viz. cultivation in nitrogen-limited
media, the influence of elevated concentrations of ana-
biosis autoinducers (C;,-AHB analogues), and during
prolonged storage time (Table 1, Fig. 1). Based on the
data obtained, we may explain the enhanced phase vari-
ation of pseudomonads occurring in the rhizosphere
and biofilms or developing under the influence of anti-
biotics. It is important to note the influence of solid
medium composition on the development of the P. flu-
orescens variants that appeared after CRC plating onto
broth-wort agar, but not on nutrient agar (Fig. 2). It is
well known that the development of colony morphol-
ogy variants depends upon the composition of the
growth media. In particular, the emergence frequency
of P. aeruginosa RSCV was high when modifications
were made to the solid nutrient media (LB, LB with
NaCl, and minimal medium), as well as to the incuba-
tion temperature (25°C and 37°C) [20].

Phenotypic (phase) variability in bacteria is caused
by reversible genomic rearrangements. In the represen-
tatives of the genus Pseudomonas, the phenotypic vari-
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ability is due to several mechanisms, namely:
(1) frameshift mutations in the poly(G) fragment of the
fihB gene of P. putida DOT-T1E (phase variation of
swimming) [24]; (2) a 661-bp spontaneous, reversible
duplication in the regulatory pheN gene of P. tolaasii
(transition from the S variant, which is pathogenic to
fungi, to the nonpathogenic R-variant) [25]; (3) expres-
sion of site-specific recombinase encoded by the sss
gene in P. fluorescens F113 (emergence of the F and S
variants) [22]; and (4) accumulation of spontaneous
reversible mutations in the regulatory gacA/gac$ genes
in Pseudomonas sp. (strain PCL 1171) (phase variation
from type I opaque colonies to type II translucent colo-
nies) [26], which is positively regulated by the rpoS
gene (a global regulator of genes expressed in station-
ary-phase cells), especially when the mismatch repair
system encoded by the mutS gene is not efficient [27].
It should be emphasized that phenotypic variability is
associated with events occurring during the stationary
phase and in particular with mutations [28].

Evidently, genetic mechanisms and events responsi-
ble for phenotypic variation in pseudomonad species
are different. The species-non-specific regulation of
phenotypic variability is notable in this connection; it is
based on the effect of low-molecular-weight metabo-
lites, alkylhydroxybenzenes (AHB), with functions of
anabiosis autoinducers. Results of our previous studies,
as well as the data obtained during the above-described
experiments with two Pseudomonas species demon-
strate that certain AHB homologues (C,,-AHB) induce
phase transitions in gram-positive and gram-negative
bacteria [9—-12, 14]. The mechanism involved in the
regulation of phenotypic variation by AHB may be
associated with the ability of AHB to act as chemical
chaperones and affect the conformation and activity of
proteins responsible for gene expression at the tran-
scriptional level [4], as well as with the direct interac-
tion with DNA of various origin [12, 29, 30]. The latter
hypothesis seems to be more plausible since it was con-
firmed by the following facts: (1) weak mutagenic
activity of some AHB homologues (C,,-AHB) revealed
by the Ames test with the S. typhimurium auxotrophic
trp mutant (frameshift mutation) [14]; (2) capability of
AHB to induce an SOS-response [31]; and (3) accumu-
lation of anabiosis autoinducers (AHB of the alkylre-
sorcinol group) in the stationary-phase and dormant
cells of Pseudomonas species (and other microorgan-
isms) [4, 6, 7]. It was shown that interaction of AHB
with individual DNA, resulting in changes in its physi-
cochemical properties and topology (B —= A transi-
tion), developed as time passed [30]. This may explain
the dependence of phenotypic variability on storage
time (20 days—4 months) of P. aurantiaca and P. fluore-
scens CRC (Table 1, Fig. 1). This dependence was also
confirmed by the data on changes in the spectrum of
mutations associated with phenotypic variability dur-
ing ageing of starved P. putida cultures [32].
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The differences of the variants developing from
P. fluorescens and P. aurantiaca CRC of various types,
in growth characteristics, as well as resistance to antibi-
otics, high salinity, and oxidative stress (Figs. 3 and 4;
Tables 2 and 3) reflect their different abilities to adapt
to changing environmental conditions, which agrees
with the published data. For instance, enhanced resis-
tance of the P. fluorescens R-variant to H,O, (as com-
pared to the S-type (Fig. 4)) was also shown for a sim-
ilar colony morphology P. aeruginosa variant growing
in biofilms, but not in a planktonic culture [16]. The
actively growing cells of P. aeruginosa STRP S-variant,
producing small colonies, showed higher sensitivity to
H,0O, than the initial L-type [15]. RSCV and the wild
type of P. aeruginosa differed in their resistance to kan-
amycin [20].

The ability of P. aurantiaca and P. fluorescens to
produce CRC of various morphotypes that exhibit dif-
ferent survivability, thermal resistance [1], and capacity
for phenotypic radiation, resulting in the emergence of
colony morphology variants with adaptability to new
(stress) conditions provide further insight into the sur-
vival mechanisms of these non-spore-forming bacteria.
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