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Abstract—The haoakaliphilic chemolithoautotrophic gram-negative bacteria Thioalkalivibrio versutus,
strain AL 2, and Thioalkalimicrobium aerophilum, strain AL 3, were shown to possess the capacity to produce
resting forms, namely cystlike refractile cells (CRC), whose production was controlled by the level of the d;
extracellular factors exhibiting the function of anabiosis autoinducers. The conditions were el ucidated that pro-
mote the formation of CRC in the developmental cycles of the cultures studied, in condensed cell suspensions
undergoing autolysis, and under the action of exogenously introduced chemical analogues of anabiosis autoin-
ducers (alkylhydroxybenzenes). The peculiarities of the fine structure of the resting cells obtained were studied.
Distinctions were reveal ed (with respect to viability and thermotolerance) between the CRC formed under dif-
ferent conditions. The relationship between the growth strategy and survival strategy of extremophilic bacteria
is discussed taking into account the effect of the d; autoregulatory factors. A new model of CRC formation is
proposed: CRC production in the life cycle of bacteria developing under conditions of increased concentration
of anabiosis autoinducers.
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autoinducers of anabiosis.

Investigations that were carried out earlier showed
that thelife cycle of microorganismsincapable of form-
ing specialized resting forms (such as endospores,
cysts, or exospores), aswell as of spore-forming bacte-
riagrown under conditions repressing sporulation, cul-
minates in the formation of cystlike refractile cells
(CRC) [1-3]. The abundance of CRC formed depends
on the cultivation conditions, particularly on nitrogen
and/or phosphorus limitation, which enhances lipogen-
esis and the level of biosynthesis of akylhydroxyben-
zenes, which play the role of anabiosis autoinducersin
anumber of microorganisms[1] and regulate CRC for-
mation. It is possible that in natural ecotopes, locally
increased concentrations of extracellular autoinducers
of anabiosisin microzones also result in the production
by non-spore-forming microorganisms of resting forms
similar to CRC, which promotes their survival under
natural conditions. One of the mechanisms increasing
the concentration of extracellular inducers of anabiosis
may be autolysis of a part of a microbial population,
resulting intherelease from lysed cells of autoinducers,
which exert their effect on the cells remaining intact
[4]. From this point of view, the stage of autolysisis
prerequisite for the formation of resting forms and thus

for therealization of the survival strategy of amicrobial
population. Our experiments showed that the formation
of resting forms is influenced by the autolysis rate [4],
which under natural conditions must depend both on
environmental factors and on the character of microor-
ganism growth. It may be suggested that r strategists,
which survive dueto ahigh growth rate under favorable
conditions, also exhibit ahigh death rate under unfavor-
able conditions, which should lead to the rapid estab-
lishment of a high concentration of low-molecular fac-
tors and metabolites released from cells undergoing
autolysis and involved in the regulation of the produc-
tion of resting forms by the surviving part of the popu-
lation. The dlowly growing K strategists are moreresis-
tant to changesin the environment and for alonger time
retain a constant, athough low, population density,
mainly represented by cells whose dormancy is not
deep. An interesting experimental model which might
be used to verify the above hypothesis is the extremely
haloalkaliphilic bacteria Thioalkalivibrio wversutus,
strain AL2, and Thioalkalimicrobium aerophilum,
strain AL3, which do not produce known specialized
resting forms, such as sporesor cysts, and differ in their
growth strategy [5]. Earlier, we found that these bacte-
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ria have a system of autoregulation of culture develop-
ment; this system includes the production of anabiosis
autoinducers (d, factors), which provide for restriction
of population density and formation of refractile anabi-
otic cells in short-term experiments with the introduc-
tion of apreparation of d, factor in cell suspensions[6].

The aim of this study is to elucidate the conditions
of the production of resting formsin the devel opmental
cycles of two sulfur-oxidizing hal oalkaliphilic bacteria,
Tv. versutus and Tm. aerophilum, and to reveal a possi-
ble relationship between the strategy of their survival
and the strategy of their growth.

MATERIALS AND METHODS

The subjects of this study were the haloalkaliphilic
chemoalithoautotrophic sulfur-oxidizing bacteria Thio-
alkalivibrio versutus, strain AL2T, and Thioalkalimicro-
bium aerophilum, strain AL3T, recently isolated from
sodalakes[7, 8]. The bacteriawere grown on amedium
with the following composition (g/l): Na,CO;, 24;
NaCl, 10; K,HPO,, 1; KNO;, 1; before sterilization, the
pH of the medium was adjusted to 10.2 with NaHCO;,.
After sterilization, the medium was supplemented with
the following separately sterilized components:
(2) trace element solution by Pfennig and Lippert [9]
(@A ml/l for strain AL2 and 2 ml/l for strain AL3);
(2) MgCl, - 6H,O (0.5 mM for strainAL2 and 1 mM for
strain AL3); and (3) Na,S,0; - 5H,0 (40 mM for strain
AL2 and 80 mM for strain AL3). Cultivation was per-
formed in 250-ml flasks containing 50 ml of medium or
in 2000-ml flasks containing 450 ml of medium on a
shaker (140 rpm) at 28°C. Asthe inoculum, stationary-
phase cultures were used in an amount of 10-15 vol %.
The cultures were maintained at 4°C in liquid media
supplemented, after substrate exhaustion, with MgCl,
(0.2 ml of 10% MgCI, per 10 ml of the culture); culture
transfers were performed once every three months.

To prepare agarized media, equal volumes of salt
base of the medium and 3.5-4% agar solution were
mixed and supplemented with separately sterilized
components: trace elements, MgCl, - 6H,0, and
Na,S,0; - SH,0 (at the same concentrations as for the
liquid medium).

Viability of bacteria in various physiological states
was determined by the end-point dilution method in lig-
uid medium or by plating diluted suspensions onto
solid medium and counting CFU numbers.

Microscopic examinationswere carried out using an
Amplival (Germany) microscope equipped with a
phase-contrast device.

For eectron-microscopic studies, sedimented cells
wereresuspendedin 0.6 M NaCl, fixed with a2.5% solu-
tion of glutaraldehyde in cacodylate buffer (pH 7.2), and
then with a 0.5% solution of Ru tetroxide (Figs. 1c, 1d,
23, 2b) or a 1% solution of OsO, (Figs. 1a, 1b, 2¢, 2d)
in the same buffer containing 2% NaCl for 1 h at room
temperature. The specimens were embedded in Epon.
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Ultrathin sections were stained with lead citrate and
examined under a JEM-100C electron microscope
(Japan) at a magnification of 20000-30000x.

Endogenous respiration of cells was determined
with a Clarke electrode connected with a 5-ml thermo-
statted cell and a recorder (Yellow Spring Instr., Ohio,
United States).

To determine the protein content, cells were sedi-
mented by centrifugation, washed twice with 0.6 M
NaCl to remove thiosulfate, and resuspended in 1 ml of
1 N NaOH, after which protein was determined by the
method of Lowry et al. [10].

To obtain resting formsin cell suspensions undergo-
ing natural aging, the suspensions were incubated
under conditions promoting autolysis (at 20°C without
agitation) for amonth or longer.

To obtain CRC in thickened suspensions undergo-
ing autolysis, stationary-phase cells were concentrated
10-, 20-, and 30-fold by centrifugation at 2500 g for
30 min under sterile conditions and then resuspendedin
their own culture liquid. These suspensions were incu-
bated for a month or longer with periodical determina-
tion of the number of viable cells.

To determine thermostability of vegetative cells and
resting forms, aliquots of cell suspensions were heated
in aU-10 ultrathermostat at 60 or 80°C for 15-30 min
and plated onto solid mediafor subsequent CFU count.
The resistance to the combined effect of osmotic shock
and low pH values was determined from the number of
cellsretaining viahility after cell incubationin distilled
water (pH 5.5) or in 0.005 M HCI (pH 2.4) for 1.5 h.

In some experiments, resuscitation of resting cells
was performed by transferring 0.5 ml of the cellular
suspension to 100 ml of the salt base of the cultivation
medium (pH 10.2) with further incubation under con-
stant mixing for 2 h or longer.

The effect produced on the bacteria by the d, factor
chemical analogues (akylhydroxybenzenes differing
inthelength of thealkyl radical, C,, AHB and C, AHB)
was studied by their introduction into suspensions of
stationary-phase (48-h) cells in the form of ethanol
solutions; the concentration of ethanol in the suspen-
sion was 5%.

The results of experiments were statistically pro-
cessed by standard methods.

RESULTS

Production of Resting Formsin the Devel opmental
Cycle of the Sudied Bacterial Cultures

Bacteria of the genus Thioalkalimicrobium are typi-
ca r strategists, surviving in the community at the
expense of ahigh growth rate and metabolic activity but
rapidly dying off under starvation or other unfavorable
conditions. On the contrary, the slowly growing repre-
sentatives of the genus Thioalkalivibrio, exhibiting
high efficiency of growth, lower maintenance expendi-
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Fig. 1. (a) Cellsfrom astationary-phase 48-h culture of Tv. versutus, strain AL 2. Hereand in other figures, the bar represents 0.1 um.
(b) Cellsfrom an exponential -phase 8-h culture of Tm. aerophilum, strain AL3. (¢) Cells of aculture of Tm. aerophilum, strain AL3,
stored in the growth medium of 1 month. (d) Cells of a culture of Tm. aerophilum, strain AL3, stored in a 20-fold concentrated sus-
pension for 1 month. OM, outer membrane; PS, periplasmic space; CPM, cytoplasmic membrane; CBS, carboxysomes; N, nucle-

oid.

tures, and more diverse metabolism, areclosetoK strat-
egists, adapted to long-term adverseimpacts|5, 7, 8]. Dur-
ing the storage of aliquid culture of Tv. versutus, strain
AL2, viable cells were found in it after a year and
sometimes longer, whereas maintenance of Tm. aero-
philum, strain AL 3, required culturetransfersevery 3to
6 months, depending on the initial cell titer. Lack of
specialized resting forms in these microorganisms and
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the presence of an autoregulatory system, involving the
production of anabiosis autoinducers (d, factors) [6],
provided grounds to hypothesize the possibility of for-
mation in their developmental cycle of CRC ensuring
the survival of these bacteria. Examinations under a
phase-contrast microscope showed that, during storage
of both cultures, most cells in them lysed, and the
remaining ones decreased in size and acquired acertain
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Fig 2. (a) Célsfrom aculture of Tm. aerophilum, strain AL 3, stored in the growth medium for 3 months (arrow shows cell of the
pe; binary arrow shows cell of the 2nd type). (b) Resting forms of Tv. versutus, strain AL 2, obtained upon the addition of 2 x
M water-soluble C;, AHB (chemical analogue of anabiosis autoinducer) to a suspension of stationary- phase cells. (c, d) Cells
of Tv. versutus, strain AL 2, unable to produce colonies; these cells were obtained upon the addition of 5 x 1073 M ethanol-soluble
C,2 AHB (chemical analogue of anabiosis autoinducer) to a suspension of stationary-phase cells. OM, outer membrane; PS, peri-

plasmic space; CPM, cytoplasmic membrane.

degree of refractility, which is a specific morphol ogical
feature of this type of resting form. Electron-micro-
scopic examinations revealed ultrastructural changesin
these cells as compared to vegetative cells. Two-day-
old stationary-phase cells of strain AL2 (Fig. 1a) had a
cell wall structuretypical of gram-negative bacteriaand
cytoplasm of rather homogeneous density with inclu-
sions typical of this organism, i.e., carboxydosomes
(Fig. 1a, binary arrow). The nucleoid was located in a

zone with a low electron density and a fine-granular
structure; against the background of this zone, DNA
fibrils formed a cord of a high electron density (Fig. 1a).
Vegetative cells of an exponential-phase culture AL3
had a structure typical of gram-negative bacteria (Fig.
1b). Suspensions of old cultures of strains AL2 and
AL3, stored for 1 month, contained, along with typical
lysed cells, appearing as sheaths, intact cells with
dtered ultrastructural organization (Fig. 1c). The

MICROBIOLOGY  Vol. 72

No. 3 2003



PRODUCTION OF RESTING FORMS

nucleoid could not be revealed in these cells, and their
cytoplasm lost its granular structure and became less
electron dense, as compared to vegetative cells. In
many of the intact cells, shrinkage of the protoplast and
increased periplasmic space (especialy at one of the
cell poles) were observed.

Electron-microscopic examinations of cell suspen-
sionsof strain AL 3, in which the number of viable cells
remained relatively high even after three months of
storage, revealed one more subpopulation of intact
cells, distinct from the above-described subpopula-
tions. Itscells, which were rounded, exhibited thick cell
walls and unstainable cores of their protoplasts; they
also possessed capsules (Fig. 2a) that resembled dehy-
drated protoplasts of mutant forms of Bacillus subtilis
endospores with impaired synthesis of cortex [11].

Cell suspensions of strainsAL2 and AL 3, stored for
a month or longer and containing a small fraction of
intact cells, did not exhibit a polarographically detect-
able level of endogenous respiration or of respiration in
the presence of exogenously added thiosulfate.

Great changes were observed during the storage of
liquid cultures of strains AL2 and AL3 grown under
standard conditionsin the amount of viable cells, which
was determined by the end-point dilution method and,
in paralel, by CFU count after plating onto solid media
(Table 1, the Control column). Note the significant dif-
ferences between the changes in the numbers of viable
cells observed for the two stains. After amonth of stor-
age of strain AL 2, the decrease was not drastic (15% of
the cells retained viability), suggesting a low intensity
of autolytic processes; by contrast, for strain AL3 a
decrease by severa orders of magnitude was
observed, with a parallel decrease in the dry cell mass
(data not shown), indicating actively proceeding
autolysis (Fig. 3). To increase the amount of intact
resting cells possessing CRC features (retaining via-
bility, changed ultrastructural organization, lack of
polarographically detectable respiration), we set up
model experiments on their formation in concentrated
suspensions undergoing autolysis.

Formation of Resting Cellsin Concentrated
Suspensions Undergoing Autolysis

Upon concentration of cell suspensions of station-
ary-phase bacterial cultures, the rate and extent of
autolysis, dependent on the level of extracellular d, fac-
tors (autolysis autoinducers), determine the increment
in the concentration of extracellular d, factors (anabio-
sisautoinducers), which promote the formation of CRC
by the other part of the population. In a previous publi-
cation [6], we reported on the occurrence of the d, and
d, factorsin strains AL2 and AL 3, on the productivity
of the culturesin this respect, and on the sensitivity of
cells of the strains to these factors.

In the experiments described in this section, we
examined the possibility of the formation of resting
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Fig. 3. Time course of the decline in the cell number in cell
suspensions of haloalkaliphilic bacteria during a 9-week
storage: (1) a culture of Tv. versutus, strain AL2, develop-
mental cycle; (2) a culture of Tm. aerophilum, strain AL3,
developmental cycle; (3) a culture of Tv. versutus, strain
AL2, 20-fold concentration; (4) a culture of Tm. aerophi-
lum, strain AL3, 20-fold concentration.

forms in suspensions undergoing autolysis that were
concentrated 10-, 20-, and 30-fold in native growth
medium; these conditions suggested development of
spontaneous autolysis without exogenous inducers and
simulated the natural situation of increased population
density in near-bottom layers of water bodies. Determi-
nation of the number of viable cellsin control variants
(nonconcentrated suspensions) and in concentrated
suspensions stored for two months showed that an
essential difference between strainsAL2 and AL3 with
respect to the rates and intensities of autolysis was also
observed in concentrated suspensions (Table 1, Fig. 3).

At the initial stage (first week of incubation), the
main part of the population underwent autolysis, both
in control and experimental variants. In concentrated
suspensions of both strains, the absolute value of the
number of autolysed cellswas significantly greater than
in the controls (by an order of magnitude in the 20x and
30x variants). As a result, the amount of regulators
released from cells and promoting resting cell forma-
tion was greater in the experimental variantsthan in the
contrals. Dueto this fact, immediately after two weeks
of incubation, the CFU number in all concentrated sus-
pensions was significantly higher than in the control
variants. After two months of storage of strains AL2
and AL3, the amount of viable cells in experimental
variants was, respectively, five and two orders of mag-
nitude higher than in the controls. With respect to main-
tenance of viability, 20-fold concentration was optimal
for both strains. Phase-contrast microscopy of concen-
trated cell suspensions reveaed viable cellsin amounts
sufficient for analyses. These cells were characterized
by adecreasein sizeand anincreasein refractility. Sus-
pensions of both strains did not exhibit a polarographi-
cally detectable level of endogenous respiration or of
respiration in the presence of exogenously added thio-
sulfate.



290 LOIKO et al.

Table 1. Viability of bacteriain liquid cultures (control) and concentrated suspensions stored under conditions favoring au-

tolysis, CFU/ml (% of initial cell number)

Time Control 10-fold concentration 20-fold concentration 30-fold concentration
Tv. versutus, strain AL2
o* (25+0.2) x 10° (2.0 +0.3) x 100 (4.4 + 0.4) x 1010 (4.5 + 0.6) x 1010
(100.0) (100.0) (100.0) (100.0)
1 week (1.9+0.2) x 10° (1.3+0.2) x 10° (2.6 + 0.4) x 100 (2.6 + 0.4) x 1010
(76.0) (65.0) (59.1) (57.8)
2 weeks (L.1+0.1) x 10° (1.1+0.2) x 10% (25+0.5) x 10%° (25+0.3) x 10%
(44.0) (55.0) (56.8) (55.6)
1 month (3.8+0.4) x 108 (0.9+0.2) x 10%° (2.4 +0.3) x 100 (2.2+0.3) x 10%°
(15.2) (45.0) (54.5) (48.9)
2 months (6.7 £ 0.9) x 10* (4.8+0.7) x 108 (3.9 + 0.47) x 10° (7.7 +0.9) x 108
(0.003) (2.4) (8.9) (1.7)
Tm. aerophilum, strain AL3
o* (6.2+0.8) x 108 (3.6 +0.5) x 10° (9.8 +0.8) x 10° (1.7 £ 0.2) x 1010
(100.0) (100.0) (100.0) (100.0)
1 week (35+0.5) x 108 (5.7+0.7) x 108 (3.0 0.4) x 10° (5.9+0.8) x 10°
(56.0) (15.8) (30.6) (34.7)
2 weeks (5.3+0.4) x 10° - (9.3+0.8) x 107 -
(85x 1072 (0.9)
1 month (2.1+0.3) x 102 (31+0.3) x 103 (1.1+0.1) x 10* (2.3+0.4) x 103
(3.4 x 107) (8.6 x 1075) (1.1 x 107 (1.4 x 107)
2 months (6.5+1.2) x 10! (5.2+0.4) x 10? (23+0.4) x 10° (1.2+0.2) x 10?
(1.0 x 10°5) (1.4 x 10°5) (2.3 % 10) (0.7 x 10°5)

* The number of viable cellsimmediately after concentration; for the control variant, stationary-phase 48-h culture.

Electron-microscopic examinations revealed a sim-
ilarity between the ultrastructure of strainAL2and AL3
cells obtained in 20-fold concentrated suspensions
(Fig. 1d) and the ultrastructure of cells formed in the
natural developmental cycles of these bacteria and
stored for 1 month (Fig. 1c). A specific feature of such
cells was cytoplasm shrinkage and formation of a site
with extended periplasmic space at one of the cell
poles; the nucleoid could not be revealed. The electron
density of the cytoplasm varied. In concentrated sus-
pensions of strain AL3, rounded cystlike cells occurred
which were analogous to those shown in Fig. 2a.

Animportant property of resting forms, essential for
the survival of the microbial population, is their
increased resistance to conditions unfavorable for
growth and to adverse impacts. It should be noted that
the maintenance of viability and an intact state of
cystlike cell in cell suspensions undergoing autolysis
suggeststheir resistance to lytic enzymes, whereas veg-
etative cells are highly sensitive to extracellular
autolytic enzymes and hydrolases released from the
cellsinto the medium during autolysis.

A vivid indicator of the resistance of resting cells of
both strains was their thermotol erance (Table 2), most

dramatically demonstrated by heating at 80°C, which
was fatal for the entire population of vegetative cells
from the stationary phase (contral). Prolongation of the
temperature shock (60°C) from 15 to 30 min resulted in
a decrease in the number of viable vegetative cells by
an order of magnitude, but confidently increased the
number of resting cells of strain AL 2 that were capable
of germination; this phenomenon may be viewed as
activation of the resting part of amicrobial population,
a process anal ogous to activation of spore germination
[12]. A fact deserving special attention is the different
thermotolerance of resting forms of strains AL2 and
AL 3. After a30-min exposureto atemperature of 60°C,
the viability of cystlike cells of strain AL3 (of both
those formed in the developmental cycle and those
formed in suspensions undergoing autolysis) decreased
insignificantly, whereas the viahility of cystlike cells of
strain AL 2 decreased by four orders of magnitude.

Resting forms of the haloalkaliphilic bacteria under
study also exhibited an increased tolerance to osmotic
and acidic shocks. After 2 h of incubation in water at
pH 5.5, viability was retained by 20.3% of the cells of
2-day-old stationary phase cultures of strain AL2 and
by 80% of the cellsin suspensions concentrated tenfold
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Table 2. Thermostability of CRC obtained in the developmental cycle and in concentrated suspensions after amonth of storage,
CFU/mI (% of initial cell number)

CRC (after amonth of storage) obtained
Control (2-day
Treatment stationary-phase | in devel opmental in suspensions concentrated
cultures) cycle 10-fold 20-fold 30-fold
Tv. versutus, strain AL2
No treatment (25+02)x10° | (3.8+0.4)x10® | (0.9+0.2) x101°| (2.4+0.3) x 101° | (2.2+0.3) x 10°
(100.0) (100.0) (100.0) (100.0) (100.0)
60°C, 15 min (14+0.2)x10° | (3.0+0.5)x10* | (48+0.6)x10° | (1.2+0.2)x10° | (1.1+0.1) x 108
(5.6 x 1079) (7.9 x 1073 (5.3x107) (5.0x 1073) (5.0 x 1079)
60°C, 30 min (6.3+0.7)x10* | (41+0.8)x10%| (1.2+02)x10° | (4.3+0.6)x10° | (1.3+0.2) x 10°
(25x 107 (1.1x 109 (1.3x 1079 (1.8x107?) (6.0x 1079
80°C, 15 min 0 (5.0+07)x10° | (2.0+04)x10° | (7.9+0.7) x 10* | (4.4+0.4) x 10*
(0) (81.3 x 10°9) (2.2 x 1075) (3.3x 10 (2.0 x 109
Tm. aerophilum, strain AL3
CRC (after 2 months of storage) obtained
Control (2-day stationary-phase .
cultures) in developmental cycle in aZOgSSIg e%%ngr?ntrated
No treatment (6.2+0.8) x 10° 65.0+12.0 (23+0.4) x 10°
(100.0) (100.0) (100.0)
60°C, 30 min (2.0+0.5) x 103 375+7.0 (1.5+0.2) x 10?
(32x10% (57.7) (6.5

and stored for a month. Incubation in an HCI solution
with pH 2.4 for 1.5 h revealed a similar tendency: via-
bility was retained by 0.038% of the control cells of
strain AL2 and 2% of the cells in suspensions concen-
trated 20-fold and stored for a month.

It should be recalled that populations of resting cells
are heterogeneous with respect to the extent of dor-
mancy; this genera rule holds for the cystlike forms of
the haloalkaliphilic bacteria studied. Special resuscita-
tion procedures promote germination of cells occurring
in the state of deep dormancy; this can be seen from an
increase in the CFU number. In our experiments, we
used a resuscitation procedure simulating a possible
natural ecologica situation: before plating, we resus-
pended resting cells in a large excess of minera
medium. During this procedure, part of theintracellular
amphiphilic d, factors are released from the cells into
the medium [2], and this disturbs the dormancy of the
cells. Resuspension of cystlike cells of strain AL3
(obtained upon 20-fold concentration) in a large vol-
ume of fresh mineral medium (0.5 ml of concentrated
suspension in 100 ml of mineral base) and subsequent
2-h incubation resulted in a 4.6-fold increase in the
number of germinating cells.

MICROBIOLOGY  Vol. 72 No.3 2003

Formation of Resting Cells under
the Effect of Exogenously Introduced Chemical
Analogues of d, Factor

In an earlier conducted work [6], we demonstrated
the formation of refractile cells of the CRC typein sta-
tionary-phase (48-h) cultures of strains AL2 and AL3
under the effect of chemical analogues of the d, factors
(anabiosis autoinducers). Further experiments showed
that the viability of these refractile cells varied from
analogue to analogue and depended on its amount and
the pattern of itsdispersion in the course of introduction
into cell suspension. The forms obtained under the
action of C;, AHB lacked an experimentally detectable
level of endogenous respiration, and their viability and
thermotol erance after amonth of storage were at levels
characteristic of CRC obtained in the developmental
cycle (data not shown). Resuscitation procedures failed
to increase the number of germinating cells. The ultra-
structure of such cells (Fig. 2b) was similar to that of
cells that form in the developmental cycle and retain
their viability during prolonged storage in native
medium (Fig. 1c) or are obtained after concentration of
suspensions (Fig. 1d).

Of particular interest was the structure of cells that
were obtained in the presence of high concentrations of
the ethanol-soluble C,, AHB and did not show any evi-
dence of viability under any conditions. Introduction of
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Table 3. Effect of awater-soluble form of the chemical an-
alogue of d, factor, C; AHB, introduced together with thein-
oculum, on the viahility of strain AL3

d, analogue Viability, CFU/ml (% of the control), after
concentration, M™1_month storage | 1.5-month storage
Control (without | (6.9 + 0.9) x 10? (3.0 0.5) x 10?
d, analogue) (100.0) (100.0)

5x 107 (1.9+0.1)x10° | (7.1+0.7) x 102
(275.4) (236.7)

5x 100 (35+0.4) x 10?2 | (0.5+ 0.08) x 102
(50.7) (16.7)

106 (2.8+0.3) x 10° (5.0 0.4) x 10?
(405.8) (166.7)

this analogue into cell suspensions in concentrations
higher than 5 x 10* M (for strain AL2) and 2 x 10* M
(for strain AL 3) resulted, within 20 min, in the devel op-
ment of cell refractility, irreversible inhibition of meta-
balic activity, and changes in the ultrastructure of cells
(Figs. 2c, 2d). The cytoplasm of such cells had a low
electron density. The structure of the outer and cyto-
plasmic membranes was impaired, and this was the
most probable cause for the irreversible loss of viabil-
ity. Such cells, which completely lose their growth
capacity but retain morphological integrity, were earlier
described by us as mummified [13].

The models of CRC production considered up to
this moment (in this and other works) simulated devel-
opment of microbial cultures under natural conditions:
(1) exogenous introduction of d, factors or their ana-
logues simulates the increase of autoregulators occur-
ring upon soil drying; (2) C/N imbalance or limitation
by N, P, or O, enhances biosynthesis of d, factors[1];
(3) autolysis of a part of the microbia population
results in an increase in the content of d, factorsin the
medium [4]. In the present work, we used one more
model: development of bacterial cultures under condi-
tions of an increased concentration of anabiosis autoin-
ducers. The introduction of C,, AHB in concentrations
of 1077 to 10 M into fresh nutrient medium simulta-
neously with the inoculum resulted in the inhibition of
growth and development of both cultures studied (data
not shown). The introduction of another chemical ana-
logue of the d, factor, C; AHB, in concentrations of 10
to 5 x 10~ M did not inhibit the growth of the cultures
but, on the contrary, stimulated it (especialy in a con-
centration of 5 x 10°°M): the development of the cul-
tures culminated in the formation of resting cells in
amounts that were larger than in the control cultures
(Table 3); these cells possessed al of the aforemen-
tioned characteristics of resting forms. These results
can be explained by metabolic changes occurring dur-
ing the development of culturesin the presence of auto-
regulator concentrations that are higher than the natural
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level. Another plausible explanation is a changeover of
the initial phenotype to another one, characterized by
higher resistance and a more pronounced tendency
toward the transition to the resting state. The latter sup-
position is supported by the data of our earlier investi-
gations that showed that the phenotypic variability of
the Bacillus cereus strain 504 isinfluenced by anabiosis
autoregulators [14].

DISCUSSION

Comparison of the processes of resting cell forma-
tion by Tv. versutus, strain AL2, and Tm. aerophilum,
strain AL3, which realize different growth strategies,
showed that both the absolute and specific amount of
resting cells formed by strain AL 3 were several orders
of magnitude lower. However, the percent of cells
remaining viable after thermal treatment was consider-
ably higher for strain AL3; i.e., the resting cells formed
by this strain exhibited higher resistance. Thus, strains
AL2 and AL 3, which differ in their growth strategy, are
also different with respect to their survival strategy. The
bacterium Tm. aerophilum AL3 is an r strategist char-
acterized by a high growth rate and rapid autolysis at
the dying-off stage of culture development; as distinct
from Tv. versutus AL2 (K strategist), it forms a low
number of resting forms, but they are highly resistant.
Tv. versutus AL 2 form alarge number of resting cells,
but only a small fraction of these cells are resistant to
adverse impacts. These data suggest that, in natura
environments, the populations of the r strategist Tm.
aerophilum AL 3 survive due to the high resistance of
CRC rather than to their number. Another possible
hypothesisimplying different productivity of Tv. versu-
tusAL2 and Tm. aerophilumAL 3 with respect to extra-
cellular d, factorsisdisproved by the results of our ear-
lier study [6], which showed that the amounts of extra-
cellular d, factorsin culture liquids of these two bacteria
differ inggnificantly, equalling 10.3 £ 0.5 U/g protein (9.3 £
0.4 U/) for AL2 and 7.2 £ 0.3 U/ g protein (8.7 £ 0.4
U/l) for AL3. The same work also showed that AL3
cellswere more sensitive to d, factorsand variousAHB
homologs, which are chemical analogues of anabiosis
autoinducers. Our experiments on the formation of rest-
ing forms in concentrated suspensions showed that in
40% of AL 3 suspensions whose initial titer was higher
than 1.25 x 10°/ml, intact refractile cells that did not
exhibit viability even after resuscitation procedures
could be detected after a month of storage. The ultra-
structure of these cells, examined in thin sections, was
very similar to the above-described ultrastructure of
refractile cells retaining viability. Similar experiments
with concentrated AL2 suspensions with a high initial
cell titer revealed cystlike cells that invariably retained
viability during the course of at least 3 months of stor-
age (the observation period). It can be assumed that, in
K strategists, not only the growth, but also the dying-off
process proceeds more slowly; therefore, maturation of
resting forms, coupled with dying off, requires more
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time as compared to r strategists. This correlates with
the more efficient metabolism of K strategists. It should
be taken into account that massive autolysis results in
the liberation not only of d, factors, but also of d, fac-
tors (free unsaturated fatty acids), which are autolysis
autoinducers and, as shown previously [4, 15-17], reg-
ulate the rate of cell self-degradation and influence the
rate of liberation of intracellular autoinducers of anabi-
osisand, hence, the amount of resting forms produced.
That is why the amount of resting forms in concen-
trated suspensions of AL2 cells increased drastically
(by five orders of magnitude) as compared to the
amount formed in the developmental cycle.

It should be mentioned that autolysis results in the
liberation not only of free unsaturated fatty acids but
also of other low-molecular-weight intracellular auto-
regulators, including those increasing cell osmoresis-
tance, as has been demonstrated for halophilic archaea
[18]. It can be assumed that this mechanism is supple-
mentary to the mechanism that involves anabiosis auto-
inducers. In our investigations, the cystlike cellsformed
in concentrated suspensions acquired combined resis-
tance to both osmotic shock and changes in the pH of
the medium; such acombined resistance isecologicaly
important for haloalkaliphilic bacteria.

Considering our data on the ultrastructure of the
cystlike cells of Tm. aerophilum AL3 and Tv. versutus
AL2, wewould liketo draw attention to the fact that the
cells exhibiting characteristics of resting forms and
retaining viability during prolonged storage decreased
insize and had an irregular shape due to an uneven pro-
file of the outer membrane and to irregular shrinkage of
the protoplast, resulting in the formation of a volumi-
nous periplasmic space. Cells of a similar structure,
possessing a voluminous periplasmic space, were ear-
lier reported to be produced by gram-negative bacteria
and were assigned to spheroplasts, i.e., cell forms aris-
ing upon partial degradation of the cell wall [19]. Inthe
opinion of Kats[19], spheroplasts of thiskind arelikely
cell forms produced by gram-negative bacteriathat can
survive unfavorable conditions and rapidly resume veg-
etative growth.

Another type of resting cell that we revealed in the
bacterium AL3 (cells with a thickened cell wall and
electron-transparent cytoplasm) is most probably char-
acterized by a deeper level of dormancy, which allows
these cells to retain viability during prolonged storage.
Earlier, we found analogous cystlike cells in cell sus-
pensions of Bacillus cereus stored for 3 years after
growth under conditions of repressed sporulation, as
well as in cell suspensions of Micrococcus luteus
(unpublished data).

Thus, our investigation showed that the bacteria Tm.
aerophilum AL3 and Tv. versutus AL2 are capable of
producing CRC-type resting forms during the develop-
mental cycles of their cultures and in concentrated sus-
pensions undergoing autolysis. These resting forms are
characterized by morphological aterations (smaller
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cell size and increased refractility), asharply decreased
level of metabolic activity (lack of polarographically
detectable endogenous or exogenous respiration), an
increased resistance to extreme impacts, an ultrastruc-
tural organization specific to CRC, and retained viabil-
ity over long periods of time.
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