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Abstract—The possibility of regulating endospore formation by changing cultivation conditions was for the
first time shown in acidophilic chemolithotrophic bacteria Sulfobacillus ther mosul fidooxi dans type strain 1269
and the thermotolerant strain K1 formerly described as“ S. thermosulfidooxidans subsp. thermotolerans’. Sup-
pression of sporulation occurred when these strains were cultured in Manning's liquid medium with yeast
extract. This medium was optimized by gradually reducing the concentrations of ferrous iron salts (the source
of energy), phosphorous, nitrogen, and yeast extract and simultaneously increasing the concentrations of cal-
cium, magnesium, and manganese (the elements important for sporogenesis) to attain higher yields of
endospores by strains 1269 and K1. As aresult, anew medium A was proposed, in which, under aeration, the
life cycle of the strains studied culminated in sporulation at alevel of 45 and 60%, respectively, of thetotal cell num-
ber. Inaseries of additional tests, the growth temperature and medium pH were adjusted to obtain the maximumyyield
of endospores. The optimal ranges found were 40-50°C and pH 1.8-2.2 for strain 1269 and 35-40°C and pH 2.5
2.7 for strain K1. An even higher yield of endospores, amounting to 55 and 75% for strains 1269 and K 1, respectively,
was obtained when the above growth conditions were combined (growth on medium A at optimal temperatures and
pH under static conditions). Our results suggest a new approach to optimizing sporulation by acidophilic chem-
olithotrophs, which consistsin limiting the energy and nutrient sources and using temperature and pH values within

the tolerance bounds of these cultures but outside their growth optimum ranges.
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It iswell known that, in response to nutrient deple-
tion in the stationary growth phase, spore-forming bac-
teria can produce endospores in the course of cellular
differentiation. Endospores are specialized dormant
forms that remain viable for a long time, exhibit no
experimentally detected metabolic activity, and show
increased resistance to adverse effects. The capacity to
form endospores is found in a relatively small number
of gram-positive and gram-negative bacteria, including
Bacillus, Sporolactobacillus, Thermoactinomyces, Ali-
cyclobacillus, Sulfobacillus, Clostridium, Desulfoto-
maculum, Sporomusa, and Sporohalobacter [1], which
are al well studied by microbiologists, and a few oth-
ers. Chemoalithotrophic acidophilic spore-forming bac-
teria of the genus Sulfobacillus are currently repre-
sented by the three species S. thermosulfidooxidans,
S acidophilus, and S. disulfidooxidans [2-5], which,
from the viewpoint of microbial biogeochemistry and
environmental studies, are of particular interest in view
of their capacity to oxidize ferrous iron, sulfide miner-
as, and elementa sulfur. Working with collection
strainsof S. thermosulfidooxidans, we noted that, under
standard growth conditions [2], their endospore form-
ing activity was extremely low or totally missing.

The starting point in our analysis of this effect was
literature data that the life cycle of sporulating bacteria
does not necessarily lead to the formation of

endospores. For example, when initiated spores of
Bacillus cereus strain T were transferred to a medium
for sporulation with a limited source of nitrogen (to
retard vegetative growth) and then to a glucose-rich
(102 M) medium to suppress the formation of spores,
the cell devel opment microcycle ended in the formation
of semirefractile cells. They exhibited hypometabolic
activity and an altered ultrastructure but rapidly lost
viability when stored [6]. When nutrient medium and
cultivation conditions are modified [7] to suppress
sporulation and increase biosynthesis of d, factors (ana-
biosis autoinducers), the life cycle of Bacillus cereus
strain VKM 504 ends up in the formation of refractive
cystlike forms that preserve viability over long periods
of time and have all the necessary features of resting
forms.

It could not be ruled out that the sporulation of aci-
dophilic chemolithotrophic bacteria cultured under
standard conditions [2] was suppressed because of a
nonoptimal medium composition or cultivation condi-
tions.

The purpose of thiswork wasto elucidate the condi-
tions optima for the sporulation of the chem-
olithatrophic bacteria Sulfobacillus thermosulfidooxi-
dans strain 1269 and strain K1.

0026-2617/02/7102-0158%27.00 © 2002 MAIK “Nauka /Interperiodica’



EFFECT OF THE MEDIUM COMPOSITION

MATERIALS AND METHODS

The moderately thermophilic chemolithotrophic
acidophilic bacterium Sulfobacillus thermosulfidooxi-
dans strain 1269 [2] and the chemolithotrophic thermo-
tolerant strain K1 (formerly, “ S thermosulfidooxidans
subsp. thermotolerans’ [3, 8]) were studied.

Bacteria were cultured under mixotrophic condi-
tions in Manning's medium composed of (g/l)
(NH4)2804, 6, KCI, 02, K2HPO4, 02, Mg$4 - 7H20,
1, and CaNG;),, 0.02. FeSO, - 7H,0 (33.4 g/l) was
used as asource of energy [9]. The solution of Fe** was
separately autoclaved and added to the medium after its
sterilization. The medium was supplemented with yeast
extract (0.2 g/l; Difco, United States). The pH of the
medium was adjusted to 1.8 or 2.7 (for strains 1269 and
K1, respectively) by the addition of 0.1 N H,SO,. Mod-
ifications of the liquid medium will be described in the
RESULTS section (Table 1). In several tests, cellswere
cultured on solid medium with 0.5% agarose.

Bacteria were also grown on a medium previously
employed for cultivation of the heterotrophic Bacillus
acidocaldarius [10] but with a decreased organic car-
bon content. This medium was composed of (g/l)
(NH,),SO,, 2.5; MgSO, -7H,0, 0.2; KH,PO, — 0.3;
CaCl, - 6H,0, 0.25; soluble starch, 0.3; yeast extract,
0.3; and peptone, 0.3. The organic components were
autoclaved separately and added after sterilization; the
medium pH was adjusted to 1.8 and 2.7 by the addition
of 0.1 N H,SO,.

The inoculum was introduced in adose of 10 vol %
to produce an initial cell density of 10° cells/ml. The
cultures were grown in 250-ml Erlenmeyer flasks con-
taining 100 ml of the medium for 2-10 days, depending
on the aeration mode (shaker, 180 rpm or stationary
conditions), at temperatures optimal for their growth
(48°C for S thermosulfidooxidans 1269 and 37°C for
strain K1). Several modifications of cultivation condi-
tions that we employed will be outlined bel ow.

Microscopic examinations were performed using a
Reichert microscope (Austria) equipped with a phase-
contrast device. The total number of cells was deter-
mined in aGoryaev chamber by examining 100 squares
and calculating the average number of cellsin 1 ml of
the suspension. Theresultswere assumed reliable when
the estimated standard deviation was under 5%.

RESULTS

When the acidophilic chemolithotrophic bacteria
S thermosulfidooxidans strain 1269 and strain K1 were
cultured in the original Manning’s medium with yeast
extract, known to provide for good growth and biomass
yield (103-10° cells/ml), virtually no sporulation in the
stationary growth phase occurred, as demonstrated by
microscopic examinations (Figs. 1aand 1b). However,
small colonies containing endospores developed when
solid agarized medium was inoculated with the
obtained cell suspensions.
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Table 1. Composition of media used to study sporulation in
chemolithotrophic bacteria

Concentration (g/l)
S
2 <
Components w5 B & %
(@)) +—
g53 ) 5 | E
> g g E g 3
(NH,),S0, 6.0 30 15
KCI 0.2 0.15 0.1
K,HPO, 0.2 0.1 0.05
MgSO, - 7H,0 1.0 15 20
Ca(NO5), 0.02 0.1 0.2
FeSO, - 7TH,O 334 15.0 7.5
Yeast extract 0.2 0.15 0.15
MnSO, - 5H,0 * 002 | 005

* Component was not used.

The bacteria under study failed to grow on a
medium with high concentrations of peptone, yeast
extract, and soluble starch (in total, 15 g/l), which is
commonly used to cultivate the heterotrophic bacte-
rium Bacillus acidocaldarius[10], later assigned to the
genus Alicyclobacillus [11]. On a medium having the
same mineral composition but a low organic matter
content (totaling 0.9 g/l), the type strain S thermosulfi-
dooxidans 1269 exhibited poor growth and formed no
spores. Meanwhile, strain K1 was able to grow on this
medium over three to four culture transfers and formed
endospores, which, in the stationary growth phase,
constituted about 15% of the total number of cells
(Table 2).

Our modifications of Manning’'s medium consisted
in decreasing the concentrations of ferrous iron, nitro-
gen, phosphorous, and yeast extract and simultaneously
increasing the concentrations of calcium, magnesium,
and manganese salts as elements stimulating sporula-
tion. The yields of endospores by S. thermosulfidooxi-
dans 1269 and strain K1 on the “intermediate” medium
(Table 1) were well above controls and amounted to 35
and 50% (Table 2), respectively. The composition of
this medium was further optimized by trying other vari-
ants to obtain an even higher yield of endospores. On
the medium A (Table 1), the endospore yield under aer-
ation amounted to 45 and 60% for S. ther mosul fidooxi-
dans 1269 and strain K1, respectively (Table 2). In
these experiments, bacteria were cultured at pH values
(1.8-2.0 and 2.5-2.7) and temperatures (48 and 37°C)
optimal for the growth of strains 1269 and K1, respec-
tively. The obtained medium A, low in nutrients and
rich in calcium, magnesium, and manganese, provided
for the maximum sporulation at pH and temperature
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Fig. 1 Micrographs of stationary-phase cells of (a, ¢) Sulfobacillus thermosulfidooxidans 1269 and (b, d) strain K1 grown on
(a, b) Manning’s medium and (c, d) medium A at the temperature and medium pH optimal for sporulation. Phase-contrast microscopy.

values optimal for growth; this medium was used in
subsequent experiments.

In the next series of tests, the influence of physico-
chemical factors (pH and temperature) on the sporula-
tion of sulfobacilli grown on medium A was studied.
The temperatures were varied from 30 to 55°C for
S thermosulfidooxidans strain 1269 and from 28 to
50°C for strain K1 to determine the maximum yield of
endospores under static conditions at reduced aeration
(the medium pH was fixed at values optimal for growth,
i.e, 1.8-2.0 and 2.4-2.7, respectively). The highest
number of spores was observed in S. ther mosul fidooxi-
dans 1269 cultured at 40-52°C and strain K1 cultured
at 35-40°C (Fig. 2). It should be noted that both strains
studied showed a high yield of endospores at tempera-
tures nonoptimal for growth (Fig. 2). Thus, despite

weak growth at 30°C, spores formed by S thermosulfi-
dooxidans 1269 constituted 25% of the total number of
cells (Fig. 2). Thiswas also true of strain K1 incubated
at 50°C. Its cells were observed to form long filaments,
apparently, in response to adverse growth conditions
[3]; and, yet, the fraction of endospores in the culture
was as high as 30%.

Further experiments on the influence of pH on the
development of acidophilic chemolithotrophic bacteria
on medium A at temperatures optimal for spore forma-
tion by each strain made it possible to identify the pH
ranges ensuring the maximum production of
endospores. In type strain 1269, their highest number,
determined by phase-contrast microscopy (Figs. 1c and
1d), was observed at pH 1.8 to 2.2 and amounted to
about 55%. In strain K1, the maximum yield of

Table 2. Yield of endospores formed by S thermosulfidooxidans 1269 and strain K1 cultured on different media at the pH

and temperature optimal for growth

Yield of endospores (% of total cell number)
; ; medium for B. . . .
Strains Manning's : . ; - medium for B. acidocaldarius
medium [9] mtr%rergieljirlnate medium A (fgg,?%?jgfr |uisc with alow organic
with yeast extract compounds??l]O] matter content (0.9 g/l)
Type strain S. thermo- 0 35 45 - Singular cells, no spores
sulfidooxidans 1269
K1 0 50 60 - 15 (growth over 34 transfers)

Note: “~" meansthat no growth observed.
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Fig. 2. Effect of temperature on sporulation in (a) Sulfoba-
cillus thermosulfidooxidans 1269 and (b) strain K1 grown
on medium A. Dashed regions are temperature optima for
growth on the original Manning’s medium.

endospores (75%) was noted in the pH range 2.5-2.7
under static conditions (Fig. 3). At pH 1.3 and 1.5 (val-
ues nonoptimal for the growth of S. thermosulfidooxi-
dans 1269), endospores congtituted, respectively, 30
and 35% of the total number of cells (Fig. 3). Despite
the fact that strain K1 showed weak growth at pH val-
uesof 2.0 and 3.5, 30 and 35%, respectively, of the pop-
ulation of cellsin the stationary growth phase was con-
stituted by endospores (Fig. 3).

It isworth noting that the sporulation in the sulfoba-
cilli under study is markedly affected by the aeration
conditions. When cells were cultured on medium A at
optimal pH and temperature but under O, deficiency
created by static cultivation, the number of endospores
was higher (55 and 75% for strains 1269 and K1,
respectively) then when high oxygen content of the
medium was maintained by shaking at 160—180 rpm
(35 and 45%, respectively). This fact is in agreement
with the recently reported data on the effect of oxygen
shortage on theyield of another type of resting forms—
cystlike refractive cells of Bacillus cereus (under con-
ditions of sporulation repression) and Micrococcus
luteus [7]. Based on our experiments with medium
composition and cultivation conditions, a combination
of these factors was determined that gave rise to the
maximum yield of endospores (Table 3).
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Fig. 3. Effect of pH on sporulation in (a) Sulfobacillusther-
mosulfidooxidans 1269 and (b) strain K1 grown on medium
A. Dashed regions are pH optimafor growth on the original
Manning's medium.

DISCUSSION

The sporulation of the moderately thermophilic
strain Sulfobacillus thermosulfidooxidans and the ther-
motolerant strain K1 isknown to be suppressed or even
blocked when these organisms are cultured on Man-
ning's standard medium with yeast extract and Fe** as
the energy source. It is, therefore, important for main-
taining collection cultures and industrial strainsto opti-
mize cultivation conditions in order to obtain a greater
yield of endospores. Cells suspensions of sulfobacilli
are known to produce single colonies that contain
endospores when plated on agarized Manning’s media.
Based on this fact, it was supposed that the observed
inhibition of sporulation in liquid cultures was not
caused by a change in the genotype but resulted from
nonoptimal cultivation conditions (composition of the
medium and physical and chemical factors).

A commonly employed method to induce sporula-
tionisto transfer aculture in the phase of growth decel-
eration to a mineral medium poor in nutrients. The
approach we used was different and consisted in cultur-
ing chemolithotrophic spore-forming bacteria on a
modified growth medium poor in the source of energy
(ferrous iron salts) and nutrients (nitrogen, phospho-
rous, and yeast extract) and rich in elements stimulating
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Table 3. Combination of conditions optimal for sporulation
in chemolithotrophic bacteria

Cutvaon | S gemostite | swanict
Medium MediumA (Table 1)| MediumA (Table 1)
Temperature 40-50°C 35-40°C
Medium pH 1822 2527
Aeration regime Static Static
Yield of endospores 55% 75%

sporulation, such as calcium, magnesium, and manga-
nese. By modifying composition of the medium in this
way, we were able to substantially increase the forma
tion of endospores. The obtained increase in the spore
production appears to be most of all due to the use of
the new medium A and, secondly, to the optimal choice
of temperature and medium pH, which was confirmed
statistically.

We believe that increased sporulation by chem-
olithotrophic bacteria can be attained by their culturing
under physical and chemical conditions (temperature
and pH) outside the ranges optimal for their growth but
till within their tolerance limits. It isworth noting that,
even under unfavorable growth conditions (temperature
and pH), the life cycle of bacilli cultured on medium A
ended in sporulation, which can be treated asareaction
of cellsto stress conditions.

The value of the proposed approach consists in the
possibility of obtaining spore suspensions that can be
stored for along time and would preserve viability and
be resistant to awide spectrum of adversefactors. Mod-
ifying nutrient media and cultivation conditions can be
effective when working with newly isolated chem-
olithotrophic bacteria, which rarely form spores when
grown on standard media and under standard condi-
tions. In addition, to confirm that the organism under
study can indeed form spores is of taxonomic impor-
tance. That strain K1 can form sporesin large amounts,
as shown in this study, is also important in connection
with the recent proposals to revise its taxonomic posi-
tion. Thus, comparative 16S rRNA sequence analysis
of the type strain S thermosulfidooxidans 1269 and
strain K1 and the results of DNA-DNA hybridization
showed aremote phylogenetic affinity of these bacteria
[12]. These strains were also found to differ signifi-
cantly in their capacity to oxidize sulfide minerals and
utilize organic compounds [12, 13]. In the present
work, we also showed different growth characteristics
of these two strains of sulfobacilli and different sporu-
lation on a medium with alow carbon content (0.9 g/l).
It follows that our approach to increasing sporulation
by applying special conditions nonoptimal for growth
can also be used as an additional test to clarify the tax-
onomic position of bacteria.

It should be borne in mind that the observed sup-
pression of sporulation in S thermosulfidooxidans
1269 and strain K1 might also be connected with the
phenotypic variability of sulfobacilli and caused by the
predominant development of a clone (variant) present
in the studied popul ation of chemolithotrophs and char-
acterized by a low spore-forming ability under the
given specific conditions. Clarifying whether this is
indeed the case with the strains in hand requires addi-
tional investigation. At the sametime, the heterogeneity
of the microbial population caused by the presence of
severa phenotypes with different growth and physio-
logical characteristics was found in many bacteria,
including streptomycetes [14] and bacilli [15].

The observed distinctions in the capacity of chem-
olithotrophic bacteria to form spores during growth in
liquid Manning’'s medium (no endospores detected)
and during colonia growth on the same medium with
agarose suggest arole of sporulation-inducing extracel -
lular metabolites, the concentration of which in colo-
nies with a large number of cells per unit volume is
higher than in aliquid culture. This hypothesisis based
on the previous evidence of the occurrence of an endog-
enous factor (sporogen) with a sporulation induction
function in Bacillus subtilis [16]. In addition, microor-
ganisms of different taxonomic groups (including
spore-forming bacteria) were shown to possess a spe-
cialized autoregulation system controlling their devel-
opment; this system involves extracel lular low-molecu-
lar metabolites acting as anabi osis autoinducers (d, fac-
tors). Increasing their concentration in the cell
suspension was shown to induce the formation of cyst-
likerefractive cellsin B. cereus (under the conditions of
sporulation repression), Pseudomonas car boxydoflava,
Micrococcus luteus, Saccharomyces cerevisiae and
other microorganisms. The obtained cystlike refractive
cells exhibited the typical features of resting cells: via-
bility preserved over long periods of time, no experi-
mentally detectable metabolic activities, increased
resistance to adverse effects, and modified cell structure
[7, 17-20]. It should be noted that refractive cells were
occasionally observed in cultures of S thermosulfi-
dooxidans strain 1269 and strain K1 grown on Man-
ning's medium with, e.g., arsenopyrite as the energy
source, but their formation was in no way systematic.
The identification of conditions propitious for the for-
mation of refractive cells and verification of their
belonging to the class of resting forms require further
investigation.

The possibility of strategy choice (among sustaining
vegetative growth, endospores formation, and forma-
tion of refractive cells) in response to a particular com-
bination of trophic, physical, and chemical factors
makes possibl e flexible adaptation of acidophilic chem-
olithotrophic bacteriato changes of environmental con-
ditionsin natural habitats.
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