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Abstract—The phenotypic characteristics of the species Sulfobacillus thermotolerans Kr1T, as dependent on
the cultivation conditions, are described in detail. High growth rates (0.22-0.30 h™") and high oxidative activity
were recorded under optimum mixotrophic conditions at 40°C on medium with inorganic (Fe(II), S, or pyrite—
arsenopyrite concentrate) and organic (glucose and/or yeast extract) substrates. In cells grown under optimum
conditions on medium with iron, hemes a, b, and, most probably, ¢ were present, indicating the presence of the
corresponding cytochromes. Peculiar extended structures in the form of cylindrical cords, never observed pre-
viously, were revealed; a mucous matrix, likely of polysaccharide nature, occurred around the cells. In the cells
of sulfobacilli grown litho-, organo-, and mixotrophically at 40°C, the enzymes of the three main pathways of
carbon utilization and some enzymes of the TCA cycle were revealed. The enzyme activity was maximum
under mixotrophic growth conditions. The growth rate in the regions of limiting temperatures (55°C and 12—
14°C) decreased two- and tenfold, respectively; no activity of 6-phosphogluconate dehydrogenase, one of the
key enzymes of the oxidative pentose phosphate pathway, could be revealed; and a decrease in the activity of
almost all enzymes of glucose metabolism and of the TCA cycle was observed. The rate of '4CO, fixation by
cells under auto-, mixo-, and heterotrophic conditions constituted 31.8, 23.3, and 10.3 nmol/(h mg protein),
respectively. The activities of RuBP carboxylase (it peaked during lithotrophic growth) and of carboxylases of
heterotrophic carbon dioxide fixation were recorded. The physiological and biochemical peculiarities of the
thermotolerant bacillus are compared versus moderately thermophilic sulfobacilli.
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The genus Sulfobacillus, which comprises chemo-
lithotrophic thermoacidophilic spore-forming bacteria,
includes the well-known validated moderately thermo-
philic species S. thermosulfidooxidans [1], S. acidophi-
lus [2], and S. sibiricus [3], as well as S. thermotolerans
Kr1T (VKM B-2339T=DSM 17362"), the first thermotol-
erant species, which was recently given taxonomic sta-
tus [4]. These bacteria utilize iron, sulfur and its
reduced compounds, and some organic substances as
electron donors and sources of energy; however, they
can survive numerous passages only under mixotrophic
conditions. The thermotolerant bacillus has larger cells
and grows in the temperature range of 12—60°C with an
optimum at 40°C. The culture was isolated from a
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dense pulp in the process of bacterial oxidation at 30°C
of the gold-bearing sulfide concentrate of the Olimpia-
dinskoe deposit.

All the cultures of the genus Sulfobacillus possess
versatile carbon metabolism and a variety of carbon
dioxide fixation reactions [5—8]. Depending on the type
of nutrition, the carbon metabolism pathways may
change; however, intense growth and substrate oxida-
tion, as well as high activity of the enzymes of carbon
catabolism and of the TCA cycle, are characteristic of
cells grown at optimum temperature under mixotrophic
conditions, i.e., when the presence of a mineral source
of energy in the medium is combined with the presence
of yeast extract and/or glucose. The cytological charac-
teristics of the sulfobacilli grown under these condi-
tions have been studied in depth only for the moder-
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ately thermophilic bacterium S. thermosulfidooxidans
1269" [9]. The cytological and the ultrastructural fea-
tures of the novel thermotolerant species have not been
described. The data on the electron transport chains in
sulfobacilli are scarce [10, 11]; the hemes have not been
identified.

The aim of this work was to study in detail the phe-
notypic characteristics of S. thermotolerans Kr1™: the
peculiarities of growth, cytology, and carbon metabo-
lism (including study of these characteristics at limiting
cultivation temperatures and after replacement of the
energy source) and identification of hemes in this bac-
terium.

MATERIALS AND METHODS

The organism and the cultivation conditions. The
subject of the study was the type strain Sulfobacillus
thermotolerans Krl isolated from a pyrrhotite gold—
pyrite—arsenic ore in eastern Siberia [4]. The culture
was grown at 40°C in modified 9K medium [12] with
Fe(Il) (45 mM) under autotrophic conditions or with
glucose (1.1 mM) and yeast extract (0.02%) under hete-
rotrophic conditions, as well as mixotrophically in the
presence of an Fe(I)/S%pyrite—arsenopyrite concen-
trate, yeast extract, and/or glucose. Elemental sulfur
was introduced in an amount of 10 g/lI; the gravitation
sulfide concentrate (Nezhdaninskoe deposit), commi-
nuted to particles of the size of —=0.044 mm (80%), in an
amount of 50 g/l; salts were added in the following
amounts (g/): (NH,),SO,, 3.0; KCI, 0.1; KH,PO, — 0.5;
MgSO4 . 7H20 — 0.5, Ca(NO3)2 . 4H20, 0.02. The initial
pH value of media with iron was 1.8; of medium with
sulfur, 2.5; of medium with sulfide concentrate,
2.2. Cells of a culture grown on medium with iron and
yeast extract served as inoculation material, introduced
in an amount of 10 vol %. The organism was cultivated
in 250-ml Erlenmeyer flasks with 100 ml of medium on
a shaker (180 rpm).

For assaying the enzymes, the culture was grown
under forced aeration in 2.5-1 conical flasks and with
1.8 I of medium at temperatures of 12—14, 40, and 55°C
for 21-24 days, 16 h, and 10 h, respectively.

In order to carry out the experiments with elemental
sulfur, the latter was washed with distilled water, steril-
ized with ethanol at 55°C, and introduced into the
medium together with 10 mg/l of FeSO, - 7TH,O as a
trace element. The sulfide concentrate, which contained
40% pyrite and 35% arsenopyrite as the main compo-
nents and sphalerite, galenite, and chalcopyrite as the
minor components, was sterilized at 0.5 atm.

Electron microscopy. Negative staining of whole
cell specimens and cell preparation for obtaining
ultrathin cell sections were carried out according to the
techniques described in [9, 13]. The negatively stained
specimens and ultrathin sections were examined under
a JEM 100B electron microscope at an accelerating
voltage of 80 kV.
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Heme identification. To identify hemes, differen-
tial spectrophotometry methods and reversed-phase
HPLC were used according to the method described in
[14]. The cells at the end of the exponential growth
phase were harvested by centrifugation at 10000 g for
40 min, washed with a medium free from the source of
energy, and resuspended in 0.1 M Tris—HCI buffer,
pH 7.4. Cell disruption was carried out with chicken
egg lysozyme (Fluka, Belgium) followed by treatment in
a UZDN-1 ultrasound disintegrator at 22 kHz for 5-7 min
with 1-min intervals for cooling. To solubilize mem-
brane proteins and to decrease light scattering by the
samples, the cell membrane preparation in 0.01 M Tris—
glycine buffer, pH 7.2, was lysed with Triton X-100 for
1 h. Then 1.5 ml of a mixture containing 0.133 M
NaOH and 33% pyridine was added to each of the two
1-ml aliquots of a sample in 1-cm optic cuvettes. The
oxidized sample in one cuvette contained 25 pl of
0.2 M ferricyanide solution; the reduced sample in the
other cuvette contained 3 mg of sodium dithionite.
Another method of identification of hemes nonco-
valently bound with apoproteins was as follows. The
hemes were extracted from the cell membrane suspen-
sion with an acetone—HCI mixture (19 : 1 vol/vol); the
extract was transferred to an aqueous ethyl acetate solu-
tion, which was evaporated to redissolve the residue in
acetonitrile. The mixture was applied onto a 3.9 X 150 mm
C-18 column (Waters, United States) connected to a PU
4110 chromatograph (Philips, United States). The
hemes were eluted with an increasing (30-100%) gra-
dient of an aqueous solution of acetonitrile acidified
with 0.5% trifluoroacetic acid. The chromatographic
peaks were recorded at 405 nm; the elution rate was
1 ml/min. The extract of the bacterium Bacillus sp. FTU
was used as the standard containing hemes a and b with
known retention.

Determination of “CO, fixation by cell suspen-
sions. The cells of a mixotrophic culture at the end of
the exponential growth phase were concentrated by
centrifugation at 10000 g for 40 min. The precipitate
was resuspended in a medium free from an energy
source; the insoluble iron compounds were removed by
precipitating them at 2000 g for 1-2 min. The cells
(1-3 mg by protein) were then resuspended in 10 ml of
9K medium that contained no energy source. The
experiments on the fixation of carbon dioxide were car-
ried out in hermetically closed 100-ml flasks. '*CO, fix-
ation was studied under auto-, mixo-, and heterotrophic
conditions. The variant in which the cell suspension
was introduced into the medium free from sources of
energy and organic carbon sources served as the con-
trol. The radioactivity of the preparations was deter-
mined using an LKB RacBeta 1127 liquid scintillation
counter (Sweden). '*CO, fixation by the cells was
expressed in nanomoles of *CO, per 1 mg of cell pro-
tein. The rate of carbon dioxide fixation by cells was
calculated in the linear section of the *CO, fixation
time curve and expressed in nmol/(h mg protein) [15].
When the experiment was completed, the purity of the
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Fig. 1. Growth of S. thermotolerans Krl and substrate con-
sumption under different cultivation conditions. (a) Culture
growth under (/) autotrophic (Fe(I)), (2) heterotrophic
(glucose and yeast extract), and (3) mixotrophic (Fe(II),
glucose, and yeast extract) conditions. (b) Consumption of
(I) glucose under heterotrophic conditions, (2) glucose
under mixotrophic conditions, (3) Fe(Il) under mixotrophic
conditions, and (4) Fe(II) under autotrophic conditions.

culture was tested by inoculation of media of different
compositions according to [7].

Enzyme activity assays. After centrifugation,
exponential-phase cells were resuspended in 0.1 M
Tris—HCI buffer, pH 7.4, and disrupted in a UZDN-1
ultrasound disintegrator as described above. The homo-
genate obtained was centrifuged for 20-30 min at
40000 g. The supernatant fluid was used for determin-
ing the enzyme activities.

The activity of the carboxylating enzymes was
determined by the radioisotopic method [16, 17]. The
activity of the enzymes of the TCA cycle, glyoxylate
bypass, and carbon metabolism pathways was deter-
mined spectrophotometrically, except for isocitrate
lyase and fructose-1,6-bisphosphate aldolase, whose
activities were determined colorimetrically [6]. The
enzyme activity was expressed in nmol/(min mg pro-
tein).

The analysis of growth and substrate utilization.
The cell mass was determined by protein using the
Lowry method; the culture growth was assessed by
direct count of the cell number in a Goryaev chamber
under a Lyumam I1 phase-contrast microscope. The pH
and Eh values were recorded with a pH-150m
pH meter—millivoltmeter (Belarus); the redox potential
was expressed in mV (in relation to the normal hydro-
gen electrode). The Fe(Il) and Fe(III) content was deter-
mined by complexonometric titration with Trilon B [18];
the content of glucose in the medium was determined
by the anthrone reaction [19]; the content of sulfate ions
was measured as described earlier [20]; the total arsenic
concentration in the liquid phase of the pulp was deter-
mined by iodometric titration [21].

The experiments were done in two or three parallels,
with three to five replicates; the significance of the
results was assessed using the Student’s 7-test at the sig-
nificance level P < 0.005.

RESULTS

The growth of S. thermotolerans Krl under dif-
ferent conditions. Figure 1a shows the typical curves
of the litho-, organo-, and mixotrophic growth of the
culture at the optimum temperature of 40°C. The cell
yield and growth rate under mixotrophic conditions
were higher than in the other experimental variants.
Thus, under mixotrophic conditions (curve 3), the cell
yield was approximately 1.5 and 5 times higher than in
chemoorganotrophic (curve 2) and chemolithotrophic
(curve 7) metabolisms. The specific growth rate of
0.27-0.30 h™! under mixotrophic conditions was also
1.5-1.8 times higher than during cultivation in the
absence of a mineral substrate (0.16-0.17 h™') and
2.2-2.5 times higher than during growth on medium
that contained only a mineral source of energy
(0.11-0.12 h™).

The analysis of the consumption of the substrates by
the sulfobacillus (Fig. 1b) also demonstrates the highest
MICROBIOLOGY  Vol. 77
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Table 1. Parameters of growth and substrate oxidation by S. thermotolerans Krl

657

Substrate Growth, days| Cell number, x108/ml pH Eh, mV SOii g/l | Fe(l)/Fedll), g/l | Asy, g/l
Pyrite-arsenopy- 1 1.6 2.45 733 0.42 0.56/0.14 0.81
rite concentrate 2 1.7 2.42 768 0.48 0.60/0.28 1.57

3 32 2.02 751 0.56 0.70/0.14 2.43
4 2.6 1.83 749 1.16 1.12/0 3.10
7 1.7 1.50 768 1.70 2.80/0.28 4.90
SO 1 4.3 1.91 - 0.48 - -
2 4.2 1.66 - 0.50 - -
3 5.5 1.62 - 0.64 - -
5 8.6 1.56 - 0.91 - -

Note: The strain was cultivated on 9K medium with 50 g/I of the sulfide mineral concentrate or 10 g/l of S in the presence of 0.2 g/l of

yeast extract.

rates of glucose utilization and ferrous iron oxidation
(curves 2 and 3, respectively) under mixotrophic condi-
tions. Thus, the greatest biomass yield was connected
with more complete glucose utilization under mixo-
trophic conditions as compared to heterotrophic condi-
tions (curve /). Ferrous iron was oxidized completely
under all growth conditions tested (curves 3, 4); what
differed (approximately twofold) was the oxidation
rate.

When we studied the growth of S. thermotolerans
Krl and the oxidation of other inorganic energy
sources—elemental sulfur and sulfide minerals of the
pyrite-arsenopyrite concentrate—the following dynam-
ics of parameter changes was revealed in the presence
of yeast extract (Table 1). After five days of cultivation
on medium with sulfur, the pH value decreased from
2.5 to 1.56; this, together with the increase in the con-
centration of sulfate ion (the end oxidation product) to
alevel of 0.91 g/l and a considerable cell yield value of
8.6 x 10® cells/ml, was indicative of a high oxidative
activity and the capacity for intense and stable growth
on the not easily oxidizable substrate. The specific
growth rate was 0.28 h!.

When the sulfide minerals of the pyrite-arsenopyrite
concentrate were the main source of energy, the culture
attained its maximum cell yield of 3.2 x 10® cells/ml
after three days of growth. After seven days, the cell
number decreased twofold, likely due to the deficiency
of easily utilizable substrates and in connection with
the accumulation in the liquid phase of arsenic ions
(4.9 g/1) and ferric iron ions (2.8 g/l). In these experi-
ments, the highest specific growth rate recorded was
0.21-0.23 h™'. At the beginning of the process of bacte-
rial sulfide oxidation, after 24 h of growth, alkalization
of the pulp liquid phase from pH 2.2 to pH 2.45 was
observed; at the end of the process, on the fifth day, a
significant pH value decrease (to pH 1.50) occurred,
which gave evidence of the actively proceeding pro-
cesses of oxidation of reduced sulfur compounds; the
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sulfate ion concentration in the pulp liquid phase con-
stituted 1.7 g/l. A significant increase in the redox
potential was recorded: the Eh value increased from
603 (the initial value) to 768 mV, which also confirmed
the high oxidative activity of the thermotolerant sulfo-
bacillus.

Thus, depending on the source of energy and the
electron donor, the S.thermotolerans Krl generation
time varied from 2.6 h during mixotrophic cultivation
on medium with Fe(II) and 2.8 h on medium with S° to
8 h on medium with the sulfide ore concentrate. In
chemoorganotrophic metabolism, the generation time
was equal to 4.4 h; in lithoautotrophic metabolism,
6.3 h.

The growth of S. thermotolerans Kr1 was also stud-
ied under mixotrophic conditions on medium with iron,
glucose, and yeast extract at a limiting low cultivation
temperature (12-14°C) and at a temperature close to the
limiting maximum for growth (55°C, the maximum is
60°C). At low temperatures, the growth rate decreased
by an order of magnitude, to 0.015-0.02 h!; at a high tem-
perature, it decreased only twofold, to 0.13-0.14 h™!. At
12-14°C, the cell yield constituted 6.31 x 107 cells/ml;
at 55°C — 2.7 x 107 cells/ml. Many cells in chains were
noted; in addition, at a high temperature, elongated and
curved filamentous cells were observed. Under nonop-
timum temperature conditions of cultivation, the bacte-
rial cells did not completely oxidize the substrates
introduced. Up to 15 and 25% of iron and up to 50 and
40% of glucose remained unutilized at the high and low
growth temperatures, respectively.

Heme identification. The differential absorption
spectrum of alkaline pyridine hemochromes (Fig. 2a)
had two bands: at 550-560 and 585 nm. As judged from
their location in the spectrum, the latter band belongs to
heme a. The former band may belong either to heme b
or to heme c or to both these hemes.

HPLC resulted in two peaks with the retention times
on the column of 13.3 and 17.5 min (Fig. 2b). The first
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Fig. 2. Identification of S. thermotolerans Krl hemes: (a)
the difference absorption spectrum (dithionite-reduced ver-
sus ferricyanide-oxidized) of a mixture of pyridine hemo-
chromes and (b) elution profile of extracted hemes upon
reversed-phase HPLC.

peak, according to the comparison with the Bacillus sp.
FTU heme peaks (data not shown), belongs to heme b,
and the second peak, to heme a.

Cytological peculiarities of S. thermotolerans
Kr1. Figures 3a and 3b show photomicrographs of cells
grown on media with iron and sulfide ore concentrate
(mixotrophic conditions). The bacterial population is
represented by rods, 0.8—1.2 X 1.5-4.5 um, single or in
chains; the spores are terminal, oval, or spherical. A
mucous capsule (Fig. 3c), likely of polysaccharide
nature, whose size, depending on the source of energy,
varies between 0.12 and 0.25 um, is seen outside the
cells. It was especially pronounced when the bacterium
grew on the sulfide concentrate. A thin cell wall with
the murein layer 130 A (Fig. 3d), to which the capsule
adjoins very closely, is seen in the ultrathin sections of
the strain Krl cells. In the cell cytoplasm, cords (from
1 to 5), previously unknown extended intracellular
structures of regular cylindrical form having a small
diameter (Fig. 3e), were revealed; polyphosphate gran-
ules were also present.

14CQ, assimilation by cell suspensions. Figure 4
shows the results of analysis of carbon dioxide fixation

650
Wavelength, nm
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Fig. 3. Morphology and ultrastructure organization of
S. thermotolerans Kr1 cells. Phase-contrast micrographs of
the cells grown mixotrophically (a) on medium with iron
and (b) on medium with the pyrite-arsenopyrite concentrate
and electron micrographs of (c) negatively stained cell spec-
imen, (d) a fragment of ultrathin section, and (e) longitudi-
nal section of cells with internal cylindrical structures in the
form of cords. Designation: CW, cell wall; C, cords. Bars:
(a, b) 10 um, (c) 1 wm, (d) 0.20 um, and (e) 0.5 um.

by cell suspensions of S. thermotolerans Krl upon
introduction of organic and inorganic compounds into
the incubation medium. The cells begin to assimilate
carbon dioxide immediately after the substrate is intro-
duced. The '*CO, fixation curves attain a plateau after
15-24 h of incubation. The lowest level of carbon diox-
ide fixation (134.7 nmol CO,/mg protein) was noted in
the variant where glucose and yeast extract were intro-
duced into the medium (curve 3). In the presence of fer-
rous iron in the incubation medium, the highest rate of
carbon dioxide fixation (558.9 nmol CO,/mg protein,
curve /) was recorded. Under mixotrophic conditions
in the presence of Fe(Il), glucose, and yeast extract in
the incubation medium, the maximum level of carbon
dioxide fixation was slightly lower than in the presence
of iron alone and constituted 431.0 nmol CO,/mg pro-
tein (curve 2). The analyses showed complete oxidation
of ferrous iron by the cells in the autotrophic variant
with Fe(Il) and in the mixotrophic variant with Fe(Il)
and organic compounds. In the process, 70% of glucose
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was metabolized. In the heterotrophic variant, the value
of glucose consumption by the cells constituted no
more than 40% of the amount introduced into the incu-
bation medium.

The activity of carboxylases. RuBP carboxy-
lase/oxygenase (RuBPC/O), the key enzyme of the
Calvin cycle, was revealed in the cell extracts of S. ther-
motolerans Krl (Table 2). The highest activity—
7.2nmol CO,/(min mg protein)—was revealed in
extracts of cells grown under autotrophic conditions on
medium with ferrous iron. The RuBPC activity in Krl
cells decreased under mixotrophic conditions when
organic substances were introduced into the Fe(II)-con-
taining medium. In extracts of cells grown in the pres-
ence of Fe(Il), glucose, and yeast extract, the RuBPC
activity constituted 4.9 nmol CO,/(min mg protein). In
the organotrophic growth of the S. thermotolerans Krl
culture in the presence of glucose and yeast extract, the
RuBPC activity was equal to 1.1 nmol CO,/(min mg
protein).

The activities of several carboxylases of hete-
rotrophic CO, fixation were revealed in the Krl cell
extracts (Table 2). The most active was PEP carboxy-
lase, whose maximum level equal to 1.1 nmol
CO,/(min mg protein) was recorded in organotrophi-
cally grown cells and constituted 0.9 and 0.7 nmol
CO,/(min mg protein) in cells grown litho- and mix-
otrophically, respectively.

Two more carboxylases, PEP carboxytransphospho-
rylase and pyruvate carboxylase, were also revealed.
The activity of PEP carboxytransphosphorylase was at
its maximum in cells grown under mixotrophic condi-
tions. The level of pyruvate carboxylase activity was
lower than that of PEP carboxytransphosphorylase and
was virtually independent of the cultivation conditions.

The activity of the carbohydrate metabolism
enzymes. As judged from the presence and activity of
the enzymes involved in carbohydrate utilization, car-
bohydrate metabolism of S. thermotolerans Kr1 may be
mediated by three main pathways: fructose bisphos-
phate, pentose phosphate, and Entner—Doudoroff
(Table 3). When the strain grew at 40°C under the opti-
mum mixotrophic conditions in the presence of yeast
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Fig. 4. 14C02 fixation by the cell suspension of S. thermo-
tolerans Krl upon addition to the incubation medium of
(1) Fe(Il); (2) Fe(Il), glucose, and yeast extract; or (3) glu-
cose and yeast extract and (4) in the control.

extract and glucose, the activity of all the enzymes stud-
ied, except aldolase, involved in the Entner—Doudoroff
pathway, was higher than in cells grown organotrophi-
cally. The total activity of 6-phosphogluconate dehy-
dratase and 2-keto-3-deoxy-6-phosphogluconate aldo-
lase was higher when the bacteria grew under hete-
rotrophic conditions, compared to the activity in cells
grown mixotrophically. One of the enzymes of the pen-
tose phosphate pathway, 6-phosphogluconate dehydro-
genase, had by far a lower activity. These data give evi-
dence of the increasing role of the Entner—Doudoroff
pathway in chemoorganoheterotrophic glucose metab-
olism in the Kr1 cells.

The temperature at which the strain was grown
under mixotrophic conditions influenced the activity of
the enzymes involved in carbohydrate metabolism. At

Table 2. Activity of carboxylating enzymes (nmol/(min mg protein)) in the cells of S. thermotolerans Krl grown under dif-

ferent conditions

Culture growth conditions

Enzyme
Autotrophic Mixotrophic Heterotrophic
RuBP carboxylase (EC 4.1.1.39) 7.2 4.9 1.1
Pyruvate carboxylase (EC 6.4.1.1) 0.2 0.3 0.3
PEP carboxylase (EC 4.1.1.31) 0.9 0.7 1.1
PEP carboxykinase (EC 4.1.1.49) ND ND ND
PEP carboxytransphosphorylase (EC 4.1.1.38) 0.3 0.8 0.6

Note: The abbreviation ND in this and the following tables means “not detected under the experimental conditions used.”

MICROBIOLOGY  Vol. 77 No. 6 2008
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Table 3. Activity of the carbohydrate metabolism enzymes (nmol/(min mg protein)) in S. thermotolerans Krl cells grown

under different conditions

Mixotrophic conditions . Hetero-
Autotrophic :
Enzyme diti trophic con-
12-14°C | 40°C 55°C | condiuions | Gitions
Hexokinase (EC 2.7.1.1) 223 24.0 3.1 7.1 10.2
Glucose-6-phosphate dehydrogenase (EC 1.1.1.49) 27.8 70.1 4.5 28.1 31.0
6-Phosphogluconate dehydrogenase (EC 1.1.1.43) ND 9.6 ND 0.6 0.5
6-Phosphogluconate dehydratase (EC 4.2.1.12) + 2-keto-3- 6.7 9.3 1.8 1.2 24.0
deoxy-6-phosphogluconate aldolase (EC 4.1.2.14)
6-Phosphofructokinase (EC 2.7.1.11) 16.0 28.1 10.9 26.2 10.6
Fructose-1,6-bisphosphate aldolase (EC 4.1.2.13) 147.0 132.8 37.5 100.2 157.5
3-Phosphoglyceraldehyde dehydrogenase (EC 1.2.1.12) 30.6 72.4 10.2 52.3 325

Table 4. Activity of the TCA cycle enzymes (nmol/(min mg protein)) in S. thermotolerans Krl cells grown under different

conditions
Enzyme Mixotrophic conditions /tgtr?éfggglsc Hceéilgtégﬁlsﬁc
12-14°C 40°C 55°C

Citrate synthase (EC 4.1.3.7) 14.4 21.0 4.7 3.1 5.8
Aconitate hydratase (EC 4.2.1.3) ND 93 ND 2.2 4.2
Isocitrate dehydrogenase (EC 1.1.1.42) 3.7 70.2 6.7 35.8 15.5
2-Oxoglutarate dehydrogenase (EC 1.2.4.2) ND ND ND ND ND
Succinate dehydrogenase (EC 1.3.99.1) 20.0 39.0 53 42.3 31.8
Fumarate hydratase (EC 4.2.1.2) 106.5 118.65 455 52.3 ND
Malate dehydrogenase (EC 1.1.1.37) 87.4 96.7 8.9 57.5 13.3

low temperatures (12-14°C), the growth of the bacte-
rium was suppressed, and the activity of certain
enzymes decreased 1.5- to 2-fold compared to the vari-
ants of the strain growth at the optimum temperature.
The hexokinase and fructose-1,6-bisphosphate aldolase
activities appeared to be at the same level as in cells
grown at the optimum temperature. 6-Phosphoglucon-
ate dehydrogenase, one of the key enzymes of the pen-
tose phosphate pathway, was mostly influenced by tem-
perature: its activity was not revealed at either a low or
increased temperature of culture growth. It should be
noted that, at a high temperature (55°C) of growth, a
noticeable decrease in the activity of all the enzymes
involved in glucose utilization was observed, compared
to their activity in the cells grown at the optimum tem-
perature.

Activity of the TCA cycle enzymes. S. thermotole-
rans Kr1, as other known representatives of this genus,
contain all the TCA cycle enzymes except
2-oxoglutarate dehydrogenase (Table 4). The highest

enzyme activity was revealed in cells grown under mi-
xotrophic conditions in the presence of Fe(Il), glucose,
and yeast extract. The growth of the strain under
autotrophic or heterotrophic conditions was accompa-
nied by a considerable decrease in the activity of the
key enzyme of the TCA cycle, citrate synthase, com-
pared to its activity in cells growing under mixotrophic
conditions. In addition, we did not succeed in revealing
fumarate hydratase in the bacteria grown under het-
erotrophic conditions. The glyoxylate bypass enzymes,
isocitrate lyase and malate synthase, were not revealed
in Krl cells. A decrease or an increase in the growth
temperature of the bacterium (compared to the opti-
mum 40°C) influenced the TCA cycle enzyme activity.
At a low (12-14°C) or higher growth temperature
(55°C), the activity of all the enzymes decreased.
Aconitase was not revealed, and the isocitrate dehydro-
genase activity decreased more than tenfold. It was
noted that low temperatures were more favorable for
growth and manifestation of the enzyme activity than

MICROBIOLOGY  Vol. 77

No. 6 2008



PHENOTYPIC PROPERTIES OF Sulfobacillus thermotolerans

high temperatures: in the extracts of cells grown at
55°C, almost all the TCA cycle enzymes had a lower
activity than in the cells grown at 12-14°C.

DISCUSSION

The type strain of the novel species of facultatively
chemolithotrophic sulfobacilli S. thermotolerans Krl®
[4] and isolates of thermotolerant/mesophilic bacteria
phylogenetically close to it were isolated in different
geographic regions of the world, mainly as components
of the microbial populations oxidizing sulfide minerals.
These are S. thermotolerans clones D3-31, D1-45, and
DY-6 [22]; strains L15 and RIV14 [23]; strain Y0017
[24]; and the uncultivated forms of Sulfobacillus spp.:
P3-5 (GenBank AF460985), D3-5, and D3-28 [22].
Thus, at present, the species S. thermotolerans includes
ten close isolates.

The first reports on strain Krl contained character-
istics of its high leaching activity as the predominant
culture in the bacterial association involved in the pro-
cess of sulfide concentrate oxidation [25-27]. As a ther-
motolerant organism, strain Krl grows in a wide range
of temperatures, from 12 to 60°C. However, no data are
available in the literature on the metabolism of thermo-
tolerant or moderately thermophilic sulfobacilli culti-
vated at temperatures close to growth-limiting. The
cytology and ultrastructural organization of Krl cells
were not studied in detail either. The data on the elec-
tron-transport system of sulfobacilli are also very
scarce.

As a result of our experiments, the minimum gene-
ration time of cells grown at 40°C under different con-
ditions was determined: under mixotrophic conditions,
the generation time was 2.6 h when cultivation was car-
ried out on medium with Fe(II); 2.8 h, on medium with
S% and 8h, on medium with sulfide ore concentrate;
under heterotrophic conditions, the generation time
was 4.4 h; under autotrophic conditions, it was 6.3 h.

Comparative analysis showed that the generation
time of S. thermotolerans Kr1 bacteria grown under dif-
ferent nutrition and temperature conditions, as well as
the generation time of the moderately thermophilic sul-
fobacilli S. sibiricus N17T, S. thermosulfidooxidans
12697, and S. thermosulfidooxidans subsp. asporogenes
417 [6-8], is comparable with the growth parameters of
S. sibiricus N1T [28, 29], despite the differences in the
optimum temperatures of their growth. This may be
linked to close technogenic conditions of the habitat of
strains Krl and N1, which were isolated from the dense
pulp of reactors with a continuous process of biological
oxidation of pyrite- and arsenopyrite-containing con-
centrates proceeding under mesophilic conditions.
Other sulfobacilli, S. thermosulfidooxidans 1269 and
S. thermosulfidooxidans subsp. asporogenes 41, were
isolated from natural ecological niches [1, 7].

The range of temperatures for growth of different
species of moderately thermophilic bacteria of the
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genus Sulfobacillus is within 17-60°C [4]. In the ther-
motolerant strain Krl, the lower limit is 5-8°C lower
than in moderate thermophiles, whereas the upper tem-
perature limit is the same. At limiting (or close to lim-
iting) temperatures of S. thermotolerans Krl cultiva-
tion, an increase in the generation time to 35 h at
12—-14°C and to 5.2 h at 55°C was recorded. Under non-
optimal temperature conditions, the cell morphology of
the thermotolerant bacillus also underwent some
changes. Low temperatures influenced cells less nega-
tively, which was likely connected with the origin of
strain Kr1 as a component of an aboriginal microbial
community adapted to mediate the process of metal sul-
fide leaching under mesophilic conditions.

The sulfide minerals of the pyrite-arsenopyrite con-
centrate of the Nezhdaninskoe deposit appeared to be
good substrates for S. thermotolerans Krl. This was
evidenced by the high oxidative capacity and sufficient
stability of the cell population developing in the pulp
(with the ratio S/L = 1/20, where S and L stand for the
pulp solid and the liquid phase, respectively) and the
minimum generation time of 8 h. The Fe(Ill)/Fe(Il)
ratio was high, equaling 10; the concentration of the
arsenic sulfide (IIT and V) leached constituted no less
than 65.2% in the liquid phase (the amount of arsenic
sulfide in the concentrate introduced into the medium
was 15.03%). Strain Kr1 differed little from the moder-
ately thermophilic sulfobacilli in the capacity for active
oxidation of elemental sulfur and sulfide sulfur and, as
judged from the accumulation of sulfate ion, the end
oxidation product of reduced sulfur, and from a consid-
erable decrease in the pH of the culture fluid, it was
inferior only to certain strains of S. sibiricus [29].

At present, the respiratory chain in sulfobacilli is
poorly studied. Thus, in S. thermosulfidooxidans BC1,
a soluble protein with an absorption maximum of
458 nm in the oxidized state, which is characteristic of
flavoproteins, was revealed in the cell-free extract [10].
In strain SSO of S. sibiricus, the presence of type aas
and b cytochromes was shown. Earlier, the presence of
menaquinones, predominantly those with seven iso-
prenoid units, which is a typical taxonomic characteris-
tic of the bacteria of the family Alicyclobacillaceae,
was shown by us in S. thermotolerans Krl [4]. As the
first step in determining the cytochrome composition,
the identification of hemes as the prosthetic groups of
cytochromes was attempted in this work. It was shown
that Krl cells contain hemes a, b, and, probably, c
(Fig. 2a), which are most typical of eubacteria. The
contribution of heme b absorption to the heme ¢ band at
550 nm and the contribution of heme ¢ absorption to the
heme b band at 556 nm may be evidence of this band
being determined by both hemes. The determined heme
composition corresponds to the membrane cyto-
chromes. In the respiratory chain of certain aerobic
microorganisms, cytochrome c is known to function as
an intermediate carrier between the bc, complex and
terminal oxidases. Therefore, the presence of hemes b and
¢ may indicate the presence of this complex. Heme a
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serves as an indication of the presence of the cyto-
chrome oxidase caa; or aa,;. The study of the respira-
tory chains of this bacterium will be continued with the
aim of revealing these cytochrome complexes.

When studying the morphocytological peculiarities
of S. thermotolerans Kr1 cells, we observed cell motil-
ity in the absence of flagella or pili. The discovery in the
cells of cylindrical cords extending across the cell cyto-
plasm and likely related to the cytoskeleton suggests
that there may exist a motility mechanism determined
by contraction of these structures. In fact, what we
observed was not an orderly movement but a directed
oscillatory movement from the tip to the middle of the
cell. No such structures were revealed earlier in either
sulfobacilli or any other bacteria. Apparently, the thick
capsular structures that we revealed promote cell
homeostasis, affording selective permeability and resis-
tance to unfavorable environmental factors: high pH and
temperature and high concentrations of heavy metals.

Strain S. thermotolerans Krl, as the moderate ther-
mophile S. sibiricus N1, is known for its capacity for
more active organotrophic growth compared to other
sulfobacilli studied [1, 3-5, 7]. These strains grow at
the expense of organic substances more quickly, toler-
ate a large number of culture passages under these con-
ditions, and have a higher intracellular ATP pool com-
pared to other sulfobacilli [30-32]. These regularities
are probably the result of adaptation to the organic sub-
stances formed during the autolysis of microorganisms
in the dense pulps of industrial reactors, as well as to
the presence of organic carbon in sulfide concentrates.

It should be pointed out that, by intensity of carbon
dioxide fixation, the thermotolerant strain Krl is also
very close to S. sibiricus N1 (Pivovarova and Melamud,
unpublished data). Strains Krl and N1 possess a wide
spectrum of carboxylating enzymes, which are active
during litho-, organo-, and mixotrophic growth of the
cultures. RuBP carboxylase, PEP carboxylase, and
pyruvate carboxylase provide organic acids for the
unclosed TCA cycle, which performs biosynthetic
functions. The activity of anaplerotic carboxylases in
strain Kr1 depends little on the type of nutrition.

The differences of the thermotolerant sulfobacillus
from the moderately thermophilic strains are also con-
nected with the possibility of functioning of the three
main pathways of carbohydrate catabolism in all types
of metabolism: chemolithoautotrophic, chemoorgano-
heterotrophic, and mixotrophic. Judging from the val-
ues of the enzyme activity, the primary role in mixo-
trophic metabolism belongs to the fructose bisphos-
phate pathway. When switching from mixotrophic to
autotrophic metabolism, the activity of the enzymes of
the Entner—Doudoroff pathway and oxidative pentose
phosphate pathway decreases, but the priority role of
the Embden—Meyerhof pathway is retained. Under he-
terotrophic conditions, in addition to the glycolytic
pathway, the utilization of carbohydrates via the Ent-
ner—Doudoroff pathway becomes a priority. In some
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sulfobacilli, S. sibiricus and S. acidophilus, the latter
pathway does not function at all because of the absence
of activity of the corresponding enzymes [5, 8]. The
weak activity of the enzymes of the oxidative pentose
phosphate pathway under autotrophic and het-
erotrophic conditions is a characteristic feature of the
sulfobacilli studied except S. sibiricus N1 [8].

The TCA cycle enzymes in the thermotolerant sul-
fobacillus retain their activity with a change in the
source of energy, except for fumarate hydratase, whose
activity was not revealed during organotrophic growth,
and aconitate hydratase in the variant where the bacte-
ria grew at limiting temperatures. In the cells of
S. sibiricus N1, aconitate hydratase was not revealed
under auto- or heterotrophic conditions; in cells of
S. thermosulfidooxidans 1269, citrate synthase and
aconitate hydratase were not found under heterotrophic
conditions.

Thus, we can note the tolerance of the novel sulfo-
bacillus S. thermotolerans Kr1T not only to the cultiva-
tion temperature but also to changes in the type of nutri-
tion. This tolerance is afforded by functioning of differ-
ent hexose catabolism pathways, the Calvin cycle, and
reactions of anaplerotic carboxylation of PEP and pyru-
vate. These mechanisms allow S. thermotolerans Kr1 to
switch, as a result of regulatory rearrangements, from
the optimal mixotrophic type of nutrition to lithoau-
totrophic or organoheterotrophic types of nutrition and
to retain viability under changing conditions in techno-
genic econiches.
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