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Abstract—Major pathways of carbon and sulfur metabolisms were studied in representatives of two clusters
of bacteria: Leucothrix thiophila (cluster I, strains 2WS, 4WS, and 6WS) and Leucothrix sp. (cluster I1, strains
1WS, 3WS, and 5WS). All strainswere capabl e of chemoorganoheterotrophic growth, aswell as of chemolitho-
heterotrophic growth in the presence of reduced sulfur compounds. The bacteria were found to possess a com-
plete set of the enzymes of thetricarboxylic acid cycle and glyoxylate cycle. The dehydrogenase activity incells
of cluster | strains was an order of magnitude lower than in cluster |1 strains and in other known heterotrophic
bacteria. Cells of bacteria of both clusters exhibited high activity levels of enzymes involved in the energy
metabolism of sulfur. The oxidation of sulfur compounds and the operation of the el ectron-transport chain were
shown to be related. Cluster |1 bacteria more efficiently use organic compounds in their energy metabolism,
whereas cluster | bacteria are characterized by more efficient utilization of reduced sulfur compounds. During
sulfite oxidation, cluster | bacteria can synthesize ATP both via substrate-level phosphorylation and oxidative
phosphorylation, whereas cluster |11 bacteria synthesize ATP only viathe latter process.
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The genus Leucothrix was until recently represented
by a single species, L. mucor [1]. In 1996, Dul’tseva
et al. [2] isolated new strains belonging to the genus
Leucothrix, and some of them were described as a new
species, L. thiophila. Phenotypically, these strains are
rather similar. The DNA homology of the seven new
strains with the type strain L. mucor DSM 2157 isonly
9-11%. Based on DNA homology, the new strains of
Leucothrix were divided into two clusters. Cluster | is
congtituted by strains 2WS, 4WS, 6WS, and 7WS,
referred to L. thiophila. This cluster is characterized by
afairly close similarity of DNA sequences (89-61%).
For the second cluster, represented by strains 1WS,
3WS, and 5WS, this value is amost the same (88—
61%). At the same time, the DNA homology between
clusters| and 11 is 42—-60%. Given the high phenotypic
similarity between the strains of the two groups, the
values determined fail to produce a sound basis for
referring these clusters to different species. The
sequence analysis of 16SrRNA might give a more def-
inite answer as to their taxonomic status.

The studies of the metabolism of the new Leucothrix
strainsand the type strain of L. mucor showed that these
organisms are able to carry out both chemoorganohet-
erotrophic and chemolithoheterotrophic metabolisms
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[3-5]. During chemolithoheterotrophic growth in the
presence of sulfur compounds, these bacteria accumu-
late elementa sulfur in their cells. On these grounds,
they can be referred to the group of colorless filamen-
tous sulfur bacteria.

The goal of thiswork wasto study carbon and sulfur
metabolism in the new strains belonging to the two
clusters of bacteria of the genus Leucothrix.

MATERIALS AND METHODS

The subjects of this study were marine filamentous
bacteria of the genus Leucothrix belonging to two clus-
ters. Cluster | (L. thiophila) was represented by strains
2WS, 4WS, and 6WS, and cluster |1 was represented by
strains 1WS, 3WS, and 5WS. All these bacteria are
stored in the collection of microorganisms of the Insti-
tute of Microbiology, Russian Academy of Sciences,
and three strains are aso stored in DSMZ: strain 2WS
(DSM 13602), strain 4WS (DSM 13603), and strain
5WS (DSM 13604).

Nutrient media. Marine bacteria of the genus Leu-
cothrix were cultured on a nutrient medium composed
7H,0, 3.0; NaCl, 20.0; NaHCO;, 0.1; and distilled
water, 1.0 |. The pH of the medium was 7.2—7.4. Upon
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sterilization at 115°C, the medium was supplemented
with 10% sterile solutions of a1 : 4 mixture of KH,PO,
(10 ml), and either sodium lactate, 4 mM, or a mixture
of sodium lactate and sodium acetate, 4 mM each.
Escherichia coli was grown on PSS medium [6]. Prior
to inoculation, all mediawere supplemented with Pfen-
nig's solution of vitamins and trace elements[7].

Obtaining cell suspensions and enzyme extracts.
Suspensions of bacterial cellswere obtained by centrif-
ugation of the culture for 30 min at 6000 g at 4°C. The
cells were then washed in 0.1 M Tris—HCI buffer (pH
7.5) and precipitated for 20 min by centrifugation under
the same conditions. The precipitated cells were resus-
pended in the same buffer to the required protein con-
centration. Cell extracts (homogenates) were obtained
by disintegrating cells for 2 min in an ice bath in an
UZDN-2T ultrasonic apparatus operated at afrequency
of 22 kHz (500 W). The supernatant was obtained by
centrifugation of cell extracts for 30 min at 9000 g at
4°C.

Enzyme activity assays. The activities of enzymes
of the tricarboxylic acid (TCA) and glyoxylate cycles
were determined on an SF-26 spectrophotometer by
conventional methods described elsewhere [8]. The
activity of enzymes of sulfur metabolism was deter-
mined in supernatant as described in [9, 10]. The activ-
ities were expressed in nanomoles of the reaction sub-
strate or product per minute per one milligram of pro-
tein.

Determination of the respiration rate. The oxy-
gen uptake of washed cell suspensionswas measured at
25°C on a PU-1 polarograph equipped with a 1-ml
measuring cell and a standard Clark oxygen electrode.

Chemical analyses. Hydrogen sulfide was deter-
mined colorimetrically with the use of dimethyl-p-phe-
nylenediamine or by iodometric titration. Thiosulfate
was determined by iodometry upon binding sulfitewith
formaldehyde. For separate determination of thiosul-
fate and tetrathionate, iodometric titration [11] and the
cyanolysis method [12] were used. Elemental sulfur
was determined by the method of Morris et al. [13].
Sulfates were determined by the chloranilate method
[14]. Protein was measured by the method of Lowry
etal. [15], but prior to that elemental sulfur was
extracted from precipitated cells with ethanol for 1 h
and the cells were washed in a buffer.

RESULTS

Oxidation of reduced sulfur compounds. The bac-
teria of the two clusters of the genus Leucothrix were
able to accumulate elemental sulfur inside their cellsin
the presence of sulfide, thiosulfate, or tetrathionate. The
presence of reduced sulfur compounds in lactate-con-
taining medium was found to increase the cell yield by
20% on average in the case of thiosulfate and by 50—
60% in the case of tetrathionate (Fig. 1). The observed
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dynamics of thiosulfate oxidation and product accumu-
lation by different strains of Leucothrix are shown in
Fig. 2. With L. thiophila 2WS, the concentration of
thiosulfate decreased linearly with time for the first
three days. In this process, tetrathionate (as the major
product) and sulfate accumulated in the medium and
elemental sulfur accumulated in cells; the product ratio
was 10: 1.5: 1. The accumulation of biomassin strains
2WS and 1WS occurred at the same rate; the total pro-
tein never exceeded 30-35 mg protein/l. It should be
noted that the rate of thiosulfate oxidation by L. thio-
phila 2WS was about two times higher than that shown
by cluster 1l bacteria (strain 1WS). The recorded time
courses of the oxidation of tetrathionate and accumula-
tion of its products are shown in Fig. 3. The oxidation
of tetrathionate was accompanied by the accumulation
of elemental sulfur and sulfatesin a1l : 1 ratio. The
accumulation of cell biomass over the test period was
similar in the two strains and amounted to 40 mg pro-
tein/l on average. The same rates of tetrathionate oxida-
tion were shown by the studied strains of both clusters,

equaling 3 mg S/S4O§_ per mg protein over the entire
experimental period; thisvalueis about half of the oxi-
dation rate of thiosulfate.

Effect of respiration inhibitors. In order to find out
the connection between the oxidation processes of sul-
fur compounds and energy metabolism, we studied how
the respiration rates were affected by inhibitors acting
at different sites of the electron-transport chain. The
polarographically measured respiration rates of cell
suspensions in the presence of sulfite are presented in
Table 1. The respiration of both groups of bacteria in
the presence of sulfite wastotally blocked by antimycin
A (affecting the cytochrome b—cytochrome c site) and
by HQNO (2-n-heptyl-4-hydroxyquinoline-N-oxide
affecting the flavin—quinone—cytochrome b site), inhib-
ited by 87.5% in cluster 11 and by 74% in cluster | bac-
teria by myxothiazol (an inhibitor of electron transfer
via the cytochrome b—cytochrome c site), and totally
blocked in cluster | bacteria and inhibited by 67% in
cluster Il bacteria by NEM (N-ethylmaleimide). The
latter fact suggests the occurrence of sulfhydryl groups
in the active center of the corresponding enzyme. The
results of this inhibitory analysis indicate that, during
sulfite oxidation, electrons enter the transport chain at
the flavin—gquinone—cytochrome b site. The observed
connection between the process of sulfite oxidation and
the operation of the electron-transport chain in bacteria
of both clusters suggests that ATP may be synthesized
by means of oxidative phosphorylation.

Activity of enzymes involved in the transforma-
tion of sulfur compounds. Theresults of activity mea-
surements for enzymes participating in the oxidation of
inorganic sulfur compounds are given in Table 2. The
following enzymes involved in the oxidative metabo-
lism of sulfur compounds were found in the bacteria
studied: thiosulfate—ferricyanide oxidoreductase, thio-
sulfate—cytochrome ¢ oxidoreductase, sulfite—ferricya-
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Fig. 1. Effect of thiosulfate on the growth of different strains of the genus Leucothrix: (a) L. thiophila 2WS and (b) Leucothrix sp.
1WS. The lactate concentration in the mediawas 0.5 g/l. Growth in (1) medium without thiosulfate, (2) medium with 1 g/l thiosul-

fate, and (3) medium with 1 g/l tetrathionate.
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Fig. 2. Oxidation of thiosulfate and accumulation of its oxidation products by strains (a) 2WS and (b) 1WS: (1) thiosulfate (S of
$,057); (2) tetrathionate (S of S,05"); (3) sulfate (Sof SO;); (4) elemental sulfur (S°); (5) protein.

nide oxidoreductase, sulfite—cytochrome c-oxidoreduc-
tase, APS reductase, tetrathionate—ferricyanide oxi-
doreductase, tetrathionate-cytochrome c oxidoreductase,
sulfur oxygenase, thiosulfate-cleaving complex, and
rhodanese (Table 2). The specific activities of these
enzymes in the strains studied were comparable to
those exhibited by the known sulfur-oxidizing chem-
olithotrophic bacteria [16]. In cluster | bacteria, the
activity of enzymes was higher by a factor of 1.5t0 3
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than in cluster 1l bacteria except for the thiosulfate-
cleaving complex, the activity of whichin cluster | bac-
teriawas 1.5- to 2-fold lower than in cluster |1 bacteria.
No activity of APS reductase was found in cluster |1
bacteria, whereas, in cluster | bacteria, the activity of
this enzyme was very high. This suggests that the oxi-
dation of sulfite to sulfate in cluster | bacteria may be
coupled to substrate-level phosphorylation in addition
to oxidative phosphorylation.
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Fig. 3. Oxidation of tetrathionate and accumulation of its oxidation products by strains () 2WS and (b) 1IWS: (1) tetrathionate
(Sof S,057); (2) elemental sulfur (S°); (3) sulfate (S of SO ); (4) protein.

Microscopic examinations of bacteriawith intracel-
lular inclusions of elemental sulfur (strains IWS-6WS)
showed that elemental sulfur gradually disappeared
from cells when these bacteria were cultured on a
medium containing no reduced sulfur compounds.
Cellsof all strains were shown to contain sulfur oxyge-
nase. At the same time, sulfur reductase was not
detected. These finding suggest that elemental sulfur
stored in cellsiseventually utilized in oxidative metab-
olism.

Carbon metabolism. All studied strains grown
under organotrophic conditions were found to possess
al the enzymes of the TCA and glyoxylate cycles
(Table 3). The activities of hydratases—aconitate

hydratase and fumarate hydratase—were comparable
to those in other heterotrophic bacteria. The activities
of dehydrogenases—isocitrate dehydrogenase, Succi-
nate dehydrogenase, and maate dehydrogenase—in
cluster | bacteria were 5- to 10-fold lower than in
E. cali. In cluster 1 strains, the activity level of malate
dehydrogenase was comparable to that in E. coli. The
activities of aconitate hydratase, succinate dehydroge-
nase, and malate dehydrogenase in cluster 11 bacteria
were on average 4 times higher than the enzymatic
activitiesin L. thiophila.

The effect of thiosulfate on the activities of enzymes
of the TCA and glyoxylate cycles in bacteria of both
clusters is illustrated in Table 3. The activities of the

Table 1. Effect of inhibitors on sulfite-dependent respiration in cell suspensions of different strains of the genus Leucothrix

Leucothrix strains Eﬁ&%ﬁ%@?&ﬁﬁ% Inhibitor concentration, uM Eﬂ%ﬁg@? :Jr?ﬁ?g?cl)p Inhibition, %
nmol/(min mg protein)*
L. thiophila 2WS 110.0 Antimycin A (20) 0.0 100
110.0 Myxothiazol A (25) 28.9 74
578.0 NEM (50) 0.0 100
289.0 HQNO (30) 0.0 100
Leucothrix sp. SWS 731.0 Antimycin A (20) 0.0 100
731.0 Myxothiazol (25) 81.0 88
487.0 NEM (50) 163.0 67
650.0 HQNO (30) 0.0 100

Note: Bacterial biomass for these experiments was grown on medium with thiosulfate. The concentration of sulfite in the measuring cell

was 10 pumol/ml.

*The values given arerates of oxygen uptake adjusted for chemical oxidation of sog‘ (control 1) and endogenous respiration (control 2).
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Table 2. Activities of enzymesinvolved in the conversion of sulfur compounds in the course of bacterial growth on medium

with thiosulfate (nmol/(min mg protein))

Cluster | (L. thiophila strains) Cluster Il (Leucothrix sp. strains)
Enzymes

2WSs AWS 6WS 1WS 3WsS 5WSs
Thiosulfate oxidoreductase a 65.0 64.0 54.0 40.0 34.0 50.0
b 15.0 7.0 12.0 5.0 3.0 4.0

Sulfite oxidoreductase a 0 0 9.6 9.7 22
b 3.0 20 6.0 20 6.7 3.0
APS reductase 94.0 107.0 100.0 0.0 0.0 0.0
Rhodanese 33.0 30.0 25.0 20.0 21.0 18.0
Sulfur oxygenase 61.0 66.0 66.0 40.0 44.0 38.0

Thiosulfate-cleaving complex 270 260 100 390 540 520
Tetrathionate oxidoreductase* a 28.0 22.0 29.0 8.0 7.0 13.0
b 3.0 15 4.1 12 13 19

Note: The acceptorsin enzymatic reactions were (a) ferricyanide and (b) cytochrome c.

* Growth with tetrathionate.

Table 3. Effect of thiosulfate on the activities of enzymes of the TCA and glyoxylate cycles in cells of L. thiophila and

Leucothrix sp. (nmol/(min mg protein)

Enzymes 507 | +805 | -505 | 4807 | -§07 | +505
L. thiophila 2WS Leucothrix sp. IWS E. coli VKM B-12

Aconitate hydratase 37.0 10.0 80.0 55.0 90.0 ND
Fumarate hydratase 104.0 36.0 90.0 92.0 410.0 ND
Isocitrate dehydrogenase 51.0 9.0 14.0 7.0 ND ND
(NAD-dependent)
Isocitrate dehydrogenase 16.0 18 10.0 3.0 160.0 145.0
(NADP-dependent)
Succinate dehydrogenase 6.4 18 30.0 74 420.0 400.0
Malate dehydrogenase 51.0 14.0 250.0 160.0 210.0 200.0
2-Oxoglutarate dehydrogenase ND ND 130.0 77.0 10.0 ND
Citrate synthase 7.0 5.8 9.7 31 ND ND
Malate synthase 7.0 15.8 6.3 10.8 ND ND
Isocitrate lyase 20.0 35.0 34 85 130.0 ND

Note: ND means “not determined.” Enzyme activities were determined for all six strains of both clusters but given here are only the data

for the two representative strains 1WS and 2WS.

TCA cycle dehydrogenases, such as succinate dehydro-
genase, malate dehydrogenase, 2-oxoglutarate dehy-
drogenase, and isocitrate dehydrogenase, and the activ-
ity of citrate synthase in bacteria of both clusters cul-
tured in the presence of thiosulfate decreased 2- to
5-fold and, in some cases, by an order of magnitude as
compared to the activities observed after chemoorgano-
heterotrophic growth. In E. coli, the activity of dehydro-
genases was not affected by the presence of thiosulfate
in the medium. It should be however noted that the
activities of aconitate hydratase and fumarate hydratase
2002
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decreased in the presence of thiosulfate (by a factor of
2to 4) only in cluster | bacteria, while the activity level
of cluster Il bacteria remained unchanged. The activi-
ties of the key enzymes of the glyoxylate cycle were
also affected by the presence of thiosulfate in the
medium. Thus, the activities of malate synthase and
isocitrate lyase in representatives of both clusters
increased twofold in comparison to chemoorganohet-
erotrophic growth. Our investigation of the effect of
thiosulfate on the bacterial metabolism showed that
representatives of the genus Leucothrix were able to
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Table 4. Effect of the growth substrate concentration on activities of the key enzymes of the TCA cycle and sulfur metabolism

Enzyme activity (nmol/(min mg protein))
Cluster | (2WS) Cluster Il (1WS)
Enzymes : . . .
Concentration of organic substrate in the medium
a b a b

Aconitate hydratase 25.0 17.0 63.0 57.0
Fumarate hydratase 80.0 57.0 85.0 77.0
Isocitrate dehydrogenase (NAD) 20.0 9.0 11.0 8.0
Isocitrate dehydrogenase (NADP) 10.2 9.8 16.0 12.0
Malate dehydrogenase (NAD) 22.0 75 80.0 60.0
Thiosulfate-cytochrome c oxidoreductase 12.0 18.0 37 17.0
Sulfite-cytochrome c oxidoreductase 6.0 15.0 3.0 25.0

Note: The growth substrate was a mixture of acetate and lactate at concentrations of (a) 4 mM each and (b) 0.8 mM each.

change their oxidative metabolism in response to the
presence of inorganic electron donors. Specifically,
when bacteria were cultured on thiosulfate, the impor-
tance of the TCA cycle in their energy metabolism
declined and the glyoxylate cycle became effective in
providing intermediates for the anabolic reactions.

We al so studied the effect of lactate and acetate con-
centration in the medium on the activities of some
enzymes of the TCA cycle and sulfur metabolism. A
decrease in the concentration of the organic nutrient in
the medium from 4 to 0.8 mM was found to reduce the
activities of the TCA cycle enzymes and to concur-
rently increase the activities of sulfur metabolism
enzymes by a factor of 1.5 to 3 in representatives of
both clusters (Table 4). The shortage of organic nutri-
ents limits the cell yield and switches on the mecha
nismsof dissimilatory oxidation of reduced sulfur com-
pounds as an additional energy substrate.

DISCUSSION

Our investigation of the sulfur and carbon metabo-
lism of new strains of Leucothrix revealed that, in addi-
tion to chemoorganoheterotrophic metabolism, these
bacteria are able to carry out chemolithoheterotrophic
metabolism in the presence of reduced sulfur com-
pounds. The variation of the enzymatic activities of
strains within each cluster was insignificant. Distinc-
tions in the carbon and sulfur metabolism were found
between bacteria assigned to two different clusters on
genotypic evidence, specifically, on the basis of DNA
homology. These distinctions consist in different rates
of utilization of sulfur and carbon compounds for
energy metabolism and in how the metabolism of sulfur
is controlled depending on the presence of aninorganic
energy source in the medium and on the concentration
of the organic substrate utilized. In cluster 11 bacteria,
the activity of dehydrogenases supplying reducing
equivalents from organic compounds to the electron-

transport chain (irrespective of the presence of reduced
sulfur compounds) is significantly higher than in clus-
ter | bacteria. Thelatter fact suggeststhat cluster 11 bac-
teria are able to use organic compounds in their energy
metabolism more efficiently than cluster | bacteria. At
the same time, in the latter bacteria, the activity of dis-
similatory enzymes involved in the transformation of
sulfur compoundsis 1.5to 3timeshigher than in cluster
Il bacteria. The results of our inhibitory analysis of the
electron-transport system and the analysis of the
enzyme activities suggest that during sulfite oxidation
by cluster | bacteria, ATP can be synthesized both via
oxidative and substrate-level phosphorylation. In clus-
ter |1 bacteria, this occurs only by means of oxidative
phosphorylation. It can be argued, therefore, that the
ability to utilize reduced sulfur compounds for the
energy metabolism ismore pronounced in cluster | bac-
teriathan in cluster Il bacteria.

A peculiar feature of the carbon and sulfur metabo-
lism in the strains of the two clusters of new bacteria of
the genus Leucothrix, distinguishing them from the
type species of the genus L. mucor DSM 2157, is their
capacity to utilize reduced sulfur compounds in the
energy metabolism irrespective of the concentration of
organic compounds in the medium, which affects only
the utilization rate of inorganic sulfur compounds. At
the same time, L. mucor DSM 2157 can utilize sulfur
compounds in its energy metabolism only when the
concentrations of organic compounds are low [4]. This
metabolic feature can be explained by the fact that the
activity of the TCA cycle dehydrogenases in strains of
both clusters is an order of magnitude lower than in
L. mucor [17] and in typical heterotrophs, such as
E. coli. Because of the low activity of dehydrogenases,
cells of the bacteria of both clusters may fail to be fully
supplied with reducing equivalents and, in addition to
organic compounds, have to use inorganic sulfur com-
pounds as donors of electrons for their energy metabo-
lism. In L. mucor DSM 2157, the activity of the TCA
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cycleenzymesisfairly high and, therefore, sulfur com-
pounds begin to be used in the energy metabolism only
when bacterial cells lack a sufficient supply of an
organic substrate [4] to sustain their constructive and
energy metabolism.

Our comparative study of metabolism of new Leu-
cothrix strains and L. mucor DSM 2157 shows that
physiological and biochemical distinctions between
strains of L. thiophila, Leucothrix sp., and L. mucor are
in fairly good correlation with the species-level genetic
differences between these bacteria.
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