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Abstract—The lithotrophic capacity of the betaproteobacteria Sphaerotilus natans subsp. sulfidivorans was
confirmed at the genetic level: functional genes of sulfur metabolism were detected (aprBA, soxB, and sqr,
coding for adenylyl phosphosulfate reductase, thiosulfate-cleaving enzyme, and sulfide:quinone oxidoreduc-
tase, respectively), and the expression of aprA4 and soxB genes was demonstrated. An evolutionary scenario for
soxB genes in Sphaerotilus representatives is suggested based on comparative analysis of codon occurrence
frequency, DNA base composition (G+C content), and topology of phylogenetic trees. The ancestor bacte-
rium of the Sphaerotilus— Leptothrix group was capable of lithotrophic growth in the presence of reduced sul-
fur compounds. However, in the course of further evolution, the sulfur metabolism genes, including the soxB
gene, were lost by some Sphaerotilus strains. As a result, the lithotrophic Sphaerotilus— Leptothrix group split
into two phylogenetic lineages: lithotrophic and organotrophic ones.
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Sulfide springs of the Northern Caucasus are char-
acterized by a unique set of environmental conditions:
the presence of organic substrates, moderately high
temperatures (30—40°C), and constant influx of
hydrogen sulfide, which promotes the development of
sulfur-oxidizing communities of prokaryotes. We were
the first to discover that, in the natural moderately
thermal sulfide springs in the Northern Caucasus
region, the communities of filamentous sulfur-oxidiz-
ing bacteria contain as one of the dominant forms rep-
resentatives of the genus Sphaerotilus [1-3], previ-
ously considered to be typical heterotrophs, and we
described a new subspecies Sphaerotilus natans subsp.
sulfidivorans [4]. Representatives of this new subspe-
cies are able to grow lithotrophically by oxidation of
reduced sulfur compounds. In these bacteria, adenylyl
phosphosulfate (APS) reductase and sulfite oxi-
doreductase activities were detected.

However, the understanding of the enzymatic path-
ways of transformations of reduced sulfur compounds
in S. natans subsp. sulfidivorans representatives is still
incomplete. It remains unclear which enzymatic sys-
tems participate in the oxidation of thiosulfate, sul-
fide, and elemental sulfur.

Enzymatic pathways used by prokaryotes for dis-
similatory oxidation of sulfur compounds are known
to be highly variable [5, 6]. Sulfide oxidation often
proceeds through the action of the widespread
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enzyme, sulfide:quinone oxidoreductase (SQR)
encoded by the sgr gene [7]. Experimental data have
accumulated demonstrating that reverse dissimilatory
sulfite oxidoreductase (rDsr) plays an important role
in the processes of sulfide or elemental sulfur oxida-
tion to sulfite [8]. Further oxidation of sulfite to sulfate
may be mediated by two different enzymatic systems.
Functioning of the first system is not coupled to elec-
tron transport chain (ETC), and ATP is synthesized
via substrate-level phosphorylation: APS reductase
(aprBA genes) catalyzes sulfite binding to AMP, which
results in the formation of APS that is transformed to
sulfate under the effect of either ATP sulfurylase (Sat)
or APS:phosphate adenylyltransferase (APAT). Func-
tioning of the second system is coupled to ETC, and
ATP is synthesized through oxidative phosphoryla-
tion: sulfite is oxidized by a sulfite:acceptor oxi-
doreductase, which catalyzes AMP-independent oxi-
dation of sulfite to sulfate [5, 9].

In addition to sulfide and sulfur, many lithotrophic
sulfur-oxidizing prokaryotes are able to use thiosulfate
as an electron donor [5, 10, 11]. Several different
enzymatic systems and pathways can be distinguished
that are involved in dissimilatory oxidation of thiosul-
fate [5, 6, 10]; in particular, these are (1) thiosulfate
oxidation through polythionate by thiosulfate dehy-
drogenase and tetrathionate hydrolase [10] and
(2) oxidation to sulfate under the effect of the Sox
periplasmic enzymatic complex, with or without sul-
fur globule formation.
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Primers used in this work
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Primer name 5'—3"sequence Specificity
AprB-1-FW TGC GTG TAY ATH TGY CC aprBA [7]
AprA-5-RV GCG CCAACY GGRCCRTA
AprA-1-FW TGG CAG ATC ATG ATY MAY GG
693F ATC GGN CARGCNTTY CCN TA soxB [6]
1446B CAT GTC NCC NCC RTG YTG
1164F AARTTN CCN CGN CGRTA
432F GAY GGN GGN GAY ACN TGG
G3-199F TBT AYS AGC CGG GWC TKC TBT sqr[8]

G3-566R GGY GCM ACS GGG CAT TTG

The pathways of sulfide and thiosulfate transforma-
tions used by S. natans subsp. sulfidivorans for
lithotrophic growth are still unclear. Since biochemi-
cal methods of evaluating the activity of the enzymes
involved in these processes present certain problems;
the determination of genes encoding relevant enzymes
and of levels of their expression is an appropriate way
to clarify the issue.

Therefore, the aim of the present work was to reveal
genes coding for the enzymes of sulfur metabolism in
S. natans subsp. sulfidivorans strains capable of
lithotrophic growth, and to determine the expression
levels of these genes under aerobic and microaerobic
conditions of growth.

MATERIALS AND METHODS

Strains and cultivation techniques. This work used
S. natans subsp. sulfidivorans strains D-501 and
D-507, isolated from the microbial communities of
sulfur-oxidizing bacteria of the moderately thermal
sulfide spring Petushok (Goryachii Klyuch, Krasno-
dar krai). Bacteria were cultured under aerobic and
microaerobic conditions [4].

Isolation of total cell RNA fraction. Total cell RNA
was isolated as described in [12]. The quality of RNA
was controlled by electrophoresis in denaturing poly-
acrylamide gel (4% PAAG supplemented with 8 M
urea). Concentration of the preparations was deter-
mined on an ND-1000 spectrophotometer.

Generation of cDNA copies (reverse transcription).
Reverse transcription was performed according to the
manufacturer’s (Fermentas) protocol. A mixture of
RNA (2 pg) with relevant primer (4 pmol) was melted
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for 10 min at 68°C; then, master mix was added, con-
taining revertase buffer (250 mM Tris-HCI, pH 8.3,
250 mM KCI, 20 mM MgCl,, and 50 mM DTT),
dNTP (0.2 mM final concentration in a sample), and
ribonuclease inhibitor. The tubes were rapidly cooled
on ice, 40 units of reverse transcriptase MmulV
(Revert Aid™) were added, and the reaction was
allowed to proceed at 42°C for 40 min. For inactiva-
tion of the enzyme, samples were heated at 85°C for
5 min.

Polymerase chain reaction. To reveal the soxB,
aprBA, and sqgr genes, degenerate primers listed in the
table were used. PCR was performed in 10 pL of a
mixture containing 0.6 pL of 10 pM primer, 1.2 puL
(~50 ng) of purified PCR product, 2.2 uL of deionized
water, and 6 pL of standard CEQ Dye Terminator
Cycle Sequencing kit (Beckman Coulter, United
States). Amplification of the gene fragments was per-
formed according to [13—15].

Quantitative PCR of the soxB and aprBA gene frag-
ments was performed on a DT-322 device (DNK-
Tekhnologiya, Russia) using a SYBR Green 1 (Invit-
rogen, United States) dye intercalating double-
stranded DNA. The following program was used for
cDNA amplification: 1 min at 94°C, for preliminary
melting of cDNA and primers; then, 40 cycles of 20 s
at 94°C (DNA denaturation), 23 s at 48-52°C
(primer annealing), and 50 s at 72°C (DNA fragment
synthesis). The temperature of annealing was selected
individually for each pair of primers. In the case of
aprBA genes, the touch-down PCR technology was
used: over the first 8—10 cycles, the annealing temper-
ature was decreased gradually from the maximum
acceptable for the particular primer pair (60°C) to a
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value 5—6°C below the maximum, and the rest of the
cycles were performed according to a standard pro-
gram. The fluorescent signal was evaluated at the end
of each cycle for 15 s. Experiments were performed
with two independent batches of RNA in triplicates. In
all cases, the quality of PCR products was evaluated by
electrophoresis in 5% PAAG (210 V, 100 mA). Stan-
dard Quick-Load™ 100bp DNA Ladder (New
England Biolabs) set was used as molecular weight
markers. Quantitative analysis of the level of gene
expression was performed with the use of the ¢ PCR
(DNK-Tekhnologiya) software. Relative quantity of
synthesized amplicons was calculated according to the
formula: 22¢ [16].

Sequencing of gene fragments was performed on an
CEQ2000 XL (Beckman Coulter) automated
sequencer according to the protocol proposed by the
VNTK Gene activity, Institute of Biochemistry and
Physiology of Microorganisms, Russian Academy of
Sciences.

Primary analysis of the obtained nucleotide
sequences was performed with BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), ClustalW2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/), and
TCoffe (http://tcoffe.crg.cat/) software packages.

Phylogenetic analysis. To find out whether soxB
gene is subject to horizontal transfer in the Sphaeroti-
lus-Leucothrix group, nucleotide sequences of 16S
rRNA and soxB genes were compared with the corre-
sponding sequences available in the RDPII (http://
rdp.cme.msu.edu) and NCBI (http://www.ncbi.
nlm.nih.gov) databases.

Sequences of 16S rRNA genes were aligned using
the CLUSTALW software [17]. Phylogenetic dendro-
grams were constructed using the Treecon software
package [18]. The statistical significance of branching
points in dendrograms was evaluated by bootstrap
analysis of 1000 alternative trees. Individual codon
occurrence frequencies were calculated and corre-
spondence analysis was performed using the Codon W
software package (http://codonw.sourceforge.net/).
Content of G+C pairs in the DNA of soxB genes was
calculated using the jPhydit software (http://plaza.
snu.ac.kr/~jchun/jphydit/).

Deposition of nucleotide sequences. Nucleotide
sequences of soxB, aprA, and sqr genes have been
deposited in the GenBank database under accession
numbers HQ696789, JF510498, and JN570725,
respectively.

RESULTS AND DISCUSSION

Strains D-501T and D-507 were used as representa-
tive strains of S. natans subsp. sulfidivorans in the anal-
ysis of genes of sulfur metabolism enzymes. The
strains differed in their metabolism: D-507 was capa-
ble of lithotrophic growth independently of oxygen-
ation conditions, while in D-501T lithotrophic growth
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occurred only under microaerobic conditions, at an
oxygen concentration of 2 mg/L.

Detection of sulfur metabolism genes soxB, aprBA,
and sqr. To detect the soxB gene, coding for SoxB
hydrolase of the thiosulfate oxidizing complex Sox, we
used degenerate primers 693F and 1164B, designed on
the basis of comparative analysis of nucleotide
sequences [6]. Reverse transcription with further PCR
analysis demonstrated the expression of soxB gene in
cells of S. natans subsp. sulfidivorans strains D-501T
and D-507. Amplification yielded a fragment of
expected length (471 bp), with a rather high sequence
identity (up to 91%) to those of bacterial soxB genes
available in the NCBI database. These results agree
completely with biochemical data on the specific fea-
tures of sulfur metabolism in the bacteria under study.
The multienzyme Sox complex catalyzes complete
transformation of thiosulfate to sulfate with or without
formation of sulfur globules as intermediate products.
Earlier, activity of the multienzyme Sox complex was
observed in cells of the sulfur-oxidizing S. natans
subsp. sulfidivorans strains under study [3].

For the detection of aprBA genes, coding for the
dissimilatory adenosine 5'-phosphosulfate reductase,
we used primers AprB1Fw and AprASRY, allowing for
amplification of the genes of both subunits of
the enzyme, and primers AprAlFw and AprASRY,
allowing for amplification of the subunit A gene [7].
RT-PCR resulted in products of expected length
(1300 and 400 bp, respectively) for both S. natans
subsp. sulfidivorans strains D-501T and D-507. Com-
parison of nucleotide sequences of the products
obtained in PCR with the closest sequences in the
NCBI database showed their high identity level with
sequences of aprBA genes of other organisms (up to
96%). This matched the biochemical results obtained
for strains D-501T and D-507 previously: they exhib-
ited high activity of adenosine 5'-phosphosulfate
reductase, which performs substrate-level phosphory-
lation in the course of oxidation of sulfite to sulfate [3].

To reveal the sqr gene coding for the sul-
fide:quinone oxidoreductase, primers G3-199F and
G3-566R [8] were used. Both for S. natans subsp. sul-
fidivorans strain D-501T and D-507, amplification
resulted in a PCR product of the expected length
(~310 bp). However, in addition to this product, non-
specific products of amplification were also present. In
this connection, we did not further evaluate the
expression of this gene under aerobic and microaero-
bic conditions. Comparison of the sequenced specific
PCR product with the closest sequences from the
NCBI database showed its high identity level (up to
82%) with sqr gene sequences of various sulfur-oxidiz-
ing prokaryotes.

Expression of soxB and aprA genes. For quantita-
tive evaluation of the expression level of the soxB and
aprA genes under microaerobic and aerobic condi-
tions, quantitative PCR was performed. It was shown
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that under microaerobic conditions, soxB gene
expression in strain D-501T cells increased 7.23 +
1.27 times, and the expression of the aprd gene
increased 3.78 + 0.64 times. These data demonstrate
the induction of lithotrophy in strain D-501T cells at
an oxygen content of about 2 mg/L in the liquid
medium (under microaerobic conditions); this appar-
ently allows efficient adaptation to changes in oxygen-
ation regime in natural springs [3]. Sensitivity of the
enzymes of oxidative sulfur metabolism to oxygen may
be the physiological explanation of the activation of
lithotrophic metabolism in D-501T under microaero-
bic conditions.

Hypothetical scenario of soxB gene evolution in rep-
resentatives of the Sphaerotilus—Leptothrix group.
Until now, all of the studied representatives of the
genus Sphaerotilus have been known as components of
iron-containing ecosystems and were referred to the
group of organoheterotrophic iron bacteria. The abil-
ity to oxidize reduced sulfur compounds is a feature
atypical of the genus representatives. Therefore, it was
of interest to determine whether the ability of S. natans
subsp. sulfidivorans strains to oxidize sulfur com-
pounds is a consequence of horizontal gene transfer.

Horizontal gene transfer can be revealed by a num-
ber of characteristic features: (1) major non-confor-
mities between gene’s and species phylogeny; (2) dif-
ference in the nucleotide composition (G+C content)
of a gene from the rest of the genome, suggestive of the
alien origin of this gene; (3) difference in the occur-
rence frequency of certain codons in a gene. Alien ori-
gin of a gene may also be manifested through its high
similarity level with a gene from a distant taxon in the
absence of a similar gene in phylogenetically close rel-
atives.

The results of phylogenetic analysis of soxB gene
sequences for strain D-507 correlate with strain’s phy-
logeny according to 16S rRNA gene sequence analy-
sis. In the trees of 16S rRNA and soxB genes, strain
D-507 forms a common cluster with Leptothrix
cholodnii SP-6 with the high bootstrap values of 97 and
93%, respectively (Figs. 1 and 2). The identity levels
between nucleotide sequences of soxB and 16S rRNA
genes and the corresponding genes from the closest
relative L. cholodnii SP-6 were 90.7 and 96.4%,
respectively.

DNA base compositions of D-507 soxB gene and of
the total genome DNA of this strain were fairly close,
67.1 and 69.2 mol % G+C, respectively. Similarly, in
L. cholodnii SP-6, the molar fraction of guanine plus
cytosine in the soxB gene and in the total genome
DNA were close, 66.8 and 69.6 mol % G+C, respec-
tively. The genomic content of guanine and cytosine
pairs is a constant characteristic of an organism, there-
fore, a more than 5% difference in the G+C content
between a particular gene and the whole genome may
evidence gene acquisition via a horizontal transfer
event. In the strains under consideration, the differ-
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ences in the G+C contents between soxB genes and
the whole genomes did not exceed 3%; therefore,
there were no indications of the alien origin of the soxB
genes in strains D-507 and L. cholodnii SP-6. At the
same time, the DNA base compositions of soxB genes
in strains D-507 and L. cholodnii SP-6 are practically
the same.

According to the results of our analysis of codon
occurrence frequency in soxB genes, strain L. cholod-
nii SP-6 also turned out to be the closest to strain
D-507. The frequencies of codon occurrence in soxB
genes in these two strains were practically identical.

Previously, a hypothesis of the evolution of sulfur-
oxidizing prokaryotes based on phylogenetic analysis
of soxB genes has been proposed [6].

The results of our study allow us to expand this
hypothesis by proposing a scheme of evolution of soxB
genes in sulfur-oxidizing representatives of the genus
Sphaerotilus: S. natans subsp. sulfidivorans. Filamen-
tous iron bacteria of the genera Lepfothrix and
Sphaerotilus are very close by many properties and
therefore are traditionally considered as a sing-
le Sphaerotilus— Leptothrix group. Strain L. cholodnii
SP-6, as many other representatives of this group, is a
chemoorganotroph able to oxidize iron and/or man-
ganese and to deposit their oxides in the sheaths cov-
ering the filaments. Iron and manganese oxidation
and deposition of the oxides in sheath are not coupled
to energy conservation. Reduced iron and manganese
species are used to remove a toxic product of cell
metabolism, H,O,. However, the ability to oxidize sul-
fur has never been detected in L. cholodnii SP-6, as in
other representatives of the genus Lepfothrix.

The similarity of soxB gene nucleotide sequences
and their practically identical G+C contents and
codon occurrence frequencies in .S. natans subsp. sul-
fidivorans D-507 and L. cholodnii SP-6 allows the
assumption to be made that there was a common
ancestor for these organisms. We do not consider the
possibility of exchange of sulfur metabolism genes
between the two species, as well as adoption of soxB
genes from other contemporary species through hori-
zontal transfer, because the above results on the DNA
base compositions provide no evidence that the ana-
lyzed soxB genes are alien to the genomes of S. natans
subsp. sulfidivorans D-507 and L. cholodnii SP-6.

Most probably, the ancestor bacterium possessed
the capacity for lithotrophic growth in the presence of
reduced sulfur compounds. This is evidenced by the
following facts: first, oxidation of reduced sulfur com-
pounds by strain S. natans subsp. sulfidivorans D-507
is coupled to energy metabolism, which has been con-
firmed at biochemical and genetic levels; second, in
the genome of L. cholodnii SP-6, soxB and aprBA
genes have been detected (genome project “Leptothrix
cholodnii SP-6,” http://www.ncbi.nlm.nih.gov/nuc-
core/CP001013.1). At the same time, the absence of
experimental proof of the ability of L. cholodnii SP-6
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Fig. 1. Phylogenetic tree constructed using the neighbor-joining method through comparison of 16S rRNA gene nucleotide
sequences. The scale bar indicates the evolutionary distance corresponding to 2 substitutions per each 1000 nucleotides. The
numerals indicate the significance of the branching order determined by bootstrap analysis of 1000 alternative trees (only values

over 50% are shown).

to oxidize sulfur compounds may be explained by
(a) necessity for selection of special conditions for its
lithotrophic growth or (b) lack of other sulfur metabo-
lism genes (sqr and rDsr) in its genome (http://
www.ncbi.nlm.nih.gov/nuccore/CP001013.1).

The question as to the functional importance and
expression activity of soxB gene in L. cholodnii SP-6
remains open. There are no data on the ability to oxi-
dize sulfur compounds and the presence of dissimila-
tory sulfur metabolism genes in other representatives
2013
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Fig. 2. Phylogenetic tree constructed using the neighbor-joining method through comparison of nucleotide sequences of genes
coding for the SoxB component of the thiosulfate-oxidizing complex. The scale bar indicates the evolutionary distance corre-
sponding to 5 substitutions per each 100 amino acids. The numerals indicate the significance of the branching order determined

by bootstrap analysis of 1000 alternative trees (only values over

of the genus Leptothrix (L. mobilis, L. discophora,
L. lopholea, L. cholodnii LMG7171); however, no
studies have been performed in this direction.

Thus, the presented data prove, at the genomic
level, the capacity for lithotrophy in representatives of
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50% are shown).

S. natans subsp. sulfidivorans. Analysis of the func-
tional genes determining the capacity of S. natans
subsp. sulfidivorans representatives for lithotrophic
growth in the presence of reduced sulfur compounds
allowed us to establish the key role of such genes as
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form [6].

aprBA, soxB, and sqr, coding for APS reductase, thio-
sulfate-cleaving complex, and sulfide:quinone oxi-
doreductase. We have shown a considerable increase
in the expression of aprBA and soxB genes under
microaerobic conditions compared to aerobic ones.
The data of genetic studies correlate with biochemical
data: in representatives of S. natans subsp. sulfidi-
vorans, APS reductase, sulfite oxidoreductase, and
Sox complex activities have been detected.

In Fig. 3, we present a hypothetical schematic sce-
nario of soxB gene evolution in representatives of the
Sphaerotilus— Leptothrix group.

We have not found soxB genes in representatives of
S. montanus, S. hippei, and S. natans subsp. natans.
Probably, in the process of evolution, genes of sulfur
metabolism, soxB gene in particular, were lost in most
of Sphaerotilus strains, which may be connected with
the adaptation of these bacteria to living in iron-con-
taining ecosystems. This loss could be a result of evo-
lutionary selection of optimal physiological mode of
existence. As a result, the lithotrophic Sphaerotilus—

Leptothrix group divided into two physiological lin-
eages: lithotrophic and organotrophic bacteria.
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