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The diversity of prokaryotes in hypersaline habi�
tats, including intracontinental saline lakes, has tradi�
tionally been considered small, with the predomi�
nance of heterotrophic haloarchaea. The main cause
of this situation is possibly the lack of attention to sed�
iments. Recent studies of the sediments of hypersaline
habitats showed that moderately and extremely halo�
philic bacteria, including autotrophic microorgan�
isms, are permanent components of prokaryotic com�
munities even in saturated brines [1]. In particular,
chemolithoautotrophic sulfur�oxidizing bacteria
(SOB) with cultivable forms recently described as sev�
eral new species� and genus�level taxa of the Gam�
maproteobacteria, including two novel genera of
extremely halophilic SOB, play an important role in
these communities [2, 3].

Soda lakes represent a unique type of saline lakes
characterized by the predominance of sodium carbon�
ates and bicarbonates, which results in stable high pH
values (9.0–11.0) in these ecosystems. The resultant
unique conditions, while prohibitive for the develop�
ment of eukaryotes, are optimal for the development
of sodaphilic (natronophilic) prokaryotic communi�
ties. Autotrophic bacteria, including both primary
producers (oxygenic and anoxygenic phototrophs)
and chemolithoautotrophs, such as SOB, nitrifiers,
and gasotrophic (CH4/Н2/CO) bacteria, play an
important role in these communities. Although the
diversity of prokaryotic communities inhabiting soda
lakes has received intense scientific attention, the
results obtained describe mainly the cultivable repre�
sentatives of these communities, including new taxa of
photo� and chemoautotrophic bacteria [4, 5].
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The study of the phylogenetic diversity of microbial
communities inhabiting the soda Mono Lake [6] and
Wadi al Natrun [7], which used the most widespread
method of the 16S rRNA gene sequencing, made it
possible to confirm and expand the results of the pre�
vious microbiological studies by adding new data on
the high diversity of the bacterial communities of these
lakes. This method, however, often fails to reveal the
minor constituents of the prokaryotic community,
which may still play an important physiological role in
the community. These microorganisms include chem�
olithoautotrophs, whose population density is lower
than that of heterotrophs due to a low biomass yield.
The use of the genes encoding the key enzymes
responsible for various metabolic processes as molec�
ular markers for detection of these ecotypes can be
more productive.

For the majority of autotrophic prokaryotes, ribu�
lose�1,5�bisphosphate carboxylase (RuBisCO), the
key enzyme responsible for carbon dioxide fixation via
the Calvin cycle, can be used as a molecular marker.
Among photoautotrophic bacteria, this pathway of
CO2 fixation is typical of most proteobacteria, cyano�
bacteria, and some filamentous green nonsulfur bacte�
ria. The bacterial RuBisCO exists in two main forms.
Form I is the most widespread and is present in the
cells of most autotrophic bacteria, algae, and terres�
trial plants. It consists of eight large (L) and eight small
(S) subunits, encoded by the cbbL and cbbS genes,
respectively. Only the large subunits have a catalytic
function. Form I RuBisCO is subdivided into two
types, green�like and red�like, which differ in the
amino acid composition of their large subunits. The
green�like RuBisCOs are present in the chloroplasts of
terrestrial plants, green algae, cyanobacteria, and rep�
resentatives of the Alpha�, Beta� and Gammaproteo�
bacteria. Among phototrophic bacteria, this form of
RuBisCO is present in oxygenic cyanobacteria, anox�
ygenic purple nonsulfur Alphaproteobacteria, and pur�
ple sulfur Gammaproteobacteria. Thus far, the red�like
RuBisCOs have been found in most nongreen algae
and some Gamma� and Betaproteobacteria, including
such phototrophs as some purple nonsulfur bacteria,
as well as in filamentous green nonsulfur bacteria of
the family Oscillochloridaceae. Form II RuBisCO
(cbbM gene) occurs much more rarely and consists of
only large subunits (Ln), from two to eight, depending
on the organism. Among phototrophic bacteria, this
form of RuBisCO can be found in some representa�
tives of purple nonsulfur Alpha� and Betaproteobacte�
ria. Moreover, the genomes of some studied photoau�
totrophic bacteria contain several RuBisCO genes in
various combinations.

Due to their length and conservatism of structure,
RuBisCO genes may be efficiently used in phyloge�
netic and molecular biological studies. RuBisCO
genes have frequently been used as molecular markers
in order to assess the microbial diversity of marine
habitats; however, the data on the diversity of microor�

ganisms in terrestrial hypersaline habitats are scarce.
In particular, analysis of the water column of the saline
alkaline Mono Lake [8] and the bottom sediments of
the saline and soda lakes of the Kulunda Steppe [9, 10]
revealed the predominance of chemoautotrophic
halo(alkali)philic Gammaproteobacteria in these com�
munities.

The aim of the present work was to study the
RuBisCO phylogeny of photoautotrophic bacteria,
including the previously unstudied collection strains
and the novel strains isolated from soda lakes, as well
as to assess the diversity of autotrophic prokaryotes
inhabiting the upper horizons of the bottom sediments
of soda and saline lakes, favorable for phototrophic
bacteria, using RuBisCO genes as molecular markers.

MATERIALS AND METHODS

The subjects of study were microbial strains from
the culture collections of the Department of Microbi�
ology, Moscow State University, as well as the recently
isolated strains (including those isolated from soda
lakes) of purple sulfur bacteria from the culture collec�
tion of the Winogradsky Institute of Microbiology,
Russian Academy of Sciences (Table 1).

Strains Thioalkalicoccus limnaeus A�26 and A�31
were isolated from microbial mats forming a thin
(0.2–0.5 cm) layer in the near�shore waters of the soda
Lakes Verkhnee Beloe and Tsaidam (Buryatia, Rus�
sia), respectively. The pH of the lakes was the same
(10.1); the total mineralization of Lakes Verkhnee
Beloe and Tsaidam was 7.5 and 15.8 g/l, respectively.

Thioalkalicoccus sp. B7�1 was isolated from a sam�
ple of bottom (deep) silt sediments of the stratified
weakly saline soda Lake Doroninskoe located 125 km
west of Chita (Russia). The total mineralization of the
lake water near the bottom was 26–32 g/l; pH of the
water was 9.57–9.75.

The novel strain Thiorhodospira sibirica B8�1 was
isolated in 2009 from a combined sample collected
from the soda lake Zun Torei (pH 9.5; mineralization,
7.2 g/l) (Transbaikal Region, Russia).

Strain ShNLb02 was isolated in 2002 from a water
sample collected in the water column of the saline
meromictic Lake Shunet (Khakassia, Russia) at a
depth of 4.5 m. Mineralization of the lake water near
the bottom was 15–65 g/l (less than 40 g/l at the sam�
pling depth), pH 7.6. Strain Sivash was isolated from a
sample collected in the saline Lake Sivash (Russia)
with a water mineralization of 40 g/l and pH 7.8.

Strain Mg3 was isolated in 2010 from a combined
sample collected from the soda Lake Davsan�Nur
(Mongolia) The lake water has a total mineralization
of 150 g/l, pH 9.94.

In addition, samples from the surface horizons of
silt sediments of the hypersaline lakes of the Kulunda
Steppe collected during the summer season of 2009
were studied as well (Table 2).
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In 2009, Lake Gorchina�1 (4KL�09) contained
saturated soda brine covered with a thick trona. The
bottom sediments were represented by black silt with
high concentrations of sulfides (up to 3 mM of free
sulfide in the pore brine). The sediments were covered
with a visible layer consisting of phototrophic micro�
organisms, presumably cyanobacteria and green algae
of the genus Dunaliella, as well as of purple sulfur bac�
teria; however, their numbers were much lower than in
the previous years, when the lake was less dry.

Lake Tanatar�5 (6KL�09) is a typical soda lake with
moderate water mineralization (usually about 70 g/l).
However, its mineralization increased sharply in 2009.
The bottom sediments are represented by gray clays
containing up to 2.5 mM of free sulfide; the brine is
turbid due to the presence of clay particles. On the sur�
face of the sediments, macroaggregates consisting of

phototrophic microorganisms (primarily cyanobacte�
ria and algae) can be visualized.

The hypersaline Lakes Lomovoe (8KL�09) and
Petukhovo (2KL�09) are typical saturated chloride–
sulfate brines with neutral pH and pink coloration due
to the abundance of haloarchaea (Haloquadratum,
judging from their morphology). The bottom sedi�
ments of the lakes are black, clay�sand, and covered
with a salt crust containing acid�soluble sulfides in
concentrations up to 1 mM (Petukhovo) and 17 mM
(Lomovoe). Phototrophs were present in the form of
very fine layers and films immediately below the salt
crust. They are represented mainly by cyanobacteria
and Dunaliella.

The samples were stored at 4°C until use.
DNA extraction. DNA was extracted from pure

cultures using the Ultra Clean Microbial DNA Isola�
tion Kit (MoBio, United States) according to the
manufacturer’s protocol.

DNA was extracted from the sediments of the stud�
ied soda lakes using the MoBio Power Soil DNA Iso�
lation Kit (MoBio Laboratories). To extract DNA,
portions of the sediments (about 10 g) were placed in
plastic Falcon tubes and supplemented with 1 M NaCl
to a volume of 50 ml. To precipitate sand and other
large silt particles, the resultant sediment suspension
was centrifuged at low speed for several minutes. The
supernatant was then transferred into fresh tubes and
recentrifuged. In order to obtain the colloidal fraction,
some specimens were centrifuged two or three times,
depending of the type of sediments. Portions (2 ml) of
the obtained colloidal fraction were used for DNA
extraction.

   
Table 1. Studied strains of photoautotrophic microorganisms (pure cultures)

Order Species Strain Collection/isolation source

Chromatiales Thiocapsa sp. (Thiocystis violaceae) 1R Department of Microbiology, Moscow State 
University

Thioalkalicoccus limnaeus A�26T Soda lakes (Southeastern Siberia, Russia)

A�31

Thioalkalicoccus sp. B7�1 Lake Doroninskoe (Transbaikal region)

Lamprobacter modestohalophilus ShNLb02 Lake Shunet (Khakassia)

SivashnT Lake Sivash (Crimea)

Thiorhodococcus mannitoliphagus WST Estuary of the White Sea (Poyakonda settlement, 
Murmansk oblast)

Thiorhodospira sibirica B8�1 Lake Zun Torei (Transbaikal region)

Halorhodospira halophila Mg3 Lake Davsan�Nur (Mongolia)

Rhodospirillales Phaeospirillum fulvum 5K Department of Microbiology, Moscow State Uni�
versity

Rhizobiales Rhodoblastus acidophilus 5–6 

Rhodomicrobium vannielii K�1 

Rhodobacterales Rhodovulum sulfidophilum DSM 1374T Rp�6 

Burkholderiales Rubrivivax gelatinosus DSM 149 

Table 2. Characteristics of the habitats of the studied mi�
crobial communities

Sample 
no. Lake pH Salinity, 

g/l

Alkalinity, M

Na2CO3 Total 

Hypersaline lakes with high pH

4 KL�09 Gorchina�1 10.16 300 4.50 4.70 

6 KL�09 Tanatar�5 10.1 180 1.40 1.60 

Hypersaline lakes with neutral pH

2 KL�09 Petukhovo 7.7 300 – –

8 KL�09 Lomovoe 7.8 325 – –
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Amplification of the cbbL/M genes from the DNAs
of pure cultures and sediment samples. Amplification
of the cbbL genes encoding the green�like RuBisCO of
pure cultures was carried out as described in [10]. The
green�like RuBisCO genes from the soda lake sedi�
ments were amplified using the RubIgF/RubIgR
primers [11]. The red�like RuBisCO gene fragments
were amplified using the IC537f/IC1212r primers
[12]. The cbbM genes were amplified using the
RuII331f/RuIIR2 primers [16], as well as the primers
described by Alfreider et al. in [13].

Analysis of the PCR products was carried out by
electrophoresis in 1.0% agarose gel stained with ethid�
ium bromide (0.5 µg/ml). PCR fragments of the
expected sizes were isolated and purified using the
Wizard PCR Preps Kit (Promega, United States). The
purified fragments were sequenced directly (pure cul�
tures) or cloned (soda lake sediments).

Cloning. Cloning was carried out using the Clone�
Jet PCR Cloning kit (Fermentas) and the plasmid
pJET1.2/blunt according to the manufacturer’s pro�
tocol. From each clone library, 50 clones were ran�
domly chosen for analysis. To determine the clones
containing an insert, direct PCR using specific prim�
ers was carried out. The inserts were detected by elec�
trophoresis in 1.0% agarose gel stained with ethidium
bromide (0.5 µg/ml). The clones containing the target
insert were sequenced and used for further analyses.

Phylogenetic analysis. The nucleotide sequences of
the studied genes were edited using the BioEdit soft�
ware [http://jwbrown.mbio.ncsu.edu/BioEdit/bio�
ediTca.html]. Primary comparison of the de novo�
obtained sequences with the sequences within the
GenBank database was performed using the BLAST
NCBI software package [http://www.ncbi.nlm.nih.
gov/blast]. The 16S rRNA and cbbL–cbbM gene
sequences from the GenBank database were used for
subsequent comparative analysis. The nucleotide
sequences and the deduced amino acid sequences of
the studied genes were aligned with the appropriate
sequences from the closest relatives using CLUSTALX
2.0 software package [http://bips.u�strasbg.fr/fr/Doc�
umentation/ClustalX/]. The phylogenetic trees were
constructed by the methods implemented in the
TREECONW software package [http://bioc�
www.uia.ac.be/u/yvdp/treeconw.html]. The signifi�
cance of the branching order (%) was determined by
bootstrap analysis of 1000 alternative trees.

Deposition of the nucleotide sequences. The 16S
rRNA and cbbL–cbbM gene fragments obtained in
this work were deposited in the GenBank under acces�
sion numbers HQ877032–HQ877096.

RESULTS AND DISCUSSION

Phylogeny of photoautotrophic bacteria according
to the results of comparative analyses of the 16S rRNA
and RuBisCO genes. Nearly complete 16S rRNA gene
sequences (more than 1400 bp approximately corre�

sponding to E. coli positions between 50 and 1500)
were determined for ten of the studied collection and
novel strains of photoautotrophic bacteria and com�
pared with the gene sequences of phototrophic bacte�
ria from the GenBank database. As was expected, in
the obtained phylogenetic tree (Fig. 1), photoau�
totrophic bacteria involved in the process of CO2

assimilation via the Calvin cycle fell into three main
evolutionary lineages corresponding to proteobacte�
ria, cyanobacteria, and green nonsulfur bacteria. The
strains of photoautotrophic bacteria studied in this
work, including those isolated from soda lakes,
belonged to the phyla Alpha�, Beta�, and Gammapro�
teobacrteria. According to existing concepts [14], the
level of 16S rRNA similarity required for identifica�
tion of novel strains as representatives of previously
described species or, alternatively, for their classifica�
tion as new species, is 98–100%. Identification of the
strains of photoautotrophic proteobacteria studied in
this work was carried out according to this criterion,
taking into account the phenotypic properties of these
strains.

Analysis of the 16S rRNA gene sequences of the
majority of the studied collection strains confirmed
the results of their initial phenotypic identification. In
the obtained phylogenetic tree, the strains of purple
nonsulfur bacteria Phaeospirillum fulvum 5K, Rhodo�
blastus acidophilus 5�6, Rhodomicrobium vannielii K�l,
Rhodovulum sulfidophilum Rp�6, and Rubrivivax gelat�
inosus DSM 149 occupied the same taxonomic posi�
tions as the type strains of these species. The similarity
level between their 16S rRNA gene sequences and
those of the type strains was 98.0–99.8%, which cor�
responded to the above�mentioned intraspecific crite�
rion. However, the strain of purple nonsulfur bacteria
1R, which was initially identified as a representative of
Thiocystis violaceae, was found to be a close relative of
Thiocapsa species (98.7–99.1% similarity), according
to the results of the16S rRNA gene analysis, and was
therefore identified as Thiocapsa sp.

The results of the 16S rRNA gene analysis of the
newly isolated strains of alkali(halo)philic purple non�
sulfur bacteria also confirmed the results of their initial
identification (based on their phenotypic properties).
The 16S rRNA gene sequences of strains ShNLb02
and Sivash (proposed as the neotype strain for Lam�
probacter modestohalophilus) were almost identical
(99.8% similarity), which confirmed their classifica�
tion as members of this species. The results of identifi�
cation of strains В8�1 В7�1, and Mg3 as representa�
tives of Thiorhodospira sibirica (99.6% similarity with
the type strain), Thioalkalicoccus limnaeus (99.8%
similarity with the type strain), and Halorhodospira
halophila (98.6% similarity with the type strain),
respectively, were confirmed as well.

In general, the RuBisCO phylogeny differs consid�
erably from the “ribosomal” one [15]. This is true, in
particular, for the RuBisCO phylogeny of pho�
totrophic bacteria, for which the distribution of the
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forms and types of the enzyme, and even within some
forms and types, has only a degree of correspondence
to their taxonomic position determined on the basis of
the results of phenotypic analysis and the “ribosomal”
phylogeny (Fig. 2). Therefore, prior to analysis of the
natural ecosystems, a detailed database on pure cul�
tures was required. Otherwise, identification of the
microorganisms carrying RuBisCO genes can be quite
difficult.

In this work, with the application of the oligonucle�
otide primers targeting different forms and types of
RuBisCO genes, these genes were detected in all
14 collection and novel strains of photoautotrophic
proteobacteria, including those isolated from soda
lakes (Table 1). The PCR products of expected length
(about 800 bp) corresponding to the green�like and
red�like form I RuBisCO, as well as to form II
RuBisCO, were used in the phylogenetic analysis,
together with the gene sequences of other pho�
totrophic bacteria from the GenBank database.

The majority of the studied photoautotrophs have
green�like form I RuBisCO (Fig. 2). On the whole,
cyanobacteria form a separate cluster (1B) in the
CbbL phylogenetic tree. However, some cyanobacte�
ria, probably due to gene transfer, fall into another,
larger CbbL cluster, 1A [19], which, in addition to var�
ious chemoautotrophs, contains all purple bacteria
with green�like form I RuBisCO.

According to the results of phenotypic and “riboso�
mal” phylogenetic analysis, purple sulfur Gammapro�
teobacteria of the order Chromatiales may be divided
into two families, Ectothiorhodospiraceae and Chroma�
tiaceae. The RuBisCO phylogeny of bacteria belong�
ing to the family Ectothiorhodospiraceae was described
in detail in our previous work [16], according to which
all autotrophic bacteria of this family carry one cbbL
gene in their genomes. The representatives of the gen�
era belonging to this family do not form a single phy�
logenetic group, as in the “ribosomal” phylogenetic
tree. Each of these genera, including those comprising
phototrophic bacteria (Ectothiorhodospira, Halorho�
dospira, Thiorhodospira, and Ectothiorhodosinus),
form separate branches/clusters in the CbbL tree con�
sisting of easily distinguishable species. In the genome
of the novel strain Mg3 studied in this work and iden�
tified as a representative of the species Halorhodospira
halophila, the only green�like form I RuBisCO gene
was found to be identical to that of the type strain of
this species (100% similarity of nucleotides and amino
acids).

The most noticeable discrepancy between the
“ribosomal” and CbbL phylogenies of phototrophic
bacteria of the family Ectothiorhodospiraceae was the
similarity between the cbbL gene sequences of the type
strain of the alkaliphile T. sibirica A12 and those of the
Alphaproteobacteria, rather than Gammaproteobacte�
ria. However, the nucleotide composition of DNA and
codon usage frequency of T. sibirica A12 were the
same for the cbbL genes, as well as for the total
genome, but differed significantly from those of
Alphaproteobacteria. Therefore, this phenomenon was
tentatively explained by an increase in the rate of non�
synonymous substitutions in the cbbL sequence of this
microorganism rather than horizontal gene transfer
[16]. In this work, a novel alkaliphilic strain, B8�1, was
studied. On the basis of its phenotypic and phyloge�
netic characteristics, the strain was identified as a rep�
resentative of T. sibirica. The sequence of the only
cbbL gene detected in the genome of this microorgan�
ism differed insignificantly from that of the type strain
A12 (98.6 and 96.2% similarity of nucleotides and
amino acids, respectively), which confirmed the
unusual phylogenetic position of this photoautotroph
in the CbbL tree.

Unlike the family Ectothiorhodospiraceae, data on
the structure of RuBisCO of representatives of the
family Chromatiaceae are scarce. The type strain of
Allochromatium vinosum, whose genome contains two
different green�like form I cbbL genes [17] has long
been the only microorganism studied in this regard.
Later, very similar cbbL genes were detected in another
representative of this genus, the type strain of A. minut�
issimum [18]. In this work, we demonstrated that the
genomes of two species of purple sulfur bacteria, Thio�
capsa roseopersicina DSM 211 and ‘Тс. bogorovii’
BBS, contain one cbbL gene similar to one of A. vino�
sum genes (designated as rbcL [17]) each.

Several other representatives of the family Chroma�
tiaceae were also studied: collection strain 1R identi�
fied as Thiocapsa sp., 2 Lamprobacter modestohalophi�
lus strains (including the neotype strain), 3 Thioalcal�
icoccus limnaeus strains (including the type strain),
and the type strain of Thiorhodococcus mannitolipha�
gus. The genomes of Thiocapsa sp. 1R and the type
strain of Thc. mannitoliphagus were found to contain
one green�like form I cbbL gene each, whereas the
genomes of Thc. limnaeus contained three RuBisCO
genes, two genes encoding the green�like form I
enzyme and one gene encoding form II. A double set
of genes encoding form I and form II was detected in
the genome of the neotype strain L. modestohalophilus

Fig. 1. Phylogenetic tree showing the taxonomic position of the studied strains on the phylogenetic tree constructed for photo�
autotrophic bacteria on the basis of their 16S rRNA gene sequences. The strains, for which the 16S rRNA gene sequences were
determined in this work are in boldface; the strains, for which the RuBisCO gene sequences were determined in this work are
underlined. The tree was constructed by the neighbor�joining method. The bar shows the evolutionary distance corresponding to
10 replacements per 100 nucleotides. The numerals show the significance of the branching order as determined by bootstrap anal�
ysis of 1000 alternative trees (only bootstrap values above 90% were considered significant).
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Sivash, whereas the genome of another strain of this
species contained only the green�like form I gene. The
level of interspecific similarity of the cbbL gene
sequences of L. modestohalophilus strains was 97.7%
(nucleotides) and 99.5% (amino acids). The level of
homology between both the nucleotide and amino
acid sequences of the cbbL genes of Thc. limnaeus
strains was high as well (97.8% and 99.0%, respec�
tively). At the same time, the level of homology
between the cbbL�1 and cbbL�2 genes of each strain
did not exceed 83%. The genes encoding form II
enzyme in Thc. limnaeus strains were found to be iden�
tical (100% similarity).

Phylogenetic analysis (Fig. 2) showed that the cbbL
genes of all the representatives of the family Chromati�
aceae that have been studied thus far (mostly in this
work) were clustered around each of the two A. vino�
sum genes forming the “A. vinosum�cbbL�l (rbcL)”
and “A. vinosum�cbbL�2” clusters, respectively. The
cbbL gene sequences of Тс. roseopersicina, Tc. bogor�
ovii, and two L. modestohalophilus strains, along with
the cbbL�1 genes of three Thc. limnaeus strains were
clustered together with the rbcL gene of A. vinosum
and formed branches in the “A. vinosum�cbbL�1”

cluster. The cbbL�2 genes of Thc. limnaeus clustered
together with the cbbL genes of Thiocapsa sp. 1R and
Trc. mannitoliphagus around the rbcA gene of A. vino�
sum, expanding the ‘A. vinosum�cbbL�2" cluster.

The cbbM gene sequences of the representatives of
the genera Thioalcalicoccus and Lamprobacter of the
family Chromatiaceae were found to be more diver�
gent. In the CbbM tree, they occupied two separate
branches and were not closely related to the known
cbbM sequences of photoautotrophic bacteria. Hence,
it was demonstrated that phylogenetically close (at the
genus level) purple sulfur photoautotrophic bacteria
might differ considerably from each other in the struc�
tures of their RuBisCO genes, even when they encode
the enzymes of the same type.

To summarize the results obtained, we propose a
hypothetical scheme of evolution of the RuBisCO
genes of photoautotrophic representatives of the order
Chromatiales (Fig. 3). It is possible that the genome of
the common ancestor of Chromatiales contained a sin�
gle copy of the gene encoding form I enzyme and the
RuBisCO form II gene. Members of the family
Ectothiorhodospiraceae inherited the ancestral form of
the cbbL gene and lost the cbbM gene. During the evo�
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cbbL genesLoss of the 
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Fig. 3. Hypothetical scheme of the evolution of the RuBisCO genes of photoautotrophic representatives of the order Chroma�
tiales.

Fig. 2. Phylogenetic position of the studied strains (in boldface) of photoautotrophic bacteria of the phylogenetic tree constructed
on the basis of the deduced amino acids sequences of form I and form II RuBisCO. The tree was constructed by the neighbor�
joining method. The bar shows evolutionary distance, corresponding to 10 replacements per 100 amino acid residues. The numer�
als show the significance of the branching order as determined by bootstrap analysis of 1000 alternative trees (only bootstrap val�
ues above 80% were considered significant).
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lution of another branch, the family Chromatiaceae,
the cbbL gene was duplicated. As a result, representa�
tives of Thioalkalicoccus carry a triple set of RuBisCO
genes (cbbL�l, cbbL�2 and cbbM). The fact that the
frequency of codon usage in two genes of A. vinosum
and their G + C content are virtually the same, as well
as the fact that both genes code for the completely
active enzymes with different constant values and CO2

specificity [19], confirm the suggestion that the cbbL
genes resulted from duplication, rather than from lat�
eral transfer. Subsequently, during the evolution of
other Chromatiaceae species, the cbbM genes, as well
as one of the two ancestral cbbL genes were selectively
lost, which resulted in the division of the family into
two groups carrying each their own set of genes. Dur�
ing the formation of the CbbL cluster around the rbcL
gene of A. vinosum (“A. vinosum�cbbL�1”), horizontal
gene transfer could have occurred, since this cluster
includes chemoautotrophic Gammaproteobacteria [16,
20], as well as a new strain of the photoautotrophic
bacterium Ectothiorhodospira recently described as
E. magna [21].

Unlike cyanobacteria and most purple sulfur Gam�
maproteobacteria, the previously studied purple non�
sulfur Alphaproteobacteria were highly diverse regard�
ing the composition of their RuBisCO genes. The
genomes of these photoautotrophic bacteria could
contain these genes as a single copy of the cbbL gene
(green� or red�like form II) or the cbbM form II gene,
or in the form of a multiple set (double or triple) of
these genes in various combinations. This is also true
for the purple nonsulfur Alphaproteobacteria studied in
this work. The genomes of strains 5�6 and K�1, identi�
fied respectively as Rhodoblastus acidophilus and
Rhodomicrobium vanniellii of the order Rhizobiales,
contained one red�like form I cbbL gene each. Strain
R. acidophilus 5�6 occupies a new branch within the
IC cluster of this form, whereas Rm. vanniellii K�1 is
closely related to the type strain of this species (92.0
and 97.3% similarity of nucleotides and amino acids,
respectively).

The purple nonsulfur Alphaproteobacteria carrying
the green�like form I cbbL gene form a separate sub�
cluster within the 1A cluster of this form (Fig. 2).
Among other strains, this subcluster includes the type
strains of purple nonsulfur bacteria of the genus
Rhodovulum belonging to the order Rhodobacterales,
whose cbbL genes were previously studied in [22]. In
this work, the cbbM gene encoding form II RuBisCO
was detected in the genome of the type strain of

Rhodovulum sulfidophilum and sequenced. This
gene, like the cbbL genes, was close to the correspond�
ing genes of the Rhodobacter species. Another strain
(Rp�6) of this species was also studied. Its genome
contained two RuBisCO genes close to those of the
type strain (cbbL, 96.0 and 96.3% similarity of nucle�
otides and amino acids, respectively, and cbbM, 93.0
and 97.0% similarity of nucleotides and amino acids,
respectively).

Finally, the genome of strain 5K, identified as
Phaeospirillum fulvum of the order Rhodospirillales,
similar to the genomes of the previously studied
chemo� and photoautotrophic representatives of this
order, contained a single cbbM gene encoding form II
RuBisCO and occupying a separate branch within the
CbbM cluster.

The genome of the only strain of purple nonsulfur
betaproteobacteriua studied in this work, Rubrivivax
gelatinosus DSM 149 of the order Burkholderiales con�
tains only the red�like form I cbbL gene, which occu�
pies a separate branch within the IC cluster of this
form. At the same time, only the cbbM gene encoding
form II RuBisCO was previously detected in the
sequence of the total genome of another phototrophic
representative of this order, Rhodoferax ferrireducens
T118, which demonstrates the variety of RuBisCO
forms in the genomes of photoautotrophic Betaproteo�
bacteria.

Although, on the whole, RuBisCO genes are less
conservative than 16S rRNA genes, the level of their
intraspecific divergence is relatively low (0–10% for
nucleotides and 0–8% for amino acids). Therefore,
despite the fact that some peculiarities of the
RuBisCO gene evolution lead to certain discrepancies
with the “ribosomal” phylogeny in the topology of the
relevant phylogenetic trees, identification of microor�
ganisms at the species level is quite reliable, and
RuBisCO genes can be used as functional markers for
molecular ecology studies of natural microbial com�
munities.

Detection and phylogenetic analysis of RuBisCO
genes in the samples collected from the surface hori�
zons of silt sediments of saline and soda lakes. From all
the studied samples, the relevant amplification prod�
ucts were obtained using the primers specific to the
green�like form I RuBisCO genes. The obtained clone
libraries (about 50 for each sample) contained 2–13
unique cbbL phylotypes (the level of similarity
between the nucleotide sequences within each phylo�
type was at least 97%). The compositions of the clone

Fig. 4. Phylogenetic tree constructed on the basis of the deduced amino acid sequences of the gene encoding form I and form II
RuBisCO and depicting the taxonomic positions of uncultured microorganisms isolated from the bottom sediments of soda and
hypersaline lakes with neutral pH. The form I RuBisCO clusters detected previously in the integral samples of bottom sediments
of the studied soda lakes are shown in gray. The RuBisCO phylotypes isolated from the bottom sediments of saline and soda lakes
are in boldface; for each phylotype, the number of clones is given in parentheses. The tree was constructed by the neighbor�joining
method. The bar shows evolutionary distance, corresponding to 10 replacements per 100 amino acid residues. The numerals show
the significance of the branching order as determined by bootstrap analysis of 1000 alternative trees (only bootstrap values above
70% were considered significant).
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libraries constructed for each sample differed consid�
erably.

The libraries constructed for the samples collected
in the saline Lake Petukhovo (2KL�09), as well as in
the soda lakes Gorchina�1 (4KL�09) and Tanatar�5
(6KL�09), were virtually monotype and characterized
by the overwhelming predominance of the phylotypes
belonging to one taxon; these taxa, however, differed
for each sample (Figs. 4 and 5). In the clone library
2KL�F1, a representative of the chemolithotrophic
halophilic genus Halothiobacillus was the main phylo�
type (88% of the total number of clones). In the clone
library 4KL�F1, three close phylotypes (87% of the
total number of clones) were represented by members
of the phototrophic genus Halorhodospira (most prob�
ably, H. halophila), whereas, in the clone library 6KL�
F1, cyanobacteria represented the main phylotype
(98% of the total number of clones). The cyanobacte�
rial phylotypes were detected in the clone libraries
2KL�F1 and 4KL�F1 (as minor components) as well.
The phylotypes belonging to the genera Thioalkaliv�
ibrio (2KL�F1 phylotype 3 and 4KL�F1 phylotype 4),
Ectothiorhodosinus (6KL�F1 phylotype 2), and to the
group of uncultured Gammaproteobacteria Soda lake
clade F1�B (2KL�F1 phylotype 4) detected in the bac�
terial community of soda lake sediments [9], were
other minor components of these CbbL libraries.

Unlike these libraries, the CbbL library con�
structed for the sample collected in the hypersaline
Lake Lomovoe (8KL�09) exhibited a considerable
diversity (Figs. 4 and 5). As in the case of the 6KL�F1

library, cyanobacteria prevailed; however, they
belonged to four different phylotypes (37.5% of the
total number of clones). The next largest groups were
represented by two phylotypes belonging to the genus
Thioalkalivibrio (most probably Т. halophilus) (22.0%
of the total number of clones) and two phylotypes
belonging to the genus Halothiobacillus (15% of the
total number of clones). In addition, the phylotypes
belonging to the genera Ectothiorhodosinus, Thiohalo�
philus, and Thiohalorhabdus, as well as a phylotype
belonging to the distantly related group Alkalispiril�
lum–Alkalilimnicola were present in this community
as minor components.

PCR amplification with the primers specific to the
red�like form I RuBisCO genes have yielded positive
results only for the 6KL sample. The clones obtained
formed a single phylotype closely related to the
group of uncultured Alphaproteobacteria Soda lake
clade FI�C detected in soda lake sediments [9].

The cbbM genes encoding form II RuBisCO were
detected only in the samples collected in hypersaline
lakes with neutral pH (Figs. 4 and 6). The obtained
clone libraries (about 30 for each sample) contained 1
and 5 unique cbbM phylotypes, respectively; the level
of similarity between the nucleotide sequences was at
least 97%. Unlike CbbL libraries, CbbM libraries con�
sisted primarily of the phylotypes of unidentified bac�
teria. In the clone library 8KL�F2, only two out of five
phylotypes were identified as representatives of the
genus Thiohalomonas (denitrifying chemotrophic
halophilic SOB; [23]), which corresponded to 33% of
the total number of clones. Other phylotypes of this
clone library were not related to any of the cbbM gene
sequences within the GenBank database and occupied

%
100

80

60

40

20

0
8KL 2KL 4KL 6KL

1
2
3

4

5

6

7

8

9

10

Fig. 5. Taxonomic distribution of form I RuBisCO phylo�
types isolated from the bottom sediments of the studied
soda and hypersaline lakes with neutral pH. The numerals
indicate: Alkalispirillum (1); Thiohalorhabdus (2); Thio�
halophilus (3); Cyanobacteria (4); Halothiobacillus (5);
Ectothiorhodosinus (6); Thioalkalivibrio (7); Soda lake
clade FI�B (8); Halorhodospira (9); and Soda lake clade
FI�C (10).

%
100

80

60

40

20

0
8KL 2KL 4KL 6KL

1
2

3

4

Fig. 6. Taxonomic distribution of form II RuBisCO phylo�
types isolated from the bottom sediments of the studied
soda and hypersaline lakes with neutral pH. The numerals
indicate: Group C (1); Group B (2); Group A (3); Thioha�
lomonas (4). 



MICROBIOLOGY  Vol. 80  No. 6  2011

APPLICATION OF RIBULOSE�1,5�BISPHOSPHATE CARBOXYLASE/OXYGENASE GENES 823

separate branches in the phylogenetic tree. The group
A phylotype predominated (53% of the total number
of clones). The next largest phylotype (10% of the total
number of clones), the group B phylotype, was close to
the only phylotype detected in the clone library 2KL�
F2.

The use of the primer pairs specific to the RuBisCO
genes of the autotrophic filamentous nonsulfur bacte�
ria of the genus Oscillochloris did not yield positive
results for any of the studied samples.

As in the previous studies [8–10] of microbial com�
munities of hypersaline lakes, RuBisCO genes were
detected in all the studied samples, indicating the
obligatory presence of autotrophic bacteria. However,
the diversity of the studied phylotypes was even more
restricted than that observed in previous studies,
which confirmed the suggestion of Giri et al [8], that
this is the result of stable extreme ambient conditions,
which give an advantage to one or two best adapted
microorganisms. This suggestion is especially proba�
ble for the three studied lakes, where the surface hori�
zons of silt sediments were inhabited by almost mono�
type communities of autotrophic bacteria. At the same
time, it is possible that seasonal or local weather fluc�
tuations may significantly alter the ambient conditions
and, consequently, affect the composition of these
uniform communities, giving an advantage to other
groups of autotrophs, for example by diluting them
during an extremely rainy year. According to our 10�
year observations of the lakes of the Kulunda Steppe,
a similar phenomenon occurred in the soda lakes of
the Solyanoozernaya Steppe (Mikhailovskoe raion),
but not in hypersaline lakes.

The composition of the autotrophic community
inhabiting the surface sediment horizons of the soda
and chloride–sulfate lakes of the Kulunda Steppe was
virtually the same as that of the autotrophic commu�
nity detected in the integral samples of the sediments
of similar lakes [9] and included representatives of the
chemo� and photoautotrophic genera Thioalkaliv�
ibrio, Halorhodospira, Halothiobacillus, and Ectothior�
hodosinus, as well as cyanobacteria. It should be
emphasized that some cbbL phylotypes of Thioalkaliv�
ibrio, Ectothiorhodosinus, and cyanobacteria were
detected in the soda Mono Lake as well [8]. Two
groups of unidentified organisms: the Alphaproteobac�
teria carrying the red�like form I RuBisCO gene, and
SOB of the class Gammaproteobacteria closely related
to the Solemia velum symbiont, were detected in the
communities isolated from both the integral samples
[9] and the surface sediment horizons of the studied
lakes. Hence, the comparatively wide distribution of
uncultured microorganisms of these groups under
haloalkaliphilic conditions was confirmed; however,
since no pure cultures of these microorganisms were
isolated, the type of their metabolism is yet to be deter�
mined. It may be suggested that they are difficult�to�
cultivate microaerophilic sulfide�oxidizing bacteria.

In this work, no phylotypes of anoxygenic pho�
totrophs belonging to the purple nonsulfur bacteria
were detected, although one of the previously studied
communities inhabiting the bottom sediments of soda
lakes included representatives of the Alphaproteobacte�
ria, and, in particular, Rhodovulum species as minor
components [9]. This indicates that growth of these of
purple sulfur bacteria ceases at high salinity levels,
which was confirmed by the cultural techniques [24].

The most diverse community, 8KL, inhabiting a
hypersaline lake, includes the phylotypes belonging to
the novel species of halophilic SOB Thiohalorhabdus,
Thiohalomonas, and Thiohalophilus. These microor�
ganisms are difficult�to�cultivate chemolithoautotro�
phs, and their numbers in the studied environmental
samples may be so small that they are not detected by
the most widely�used method of the 16S rRNA gene
analysis. Analysis of specific gene markers, such as
cbbL and cbbM genes is most suitable for detection of
such organisms, since it makes it possible to elucidate
their distribution in natural ecosystems. For example,
in the case of the genus Thiohalophilus, only one type
strain of the type species Т. thiocyanatoxidans HRhD2
is known [25], whereas, in this study, the cbbL phylo�
types closely related to this strain have been isolated
from natural ecosystems for the first time.

However, despite the qualitative similarity of their
composition, the quantitative characteristics of the
autotrophic communities isolated from the integral
samples and surface layers of bottom sediments of the
studied saline and soda lakes were quite the opposite.
In the communities from the integral samples of bot�
tom sediments, the identified predominant phylotypes
were represented by chemoautotrophic halophilic
SOB of the genera Thiohalorhabdus (saline lake with
neutral pH) and Thioalkalivibrio and Halothiobacillus
(soda lakes). The phylotypes of photoautotrophic
organisms (Halorhodospira, Ectothiorhodosinus,
Rhodovulum, and Cyanobacteria) were identified only
in the soda lake communities and were minor compo�
nents [9, 10]. On the contrary, in the present work,
phototrophic microorganisms were found to prevail in
the bacterial communities of soda lakes and of the
hypersaline soda Lake Lomovoe, except for the sam�
ple collected from the hypersaline Lake Petukhovo, in
which chemoautotrophs were predominant.
Chemotrophic microorganisms were minor compo�
nents. Unlike the integral samples, in the communi�
ties inhabiting the surface sediment horizons, one tax�
onomic group, namely, cyanobacteria, was found to be
universal and predominant in the bacterial communi�
ties of the soda Lake Tanatar�5 and the hypersaline
Lake Lomovoe and was a minor component in the
bacterial communities of lakes Petukhovo and
Gorchina�1. The cyanobacterial phylotypes detected
in different samples did not form a single group and, at
the same time, did not reveal any close relations with
the RuBisCO sequences of cultivable cyanobacteria
from the GenBank database. Therefore, it can be
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hypothesized that the microorganisms represented by
these phylotypes are confined to soda and saline lakes,
which indicates the necessity to focus on aerobic pho�
totrophs inhabiting hypersaline lakes.

Our results do not contradict the microbiological
data obtained during previous investigations, accord�
ing to which planktonic cyanobacteria making a major
contribution to primary production [26, 27] are the
predominant photosynthetic microorganisms in the
studied ecosystems. Anoxygenic phototrophic bacte�
ria, together with sulfur�oxidizing alkaliphilic
chemoautotrophs (including the Thioalkalivibrio spe�
cies isolated in this study) are secondary producers and
play a key role in the microbial community of saline
and soda lakes by participating in the sulfur cycle. The
taxonomic composition of anoxygenic phototrophs
inhabiting soda lakes depends primarily on the salinity
level. High salinity and pH of 9–10 are optimal for the
obligate phototrophic haloalkaliphiles of the genus
Halorhodospira, which was confirmed by the results of
this study. However, the phylotypes of
alkali(halo)philic representatives of the genera
Ectothiorhodospira and Thiorhodospira (including
their new members, the RuBisCO phylogeny of which
was studied in this work) were detected neither in this
study of the surface layers of bottom sediments, nor in
the integral samples collected in the bottom sediments
of soda lakes. Moreover, no purple sulfur bacteria of
the family Chromatiaceae and green filamentous non�
sulfur bacteria of the family Oscillochloridaceae,
which, according to the type of their metabolism, are
alkali(halo)tolerant, rather than alkali(halo)philic,
microorganisms [5]. At the same time, alkaliphilic
purple sulfur bacteria of the genus Ectothiorhodosinus,
the phylotypes of which were detected both in the
integral samples and the samples collected from the
surface layers of bottom sediments, frequently
occurred in the soda and saline lakes of the Kulunda
Steppe.

Unlike previous studies of soda and saline lakes [8–
10], we failed to detect any new unidentified cbbL
phylotypes in the autotrophic communities of the sur�
face layers of bottom sediments of the studied soda and
saline lakes. However, the fact that new cbbM phylo�
types were detected in two out of four studied samples
characterized by high salinity indicates the presence of
unknown specific autochthonous autotrophic bacteria
whose taxonomy and metabolic properties requires
further study.

ACKNOWLEDGMENTS

This work was supported by the FEMS Fellowship
grant (for O.L. Kovaleva); the Ministry of Education
and Science of the Russian Federation (state contract
no. 16.552.11.7035); and by the Russian Foundation
for Basic Research (projects nos. 08�04�00005, 10�04�
00152, and 10�04�01500�a).

REFERENCES

1. Sorokin, D.Y., Tourova, T.P., Lysenko, A.M., and
Muyzer, G., Diversity of Culturable Halophilic Sulfur�
Oxidizing Bacteria in Hypersaline Habitats, Microbiol�
ogy (UK), 2006, vol. 152, pp. 3013–3023.

2. Sorokin, D.Y., Tourova, T.P., Galinski, E.A., Muyzer, G.,
and Kuenen, J.G., Thiohalorhabdus denitrificans gen.
nov., sp. nov., an Extremely Halophilic, Sulfur�Oxidiz�
ing, Deep Lineage Gammaproteobacterium from
Hypersaline Habitats, Int. J. Syst. Evol. Microbiol.,
2008, vol. 58, pp. 2890–2897.

3. Sorokin, D.Y., Tourova, T.P., Muyzer, G., and
Kuenen, G.J., Thiohalospira halophila gen. nov., sp.
nov. and Thiohalospira alkaliphila sp. nov., Novel Obli�
gately Chemolithoautotrophic, Halophilic, Sulfur�
Oxidizing Gammaproteobacteria from Hypersaline
Habitats, Int.J. Syst. Evol. Microbiol., 2008, vol. 58,
pp. 1685–1692.

4. Sorokin, D.Y. and Kuenen, J.G., Chemolithotrophic
Haloalkaliphiles from Soda Lakes, FEMS Microbiol.
Ecol., 2005, vol. 52, pp. 287–295.

5. Gorlenko, V.M., Anoxygenic Phototrophic Bacteria
from Soda Lakes, Trudy Instituta mikrobiologii im.
S.N.Vinogradskogo. Vyp. XIV. Alkalofil’nye mikrobnye
soobshchestva (Proc. Winogradsky Inst. Microbiol.,
vol. 15. Alkaliphilic Microbial Communities), 2007,
Moscow: Nauka, pp. 225–257.

6. Humayoun, S.B., Bano, N., and Hollibaugh, J.T.,
Depth Distribution of Microbial Diversity in Mono
Lake, a Meromictic Soda Lake in California, Appl.
Environ. Microbiol., 2003, vol. 69, pp. 1030–1042.

7. Mesbah, N., Abou�El�Ela S., and Wiegel J., Novel and
Unexpected Prokaryotic Diversity in Water and Sedi�
ments of the Alkaline, Hypersaline Lakes of the Wadi
an Natrun, Microb. Ecol., 2007, vol. 54, pp. 598–617.

8. Giri, B.J., Bano, N., and Hollibaugh, J.T., Distribution
of RuBisCO Genotypes along a Redox Gradient in
Mono Lake, California, Appl. Environ. Microbiol.,
2004, vol. 70, pp. 3443–3448.

9. Kovaleva, O.L., Tourova, T.P., Muyzer, G., Kolga�
nova, T.V., and Sorokin, D.Yu., Diversity of RuBisCO
and ATP Citrate Lyase Genes in Soda Lake Sediments,
FEMS Microbiol. Ecol., 2011, vol. 75, pp. 37–47.

10. Tourova, T.P., Kovaleva, O.L., Sorokin, D.Yu., and
Muyzer, G., Ribulose�1.5�Bisphosphate Carboxy�
lase/Oxygenase Genes as a Functional Marker for
Chemolithoautotrophic Halophilic Sulfur�Oxidizing
Bacteria in Hypersaline Habitats, Microbiology (UK),
2010, vol. 156, pp. 2016–2025.

11. Spiridonova, E.M., Berg, I.A., Kolganova, T.V.,
Ivanovskii, R.N., Kuznetsov, B.B, and Turova, T.P., An
Oligonucleotide Primer System for Amplification of
the Ribulose�1,5�Bisphosphate Carboxylase/Oxygen�
ase Genes of Bacteria of Various Taxonomic Groups,
Mikrobiologiya, 2004, vol. 73, no. 3, pp. 377–387
[Microbiology (Engl. Transl.), vol. 73, no. 3, pp. 316–
325].

12. Elsaied, H.E., Kimura, H., and Naganuma, T., Com�
position of Archaeal, Bacterial, and Eukaryal RuBisCO
Genotypes in Three Western Pacific Arc Hydrothermal
Vent Systems, Extremophiles, 2007, vol. 11, pp. 191 –
202.



MICROBIOLOGY  Vol. 80  No. 6  2011

APPLICATION OF RIBULOSE�1,5�BISPHOSPHATE CARBOXYLASE/OXYGENASE GENES 825

13. Alfreider, A., Vogt, C., Hoffmann, D., and Babel, W.I.,
Diversity of Ribulose�1.5�Bisphosphate Carboxy�
lase/Oxygenase Large�Subunit Genes from Ground�
water and Aquifer Microorganisms, Microb. Ecol.,
2003, vol. 45 P, pp. 317–328.

14. Stackebrandt, E. and Ebers, J., Taxonomic Parameters
Revisited: Tarnished Gold Standards, Microbiology
Today, 2006, vol. Nov, pp. 152–155.

15. Watson, G.M.F. and Tabita, F.R., Microbial Ribulose
1.5�Bisphosphate Carboxylase/Oxygenase: a Molecule
for Phylogenetic and Enzymological Investigation,
FEMS Microbiol. Lett., 1997, vol. 146, pp. 13–22.

16. Tourova, T.P., Spiridonova, E.M., Berg, I.A., Slo�
bodova, N.V., Boulygina, E.S., and Sorokin, D.Y.,
Phylogeny and Evolution of the Family Ectothiorho�
dospiraceae Based on Comparison of 16S rRNA, cbbL
and nifH Gene Sequences, Int. J. Syst. Evol. Microbiol.,
2007, vol. 57, pp. 2387–2398.

17. Viale, A.M., Kobayashi, H., and Akazawa, T.,
Expressed Genes for Plant�Type Ribulose�1.5�Bispho�
sphate Carboxylase/Oxygenase in the Photosyntetic
Bacterium Chromatium vinosum, Which Possesses Two
Complete Sets of the Genes, J. Bacteriol., 1989, vol. 5,
pp. 2391–2400.

18. Turova, T.P., Keppen, O.I, Kovaleva, O.L, Slobodova, N.V,
Berg, I.A, and Ivanovskii, R.N., Phylogenetic Charac�
terization of the Purple Sulfur Bacterium Thiocapsa sp.
BBS by Analysis of the 16S rRNA, cbbL, and nifH
Genes and Its Description as Thiocapsa bogorovii sp.
nov., a New Species, Mikrobiologiya, 2009, vol. 78, no.
3, pp. 1–12 [Microbiology (Engl. Transl.), vol. 78, no. 3,
pp. 339–349].

19. Kobayashi, H., Viale, A.M., Takabe, T., Akazawa, T.,
Wada, K., Shinozaki, K., Kobayashi, K., and Sugiura, M.,
Sequence and Expression of Genes Encoding the Large
and Small Subunits of Ribulose 1.5�Bisphosphate Car�
boxylase/Oxygenase from Chromatium vinosum, Gene,
1991, vol. 97, pp. 55–62.

20. Turova, T.P., Spiridonova, E.M., Berg, I.A., Kuznetsov,
B.B., and Sorokin, D.Yu., Phylogeny of Ribulose�1,5�
Bisphosphate Carboxylase/Oxygenase Genes in
Haloalkaliphilic Obligately Autotrophic Sulfur�Oxi�
dizing Bacteria of the Genus Thioalkalivibrio, Mikrobi�
ologiya, 2005, vol. 74, no. 3, pp. 378–386 [Microbiology
(Engl. Transl.), vol. 74, no. 3, pp. 321–328].

21. Bryantseva, I.A., Turova, T.P., Kovaleva, O.L., Kos�
trikina, N.A., Gorlenko, V.M., Ectothiorhodospira
magna sp. nov., a New Large Alkaliphilic Purple Sulfur
Bacterium, Mikrobiologiya, 2010, vol. 79, no. 6,
pp. 782–792 [Microbiology (Engl. Transl.), vol. 79,
no. 6, pp. 780–790].

22. Sorokin, D.Y. and Tourova, T.P., Spiridonova, E. M.,
Rainey, F. A., and Muyzer, G., Thioclava pacifica gen.
nov., sp. nov., a Novel Facultatively Autotrophic,
Marine, Sulfur�Oxidizing Bacterium from a Near�
Shore Sulfidic Hydrothermal Area, Int. J. Syst. Evol.
Microbiol., 2005, vol. 55, pp. 1069–1075.

23. Sorokin, D.Y., Tourova, T.P., Braker, G., and Muyzer, G.,
Thiohalomonas denitrificans gen. nov., sp. nov. and
Thiohalomonas nitratireducens sp. nov., Novel Obli�
gately Chemolithoautotrophic, Moderately Halo�
philic, Thiodenitrifying Gammaproteobacteria from
Hypersaline Habitats, Int.J. Syst. Evol. Microbiol.,
2007, vol. 57, pp. 1582–1589.

24. Kompantseva, E.I., Komova, A.V., and Sorokin, D.Yu.,
Communities of Anoxygenic Phototrophic Bacteria in
the Saline Soda Lakes of the Kulunda Steppe (Altai
Krai), Mikrobiologiya, 2010, vol. 79, no. 1, pp. 96–102
[Microbiology (Engl. Transl.), vol. 79, no. 1, pp. 89–95].

25. Sorokin, D.Y., Tourova, T.P., Bezsoudnova, E.Y., Pol, A.,
and Muyzer, G., Denitrifcation in a Binary Culture and
Thiocyanate Metabolism in Thiohalophilus thiocyana�
toxidans gen. nov. sp. nov. � a Moderately Halophilic
Chemolithoautotrophic Sulfur�Oxidizing Gammapro�
teobacterium from Hypersaline Lakes, Arch. Micro�
biol., 2007, vol. 187, pp. 441–450.

26. Gerasimenko, L.M., Alkaliphiloc Oxygenic Photosyn�
thetic Organisms, in Trudy Instituta mikrobiologii im.
S.N.Vinogradskogo. Vyp. XIV. Alkalofil’nye mikrobnye
soobshchestva (Proc. Winogradsky Inst. Microbiol.,
vol. 15. Alkaliphilic Microbial Communities), 2007,
Moscow: Nauka, pp. 88–158.

27. Gorlenko, V.M., Namsaraev, B.B., Kulyrova, A.V.,
Zavarzina, D.G., and Zhilina, T.N., The Activity of
Sulfate�reducing Bacteria in Bottom Sediments of
Soda Lakes of the Southeastern Transbaikal Region,
Mikrobiologiya, 1999, vol. 68, no. 5, pp. 664–670
[Microbiology (Engl. Transl.), vol. 68, no. 5, pp. 580–
585].


