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In microbiology, the modern taxonomic process
cannot be imagined without analysis of 16S rRNA
gene sequences and DNA–DNA hybridization. Both
approaches have caused revolutionary changes in bac�
terial taxonomy in the past [1, 2] and are still widely
used. The sequence analysis of 16S rRNA genes is a
generally accepted and easily applied technique for
determination of the phylogenetic position of bacte�
ria, which allows to obtain data not only on the micro�
organism under study, but also on the species compo�
sition of entire microbial communities without isola�
tion of pure cultures. Data obtained by DNA–DNA
hybridization remain one of the main genotypic crite�
ria for species determination [1, 3].

There are, however, some limitations to the use of
both approaches. The results of DNA–DNA hybrid�
ization as an indirect, approximate, method depend
significantly on the procedure and reaction condi�
tions, which may result in a significant experimental
error. As a consequence, a discrepancy between the
obtained results arises, which makes the boundary of
the “gold standard” for bacterial species (70% DNA–
DNA relatedness) a relative value which gives but a
rough idea of the species affiliation of the studied
strains.

The direct method of comparison of the nucleotide
sequences of 16S rRNA genes is more advantageous in
this regard; however, slow changes in rRNA sequences
in the course of evolution that make it possible to carry
out comparative analysis of microorganisms at all tax�
onomic levels, were found to be a significant short�
coming at the species level. Due to the evolutionary
conservatism of this gene, different bacterial strains
belonging to one species, or, in some cases, closely
related species may have identical sequences, which
makes this technique inapplicable as the sole and uni�
versal test for taxonomic studies [4]. Moreover, the
presence of more than one ribosomal operon in the
genomes of many bacteria, as well as the resultant
potential variability of the compared genes, can signif�
icantly affect the results of their comparative analysis
at the species level [5].

These circumstances call for a search for alternative
approaches, which is directly recommended by the
Taxonomy Committee [3]. The study of phylogenetic
similarity between bacterial strains based on the results
of comparative analysis of sequences of the genes
encoding various metabolic functions has been pro�
posed as an alternative approach. Comparative analy�
sis of the nucleotide sequences of the genes belonging
to the group of “housekeeping genes,” i.e., genes that
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determine the main metabolic processes, is the most
promising method [6].

As phylogenetic markers, these genes have the fol�
lowing advantages similar to those of 16S rRNA genes:
universal distribution, evolutionary conservatism,
and, mostly, vertical inheritance. At the same time,
comparative phylogenetic analysis of “housekeeping”
genes may be more efficient at the lowest taxonomic
levels for the following three reasons: (1) the level of
conservatism varies for different genes; therefore,
interspecific differences between the nucleotide
sequences of some genes may be more pronounced
than those between 16S rRNA gene sequences;
(2) unlike 16S rRNA genes, these genes code for pro�
teins and, thus, analysis of their sequences allows us to
determine the frequency of synonymous substitutions
for more precise determination of the taxonomic posi�
tion; and (3) the majority of these genes are repre�
sented by single�copy genes.

At present, taxonomic studies involving the recN
[7, 8], dnaB, recA, rpoD, gyrB [9, 10], and rpoB [11]
genes, as well as some others, have been carried out for
various groups of bacteria. However, there is no shared
understanding of which genes are preferable for taxo�
nomic studies with the highest resolution at low taxo�
nomic levels.

The DNA genes encoding type II topoisomerases
which control DNA topology are among the most
promising alternative taxonomic (phylogenetic)
markers. Bacterial genomes contain two homologous
enzymes of this type, gyrase and topoisomerase IV,
consisting of two subunits and containing 1200–
1500 amino acids, which is statistically significant for
phylogenetic analysis [12]. The gene encoding the
gyrase β subunit (gyrB) is most widely used as a phylo�
genetic marker. Studies of some groups of bacteria
revealed that the base pair substitution rate in the gyrB
gene correlates with the results of DNA–DNA
hybridization [13, 14] and that the horizontal trans�
mission of the gyrB gene has the same rate as that of
ribosomal genes [15]. Using similarity analysis of the
gyrB gene sequences, strains belonging to several prob�
lematic genera, including Pseudomonas [9, 16], Bacillus
[17], Acinetobacter [18], and Gordonia [19], were suc�
cessfully separated.

The taxonomic description of species of the genus
Geobacillus requires additional data, since the levels of
16S rRNA similarity between the members of this
group are 99–100% [20, 21]. To date, analysis of the
recN [7] and rроВ [11] gene sequences has been carried
out to elucidate the phylogeny of this genus; however, the
phylogenetic similarity between the gyrB gene sequences
of Geobacillus species has not been analyzed yet.

The goal of the present work was to determine the
sequences of gyrB (gyrase) and parE (topoisomerase IV)
gene fragments of the representatives of the genus Geo�
bacillus and carry out phylogenetic analysis of them in
order to elucidate the level of correlation with the
results of DNA–DNA hybridization and 16S rRNA

genes analysis, as well as with the results of analysis of
the previously studied housekeeping genes at the
intra� and interspecific levels of relatedness.

MATERIALS AND METHODS

Bacterial strains and cultivation conditions. The
gyrB and parE gene sequences of 17 Geobacillus strains
were studied, including Geobacillus stearothermophilus
DSM 22T, G. thermocatenulatus B1259T, G. jurassicus
DS1T and DS2, G. subterraneus 34T, K, and Sam,
G. uzenensis UT and X, and G. gargensis GaT, as well as
Geobacillus sp. 3Feng, B�1024, vw3�1, 8m3, 1017, 46,
and 49. Bacteria were grown at 55°C on a nutrient�
rich medium (pH 7.0) containing yeast extract (2.5 g
per 1 l of distilled water) and tryptone (5 g/l) [20].

DNA extraction and amplification of the studied
genes. DNA was extracted from the biomass pro�
duced in midexponential phase cultures using the
DiatomtmDNAprep kit (Biokom, Russia) according
to the manufacturer’s recommendations with minor
modifications. The purified DNA preparation was dis�
solved in 100 μl of bidistilled water and used as a tem�
plate for the polymerase chain reaction.

PCR amplification of the 16S rRNA genes was car�
ried out using the standard technique with universal
primers [22].

Two�round PCR amplification of the gyrB gene was
carried out, including (1) amplification with the
degenerate primers Up�1�deA and Up�2R [16] and
(2) reamplification of the PCR products with the
primers Up1S–Up�2Sr, complementary to the 5' ends
of the degenerate primers Up�1�deA and Up�2R [16],
or with the direct gyrBs�G(gyr1�G) primer specially
designed for geobacilli together with the Up�2Sr
primer. For selective amplification of the parE gene,
the primers top2F�geo–top1R�geo (top3R�geo) were
designed. The reaction mixture (20 μl) contained
approximately 10–50 ng of the DNA template. The
primer sequences and PCR regimes are listed in
Table 1.

Cloning and sequencing. The PCR products
obtained as a result of amplification and reamplifica�
tion were sequenced directly using the relevant prim�
ers or cloned into the pTZ57R/T vector using a PCR
Cloning Kit (Fermentas, Lithuania) in order to obtain
the gyrB gene sequences of the strains for which ampl�
icon heterogeneity was revealed by direct sequencing.
The selection of transformants, detection of an insert
in the vector, and sequencing of the insert were carried
out using the standard technique.

Phylogenetic analysis. Preliminary analysis of the
obtained nucleotide sequences was performed using
the NCBI BLAST software package (http://www.
ncbi.nlm.nih.gov/blast). The nucleotide sequences
were aligned with the sequences retrieved from the
GenBank database using the CLUSTALX 2.0 software
package (http://bisp.u�strasbg.fr/fr/Documentation/
ClustalX/). The phylogenetic trees were constructed
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with the neighbor�joining method using the TREECONW
software package (http://bioc�www.uia.ac.be/u/yvdp/
treeconw.html). The significance of the branching
order (%) was determined by bootstrap analysis of
1000 alternative trees.

The 16S rRNA, gyrB, and parE gene sequences
obtained in this work were deposited in GenBank
under accession numbers: gyrB—GU459227–
GU459239; GU323951, GU323952; parE—
GU459240–GU459250; GU323953, GU323954,
GU994005, GU994006; 16S rRNA—GU459251,
GU459252, GU994000–GU994004.

RESULTS

Amplification of the gyrB and parE genes. Initially,
the previously proposed degenerate primers Up�1–
Up�2R [16] allowing amplification and direct
sequencing of the PCR products obtained from a wide
range of bacterial objects were used for amplification
of the gyrB gene fragments. However, these primers
were found to be inefficient for Geobacillus species.
Comparison of the primer Up�1 with the gyrB gene
sequences obtained from the total genomes of Geoba�
cillus kaustophilus HTA 426 and G. thermodenitrificans
NG80�2 allowed us to modify the primer by removal of
the A nucleotide from the 3' end, since the presence of
the G nucleotide at the same site is typical of Geobacil�
lus species. As a result of the use of the modified
primer Up�1�deA, a PCR product of the expected
size, about 1100 nucleotides, was obtained for ten Geo�
bacillus strains, including G. stearothermophilus DSM
22T, G. thermocatenulatus B1259T, G. jurassicus DS1T,
and G. subterraneus 34T and Sam, as well as Geobacillus
sp. 3Feng, 46, B�1024, 1017, and 8m3. However,
direct sequencing of the obtained amplicons was suc�
cessful only for G. stearothermophilus DSM 22T and
G. jurassicus DS1T, as well as for the Geobacillus strains
1017, 8m3, B�1024, and vw3�1; the obtained sequence
conformed to the gyrB gene only in the case of the first
four strains, whereas, in the case of strains B�1024 and
vw3�1, it conformed to the parE gene. As a result of
cloning of the remaining amplicons for four Geobacil�
lus strains, both the gyrB and parE gene sequences
were obtained simultaneously. Thus, the degenerate
primers used in this work were not always specific
enough to amplify the gyrB gene alone, which had
been previously demonstrated [15, 23].

Therefore, at the next stage of analysis, primers
that selectively amplified the gyrB and parE genes were
designed and applied using the de novo determined
gyrB and parE sequences and those available from the
GenBank database (Table 1). PCR products of the
expected size (about 850 bp) were obtained for six Geo�
bacillus strains, G. jurassicus DS2, G. gargensis GaT,
G. subterraneus K, and G. uzenensis UT and X, as well
as for Geobacillus sp. 49 using the primer pairs gyrBs�
G(gyr1�G)–Up�2r(Up2Sr). Direct sequencing con�
firmed that the obtained PCR products were frag�

ments of the gyrB gene. Similarly, fragments of the
parE gene of the expected size (about 1150 (900) bp)
were obtained for G. stearothermophilus DSM 22T,
G. jurassicus DS1T, Geobacillus sp. 8m3, G. gargensis
GaT, G. subterraneus K, and G. uzenensis UT and X, as
well as for Geobacillus sp. 46, 49, and 1017 with the
application of the primer pairs top2F�geo–top1R�geo
(top3R�geo). However, none of the primer pairs used
in this work allowed us to obtain a PCR product from
the target parE gene of Geobacillus sp. 8m3.

Hence, the available systems of oligonucleotide
primers for amplification of the gyrB and parE gene
fragments cannot yet be considered universal for all
representatives of the genus Geobacillus. This should
be remembered when using these primers for molecu�
lar ecological studies of the diversity of Geobacillus
species in natural ecosystems.

Phylogenetic analysis of the 16S rRNA gene
sequences. In this work, we compared the 16S rRNA
gene sequences of newly isolated Geobacillus strains
and of the strains belonging to the species we previ�
ously described [20, 21, 24], as well as of the type
strains of other validated Geobacillus species [25–29].
Moreover, we used the 16S rRNA gene sequences from
the total genomes of five reference Geobacillus strains
available in the GenBank database, including two
strains belonging to G. kaustophilus and G. thermoden�
itrificans and three unidentified strains.

According to phylogenetic analysis of the 16S
rRNA gene sequences, Geobacillus strains formed five
main clusters (Fig. 1) with a 97.6–100% similarity
within each cluster and a 93.5–97.3% similarity
between them. The majority of Geobacillus species
belonged to cluster I, and the level of interspecific sim�
ilarity between the sequences of this cluster was
extremely high (97.8–99.9%). In many cases, this
level was comparable to the intraspecific one for Geo�
bacillus strains (99.8–100%), which did not permit
reliable species differentiation.

This hindered identification of some novel and ref�
erence Geobacillus strains. Strain 3Feng, which is
closely related to the type strain G. thermoglucosidasius
(100% 16S rRNA gene sequence similarity) and the
reference strain WCH70, as well as strains B�1024 and
vw3�1, which are closely related to the type strain
G. toebii (99.0–99.9%), could be preliminarily identi�
fied as representatives of these species. Strain 8m3
could be preliminarily affiliated with the species
G. pallidus, with the type strain of which it forms clus�
ter IV (99.8% 16S rRNA gene sequence similarity). All
other strains belonged to cluster I. The reference strain
G11MC16 was affiliated with the species G. ther�
modenitrificans (99.6% 16S rRNA gene sequence sim�
ilarity). Strain 46 was affiliated with the species
G. stearothermophilus (99.9% 16S rRNA gene
sequence similarity), which confirmed our earlier
conclusion [21]. At the same time, the phylogenetic
positions of strains 49, and 1017, and the reference
strain Y412MC61 were uncertain, since the level of
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Fig. 1. Phylogenetic tree of the genus Geobacillus constructed on the basis of the 16S rRNA gene sequences. The tree was con�
structed using the neighbor�joining method, with the B. subtilis sequence as an outgroup. The strains the 16S rRNA sequences of
which were determined in this work are shown in bold. The strains the gyrB and parE sequences of which were determined in this
work are underlined. The reference strains for which data on the sequence structure of the total genome are available are shaded
gray. The numerals show the significance of the branching order as determined by bootstrap analysis (only bootstrap values above
85% were considered as significant). The bar shows the evolutionary distance corresponding to two substitutions per 100 nucle�
otides.
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16S rRNA similarity between these species was high
and approximately equal to the similarity level
between them and the type strains of several closely
related Geobacillus species within this cluster, which
was similarly high.

Phylogenetic analysis of the gyrB and parE gene
sequences. The compared gyrB and parE gene
sequences included the sequences obtained in this
study and the reference ones from five completely
sequenced Geobacillus genomes. In the course of the
initial phylogenetic analysis, the gyrB gene sequences
were compared with the analogous sequences of other
genera of the family Bacillaceae (Bacillus, Paenibacil�
lus, Alicylobacillus, Amphibacillus, Anoxybacillus,
Halobacillus, Virgibacillus, and Sulfobacillus) available
in the GenBank database. Similarly to the results of
the 16S rRNA gene analysis, Geobacillus strains
formed a separate phylogenetic group in the con�
structed phylogenetic tree (data not presented), which
confirmed the taxonomic status of these strains con�
forming to the genus level.

The topologies of the phylogenetic trees con�
structed on the basis of phylogenetic analysis of the
gyrB and parE gene sequences of Geobacillus strains
under study corresponded completely to the topology
of the “ribosomal” tree. In the gyrB tree, clusters I, II,
and IV were observed (Fig. 2a), the level of similarity
within these clusters was 74.4–100%, and the similar�
ity level between the clusters was 71.6–80.9%. In the
parE tree, clusters I and II were observed (Fig. 2b); the
level of similarity within these clusters was 85.5–
100%, while the level of similarity between the clusters
was 75.2–79.8%. Due to greater phylogenetic diver�
gence of the sequences within the main clusters as
compared to the results of the 16S rRNA gene analy�
sis, the relationships between strains and species were
more pronounced, which was most noticeable in the
case of the most taxonomically problematic cluster I.

In the gyrB tree, this cluster was reliably divided
(100% bootstrap support) into five subclusters (IA–
IE); the level of similarity within these subclusters
(94.5–100%) was considerably higher than the level of
similarity between the subclusters (84.4–90.6%).
However, these subclusters did not show exact corre�
spondence with the species composition of this cluster.
For instance, subclass IB included the gyrB gene
sequences of the G. stearothermophilus type strain and
those of the closely related strain 46, subclass ID
included the nucleotide sequences of the reference
strain G11MC16 and G. thermodenitrificans NG80�2,
and subclass IE included the sequences of three
G. subterraneus strains. At the same time, subcluster
IA included the gyrB gene sequences of the G. gargen�
sis and G. thermocatenulatus type strains, as well as of
the reference strain Y412MC61, G. kaustophilus
HTA426, and strains 49 and 1017; subcluster IC
included the gyrB gene sequences of the G. uzenensis
and G. jurassicus strains. In the parE tree, cluster I had
the same structure as in the gyrB tree (the level of sim�

ilarity between sequences within the subclusters was
95.6–100%; the level of similarity between the sub�
clusters was 86.3–93.3%), with the only exception. In
this tree, subcluster IA was divided into two independent
clusters, IA�1 containing the parE gene sequences of the
G. gargensis and G. thermocatenulatus type strains and IA�2
containing the parE gene sequences of the reference
strains Y412MC61 and G. kaustophilus HTA426, as
well as of the novel strain 1017.

The topologies of the gyrB and parE trees con�
firmed the affiliation of strain 46 to the species
G. stearothermophilus and of the reference strain
G11MC16, to G. thermodenitrificans, and affiliation of
strains 1017 and 49, as well of the reference strain
Y412MC61, to G. kaustophilus.

DISCUSSION

Since their description [20], bacteria of the genus
Geobacillus have aroused considerable scientific inter�
est due to both the role that they play in natural eco�
systems and their potential importance to biotechnol�
ogy and bioremediation. Over the past several years,
several new strains belonging to this genus have been
described, including G. jurassicus [21], G. gargensis
[24], G. lituanicus [25], G. vulcani [26], G. tepidamans
[27], G. debilis, G. pallidus [28], and G. toebii [29]. The
extent of phylogenetic divergence deduced from the
16S rRNA gene sequences of various species belong�
ing to the genus Geobacillus does not exceed 7% and
reaches 0% for some closely related species. In the
phylogenetic tree, the 16S rRNA gene sequences of
some species form separate, distinct branches (sub�
clusters); however, the majority of 16S rRNA gene
sequences form a single cluster of closely related
sequences (cluster I), which makes identification of
new strains very difficult. In such cases, the results of
DNA–DNA hybridization are used, which, however,
do not give an unambiguous answer. For example, the
obtained data on the interspecific level of DNA–DNA
hybridization between G. thermocatenulatus, G. kaus�
tophilus, and G. thermoleovorans (Table 2) [20, 21, 24]
contradicted the data presented in [30]. According to
these authors, the level of DNA–DNA hybridization
between these species was higher (more than 75%);
therefore, it was proposed that these strains should be
clustered into one genomovar, the species G. thermo�
leovorans. In similar experiments carried out by other
authors [26], the levels of DNA–DNA hybridization
between these species were close to those obtained in
the present study (40–61%). A discrepancy in the
results of DNA–DNA hybridization obtained by dif�
ferent authors may be attributed to an experimental
error resulting from the differences in reaction condi�
tions and the absence of adequate control values at the
inter� and intraspecific levels. In addition, the results
of DNA–DNA hybridization of newly isolated Geoba�
cillus strains obtained by different authors indicate the
interspecific level of their relatedness (Fig. 3), which
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Fig. 2. Phylogenetic tree of the genus Geobacillus constructed on the basis of analysis of the “housekeeping” genes gyrB (a), parE
(b), recN (c), and rpoB (d). The tree was constructed using the neighbor�joining method, with the B. subtilis sequence as an out�
group. In the trees (a) and (b), the strains the gyrB and parE sequences of which were determined in this work are shown in bold.
In the trees (c) and (d), these strains are underlined. The reference strains for which data on the sequence structure of the total
genome are available are shaded gray. The numerals show the significance of the branching order as determined by bootstrap anal�
ysis (only bootstrap values above 85% were considered as significant). The bar shows the evolutionary distance corresponding to
five substitutions per 100 nucleotides.

helped to describe new species belonging to the phylo�
genetic cluster I, including G. uzenensis, G. subterra�
neus [20], G. jurassicus [21], G. gargensis [24],
G. lituanicus [25], and G. vulcani [26]. It should be
noted that clusters I and II can be distinctly differenti�
ated in the dendrogram based on the results of DNA–
DNA hybridization, as in the case when the results of
comparative analysis of the nucleotide sequences of

both ribosomal and protein�encoding genes were used
(Table 2).

The results of comparative analysis of the
sequences of the genes encoding type II topoi�
somerase, gyrase, and type IV topoisomerase demon�
strate that these genes can be used along with 16S
rRNA genes as phylogenetic markers for differentia�
tion of the species of the genus Geobacillus. For the

100
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Fig. 2. Contd. 

majority of Geobacillus species, the extent of phyloge�
netic divergence of the gyrB and parE gene sequences
was significantly higher than that determined on the
basis of the results of comparative analysis of 16S
rRNA gene sequences and reached 30 and 25% (never
lower than 10%) for the gyrB and parE genes, respec�
tively. Although the topologies of the constructed phy�
logenetic trees correlated with the topology of the 16S
rRNA tree, they were much more complex, making it
possible to distinguish separate branches (subclusters)
correlating well with the species structure of the genus
Geobacillus. The level of genetic distance within the
subclusters represented mainly by strains belonging to
one species varied from 0 to 5% (Table 2). Hence,

unlike the results of analysis of the 16S rRNA gene
sequences, comparative analysis of type II topoi�
somerase sequences allows more precise determina�
tion of the inter� and intraspecific levels of relatedness
between Geobacillus species (Table 2).

Similar patterns have been previously observed
during the phylogenetic analysis of other “housekeep�
ing” genes of geobacilli, recN [7] and rpoB [11]. The
topologies of the phylogenetic trees of Geobacillus spe�
cies based on the comparative analysis of these genes
(Figs. 2c and 2d) correlated well with the phylogenetic
trees based on the comparative analysis of the genes
encoding type II topoisomerases. However, compara�
tive analysis of the latter genes allows more precise
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determination of the species composition of the genus
Geobacillus. For instance, analysis of the rpoB gene
does not allow differentiation between G. stearother�
mophilus, G. kaustophilus, G. thermoleovorans, G. ther�
mocatenulatus, G. lituanicus, and G. gargensis (subclass
IAB). Analysis of the recN and gyrB genes allowed dif�
ferentiation of only one species, G. stearothermophilus
(subclass IB), within this group. At the same time,
analysis of the parE gene allowed us to distinguish reli�
ably the species G. thermocatenulatus (subclass IA�1)
and G. kaustophilus (subclass IA�2), which supported
the results of DNA–DNA hybridization that indicate
the independent taxonomic status of these species
(Table 2). Thus, among the presently studied genes,
the parE genes can give the highest resolution when
determining the taxonomic status of Geobacillus spe�
cies.

However, analysis of this and other genes did not
permit differentiation between the species pairs
G. thermocatenulatus–G. gargensis (subclass IA�1) and

G. jurassicus–G. uzenensis (subclass IC) exhibiting
99.5–100 and 99.7–100% pairwise similarity of their
sequences for the gyrB and parE genes, respectively
(which corresponds to the intraspecific level)
(Table 2). Since the results of DNA–DNA hybridiza�
tion were particularly important for the description of
new species in these pairs, their taxonomic status has
raised doubts from the perspective of the newly
obtained data. The taxonomic status of the species
G. lituanicus [25] and G. vulcani [24, 26], which have
been described based mainly on the results of DNA–
DNA hybridization, also remains unconfirmed. It is
possible that further studies of the gyrB and parE genes
of various members of the subclaster IA containing
closely related species are required to come to a more
accurate conclusion.

This study provided for a more precise determina�
tion of the taxonomic status of unidentified reference
Geobacillus strains, as well as of novel strains isolated
from oil strata. Based on the intraspecific level of sim�
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Fig. 2. Contd. 

ilarity between the gyrB and parE gene sequences (99.6
and 99.3%, respectively), strain 46 may be affiliated
with the species G. stearothermophilus. Since the gyrB
and parE gene sequences of some type strains remain
to be determined, the results of the identification of
other studied strains are considered tentative. It
should be noted that, in the case of strain 8m3, which
was tentatively identified as a representative of the spe�
cies G. pallidus, only the gyrB gene sequence with a
deep divergence from the gyrB gene sequences of other
Geobacillus strains (30%) was obtained. We failed to
obtain the parE gene sequence of this strain, probably
due to some changes at the primer binding site. It has
been previously suggested [31] that G. pallidus should
be excluded from the genus Geobacillus and assigned
to Aeribacillus pallidus gen. nov., comb. nov. Although
this proposal has not been validated yet, it does not
contradict our results.

Changes in the gyrB gene sequence at the binding
site of the primer Up2R can be detected using the
results of analysis of the total genome of the reference
strain WCH70 presumably belonging to G. toebii.
Since, according to the level of similarity between the
parE gene sequences (99.3–100%), the new strains B�
1024 and vw3�1 belong to the same species, it may be
suggested that similar changes occurred in the gyrB
sequences of these strains, which prevented us from
amplifying their gyrB gene.

On the basis of the results of analysis of the type II
topoisomerase sequences, we propose that the gyrB
and parE genes be used for determining the species
composition of the genus Geobacillus as phylogenetic
markers with the highest resolution. However, their
application is limited due to the fact that the universal�
ity of the available primer systems is not sufficient,
which can be improved by increasing the number of
studied Geobacillus strains.
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Fig. 3. Dendrogram based on the results of DNA–DNA hybridization representing the relatedness among the members of the
genus Geobacillus. The strains for which data on the sequence structure of the gyrB and parE genes are available are underlined.
The dendrogram was constructed on the basis of the average similarity matrix, for which missing values were calculated using the
average values for a cluster. The trees were based on the average similarity matrix and constructed using the unweighted pair group
method with arithmetic mean (UPGMA) implemented in the PHYLIP software package [32]. The bar shows the levels of DNA–
DNA hybridization (%). The dotted line shows the intraspecific level of DNA–DNA homology. 
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