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Tank biooxidation of sulfide ore concentrates is
presently used worldwide for recovery of precious met�
als [1]. The oxidation of sulfide ores and their concen�
trates is carried out by acidophilic chemolithotrophs,
a physiologically heterogeneous microbial group com�
prising of the members of several bacterial and
archaeal phyla. The possible practical application of
these microorganisms results in interest in various
aspects of their physiology, ecology, and phylogenetics
[2]. Better understanding of the patterns of formation
of associations of acidophilic chemolithotrophic
microorganisms (ACM) in anthropogenic environ�
ments improves our knowledge of this unique physio�
logical group of microorganisms. Intensification of the
processes of recovery of precious and nonferrous met�
als and enhancing its efficiency require the determina�
tion of optimal conditions and technological regimes
for the ACM�mediated oxidation of sulfide minerals [3].

The recent interest in microbial communities with
the optimal growth temperatures of 40–60°С is due to
the self�heating that occurs during tank biooxidation
of sulfide minerals as a result of exothermic reactions

[4]. Temperature has a significant effect on the species
composition of the ACM populations. While Lep�
tospirillum ferrooxidans, L. ferriphilum, and Acidithio�
bacillus caldus predominate in tank bioleaching at 40–
45°C, when At. ferrooxidans, At. thiooxidans, and Sul�
fobacillus sp. are also present [4–7], Acidithiobacillus
caldus, Sulfobacillus sp., and Acidimicrobium sp. pre�
vail at 45–55°C [8,9].

We concentrated on the study of the microbial pop�
ulation which oxidizes sulfide minerals of the pyrrho�
tite�containing pyrite–arsenopyrite ore concentrate
from the Olympiadinskoe deposit during gold extrac�
tion [10]. Previously, oxidation of the sulfide minerals
of the flotation concentrate in the semi�industrial
setup of the Polyus gold�recovery factory (GRF) was
carried out at 30–35°C. Under these conditions,
mesophilic gram�negative bacteria At. ferrooxidans
and At. thiooxidans predominated in the microbial
community. Scaling of the process resulted in a tem�
perature increase caused by self�heating of the pulp.
The temperature was maintained at 39–40°C by cool�
ing the reactors with water. Analysis of the microbial
association revealed the dominance of Sulfobacillus
species. The new species 'S. olympiadicus' was isolated.

Species Composition of the Association of Acidophilic 
Chemolithotrophic Microorganisms Participating in the Oxidation 

of Gold�Arsenic Ore Concentrate
A. G. Bulaeva, T. A. Pivovarovaa, V. S. Melamuda, B. K. Bumazhkinb, E. O. Patutinab, T. V. Kolganovab, 

B. B. Kuznetsovb, and T. F. Kondrat’evaa, 1 

a Winogradsky Institute of Microbiology, Russian Academy of Sciences, pr. 60�letiya Oktyabrya 7, k. 2, Moscow, 117312 Russia
bBioingeneering Center, Russian Academy of Sciences, pr. 60�letiya Oktyabrya 7, k. 1, Moscow, 117312 Russia

Received February 2, 2011

Abstract—The species composition of the microbial association involved in industrial tank biooxidation of
the concentrate of refractory pyrrhotite�containing pyrite�arsenopyrite gold–arsenic ore of the Olympiadin�
skoe deposit at 39°C was studied by cultural and molecular biological techniques. Pure microbial cultures
were isolated, their physiological characteristics were investigated, and their taxonomic position was deter�
mined by 16S rRNA gene sequencing. The library of 16S rRNA gene clones obtained from the total DNA
isolated from the biomass of the pulp of industrial reactors was analyzed. The diversity of microorganisms
revealed by cultural techniques in the association of acidophilic chemolithotrophs (Acidithiobacillus ferroox�
idans, Leptospirillum ferriphilum, Sulfobacillus thermosulfidooxidans, Ferroplasma acidiphilum, Alicyclobacil�
lus tolerans, and Acidiphilium cryptum) was higher than the diversity of the 16S rDNA clone library (At. fer�
rooxidans, L. ferriphilum, and F. acidiphilum). The combination of microbiological and molecular biological
techniques for the investigation of the biodiversity in natural and anthropogenic microbial communities pro�
motes detection of new phylogenetic microbial groups in these communities.

Keywords: tank biooxidation, gold–arsenic concentrate, acidophilic chemolithotrophic microbial associa�
tion, Acidithiobacillus, Leptospirillum, Sulfobacillus, Ferroplasma, 16S rRNA gene sequencing, 16S rRNA
gene clone library.

DOI: 10.1134/S0026261711060038

1 Corresponding author; e�mail: kondr@inmi.host.ru

EXPERIMENTAL 
ARTICLES



MICROBIOLOGY  Vol. 80  No. 6  2011

SPECIES COMPOSITION OF THE ASSOCIATION 843

Several years of monitoring the microbial association
in the reactor pulp demonstrated that some Sulfobacil�
lus strains were replaced by others, the strains of
S. thermotolerans and S. thermosulfidooxidans were
isolated. The strains of L. ferrooxidans, Ferroplasma
acidiphilum, At. ferrooxidans, At. thiooxidans, and of
the fungus Aspergillus niger were also present [11, 12].

Investigation of strain polymorphism in ACM
revealed that phylogenetically related strains some�
times differed significantly in their physiological char�
acteristics, affecting the role of specific isolates in the
bioleaching processes [13, 14].

The goal of the present work was to apply molecu�
lar biological and cultural techniques to investigate the
species composition of the association of acidophilic
chemolithotrophic microorganisms involved in indus�
trial tank biooxidation of the ore concentrate from the
Olympiadinskoe deposit at 39°C, the physiology of
pure cultures, and the role of each member of the asso�
ciation in the oxidation of sulfide minerals.

MATERIALS AND METHODS

Subjects of investigation. The microbial commu�
nity of a sample from the Polyus CRF reactor was
investigated. The sulfide ore concentrate contained
the following (wt %): Fetotal, 25.6; Astotal, 9.39; Sbtotal,
9.50; Stotal, 22.2, Ca, 3.00; and C, 1.37.

Isolation of pure cultures. Pure cultures were
obtained by inoculation of selective media with termi�
nal tenfold dilutions of the liquid phase of the pulp at
30, 35, 40, and 50°C. The strains of At. ferrooxidans
were isolated on 9K medium [15] and the strains of
At. thiooxidans and At. caldus, in the medium of the
same mineral composition with iron sulfate replaced
by elemental sulfur (10 g/l) as an energy source. Sulfo�
bacillus sp. strains were isolated on 9K medium sup�
plemented with yeast extract (YE, 0.02%) [16]. Lep�
tospirillum sp. strains were isolated in the medium [7]
containing ferrous iron (500 mM). Ferroplasma sp.
was isolated in a modified 9K medium [17]. The
microorganisms were incubated on a rotary shaker
(170 rpm) in 250�ml Erlenmeyer flasks with 100 ml of
the medium and 10 ml of the inoculum.

Phenotypic characterization of the microorganisms.
The microorganisms were enumerated by direct count
under an Amplival phase contrast microscope (Carl
Zeiss, Germany). The effect of temperature on micro�
bial growth was determined in a 9K medium. The
capacity for oxidation of sulfur and ferrous iron under
autotrophic and mixotrophic conditions was deter�
mined. The concentrations of ferric and ferrous iron
ions were determined by complexometric titration
[18]. Sulfur oxidation was assessed as a decrease in pH
of the medium.

Genetic Systematic Investigation

DNA isolation from bacterial biomass was carried
out as described in [19]. The DNA concentration in
the preparations was 30–50 µg/ml. RNA was present
in the preparations in trace amounts (less than 1%; the
data of electrophoretic analysis are not shown).

Amplification of the 16S rRNA genes and cloning
and sequencing of the PCR products. Polymerase chain
reaction, cloning of the 16S rRNA gene PCR frag�
ments, and sequencing of the clonal inserts of eubac�
terial origin were carried out with the universal primers
[20]. For PCR and subsequent sequencing of the
archaeal component, the original primer system was
used [21]. In both cases, the amplification mixture
(50 µl) contained the following: 1 ×BioTaq DNA
polymerase buffer (17 mM (NH4)2SO4, 67 mM Tris�
HCl, pH 8.8, and 2 mM MgCl2), 12.5 nmol of each
dNTP, 50 ng of template DNA, 5 pmol of the relevant
primers, and 3 U of BioTaq DNA polymerase (Dialat
Ltd., Russia).

PCR was carried out on a Gradient MasterCycler
DNA amplifier (Eppendorf, Germany) according to
the following profile: first cycle (9 min at 94°С, 1 min
at 55°С, and 2 min at 72°С); and the final cycle of
7 min at 72°C.

The PCR products were analyzed by electrophore�
sis in 2% agarose gel at 6 V/cm.

The PCR products were recovered from low�melt
agarose and purified using the Wizard PCR Preps
reagent kit (Promega, United States) according to the
manufacturer’s recommendations.

Amplification products were cloned using the
pGEM�T System reagent kit (Promega, United
States) according to the manufacturer’s recommenda�
tions.

Sequencing was carried out according to Sanger
[22] using the Big Dye Terminator kit v.3.1 (Applied
Biosystems, United States) on an ABI PRIZM 3730
automated sequencer (Applied Biosystems, United
States) according to the manufacturer’s recommenda�
tions. Both external and internal primers were used,
and the reading was performed in two directions.

Analysis of the nucleotide sequences of the 16S
rRNA genes. For the primary analysis of homologies of
the 16S rRNA gene sequences, the BLAST server was
used (http://www.ncbi.nlm.nih.gov/blast). These
sequences were aligned with the relevant sequences of
the closely related species using the CLUSTALW soft�
ware package [23]. Phylogenetic trees were con�
structed using the procedures implemented in the
TREECONW software package [24]. Statistical reli�
ability of the resulting trees was determined by boot�
strap analysis of 1000 alternative trees.

The results of 16S rRNA gene sequencing were
deposited to GenBank under accession nos.
JF891382–JF891387.
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RESULTS AND DISCUSSION

Isolation of Pure Microbial Cultures and Determination
of Their Phylogenetic Position

Inoculation of terminal tenfold dilutions of the liq�
uid pulp from the Olympiadinskoe deposit gold–
arsenic ore resulted in the isolation of six microbial
cultures. According to their morphological and physi�
ological characteristics, the strains were tentatively
classified as members of the genera Acidithiobacillus,
Leptospirillum, Sulfobacillus, Ferroplasma, Alicycloba�
cillus, and Acidiphilium.

Comparison of the PCR fragments of the 16S
rRNA genes (1300–1490 bp) with the similar
sequences of various ACM species from GenBank
[http://www.ncbi.nlm.nih.gov/nuccore] was used to
determine the phylogenetic position of these strains.
The 16S rRNA gene of strain Acidithiobacillus sp.
OL10�01 (JF891384) was most closely related (98.5%
similarity) to that of At. ferrooxidans ATCC 23270
(NC_011761) (Fig. 1). The sequence of Leptospirillum
sp. OL10�02 (JF891387) exhibited 99.6% similarity to
that of L. ferriphilum BY (EF025341) (Fig. 2). Strain
Sulfobacillus sp. OL10�03 (JF891382) belonged to
S. thermosulfidooxidans strain G2 (AY140233) (99.8%
similarity), Ferroplasma sp. OL10�04 (JF891386)
belonged to F. acidiphilum strain DR1 (AY222042)
(98.4% similarity), Alicyclobacillus sp. OL10�05
(JF891385) belonged to Al. tolerans strain K1
(Z21979) (98.4% similarity), and Acidiphilium sp.
OL10�06 (JF891383) belonged to Ac. cryptum strain
ATCC 33463 (99.9% similarity).

Physiological Properties of the Strains

The bacterium At. ferrooxidans OL10�01 oxidized
ferrous iron under autotrophic conditions (table). The

optimal growth temperature was 35–37°C with the
upper growth limit on medium 9K not exceeding 40°C
(Fig. 3). The strain oxidized also elemental sulfur. The
dynamics of sulfur oxidation by this strain at 35°C is
shown in Fig. 4. The highest cell number (2.1 ×
107/ml) was observed on the eighth day of growth,
while pH decreased from 2.25 to 0.75. On the ninth
day, the cell number decreased, while pH did not
change. Strain OL10�01 (gF891384) did not oxidize
sulfur at 40°C.

The bacterium L. ferriphilum OL10�02 oxidized
ferrous iron under autotrophic conditions (table). The
optimal growth temperature was 35–37°C, with the
upper limit for growth at 45°C (Fig. 3). While the spe�
cific growth rates of At. ferrooxidans OL10�01
(JF891384) and L. ferriphilum OL10�02 (JF891387)
during exponential growth at the optimal temperature
were close (0.07 and 0.076 h–1, respectively), the time
required for complete oxidation of iron differed signif�
icantly (30 and 100 h, respectively). This is due to the
long (3.5–4 days) lag phase of the leptospirilla.

The bacterium S. thermosulfidooxidans OL10�03
oxidized ferrous iron (Fig. 3) and sulfur at the optimal
growth temperature of 45–50°C. The strain was capa�
ble of high rates of iron oxidation under mixotrophic
conditions, although the rate of iron oxidation
decreased sharply at elevated Fe3+ concentrations and
the culture entered the stationary growth phase at
2.5 g/l ferrous iron, similar to the type strain of S. ther�
mosulfidooxidans [16]. Under autotrophic conditions,
iron was oxidized at a low rate. Sulfur was oxidized
only under mixotrophic conditions, with the rate of
sulfur oxidation depending on the YE concentration
in the medium (Fig. 5). At 0.02% yeast extract, the
number of cells decreased sharply (up to 5.7 × 107/ml)
during the first day of incubation, while pH decreased
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Fig. 1. Phylogenetic tree of the 16S rRNA gene sequences of the genus Acidithiobacillus showing the position of the strain
Acidithiobacillus sp. OL10�01 and of the consensus phylotype. The numerals represent bootstrap values. The bootstrap values
exceeding 70% are shown. The sequences obtained in the present work are marked by boldface. The evolutionary distance scale
is shown at the top. The neighbor�joining algorithm was used. Type strains are designated by T. The 16S rRNA sequence of
Thermithiobacillus tepidarius DSM 3134T (GenBank AJ459801) was used as an outgroup.
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from 2.25 to 1.5 of the second day. In the presence of
0.002% YE, growth commenced only after a two�day
lag period and the yield was 1.9 × 107/ml. Since sulfo�
bacilli are able to use yeast extract both for construc�
tive metabolism and as an energy source and electron
donor, its concentration in the medium is important.

The archaeon F. acidiphilum OL10�04 oxidized
iron under mixotrophic conditions within the 30–
45°C range with an optimum at 35°C.

The bacterium Al. tolerans OL10�05 oxidized ele�
mental sulfur in the presence of 0.02% YE during the first
two transfers (table). After five days of cultivation at

0.02
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Leptospirillum ferriphilum Warwick (AF356831)

Leptospirillum ferrooxidans TzT�B1�K3 (AJ295685)

Leptospirillum ferriphilum BY (ER025341)

Leptospirillum sp. OL10�02 (JF891387)

Clone consensus (39 sequences)
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Fig. 2. Phylogenetic tree of the 16S rRNA gene sequences of the genus Leptospirillum showing the position of the strain Leptospir�
illum sp. OL10�02 and of the consensus phylotype. The numerals represent bootstrap values. The investigated sequences are
marked by boldface. The evolutionary distance scale is shown at the top. The neighbor�joining algorithm was used. Type strains
are designated by T. The 16S rRNA sequence of Nitrospira moscoviensis NSP M�1T (GenBank NR_029287) was used as an out�
group. The sequences obtained in the present work are marked by underlined boldface.

Diagnostic characteristics of the microorganisms isolated from the pulp of the Olympiadinskii GRF

Strain Morphology Isolation tem�
perature, °C Isolation medium Substrates utilized

Acidithiobacillus ferrooxidans 
OL10�01 (JF891384)

Rods 30 9K Ferrous iron, S0 

Leptospirillum ferriphillum 
OL10�02 (JF891387)

Vibrios 35 [10] Ferrous iron 

Sulfobacillus thermosulfido�oxi�
dans OL10�03 (JF891382)

Rods 45 9KS Ferrous iron, S0 under mix�
otrophic conditions, YE 

Ferroplasma acidiphilum OL10�04 
(JF891386)

Pleomorphic cells 35 9K [17] Ferrous iron under mix�
otrophic conditions 

Alicyclobacillus tolerans OL10�05 
(JF891385)

Spore�forming rods 40 Salt base of 9K S0 under mixotrophic condi�
tions, YE

Acidiphilium cryptum OL10�06 
(JF891383)

Cocci, diplococci 40  Salt base of 9K YE*

* YE, yeast extract.
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40°C, pH decreased from 2.2 to 2.0, indicating low rates
of oxidation. At pH 2.0, active formation of endospores
began. No sulfur oxidation occurred after the second
transfer, although growth continued due to YE consump�
tion. Iron was not oxidized under autotrophic and mix�
otrophic conditions. Members of the genus Alicyclobacil�
lus are known to utilize both organic and inorganic (fer�
rous iron, sulfur, and various sulfide minerals) substrates
for mixotrophic growth [26].

The bacterium Ac. cryptum OL10�06 was isolated
on the medium with elemental sulfur and YE, but no
pH decrease was observed during growth, i.e., the
inorganic substrate was not oxidized (table). The iso�
late also did not oxidize iron.

Thus, microbiological techniques revealed that
members of the genera Sulfobacillus, Leptospirillum,
and Ferroplasma played the main part in the oxidation
of inorganic energy substrates (elemental sulfur and
ferrous iron). At. ferrooxidans OL10�01 (JF891384)
actively oxidized sulfur at 35°C. Alicyclobacillus sp.
OL10�05 (JF891385) and Acidiphilium sp. OL10�06
(JF891383) persisted in the reactor pulp due to the
presence of organic substrates (the products of ACM
metabolism and cell lysis). Consumption of dissolved
organic matter (DOM) by heterotrophic and mix�
otrophic microorganisms has a positive effect on the
oxidation of mineral substrates by ACM, since the
activity of the latter is inhibited at DOM accumulation
in the medium [27].

Analysis of the Composition of the Microbial Association 
Using the 16S rRNA Gene Clone Libraries

In the library of bacterial clones, 51 were obtained
and analyzed. All 16S rRNA gene sequences were
grouped into two phylotypes belonging to the known
genera Acidithiobacillus (12 clones) and Leptospirillum
(39 clones). Ten consensus clone sequences of the
genus Acidithiobacillus belonged to the phylotype of
the strain At. ferrooxidans DSM 2392 (Fig. 1). Accord�
ing to the results of the physiological and genotypic
investigation of At. ferrooxidans strains [28], all the
known 16S rRNA gene sequences of this species
belong to seven phylogenetically different groups. The
sequences obtained in the present work belong to the
phylogenetic groups 1–3, which form a single cluster
on the phylogenetic tree, while the type strain At. fer�
rooxidans ATCC 23270T belongs to the phylogenetic
group 4. Numerous At. ferrooxidans strains with more
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Fig. 3. Specific growth rates of the strains At. ferrooxidans
OL10�01 (1), L. ferriphilum OL10�02 (2), and S. thermo�
sulfidooxidans OL10�03 (3) in 9K medium at different
temperatures.
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or less similar phenotypes were described in the litera�
ture. They are all gram�negative rods, acidophilic obli�
gate chemolithoautotrophs, which obtain energy from
the oxidation of iron ions and sulfur. The results of 16S
genotyping and RAPD analysis demonstrated the het�
erogeneity of this group of strains [28]. Taxonomic
reorganization of the species At. ferrooxidans has
therefore been proposed more than once, with some
strain groups classified as individual species. Consid�
ering the above, the cluster including the sequences
isolated in the present work and that of At. ferrooxidans
DSM 2392 possibly comprises bacteria of the new spe�
cies of this genus, which differs from the type strain
At. ferrooxidans ATCC 23270T. The fact that the 16S
rRNA gene sequence of the strain Acidithiobacillus sp.
OL10�01 (JF891384) was clustered together with the
type strain At. ferrooxidans ATCC 23270T is an indirect
confirmation of this suggestion. Since analysis of the
clone library did not reveal such sequences, bacteria
physiologically resembling the type strain At. ferrooxi�
dans ATCC 23270T were probably a minor compo�
nent.

All 39 sequences similar to 16S rRNA genes of Lep�
tospirillum formed a single cluster together with the
sequence of L. ferriphilum BY (EF025341), which was
phylogenetically different from the sequences of the
type strains L. ferriphilum ATCC 49881T and L. fer�
rooxidans DSM 2705T (Fig. 2). The sequence of the
pure culture Leptospirillum sp. OL10�02 (JF891387)
belonged to the same cluster. According to the results
of phylogenetic analysis, Leptospirillum sp. OL10�02
(JF891387) probably belongs to a new species of this
genus.

Analysis of the clone library did not reveal Sulfoba�
cillus sequences. This may be a result of low Sulfobacil�
lus abundance in the microbial community. Different
efficiency of DNA recovery from different bacterial
species is an alternative explanation. In order to check
this hypothesis, a control experiment was carried out
with the biomass of the investigated community mixed
with the biomass of a pure Sulfobacillus culture at the
ratios of 10 : 0, 9 : 1, 5 :5, 1 : 9, and 0 :10. Total DNA
was then extracted by the method used for the analysis
of the community, the 16S rDNA amplificate was
obtained, sequenced, and the purity of the sequence
obtained was determined. It was discovered that sulfo�
bacilli were detected successfully when they consti�
tuted 10% of the total biomass. Therefore, it may be
concluded that the number of sulfobacilli in the sam�
ple was low, not exceeding 2%. These results don’t
contradict the data on the rates of iron and sulfur oxi�
dation by the members of three genera: Sulfobacillus,
Acidithiobacillus, and Leptospirillum. At lower cell
numbers, sulfobacilli are more active oxidizers of sul�
fide minerals than acidithiobacilli [29].

The archaeal component of the community was
practically a monoculture. Analysis of the 16S rDNA
sequence of the strain Ferroplasma sp. OL10�04

(JF891386) showed that it was identical to that of the
total amplificate, formed a cluster together with the
relevant F. acidiphilum archaeal sequences, and there�
fore belonged to the same species.

The results of the present work suggest that a com�
bination of microbiological and molecular ecological
techniques for investigation of the biodiversity of nat�
ural and anthropogenic communities is advantageous
for detection of new physiological and phylogenetic
microbial groups.

The cultural techniques revealed a more diverse
ACM community (At. ferrooxidans, L. ferriphilum,
S. thermosulfidooxidans, F. acidiphilum, Al. tolerans,
and Ac. cryptum) than analysis of the 16S rDNA clone
library (At. ferrooxidans, L. ferriphilum, and F. acid�
iphilum).

The ACM associations are currently being investi�
gated by cultural and molecular biological techniques.
The possibility of determining the composition of a
microbial community without isolation of pure micro�
bial cultures is a significant advantage of the PCR�
based methods. While obtaining DNA preparations is
crucially important for this technique, their quality
depends on the abundance of specific microorganisms
in the community, their cell wall structure, conditions
for efficient lysis, and the specificity of the primers.
Moreover, since an investigation of strain polymor�
phism in ACM demonstrated that phylogenetically�
related strains might differ significantly in their physi�
ological characteristics, adequate determination of the
functional role of the so�called phylotypes retrieved by
molecular ecological studies in the bioleaching pro�
cesses may be hindered.

The cultural techniques make it possible to obtain
pure cultures of the known microorganisms in selec�
tive media even at low concentrations in the original
community. These techniques, however, are not suit�
able for uncultured microorganisms. The present work
shows that new microorganisms identified by molecu�
lar biological techniques are not always isolated on
standard media.

Thus, the combination of cultural and molecular
biological techniques results in the most complete pic�
ture of the species diversity of the ACM associations,
and of the role of each microorganism in the commu�
nity. Investigation of the physiological characteristics
of microorganisms suggests conclusions concerning
the interspecific interactions in the ACM associations,
which are important for the understanding of their
functioning in natural and technogenic environments.
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