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Abstract—The genetic diversity of microbial communities that developed naturally within the system of ore
heap–solution of heap leaching process has been studied. The difference in the microbial community struc-
ture is identified. It is found that phylotypes Serratia and Achromobacter dominated within the ore heap and
Hydrogenophaga and Acinetobacter dominated in the solution. Phylogenetic analyses revealed that there are
microorganisms among the closest homologues that are able to destruct toxic compounds and/or exhibit
their enzyme activity at low temperature. It is shown that aerobic organoheterotrophs are the most promising
for the isolation from autochthonous microbial communities of technogenic complexes in East Siberia, as
well for studying their destructive potential and use in bioremediation.
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INTRODUCTION

The methods for biological decontamination are of
particular interest in solving environmental problems
of gold-mining waste detoxification. In the world
practice for developing new cost-effective and envi-
ronmentally efficient technologies for biodegradation
of cyanide compounds, active strains of microorgan-
isms are isolated for further use in bioremediation
activities. The biotechnology potential of bacteria is
currently being studied. These bacteria belong to dif-
ferent taxonomic groups: Proteobacteria: Achromo-
bacter sp., Acinetobacter sp. (Baxter, Cummings,
2006), Methylobacterium thiocyanatum (Wood et al.,
1998), Pseudomonas spp. (Harris and Knowles, 1983;
Grigorieva et al., 2008), Serratia marcescens (Kumar
et al., 2013); Firmicutes: Bacillus spp. (Perumal et al.,
2013; Mirizadeh et al., 2014); Actinobacteria: Rhodo-
coccus spp. (Maniyam et al., 2011), etc. Most of the
isolated strains have been successfully used in cyanide
technology waste processing in regions with warm cli-
mates (Harris and Knowles, 1983; Kumar et al., 2013;
Mirizadeh et al., 2014). However, their use for gold-
mine waste processing in Russia faces the challenge of
maintaining their active status with rapid daily and sea-
sonal temperature fluctuations (Belykh et al., 2014).

Under the conditions of severely continental cli-
mate in the autochthonous microbial communities of
natural technogenic complexes of heap leaching (HL)
waste microorganisms develop. These microorgan-
isms are adapted not only to high concentrations of
certain substances, but also to environmental condi-
tions. A study of their diversity make it possible to
adapt nutrient media and culture conditions for isola-
tion of strains involved in the destruction of toxic
compounds, taking into account regional specificity
and characteristics of the chemical composition of
rocks. Currently there are almost no researches on the
diversity, composition, and structure of microbial
communities from gold-mine HL wastes in Eastern
Siberia. Therefore, there is a necessity for identifying
microorganisms which developed in situ in two basic
types of HL wastes: process solution and ore heap.
They are negative factors of technogenic impact on
air, soil, open- and groundwater, and may for a long
time determine the state of the environment in the
area of HL   plants. Carrying out this kind of research
will allow one to offer optimal conditions for the culti-
vation of physiologically important groups of bacteria
involved in the detoxification of cyanide and its deriv-
atives. The aim of this study was to investigate the
genetic diversity of natural microbial communities
developed in the system ore heap–HL process solu-
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tion, compare the composition of microorganisms,
and determine their phylogenetic relationships with
their closest homologues.

MATERIALS AND METHODS
Sampling for the study was carried out in 2012 on

one of the fields of Krasnoyarsk krai. Samples of the
process solution and ore were collected from the func-
tional gold HL ore heap in sterile containers, trans-
ported, and stored at 4°C before the experiments.

Chemical analysis of the process solution was car-
ried out using the following methods: ionic composi-
tion of calcium, magnesium and chloride was mea-
sured by titration method (Environmental Regulation
at the Federal level (ER F) 14.1: 2.95-97, ER F 14.1:
2.98-97, ER F 14.1: 2.96-97, respectively); ionic com-
position of sulfates was measured by turbidimetric
method (ER F 14.1: 2.159-2000), that of cyanide and
thiocyanate by the photometric method with pyridine
and barbituric acid (ER F 14.1: 2.56-96, ER F 14.1: 2:
4.156-99, respectively), and the total salt content was
measured by the gravimetric method (ER F 14.1: 2:
4.114-97). The elemental composition of metals was
determined by atomic emission spectrometry with
inductively coupled plasma (ER F 14.1: 2: 4.135-98).
To determine the chemical composition of the ore
solid phase, X-ray f luorescence quantitative analysis
was used (on the MA RAC-53-2004
(FR.1.31.2014.18483)).

The diversity of microbial communities of the pro-
cess solution and the ore heap was investigated by the
molecular genetic analysis of 16S rRNA gene frag-
ments (Belkova and Andreeva, 2009). DNA extraction
was performed with a AxyPrep Bacterial Genomic
DNA commercial kit (Axygen Biosciences, United
States). Amplification was carried on bacterial con-
served primers (500L–1350R); amplicons were ana-
lyzed on agarose gel, eluted by freezing and thawing,
followed by cloning and sequencing (Belkova and
Andreeva, 2009). The nucleotide sequences were
determined on an ABI310A ABI PRISM 310 Genetic
Analyzer automatic sequencer (United States) in the
Genomic Core Facility, Siberian Branch, Russian
Academy of Sciences (Novosibirsk, Russia). A com-
parative analysis of the sequences was performed using
the FASTA (http:/ www.ebi.ac.uk/Tools/sss/fasta/
nucleotide.html) and BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). Phylogenetic relationships with
their closest homologues were evaluated by Mega soft-
ware package v. 6.06. The nucleotide sequences were
deposited in the international databases (accession
numbers: LK392396–LK392456).

RESULTS AND DISCUSSION
Chemical composition and content of cyanide com-

pounds in the system process solution–ore heap. Con-
sidering that samples were collected from an func-

tional ore heap, the chemical composition of the pro-
cess solution corresponds to the composition of the
interporous ore moisture. The characteristic features
of these solutions are high concentrations of cyanide
(2640 TLV) and thiocyanate (190 TLV), as well as a
significant concentration of heavy metals: aluminum
(53 TLV), copper (50 TLV), nickel (18 TLV), and zinc
(14 TLV) (Table 1).

The main components of the ore solid phase are
silica (the mass fraction of 55.6%) and alumina
(21.1%) due to the presence of quartz and mica. The
proportion of total iron is less than 4.19%; most of it is
in an oxidized form as goethite and only 0.314% is in
the form of sulphide in the pyrite. The content of alkali
and alkaline earth metal is no more than 5.5%
(K2O 3.8%, Na2O 1.0%, CaO 0.042%, MgO 0.7%)
(Table 2).

Heavy metals enter the interporous ore moisture
due to increased oxidation processes in gold HL
during their transition to mobile form in the composi-
tion of soluble cyanide complexes (Nekrasov, 1973).
The presence of cyanide in the interporous ore mois-
ture in the concentration higher than threshold limit
value (TLV) (Table 1) is associated with irrigation of
the ore heap with the process solution of their high
content.

Thus, taking into account the chemical composi-
tion of the liquid and solid phases of gold HL wastes,
the development of specific microbial communities
that are adapted to the high content of cyanide-con-
taining compounds and heavy metals can be assumed
in these conditions.

Comparative characteristics of ore heap and process
solution microbial communities structure. Molecular
cloning of 16S rDNA amplicons revealed a low diver-
sity of microbial communities in the ore heap and pro-
cess solution. Comparative analysis showed a differ-
ence in the representation of phylotypes: microorgan-
isms belonging to the Actinobacteria and
Proteobacteria were identified in the ore, and in the
solution Fimicutes were detected additionally. It
should be noted that there are almost no data on the
total microbial diversity in the gold-mining HL waste
obtained by molecular cloning or metagenomic analy-
sis. The investigations with these methods are actively
carried out for different types of soil microbial com-
munities (Petrova et al., 2010).

A comparative analysis of the sequences with the
closest homologues from international databases
(Genbank and EMBL) revealed a similarity level from
95.1 to 100%, which made it possible to determine
their tribal affiliation (Pinevich, 2006). We identified
the genera: Achromobacter (homology of 98.0 to
100%), Acinetobacter (95.8–96.3%), Alcaligenes
(95.1%), Exiguobacterium (95.8–96.2%), Hydrogeno-
phaga (95.3–97.5%), Pseudomonas (99.5%), Propion-
ibacterium (99.3%), Rhodococcus (98.7–99.2%), and
Serratia (99.5–100%) (Fig. 1).
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It should be noted that, in previous studies from
ores, contaminated with cyanide compounds and waste
water of gold mining, the following strains were isolated
and studied: Achromobacter sp., Alcaligenes spp. (Baxter

and Cummings, 2006), Pseudomonas spp. (Harris and
Knowles, 1983; Grigor’eva et al., 2008, and others),
Rhodococcus spp. (Maniyam et al., 2011), and Serra-
tia sp. (Kumar et al., 2013). The representatives of

Table 1. The chemical composition of the HL process solution (ore interporous moisture)

Defined components Concentration, mg/L TLV (water bodies of fishery), mg/L

рН 12.1
Total salt content

Calcium 375.0 180.0
Magnesium Not found 40.0
Sulphates Not found 100.0
Chlorides 11.0 300.0
Cyanides 132.0 0.05
Thiocyanates 19.0 0.1
Aluminium 2.12 0.04
Arcenic Not found 0.05
Bismuth Not found 0.1
Cadmium Not found 0.005
Cobalt 0.01 0.01
Copper 0.05 0.001
Iron Not found 0.1
Manganes Not found 0.01
Nickel 0.018 0.001
Lead Not found 0.1
Antimony Not found 0.05
Zink 0.14 0.01

Table 2. Chemical composition of the ore heap solid phase

Components Mass content, % Components Mass content, %

SiO2 55.6 MnO 0.014
Al2O3 21.1 P2O5 0.033
TiO2 1.20 Sb <0.001
MgO 0.7 Hg <0.001
K2O 3.8 Ni 0.005
Na2O 1.0 WO3 0.004
CaO 0.042 Mo <0.001
Fetotal 4.19 Cu 0.0024
Feoxidized 3.99 Zn 0.004
Fesulphide 0.314 Pb 0.0099
Stotal 0.035 Ctotal 0.14
Soxidized Not found Corganic <0.050
Astotal 0.105
Assulphide 0.063
Asoxidized 0.039
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genera Exiguobacterium and Propionibacterium were
not detected in gold HL waste, but they were isolated
from other polluted habitats (Collins et al., 1983). In
addition, using the same molecular methods in similar
technogenic ecosystems (tailing damps, waste water
(Zhang et al., 2010), activated sludge, and soil polluted
by heavy metals (Brodie et al., 2006)), representatives
of microorganisms belonged to all identified genera
have been determined.

Also, differences in phylotype quantitative ratio of
the same genus in different types of waste were found.
The phylotypes of Proteobacteria—Serratia (68.4%)
and Achromobacter (21.1%)—dominate in the ore heap
(Fig. 1). Their closest homologues were isolated from
contaminated soils; they are resistant to heavy metals
and are capable of destroying polycyclic aromatic
hydrocarbons (Ji et al., 2012). The proportion of
minor forms of this microbial community is 10.5%.
They are represented by different phylotypes of Pro-
teobacteria and Actinobacteria: Alcaligenes, Hydrog-
enophaga, Pseudomonas, and Rhodococcus. An
important feature of their closed relatives is the ability
to degrade toxic compounds, including cyanides and
thiocyanates (Grigor’eva et al., 2008; Maniyam et al.,
2011; Belykh et al., 2014).

In the microbiocenosis of the process solution,
besides the representatives of Proteobacteria, Hydrog-
enophaga (30.4%), and Acinetobacter (21.7%), Firmic-
utes were identified: Exiguobacterium (34.8%). Their
homologues were mainly, isolated from soils contam-
inated with heavy metals from activated sludge of
treatment plants and industrial waste-water industry
(Yoon et al., 2008). Minor forms (13.5%) were pre-
sented by only two types of Actinobacteria: Propioni-
bacterium and Rhodococcus; their nearest relatives
were isolated from the technogenic ecosystem and had

the ability to degrade polycyclic aromatic hydrocar-
bons (Thomassin-Lacroix et al., 2001).

Thus, the representatives of Proteobacteria, Acti-
nobacteria, and Firmicutes were identified in the
microbial community of the system ore heap–process
solution. Identified microorganisms were adapted to
high concentrations of cyanide compounds and heavy
metals; according to the food type, they belonged to
organoheterotrophs and are aerobic. It was shown that
in the process of HL under ore heap irrigation with
cyanide solution, changes in both dominant and
minor phylotypes of microbial communities occur.

Comparative characteristics of the phylogenetic
relationships of ore heap dominant phylotypes with the
closest homologues. Taking into account the different
levels of similarity (95.1–100%) of the obtained
sequences with the closest homologues from interna-
tional databases (Genbank and EMBL), a phyloge-
netic analysis of the type of strains and the closest
homologues isolated or identified in the similar eco-
systems was conducted for the comparative character-
istics and identification.

The representatives of the genus Serratia are domi-
nant in the microbial community of the ore heap. The
sequences are clustered together with species S. marc-
escens subsp. sakuensis KREDT and S. nematodiphila
DZ0503SBS1T (Fig. 2). The variability among the
sequences vary from complete homology to the five
nucleotide substitutions.

Genus Serratia belongs to the family Enterobacte-
riaceae, Gammaproteobacteria. Currently, genus con-
tains 20 species predominantly isolated from natural
sources: soil, water, and plants. The type species is
S. marcescens DSM 30121T. It is an opportunistic
pathogen for humans. The sequences derived from the
ore heap form a separate cluster from the type species
of the genus Serratia on the phylogenetic tree. They
grouped together with a strain of S. marcescens subsp.
sakuensis KREDT that was isolated from activated
sludge (Ajithkumar et al., 2003). Taking into account
that S. nematodiphila DZ0503SBS1T, which differs
from S. marcescens subsp. sakuensis KREDT by only
three nucleotide substitutions, fall in the same cluster,
it is correct to identify obtained sequences only at a
genus level. It should be noted that the sequences of
the representatives of the Serratia genus were obtained
by molecular methods from other ecosystems similar
in ecology: soils contaminated with heavy metals
(HM461145, KF596616, KF511906), a polluted river
(AB698033), and waste water (KJ136643) also belong
to this cluster (Fig. 2).

The sequences related to the genus Achromobacter
form a single cluster with sequences of the type strains
A. insuavis LMG 26845T, A. pulmonis R-16442T, and
A. xylosoxidans DSM 10346T (Fig. 3). Variability
among sequences obtained is 1 to 7 nucleotide substi-
tutions.

Fig. 1. Species diversity of microbial communities devel-
oped in the system ore heap–process solution.
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Genus Achromobacter is polyphyletic, belonges to

the family Alcaligenaceae, class Betaproteobacteria.

There is now a thorough revision of its individual

members, especially close to the genera Alcaligenes

and Bordetella (Bergey’s Manual..., 2005). The closest

homologues of the obtained sequences included genus

Bordetella; however, the phylogenetic relationship

analysis showed that they are grouped into different

clusters (Fig. 3). Genus Achromobacter contains

18 species isolated from a variety of sources: water

(A. piechaudii, A. ruhlandi) and soil (A. marplatensis).

The type species of this genus is A. xylosoxidans

Fig. 2. Phylogenetic tree constructed on the fragments of the 16S rRNA gene of the representatives of Serratia. The sequences
obtained in this study are shown in bold. The scale corresponds to 1 nucleotide substitution per 1000 bp. The numbers showed a
statistical significance of the order branch determined by a bootstrap analysis of 1000 alternative trees; values below 75% are not
indicated.

FJ790328 Serratia glossinae DSM 22080(1)T
AJ233429 Serratia fonticola DSM 4576T

AJ306725 Serratia liquefaciens CIP 103238T
AJ233434 Serratia proteamaculans DSM 4543T

AJ233430 Serratia grimesii DSM 30063T

KJ136643 Serratia sp. DX3 (waste water)

KF511906 Serratia sp. XT34 (soil, polluted with Cr(VI))

KF596616 Serratia sp. Cul (soil, polluted with Cr(VI))

GU394001 Serratia symbiotica CWBI-2 3T

NR 025338 Serratia entomophila DSM 12358T
NR 041979 Serratia ficaria DSM 4569T

NR 114578 Serratia odorifera DSM 4582T

NR 024644 Serratia rubidaea JCM1240T

NR 041980 Serratia marcescens DSM 30121T

HM 461145 Serratia sp. HSL21 (soil, polluted with Cr(VI))

NR 0368861 Serratia marcescens subsp sakuensis KREDT (activated sludge)

NR 044385 Serratia nematodiphila DZ053SBS1T

AB698033 Bacteria SK42 (polluted water)

LK392443 Serratia sp. zBg4-20

LK392409 Serratia sp. zBg3-8

LK392438 Serratia sp. zBg4-15

LK392405 Serratia sp. zBg3-1
LK392436 Serratia sp. zBg4-13
LK392444 Serratia sp. zBg3-18
LK392410 Serratia sp. zBg3-10

LK392437 Serratia sp. zBg4-14
LK392407 Serratia sp. zBg3-5

LK392440 Serratia sp. zBg4-17
LK392404 Serratia sp. Bg3-3

LK392411 Serratia sp. zBg3-12
LK392406 Serratia sp. zBg3-4

LK392439 Serratia sp. zBg4-16
LK392413 Serratia sp. zBg3-16
LK392434 Serratia sp. zBg4-11

LK392442 Serratia sp. zBg4-19
LK392408 Serratia sp. zBg3-7
LK392435 Serratia sp. zBg4-12

LK392415 Serratia sp. zBg4-2

LK392432 Serratia sp. zBg4-9
LK392441 Serratia sp. zBg4-18

LK392414 Serratia sp. zBg3-17
LK392431 Serratia sp. zBg4-5

LK392412 Serratia sp. zBg3-13
LK392433 Serratia sp. zBg4-10
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DSM 10346T, an opportunistic pathogen for humans,

but it is widely distributed in oligotrophic aquatic eco-

systems (Bergey’s Manual..., 2005). Despite the fact

that recently the strains isolated from clinical speci-

mens are being actively studied (Vandammea et al.,

2013), many strains (NR116198, KJ123797, JX083306,

GQ417334 and others) have been isolated from natural

and technogenic ecosystems, but not all of them are

identified to the species level.

An analysis of phylogenetic relationships has

shown that sequences derived from the ore heap

grouped into a same cluster with several type species of

the genus Achromobacter and can be identified at

genus level as the Achromobacter spp. It should be

noted that, in addition to the type sequences, the

sequences of Achromobacter spp., obtained from bio-

logical neutralization systems (GQ417334) and indus-

trial soils (JX083306) are also in this cluster.

Thus, the results of phylogenetic analysis con-
firmed not only the tribal affiliation of the obtained
sequences, but also their ecological apartness.

Comparative characteristics of the phylogenetic
relationships between dominant phylotypes of the pro-
cess solution and the closest homologues. In the micro-
biocenosis of HL process solution, the sequences of
the genera Exiguobacterium and Acinetobacter were
identified. Additionally, Hydrogenophaga was detected
in the HL solution and in the ore heap.

Members of the genus Exiguobacterium are the
dominants in the microbial community of HL process
solution. The sequences are included in the cluster

with E. indicum HHS 31T and E. acetylicum DSM

20416T (Fig. 4). The variability among the sequences
is from 22 to 48 nucleotide substitutions.

Exiguobacterium belongs to a class of bacilli and is
currently defined in the independent family Family XII.

Fig. 3. Phylogenetic tree constructed on the fragments of the 16S rRNA gene of the representatives of genera Achromobacter and
Bordetella. The sequences obtained in this study are shown in bold. The scale corresponds to 1 nucleotide substitution per
1000 bp. The numbers showed a statistical significance of the order branchdetermined by a bootstrap analysis of 1000 alternative
trees; values below 75% are not indicated.

NR 027537 Bordetella hinzii LMG 13501T

Bordetella

AB010840 Achromobacter ruhlandii ATCC15749T

NR 117707 Achromobacter aegrifaciens LMG 26852T

NR 042021 Achromobacter denitrificans DSM 30026T
NR 117708 Achromobacter anxifer LMG 26857T

NR 117709 Achromobacter dolens LMG 26840T

AB010841 Achromobacter piechaudii ATCC43552T
NR 025686 Achromobacter spanius LMG 5911T

NR 025685 Achromobacter insolitus LMG 6003T

NR 117614 Achromobacter spiritinus R-46660T
NR 116198 Achromobacter marplatensis B2T

NR 117613 Achromobacter mucicolens R-46658T
NR 117615 Achromobacter animicus R-46662T

NR 117706 Achromobacter insuavis LMG 26845T

NR 117644 Achromobacter pulmonis R-16442T

GQ417334 Achromobacter sp. F2mar20 (biological neutralization system)

Y14908 Achromobacter xylosoxidans DSM 10346T

KJ123797 Achromobacter WCD70 (soil)

JX083306 Achromobacter sp. F4(2013) (industrial soil)

LK392451 Achromobacter sp. zBg4-4
LK392450 Achromobacter sp. zBg4-1

LK392446 Achromobacter sp. zBg3-2

LK392447 Achromobacter sp. zBg3-6

LK392449 Achromobacter sp. zBg3-15
LK392452 Achromobacter sp. zBg4-6

LK392448 Achromobacter sp. zBg3-14

LK392453 Achromobacter sp. zBg4-8

0.001

80

80

87
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Incertae Sedis (Bergey’s Manual..., 2009). This genus
contains 15 species that are mainly isolated from natu-
ral sources: water (E. undae, E. aquaticum), hydro-
thermal springs (E. profundum), or contaminated hab-
itats: waste water (E. aurantiacum, E. oxidotolerans,
and E. alkaliphilum) (Fig. 4). Type species is E. auran-

tiacum DSM 6208T. It was isolated from the waste
water and showed the ability to reduce nitrates (Col-
lins et al, 1983). Some members of this genus are ther-
motolerant and can develop at low temperatures:

E. antarcticum DSM 14480T was isolated from a
microbial mat of Lake Fryxell (Antarctica); E. sibiri-

cum 255-15T was isolated from permafrost (Siberia)
(Bergey’s Manual..., 2009).

An analysis of phylogenetic relationships showed
that the sequences obtained from the process solution
form two independent branches in a cluster separate
from the type species of Exiguobacterium together with

species E. indicum HHS 31T and E. acetylicum DSM

20416T (Fig. 4). It should be mentioned that the strain

E. indicum HHS 31T (NR042347) belongs to psychro-
trophic bacteria and was isolated from the glacier of

the Himalayan mountain range (India); E. acetylicum

DSM 20 416T was isolated from waste waters (Bergey’s
Manual..., 2009). Other than typical, the cluster
includes sequences obtained by molecular methods
from similar ecosystems: waste water (FJ013096) and
natural and contaminated soils (KJ456587,
HQ380382, EF101987, JQ769719, and others). Con-
sidering the independence of the branches (Fig. 4), it
is correct to identify the sequences at a genus level as
Exiguobacterium spp.

Figure 5 shows a phylogenetic tree constructed on
the fragments of the 16S rRNA gene for the represen-
tatives of the genus Acinetobacter. Sequences identified
in the process solution are formed the cluster with the
representatives of Acinetobacter, including those
obtained by molecular methods (Fig. 5). The variabil-
ity among the identified sequences is from 24 to
38 nucleotide substitutions.

The genus Acinetobacter belongs to the family
Moraxellaceae, class Gammaproteobacteria, and
contains 35 species. Despite the fact that the type spe-
cies of the genus, Acinetobacter calcoaceticus

Fig. 4. Phylogenetic tree constructed on the fragments of the 16S rRNA gene for the representatives of genera Exiguobacterium.
The sequences obtained in this study are shown in bold. The scale corresponds to 5 nucleotide substitutions per 1000 bp. The
numbers showed a statistical significance of the order branch determined by a bootstrap analysis of 1000 alternative trees; values
below 75% are not indicated.

JQ769719 Bacteria YB-93 (soil from the tailing damp) 

DQ019167 Exiguobacterium acetylicum DSM 20416T

KJ456587 Exiguobacterium sp. BG-5-R-1 (soil)

NR 116296 Exiguobacterium alkaliphilum 12 1T

NR 109413 Exiguobacterium aquaticum IMTB-3094T

NR 043478 Exiguobacterium aurantiacum DSM 6208T
NR 043006 Exiguobacterium marinum TF-80T

NR 043204 Exiguobacterium profundum 10CT
NR 043005 Exiguobacterium aestuarii TF-16T

NR 075006 Exiguobacterium sibiricum 255-15T

NR 043241 Exiguobacterium soli DVS 3yT
NR 024812 Exiguobacterium oxidotolerans T-2-2T

NR 043476 Exiguobacterium antarcticum DSM 14480T
NR 043477 Exiguobacterium undae DSM 14481T

FJ013096 Exiguobacterium sp. YS1 (activated  sludge)

EF100530 Exiguobacterium sp. M78 (polluted soil)

EF101987 Exiguobacterium sp. EEZMo-1 (polluted soil)

HQ380382 Exiguobacterium sp. DL4 (soil)

GU 968474 Exiguobacterium sp. RS343(2010) (soil)

NR 042347 Exiguobacterium indicum HHS 31T

LK392421 Exiguobacterium sp. zBg1-1
LK392416 Exiguobacterium sp. zBg1-7

LK392418 Exiguobacterium sp. zBg1-2
LK392420 Exiguobacterium sp. zBg1-20

LK392423 Exiguobacterium sp. zBg2-15
LK392422 Exiguobacterium sp. zBg1-14

LK392417 Exiguobacterium sp. zBg1-13
LK392419 Exiguobacterium sp. zBg1-3
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NCCB 22016T, was isolated from clinical specimens,
many species of the genus Acinetobacter were isolated
from natural sources: soil (A. soli) and plants (A. puy-
angensis, A. boissieri, and A. nectaris), as well as from
men-made places: activated sludge (A. tjernbergiae,
A. towneri, A. tandoii, A. junii and A. gerneri) and waste
water (A. rudis).

An analysis of phylogenetic relationships showed
that four sequences (LK392424–LK392426,

LK392428) identified in the HL process solution form

a separate cluster phylogenetically located far from the

type strains of Acinetobacter. The sequence LK392427

forms a cluster with the type strain A. radioresistens

DSM6976T, which was isolated from soil (Nishimura

et al., 1988). The same cluster includes sequences

obtained by molecular methods from ecosystems with

a similar ecology: rock (JX849012), waste water

(HM007538), and polluted soils (KF641666,

Fig. 5. Phylogenetic tree constructed on the fragments of the 16S rRNA gene for the representatives of genera Acinetobacter. The
sequences obtained in this study are shown in bold. The scale corresponds to 1 nucleotide substitution per 1000 bp. The numbers
showed a statistical significance of the order branch determined by bootstrap analysis of 1000 alternative trees; values below 75%
are not indicated.

X81666 Acinetobacter radioresistens DSM6976T

X81659 Acinetobacter guillouiae DSM590T

HM007538 Bacteria A16 (waste water)

HG316059 Bacteria 1Y16 (soil, polluted with heavy metals)

KF641666 Bacteria F3an3 (polluted soil)

NR 118408 Acinetobacter nectaris SAP 763 2T

NR 118409 Acinetobacter boissieri SAP 284 1T

NR 026208 Acinetobacter junii DSM 6964T

NR 117677 Acinetobacter baumannii DSM 30007T

NR 028852 Acinetobacter gerneri 9A01T

NR 044454 Acinetobacter soli B1T
NR 042049 Acinetobacter venetianus ATCC 31012T

NR 042387 Acinetobacter calcoaceticus G30T

NR 117930 Acinetobacter pittii LMG 1035T

NR 042387 Acinetobacter calcoaceticus NCCB 22016T

NR 117931 Acinetobacter nosocomialis RUH 2376T

NR 026209 Acinetobacter lwoffii DSM 2403T

NR 115871 Acinetobacter brisouii 5YN5-8T

NR 109507 Acinetobacter puyangensis BQ4-1T

NR 117625 Acinetobacter bereziniae ATCC 17924T

NR 025392 Acinetobacter ursingii LUH3792T

NR 025425 Acinetobacter parvus LUH4616T

NR 025412 Acinetobacter schindleri LUH5832T

NR 042026 Acinetobacter gyllenbergii RUH 422T

NR 028850 Acinetobacter tiernbergiae 7N16T

NR 028853 Acinetobacter tandoii 4N13T

JX047439 Acinetobacter  sp. SDT8 (soil, polluted with heavy metals)

KJ000762 Acinetobacter  sp. SCU-B47 (polluted soil)

DQ366086 Acinetobacter  sp. SQ3 Pitesti (polluted soil)

JX849012 Acinetobacter  sp. L57 (rock)

AJ626712 Acinetobacter beĳerinckii LUH 4759T

NR 026207 Acinetobacter haemolyticus DSM 6962T
NR 028851 Acinetobacter bouvetii 4B02T

NR 117624 Acinetobacter johnsonii ATCC 17909T

LK392427 Acinetobacter sp. zBg1-18

LK392428 Acinetobacter sp. zBg2-40
LK392425 Acinetobacter sp. zBg1-11

LK392426 Acinetobacter sp. zBg1-15
LK392424 Acinetobacter sp. zBg1-8
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DQ366086, HG316059, JX047439). Based on the
phylogenetic position, the sequences are correctly
identified at only the genus level as Acinetobacter spp.

Members of the genus Hydrogenophaga were iden-
tified both in a process solution (LK392396–
LK392400, LK392429, LK392430), and in an ore
heap (LK392454). The variability among the obtained
sequences is from 6 to 34 nucleotide substitutions.
Among the closest homologues with a low percentage
of homology (from 96.3 to 97.0%), the sequence of
two type strains of the genera of the phylum Proteo-
bacteria, Hydrogenophaga and Malikia, were detected.
An analysis of phylogenetic relationships confirmed
the independence of the obtained sequences (Fig. 6).
It should also be noted that this cluster only includes
sequences of microorganisms whose taxonomic posi-
tion is not defined, but they are isolated from soils

(AM778025, DQ266903), ground (DQ256326,
AB552898) and waste waters (AB28650).

Hydrogenophaga and Malikia belong to the family
Comamonadaceae, class Betaproteobacteria. Cur-
rently, the genus Hydrogenophaga includes nine spe-
cies, which are mainly isolated from natural sources
(soil, mud, and water) and from places under men-
made influence (H. atypica, H. defluvii, H. bisanensis,
and H. caeni). Four species, which belong to the genus
Hydrogenophaga (H. flava, H. pseudoflava, H. taenio-
spiralis, and H. palleronii), have been reclassified from
the genus Pseudomonas (Willems et al., 1989). The
genus Malikia contains only two species (M. granosa
and M. spinosa), which have also been reclassified
from the genus Pseudomonas (Spring et al., 2005).
Given the complexity of the taxonomic characteristics
of both genera, derived sequences can be identified

Fig. 6. Phylogenetic tree constructed on the fragments of the 16S rRNA gene for the representatives of genera Hydrogenophaga.
The sequences obtained in this study are shown in bold: in black are sequences obtained from the process solution; sequences
obtained from ore are gray. The scale corresponds to 2 nucleotide substitutions per 1000 bp. The numbers showed a statistical sig-
nificance of the order branch determined by a bootstrap analysis of 1000 alternative trees; values below 75% are not indicated.

AM778025 Bacteria CVC1oAm3Ph92 (soil)

DQ256326 Bacteria EV818BHEB510250 (groundwater)

DQ266903 Bacteria pGXAR 39 (soil)

AB286505 Bacteria 1340 (activated sludge)

KC252853 Hydrogenophaga sp. R025N (activated sludge)

AB300163 Hydrogenophaga sp. AH-24 (soil)

AY168755 Hydrogenophaga sp. YED6-4 (arsenite oxidizing biofilms)

AB552898 Bacteria MIZ1-1-O-02 (groundwater)

NR 043769 Hydrogenophaga caeni EMB71T

NR 029023 Hydrogenophaga atypica BSB 41.8T

NR 024936 Hydrogenophaga palleronii CCUG 20334T

NR 114131 Hydrogenophaga taeniospiralis NBRC 102512T

AY863096 Bacteria SXAU 059 (waste water)

AF110006 Bacteria mz1 L (activated sludge)

JQ072386 Bacteria NBBOT0409 47 (waste water)

AJ168755 Hydrogenophaga flava DSM 619T

EF532793 Hydrogenophaga bisanensis K102T

EU379017 Hydrogenophaga sp. LJY1 (waste water)

AB636293 Hydrogenophaga sp. NL121 (soil)

AJ627188 Malikia granosa IAM P1T

AB077038 Malikia spinosa IAM 14918T

AF078770 Hydrogenophaga pseudoflava ATCC 33668T

LK392454 Hydrogenophaga sp. zBg3-11

LK392399 Hydrogenophaga sp. Bg2-43
LK392397 Hydrogenophaga sp. Bg2-21

LK392400 Hydrogenophaga sp. Bg2-26
LK392429 Hydrogenophaga sp. Bg1-26

LK392430 Hydrogenophaga sp. Bg2-4

LK392396 Hydrogenophaga sp. Bg2-5

LK392398 Hydrogenophaga sp. zBg2-36
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only at the level of family as representatives of the fam-
ily Comamonadaceae.

CONCLUSIONS

Thus, on the basis of the results, we can say that
specific microbial communities adapted to the high
content of cyanide compounds and heavy metals
developed in the conditions of the system of the ore
heap–process solution. Their diversity varies in repre-
sentation and quantitative ratio of phylotypes. Phylo-
types Serratia spp. and Achromobacter spp. dominate
in the ore heap. Representatives of Exiguobacterium
dominated in the process solution microbiocenosis in
addition to the representatives of Hydrogenophaga spp.,
Acinetobacter spp.

Phylogenetic analysis determined not only the
tribal affiliation of the identified sequences, but also
their ecological apartness. The characteristics of the
biochemical features of closest homologues indicate
the possible presence of similar enzymes that catalyze
degradation of toxic compounds in microorganisms
from HL waste and/or the ability to exhibit their enzy-
matic activity at low temperatures. Characterized
microorganisms are adapted to high concentrations of
cyanide compounds and heavy metals. They are aero-
bic organotrophs; this should be taken into account
while the preparation of culture media. Isolation and
investigation of the destructive abilities of microor-
ganisms of autochthonous microbial communities of
natural technogenic complexes of HL gold mining is
a promising direction in biotechnology HL waste
treatment.
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