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Abstract: Autotrophic acidophilic bacteria Acidithiobacillus ferrooxidans is a model species for study-
ing metal bioleaching from low-grade sulfide ores and concentrates. Arsenopyrite gold-bearing
concentrates are refractory and often processed using biohydrometallurgical approaches; therefore,
it is important to develop methods to improve arsenopyrite bioleaching. In the present work, we
have studied the possibility of improving arsenopyrite concentrate bioleaching by the strain of
A. ferrooxidans. For this purpose, we have analyzed the genome of the strain A. ferrooxidans TFBk
to reveal the genes potentially important in the bioleaching process. Genes determining resistance
to arsenic, as well genes involved in the utilization of C1-compounds and resistance to oxidative
stress, were revealed. Therefore, the possibility of increasing the rate of arsenopyrite concentrate
bioleaching using C1-compounds (methanol and formate) was studied. Formate was able to increase
both the biomass yield of the strain A. ferrooxidans TFBk as well as the bioleaching rate. In addition,
the effect of redox potential increase by means of the addition of sodium persulfate in the medium on
arsenopyrite concentrate bioleaching was studied. It was shown that the addition of 0.1% sodium
persulfate stimulated strain growth, while a higher concentration inhibited it. Despite this, the rate of
concentrate bioleaching increased in the presence of 0.5–1.0% of persulfate, which may be explained
by the interactions of added oxidizer with concentrate components.

Keywords: Acidithiobacillus ferrooxidans; genome analysis; arsenic resistance; bioleaching; growth
stimulation; formate; oxidizer; persulfate

1. Introduction

Metal extraction from low-grade ores, refractory sulfide concentrates, and different
mining wastes using pyrometallurgical approaches is often not profitable, while hydromet-
allurgical methods in this case are more suitable both from economic and technological
points of view. In the last decades, bioleaching methods have been widely used. Bioleaching
processes are based on microbially mediated destruction/oxidation of mineral components
(mainly sulfide minerals) performed by acidophilic bacteria and archaea. Successful appli-
cation of acidophilic microorganisms for mineral raw materials processing is possible since
(1) their growth optima is in the low pH level range that also corresponds to the optima
of active metal leaching; (2) most of the acidophilic microorganisms used for bioleaching
are chemolitoautotrophs, i.e., they do not require organic nutrients for growth and, on the
contrary, use components of sulfide minerals to gain energy for metabolism that in turn
simplify its participation in technological processes [1,2].

Since the 1950s, iron- and sulfur-oxidizing microorganisms have been used on an
industrial scale for bioleaching processes [1]. Bacteria Acidithiobacillus ferrooxidans (formerly
Thiobacillus ferrooxidans) are first described as acidophilic bacteria oxidizing both ferrous
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iron and reduced sulfur compounds. These bacteria are model organisms, which are
successfully used for bioleaching studies up to now due to their properties (pH optima < 2,
capability of ferrous iron and sulfur oxidation, resistance to various metal and metalloid
ions) [2].

In general, optimization of metal extraction is a complex task, which may be solved
by different methods depending on the features of mineral raw materials and extracted
metals. One of the most complex problems is the processing of arsenic-containing ores and
concentrates. To date, a lot of different arsenic minerals have been described; arsenopyrite
(FeAsS), enargite (Cu3AsS4), tennantite (Cu12As4S13), realgar (As4S4), and aurpigment
(As2S3) are the most widespread ones [3]. Arsenopyrite is the most widespread arsenic
mineral, which contains up to 45% arsenic [4–6] and gold in the form of fine particles in a
crystal lattice [7]. Acid mine drainage (AMD) formed due to arsenopyrite biooxidation is a
serious environmental issue as it is highly toxic due to the arsenic presence [6,8]. In this
regard, the study of the resistance of leaching strains to arsenic and their application is one
of the important areas of hydrometallurgy and microbial ecology.

In general, the main approaches for the intensification of metal bioleaching involve:
(1) the selection of strains and study of their metabolic and genetic potential [9,10]; (2) the
study of the use of stimulating additives for the activation of microorganisms and micro-
bially mediated processes [11–18]; (3) the optimization of physicochemical conditions of
the process [19].

In modern hydrometallurgy, the search for new industrial strains as well as attempts
to intensify bioleaching by stimulating bacteria with introduced chemical compounds
has continued for decades [15–17]. A. ferrooxidans is one of the major microorganisms in
consortia used for the industrial leaching of various valuable metals, which is an obligate
autotroph. Three decades ago, J. Pronk et al. [20] already showed that the growth of A. fer-
rooxidans (formerly Thiobacillus ferrooxidans) can be stimulated with formic acid. According
to the literature data [20], formic acid as an organic compound was not used as a substrate
for growth but provided some energy requirements. Moreover, the mentioned authors
also proposed pre-cultivation of A. ferrooxidans with formate for subsequent leaching of
metals from ores and applied for a patent regarding this approach [21]. Developing these
works, we obtained similar results for neutrophilic leaching bacteria [15]. Moreover, it
was shown that genomes of some representatives of the genus Acidithiobacillus contain the
genes involved in the utilization of C1-compounds [10]. Thus, C1-compounds, including
formate and methanol, may be considered stimulating additives that increase the activity
of the bacteria of the genus Acidithiobacillus, involved in the bioleaching process.

Another approach, which may be used to improve the bioleaching of different ores
and concentrates, is the application of additional oxidizing agents, which are able to
increase redox potential and enhance the bioleaching rate [18,22]. Persulfate as a peroxide
compound is a more powerful oxidizing agent than dissolved atmospheric oxygen. It
was shown that persulfate may be used as a disinfectant, inhibiting bacterial growth and
activity [23–27] and for the destruction of a wide range of pollutants (including processes of
bioremediation in which persulfate is applied in combination with microorganisms) [28–31].
It has also been shown that persulfate interacts with different sulfide minerals as a strong
oxidant [25,32–34]. Therefore, persulfate may be used for oxidative leaching sulfide ores
and concentrates in different hydrometallurgical processes [32–38], including bioleaching of
metals from metallurgical industry sludge [22]. Thus, the application of persulfate may be
considered as an approach to increase the rate of bioleaching of sulfide ore and concentrates.
At the same time, it can act as an agent with an antimicrobial effect. Therefore, its effect on
the growth of different microorganisms possessing various systems involved in oxidative
stress resistance should be studied.

The goal of the present work was to study acidophilic autotrophic strain Acidithiobacil-
lus ferrooxidans TFBk and the possibility to increase its bioleaching activity. For this purpose,
the genes determining arsenic and oxidative stress resistance, as well as utilization of
C1-compounds, were analyzed, while the effect of C1-organic compounds of formate and
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methanol, as well as the effect of the additional oxidizing agent persulfate on the growth of
A. ferrooxidans TFBk and bioleaching of metals from arsenopyrite concentrate, were studied.

2. Materials and Methods
2.1. Concentrate

The floatation arsenopyrite concentrate as well as information on the content of various
metals and arsenic (Table 1) were provided by Bioprom Technologies Ltd. (Stepnogorsk,
Republic of Kazakhstan). The amounts of metals, which are important from an industrial
point of view, as well as arsenic, which is important as the main toxicant that interferes
with bioleaching, were determined. The weight ratio of iron and arsenic in the concentrate
showed a higher content of arsenic than its calculated presence according to the arsenopyrite
formula FeAsS. Thus, the concentrate could also contain other arsenic minerals, for example:
lollingite (FeAs2), orpiment (As2S3), realgar (AsS), etc.

Table 1. Element content in arsenopyrite concentrate.

Element Content, mg/kg Method of the Analysis (GOST)

Arsenic 77,279 GOST R ISO 27085-2013
Aluminum 25,456 GOST R ISO 27085-2012

Iron 24,740 GOST R ISO 27085-2012
Calcium 16,672 GOST R ISO 27085-2012

Magnesium 11,893 GOST R ISO 27085-2012
Potassium 6801 GOST R ISO 27085-2012

Sodium 995 GOST R ISO 27085-2012
Copper 953 GOST R ISO 27085-2012
Silicon 793 GOST R ISO 27085-2019

Manganese 732 GOST R ISO 27085-2012
Zinc 514 GOST R ISO 27085-2012

Phosphorus 405 GOST R ISO 27085-2012
Cobalt 278 GOST R ISO 27085-2015
Nickel 150 GOST R ISO 27085-2012

Strontium 139 GOST R ISO 27085-2012
Barium 124 GOST R ISO 27085-2012

Gold 100 GOST R ISO 27085-2020
Lead 88 GOST R ISO 27085-2018

Chromium 32.3 GOST R ISO 27085-2012
Cadmium 19.0 GOST R ISO 27085-2014

Silver 12.3 GOST R ISO 27085-2012
Molybdenum 7.1 GOST R ISO 27085-2016

2.2. Microorganisms

We used the acidophilic chemolithoautotrophic strain A. ferrooxidans TFBk, isolated
from the gold-bearing pyrite-arsenopyrite concentrate obtained from the ore of the Bakyrchik
deposit (Republic of Kazakhstan), and deposited in the Laboratory of Chemolithotrophic
Microorganisms of Winogradsky, Institute of Microbiology, Research Centre of Biotechnol-
ogy RAS (Moscow, Russia) [39,40]. The strain was cultivated in the Silverman-Lundgren
9K medium [41] containing the following components (g/L): (NH4)2SO4-−3, KCl-0.1,
K2HPO4−0.5, MgSO4·7H2O−0.5, Ca(NO3)2−0.01, FeSO4·7H2O−44.22, 5M H2SO4−4.5 mL/L.
We used reagents produced by Sigma-Aldrich/Merck (Darmstadt, Germany) and Reakhim
(Moscow, Russia).

Recently, the strain has also been deposited in the All-Russian Collection of Microor-
ganisms (VKM) as A. ferrooxidans VKM B-3655 (IBPM RAS, Pushchino, Moscow region,
Russia).

2.3. Molecular Genetic Analysis of Arsenic Resistance Genes

Genomic DNA was isolated from cells using the Fungal/Bacterial DNA Kit (Zy-
moResearch, Irvine, CA, USA) according to the manufacturer’s recommendation. Arsenic
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resistance genes were amplified by PCR using specific primers developed in the present
work.

Based on the genomes of different strains of A. ferrooxidans available in the database
NCBI, degenerate primers for this species were compiled:

(1) arsC-F ATGAAAACCCYGRAMATCCT
arsC-R GTGCCGATGCGCKCCAGTTC
(PCR fragment length of arsC gene was about 500 bp)

(2) arsB-F ATGCTGGCSGTMGYCATATT
arsB-R TCAAGCCAGCGGCARCCACCA
(PCR fragment length of arsB gene was about 1300 bp)

(3) arsM-F ATGAGCMAACAGAAYGCCTGCT
arsM-R AGCCACCAGGYTTGAKCGCCTC
(PCR fragment length of arsM gene was about 860 bp).

2.4. Genome Analysis

Genomic DNA for the sequencing was extracted using the QIAamp DNA minikit
(Qiagen, Hilden, Germany). The DNA libraries were constructed with the MGIEasy uni-
versal DNA library prep set, according to the protocol for the kit. Sequencing of genomic
DNA was carried out using the DNBSEQ-G400 platform (MGI Tech, Shenzhen, China),
with 150-bp paired-end reads. A total of 4,013,413 paired-end reads were obtained from
strain TFBk. These raw sequence reads quality was checked with FastQC v.0.11.9 (Illumina,
San Diego, CA, USA), and low-quality reads were trimmed with Trimmomatic v.0.39 [42],
using the default settings for paired-end reads. These quality-filtered reads were then de
novo assembled with SPAdes v.3.15.0 (CAB SPbU, St. Petersburg, Russia) using the default
settings [43]. The resulting assembly was quality assessed with QUAST v5.0 (CAB SPbU,
St. Petersburg, Russia) [44]. The genome coverages were as estimated by QualiMap 2
v.2.2.2 [45] and Bowtie 2 v.2.3.5.1 [46]. The estimated completeness was evaluated with
CheckM v.1.1.3 [47]. The taxonomic position of the assembled genome was determined
using GTDB-Tk v.1.5.0 [48], and the assembly’s average nucleotide identity (ANI) with
closely related genomes was calculated with FastANI 2.0 [49]. Genome annotation was
performed using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP; v.4.7) (NCBI,
Rockville, MD, USA) [50]. The presence of Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRISPRs) was evaluated with CRISPRCasFinder [51]. The reCOGnizer
was used to identify the Clusters of Ortholog Groups (COGs) [52] and Pfam domains [53]
in the predicted protein sequences. Transmembrane helices and signal peptides were
predicted by the online bioinformatic tools TMHMM v.2.0 (Department of Health Tech-
nology, Copenhagen, Denmark) [54] and SignalP v.5.0 (Department of Health Technology,
Copenhagen, Denmark) [55], respectively.

2.5. Growth of Bacteria and Bioleaching Experiments

The effect of sodium persulfate, as well as C1 compounds (formate and methanol),
was studied using 9K medium supplemented with different concentrations of studied
compounds. Experiments with these compounds included a comparison of growth in the
9K medium or leaching with and without (control) formate and methanol. Formate and
methanol, as well as persulfate, were added at various concentrations. The inoculum was
10 mL of the starting culture, 106–107 cells/mL. Growth of the culture was determined
by optical density (OD) measured using a Spekol 221 spectrophotometer (Carl Zeiss In-
dustrielle Messtechnik GmbH, Jena, Germany) at a wavelength of 600 nm. Data show the
average of three replicated experiments; variations were within 5%.

Bioleaching experiments were performed using 9K medium without ferrous sulfate
supplemented with studied concentrate. A sample of a fine fraction (<1 mm) of a solid
mineral raw material (solid phase, S) and a leaching solution (liquid phase, L) were placed
in a 750 mL shake flask. Thus, the flask contained 200 mL of the 9K medium as the leach
solution and 40 g of the concentrate, i.e., the solid and liquid phases were in ratio S:L = 1:5.
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All experiments were carried out in triplicate under aerobic conditions at 28 ◦C using the
IBPM shaker (IBPM RAS, Pushchino, Russia) at 180 rpm. Thus, the experiments modeled
stirred tank leaching at a constant temperature.

2.6. Chemical Analyzes

The content of leached iron in the solution was determined by spectrophotometry
according to GOST 13195-73. The method is based on the formation of a complex compound
during the interaction of iron ions with potassium ferricyanide in an acidic medium. The
optical density (OD) was measured at a wavelength of 540 nm using Schimadzu UV-1800
spectrophotometer (Schimadzu, Kyoto, Japan). Iron (Fe3+) concentration in the solution
was determined by the constructed calibration curve.

The content of sulfate, formed during the oxidation of sulfides of the arsenopyrite
concentrate, was determined by ion chromatography. The analyzes were performed using
a liquid ion chromatograph for anion detection (Metrohm, Herisau, Switzerland) controlled
by 761 Compact IC PC equipped with injection valve for manual injection or an autosampler
with a Metrohm 838 Advanced Sample Processor; 6.1010.300 Metrosep Anion (3 × 150 mm)
chromatographic column, as well as with conductometric detector. The 844 UV/VIS
Compact IC chromatograph was controlled using the IC Net software and PC. 15 mmol/L
NaHCO3/2.0 mmol/L Na2CO3 in deionized water (Milli-Q) was used as an eluent (flow
rate 1.0 mL/min).

The pH and redox potential (ORP) values were determined using an Ecotest-112 pH
meter/potentiometer (Econix, Moscow, Russia).

2.7. Statistical Processing

Statistical data validation was performed using ANOVA method and MS 15.0.459.1506
Excel 2013 software (Microsoft, Redmond, WA, USA) software. The analyzes were carried
out in triplicate. The results presented in the article showed a high level of reliability
(p > 0.99).

3. Results
3.1. Molecular Genetic Analysis of the Strain

According to literature data and analyzes of known genomes of A. ferrooxidans strains,
differences were found in terms of arsenic resistance and the ability to leach arsenopyrite,
therefore, in recent years, research has shifted towards the selection of novel arsenic-
resistant species and strains.

Microorganisms have several strategies for arsenic resistance and transformation:
(1) the cytoplasmic (ars genes)/periplasmic (arr genes) reduction of As(V) and isolation of
As(III); (2) the As(III) oxidation (aio genes) and As(V) release via the phosphate transport
system; (3) the methylation of As(III) to the gaseous compound As(CH)3 (via ArsM), also
called biomethylation. An analysis of complete bacterial genomes shows that a large
number of phylogenetically diverse prokaryotes are able to transform As(V) and As(III)
in various terrestrial and aquatic habitats, as well as in a wide range of environmental
conditions [56–58]. Arsenotrophy, defined as the ability to grow by means of As(III)
oxidation or As(V) reduction, requires membrane-associated proteins that transfer electrons
from or to arsenic (AioBA and ArrAB, respectively). More common in many different
bacteria is arsenic resistance based on the presence of Ars detoxification systems. In this
process, As(V) is reduced intracellularly to As(III) by ArsC, a small 13–16 kDa protein.
As(III) is then expelled from the cell by an efflux pump, ArsB or ACR3.

The “simplest” and most common system for protecting bacteria from arsenic is the
Ars system. The resistance mechanisms encoded by the ars operon have been extensively
studied. The operon configuration is different in different strains [59]. The simplest
configuration (arsRBC) includes ArsR regulatory protein, which has an As(III)-specific
binding site, an As(V) ArsC reductase, and an As(III) ArsB efflux pump. ArsC mediates
As(V) reduction by glutaredoxin, glutathione, or thioredoxin. This detoxification system
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requires energy in the form of ATP [60]. ArsC is localized in the cytoplasm and can only
reduce As(V) that enters cells; thus, it is unable to reduce As(V) outside the bacterial
cells [61]. Two families of transmembrane efflux pumps, ArsB and ACR3, are known.
The ACR3 type is more widely distributed in nature and occurs in bacteria, animals,
and plants, while ArsB is present only in bacteria [62]. Another operon configuration
(arsRDABC) contains the additional ArsA ATPase, which provides energy for ArsB, which
is the chaperone for arsenic efflux through ArsAB. In the third operon configuration, the ars
genes are located in two operons (arsRC and arsBH) transcribed in opposite directions. The
function of ArsH is not completely clear: it is present in almost all Gram-negative bacteria
carrying the operon and absent in Gram-positive bacteria.

By performing PCR with the designed primers, we obtained data that confirmed the
presence of arsenic resistance genes in the strain A. ferrooxidans TFBk.

The results of the analysis for the presence of arsenic resistance genes are shown
in Figure 1. The data obtained for arsenic resistance genes for A. ferrooxidans TFBk with
degenerate primers were confirmed by the data obtained from the analysis of the complete
genome of A. ferrooxidans TFBk obtained in the present study.
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Figure 1. Electrophoresis of the PCR product of A. ferrooxidans total DNA with primers for the arsC,
arsM, and arsB genes.

The final assembled genome was 3,620,318 bp long and includes 159 scaffolds with
an N50 value of 86,581 bp; the G+C content was 57.91%, and coverage was 280.61x. The
completeness, estimated using CheckM v.1.1.3 software [47], was 99.34%, and the estimated
contamination was 0.0%. The taxonomic position of the assembled genome determined
using GTDB-Tk v.1.5.0 software [48] and average assembly nucleotide identity (ANI) with
closely related genomes calculated using FastANI 2.0 software [49] confirmed that the TFBk
strain belongs to the species A. ferrooxidans. Genome annotation performed using the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP; v.4.7) (NCBI, Rockville, MD, USA) [50]
identified 3781 genes, 3558 protein coding sequences, 171 pseudogenes, and 52 RNA genes.
The genome sequence parameters of the strain A. ferrooxidans TFBk are summarized in
Table 2.
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Table 2. Results of the strain TFBk genome annotation.

Parameter Value

CDSs (total) 3729
Genes (coding) 3558

CDSs (with protein) 3558
Genes (RNA) 52

rRNAs 1, 1, 1 (5S, 16S, 23S)
Complete rRNAs 1, 1, 1 (5S, 16S, 23S)

Partial rRNAs
tRNAs 45

ncRNAs 4
Pseudo Genes (total) 171

CDSs (without protein) 171
Pseudo Genes (ambiguous residues) 1 of 171

Pseudo Genes (frameshifted) 64 of 171
Pseudo Genes (incomplete) 118 of 171

Pseudo Genes (internal stop) 25 of 171
Pseudo Genes (multiple problems) 34 of 171

Analysis of the A. ferrooxidans TFBk genome revealed the presence of the ars (arsenic
resistance system) gene group (Figure 2). The arsC gene encodes arsenate reductase and
is involved in the transformation of As(V) into As(III), which is then excreted by the
ArsB arsenite pump. This mechanism provides arsenic resistance for bacteria, although it
increases environmental toxicity. In prokaryotes, there are three families of ArsC arsenate
reductases, distinguished on the basis of the protein structures, reduction mechanisms, and
the location of catalytic cysteine residues: (i) glutathione-dependent (GSH)/glutaredoxin),
(ii) thioredoxin-dependent (Trx)/thioredoxin-reductase), and (iii) mycothiol-dependent
(MSH)/mycoredoxin, recently discovered in actinobacteria. A. ferrooxidans TFBk possesses
dependent arsene reductases with 69% identity of the translated amino acid sequences.
The arsC1 gene is surrounded by the genes ArsA, the arsenite/antimonite pump-driving
ATPase, the arsenic metal chaperone ArsD, which carries trivalent metalloids to the ArsAB
pump, the ArsR repressor, and the arsenite/antimonite: H+ antiporter ArsB. The second
arsC2 gene is also in close proximity to the ars genes, namely the arsenic resistance protein
arsH, the arsenite/antimonite: H+ antiporter arsB and repressor arsR.

Thus, unlike other strains, A. ferrooxidans TFBk has all the genetic determinants for
the operation of the arsenic resistance system in two variants. The genes responsible for
other arsenic resistance strategies encoded by the arr and aio operons were not found in
A. ferrooxidans TFBk.

In addition, A. ferrooxidans TFBk also has the arsM genes encoding putative arsenite
methyltransferases, showing 95% identity. However, the arsI gene encoding the demethy-
lase that breaks the As-C bond is absent. As shown by metagenomic studies, the arsM and
arsI genes are often found in representatives of different species of the same community,
forming an arsenate biogeochemical cycle in nature [63].

To better understand the possible mechanisms of formate and persulfate use, the
presence of formate dehydrogenase genes and oxidative stress enzymes in the genome was
studied. It can be assumed that formate dehydrogenase works according to the mechanism
described for sulfurtransferase in E. coli [64]. Known strains of A. ferrooxidans have fdhF and
fdhD genes in several variants (Table 3). They also have genes for the glutathione-dependent
detoxification system, which detoxifies formaldehyde (the last one can be a by-product or
produced during non-specific oxidation of methanol by alcohol dehydrogenase).
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Figure 2. Location of arsenic resistance genes on the chromosome in different strains of A. ferrooxidans.
Below is the distance between genes. Genes encoding: ArsB, arsenite/antimonite: H+ antiporter;
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Table 3. Distribution of formate dehydrogenase and oxidative stress enzymes in strains of A. ferrooxidans.

A.
ferrooxidans

Strains
FdhF/FdhD Peroxiredoxin Superoxide

Dismutase
Glutathione
Peroxidase Catalase

TFBk ++ ++ + + −
ATCC 23270 ++ ++ + + −
ATCC 53993 ++ ++ + + −

BY0502 + + + + −
CCM 4253 ++ + + + −

DLC-5 + ++ + + −
Hel18 ++ + + + −

YQH-1 ++ + + + −
IO-2C ++ + + + −

JCM 18981 +++ + + + −
The presence of genes is marked as “+”, “++”, and “+++” depending on their quantity, and the absence of genes is
marked as “−“.

Bacteria can use superoxide dismutase and/or catalase to use or protect against perox-
ide compounds. As the study showed, all studied A. ferrooxidans strains have superoxide
dismutase genes and no catalase genes. It can be assumed that superoxide dismutase plays
the main role in the antioxidant defense of A. ferroxidans.

3.2. Bioleaching Stimulation with Organic C1 Compounds

Possible stimulation of acidophilic strain A. ferrooxidans TFBk was studied according to
the scheme: growth was checked in a 9K medium with formate or methanol in comparison
with the control. 5 mL of a 4-day culture of A. ferrooxidans TFBk was added as an inoculum.

The results on the effect of C1 compounds in the 9K medium without concentrate
are shown in Figures 3 and 4. The addition of methanol did not affect the growth of the
bacteria (Figure 3). Formate concentration of 0.3% accelerated the growth of A. ferrooxidans
TFBk only in the first three days compared to control, but did not provide an increase in
final growth yield (Figure 4).
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Addition of formate and methanol during the arsenopyrite concentrate leaching
by the bacteria A. ferrooxidans TFBk showed that the addition of methanol not only did
not stimulate the process, but even inhibited it. The addition of formate accelerated the
appearance of iron and sulfate in solution (Table 4). However, after two weeks of incubation,
the content of iron and sulfates in the variant with formate and the control were almost
equal. The decrease in the concentration of iron in the solution during the leaching of the
arsenopyrite concentrate after 2 weeks suggests secondary precipitation reactions.
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Table 4. The effect of formate and methanol additions on the leaching of iron and sulfates from a
sample of arsenopyrite concentrate by A. ferrooxidans TFBk bacteria. Control is the leaching in the
medium without addition of formate and methanol.

Time,
Days

Methanol, 0.3% Formate, 0.3% Control

pH Fe3+,
mg/L

SO42−,
mg/L pH Fe3+,

mg/L
SO42−,
mg/L pH Fe3+,

mg/L
SO42−,
mg/L

0 3.4 800 500 3.4 800 500 3.4 800 500
1 3.6 1000 560 3.3 1995 1214 3.4 807 952
3 3.5 1715 944 3.3 1855 1352 3.4 1855 1044
6 3.2 1785 1060 3.3 1900 1670 3.2 1876 1346
9 3.2 1680 1080 3.3 1700 1670 3.1 1855 1668

15 3.2 1680 1100 3.3 1714 1670 3.1 1790 1670

3.3. Bioleaching Stimulation with Additional Oxidizing Agent, Persulfate

In patents devoted to biooxidation of gold-bearing mineral raw materials, it was noted
that the intensification of the process can be achieved by increasing the redox potential
(ORP) of the leaching medium [65,66]. At the same time, it is well known that the introduc-
tion of hydrogen peroxide into the medium can be accompanied by a sterilizing effect and
inhibition of bacterial growth. We tested the possibility of stimulating bioleaching of the
concentrate by the strain A. ferrooxidans TFBk by means of introducing a peroxide oxidant
into the medium 9K that differs from hydrogen peroxide and is a more convenient form for
transportation and storage: sodium persulfate.

The results showed slight stimulation of biomass growth in 9K medium without
mineral concentrate at 0.1% persulfate concentration and suppression of growth at higher
concentrations (Figure 5).

Minerals 2022, 12, x FOR PEER REVIEW 12 of 17 
 

 

The results showed slight stimulation of biomass growth in 9K medium without 
mineral concentrate at 0.1% persulfate concentration and suppression of growth at higher 
concentrations (Figure 5). 

Figure 5. Growth dynamics of A. ferrooxidans TFBk culture in 9K medium with various persulfate 
concentrations. The y-axis shows the optical density of the medium with bacteria. 

At the same time, the effect of persulfate on bacteria in a liquid culture medium was 
not identical to its effect in the presence of leached concentrate, since the interaction of the 
oxidizing agent with the concentrate reduced its toxic effect and increased the availability 
of minerals for bacteria. We have previously shown that the addition of persulfate or 
persulfate in combination with organic acids can intensify the leaching of minerals [13]. 
The results of the experiments on the effect of persulfates on the bioleaching of 
arsenopyrite raw materials in a 9K medium when inoculating A. ferrooxidans TFBk are 
shown in Table 5. 

Table 5. Effect of sodium persulfate on the bioleaching of iron and sulfates from arsenopyrite 
flotation concentrate by A. ferrooxidans TFBk. 

Time, 
Day 

Sodium Persulfate, 0.0% Sodium Persulfate, 0.3% Sodium Persulfate, 0.5% Sodium Persulfate, 1.0% 

рН Fe3+, 
mg/L 

SO42−, 
mg/L 

рН Fe3+, 
mg/L 

SO42−, 
mg/L 

рН Fe3+, 
mg/L 

SO42−, 
mg/L 

рН Fe3+, 
mg/L 

SO42−, 
mg/L 

0 3.4 800 500 3.3 800 750 3.3 800 900 3.1 800 1300 
5 2.8 1300 520 3.3 1716 1280 3.3 2094 1500 2.9 2694 2118 

10 2.7 1016 700 3.2 1855 1300 3.3 2284 1712 3.0 3315 2400 
15 3.1 778  930 3.1 1890 1600 3.2 2300 1980 3.0 3350 2360 

Thus, the rate of leaching of arsenopyrite raw materials was higher with the addition 
of persulfate than in the control, i.e., in the absence of an additional oxidizing agent (Table 
4). At the same time, in full accordance with the inhibition data presented in Figure 5, 
microscopy revealed an altered cell morphology and a decrease in the number of 
unsorbed cells in suspension. The results obtained may mean that the chemical and 
biological leaching of mineral raw materials is intensified by persulfate due to the 
interaction of the oxidizing agent with minerals. 

Figure 5. Growth dynamics of A. ferrooxidans TFBk culture in 9K medium with various persulfate
concentrations. The y-axis shows the optical density of the medium with bacteria.

At the same time, the effect of persulfate on bacteria in a liquid culture medium was
not identical to its effect in the presence of leached concentrate, since the interaction of the
oxidizing agent with the concentrate reduced its toxic effect and increased the availability
of minerals for bacteria. We have previously shown that the addition of persulfate or
persulfate in combination with organic acids can intensify the leaching of minerals [13].
The results of the experiments on the effect of persulfates on the bioleaching of arsenopyrite
raw materials in a 9K medium when inoculating A. ferrooxidans TFBk are shown in Table 5.
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Table 5. Effect of sodium persulfate on the bioleaching of iron and sulfates from arsenopyrite flotation
concentrate by A. ferrooxidans TFBk.

Time,
Day

Sodium Persulfate, 0.0% Sodium Persulfate, 0.3% Sodium Persulfate, 0.5% Sodium Persulfate, 1.0%

pH Fe3+,
mg/L

SO42−,
mg/L pH Fe3+,

mg/L
SO42−,
mg/L pH Fe3+,

mg/L
SO42−,
mg/L pH Fe3+,

mg/L
SO42−,
mg/L

0 3.4 800 500 3.3 800 750 3.3 800 900 3.1 800 1300
5 2.8 1300 520 3.3 1716 1280 3.3 2094 1500 2.9 2694 2118

10 2.7 1016 700 3.2 1855 1300 3.3 2284 1712 3.0 3315 2400
15 3.1 778 930 3.1 1890 1600 3.2 2300 1980 3.0 3350 2360

Thus, the rate of leaching of arsenopyrite raw materials was higher with the addition
of persulfate than in the control, i.e., in the absence of an additional oxidizing agent
(Table 4). At the same time, in full accordance with the inhibition data presented in Figure 5,
microscopy revealed an altered cell morphology and a decrease in the number of unsorbed
cells in suspension. The results obtained may mean that the chemical and biological
leaching of mineral raw materials is intensified by persulfate due to the interaction of the
oxidizing agent with minerals.

4. Discussion

There are different mechanisms of bacterial resistance to arsenic [67]. These strategies
of defense are based primarily on the following genes/processes: (1) cytoplasmic (ars
genes)/periplasmic (arr genes) As(V) reduction and As(III) excretion; (2) As(III) oxidation
(aio genes) and As(V) release via the phosphate transport system; (3) methylation of As(III)
to the gaseous compound As(CH)3 (via arsM), also called biomethylation. Our genetic
analysis permitted us to determine which resistance mechanism is present in the strain
A. ferrooxidans TFbk.

We carried out a genetic analysis of the A. ferrooxidans TFBk strain, originally isolated
from the arsenopyrite deposit, and showed that it has a set of arsenic resistance genes.
An analysis of the A. ferrooxidans TFBk genome revealed the presence of the ars gene
group (arsenic resistance system). The arsC gene encodes arsene reductase and is involved
in the transformation of As(V) into As(III), which is then excreted by the ArsB arsenite
pump. A. ferrooxidans TFBk also possesses two thyredoxin-dependent arsene reductases.
Thus, A. ferrooxidans TFBk has genetic determinants for resistance to arsenic in two vari-
ants. In addition, A. ferrooxidans TFBk also has the arsM genes encoding putative arsenite
methyltransferases.

The applied genome-wide research methods provide more information than PCR
amplification with degenerate primers, since they not only allow the detection of arsenic
resistance genes, but also suggest possible bioleaching pathways. This approach is espe-
cially important when the leached mineral raw material is multicomponent (in our case,
it contains not only arsenopyrite but also other mineral arsenic compounds). However,
these primers can be useful when analyzing samples from different arsenic-contaminated
environments to search for new strains with specific features. Thus, our work is one of
the first attempts to use this approach for A. ferrooxidans for bioleaching intensification. At
the same time, we expect that the development of this approach will make it possible to
predict the phenotype and its applied use and, thus, will be included in the bioleaching
methodology.

To better understand the possible mechanisms of formate and persulfate use, the
presence of formate dehydrogenase genes and oxidative stress enzymes in the genome
was studied. It can be assumed that formate dehydrogenase works according to the
mechanism described for sulfurtransferase in E. coli [64]. All known strains of A. ferrooxidans
have fdhF and fdhD genes in several variants (Table 5). Acidithiobacillus are acidophilic
chemolithotrophs and assimilate carbon from carbon dioxide using the Calvin–Benson–
Bassham cycle. Thus, an increase in the growth rate at the first stages with the addition of
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formate can be associated with formate dehydrogenase, oxidizing formate to CO2, which is
assimilated by ribulose 1,5-bisphosphate carboxylase/oxygenase, i.e., formate can serve not
only as a complementary source of energy, but also as a source of carbon. They also have
genes for the glutathione-dependent detoxification system, which detoxifies formaldehyde
(the last one can be a by-product or produced during non-specific oxidation of methanol
by alcohol dehydrogenase). Bacteria can use superoxide dismutase and/or catalase to use
or protect against peroxide compounds. As the study showed, all studied A. ferrooxidans
strains have superoxide dismutase genes and no catalase genes. It can be assumed that
superoxide dismutase plays the main role in the antioxidant defense of A. ferroxidans.

Despite the resistance of A. ferrooxidans TFBk to arsenic, the rate of the leaching of
refractory arsenopyrite concentrates was comparatively low. In this regard, since the strain
possessed by the genes involved in C1-compounds utilization and oxidative stress resis-
tance, we investigated the possibility of intensifying bioleaching in two ways: (1) by means
of stimulation with organic C1 compounds as energy substrates and (2) the introduction of
an additional oxidizing agent, sodium persulfate.

The possibility of stimulating the growth of biomass and bioleaching of A. ferrooxidans
TFBk metals by adding the organic C1 compound formate to the medium was confirmed.
Previously, this ability was shown for another strain of this species [20]. It was shown that
the organic C1 compound methanol did not stimulate A. ferrooxidans TFBk and could even
inhibit growth.

The possibility of using additions of a peroxide-type oxidant, sodium persulfate, to
intensify bioleaching by A. ferrooxidans TFBk bacteria was shown. The addition of persulfate
to the 9K medium without arsenopyrite stimulated the growth of biomass only at low
concentrations (0.1%). However, high concentrations (0.5–1.0%) markedly intensified
chemical-biological leaching of arsenopyrite, possibly due to the oxidation/deliberation
of the ore minerals by means of both direct oxidation of the minerals with persulfate and
increase of Fe3+/Fe2+ ratio, which, in turn, lead to the increase in mineral oxidation rate.

5. Conclusions

The genome of the leaching strain A. ferrooxidans TFBk was studied. It has been shown
that it has genes responsible for resistance to arsenic. It was also found that its set of genes
was fundamentally different from known other representatives of the species A. ferrooxidans.
In addition, an analysis of the strain was carried out to assess its potential resistance to
adverse factors (oxidative stress in the presence of persulfate), as well as the ability to
utilize C1 compounds.

In experiments with the strain A. ferrooxidans TFBk, the possibility of stimulating
its growth and leaching activity with formate additives was shown. The possibility of
stimulating autotrophic bacteria with organic C1-compounds is an interesting direction for
general and applied microbiology.

In bioleaching experiments, regulation of the redox potential was carried out by the
addition of sodium persulfate. It was shown that supplementation with this additional
oxidizing agent at low concentrations leads to an intensification of bioleaching. The study
showed that the strain A. ferrooxidans TFbk is a promising object for its use in the bioleaching
of arsenic-containing ores and concentrates. In general, the study showed the possibility of
intensifying the process of bioleaching, justified by the methods of genetic analysis.
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