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Abstract
Bioleaching is a common and eco-friendly method for the metals mobilization from mines, contaminated soils and wastes and it
can be used in metal extraction and bioremediation. Due to the fact that these processes are considered as metabolism-dependent
processes, isolation and identifying of the strains with high resistance features in responsible bacteria are one of the most
important steps to have. In present study, an Iranian new isolate of iron-oxidizing bacteria was characterized. The phylogenetic
analysis and 16S rRNA gene sequence of strain ZT-94 indicated that this strain is related to Acidithiobacillus ferrooxidans. It is
investigated that the ferrous iron oxidation was increased dramatically in the early hours of bacterial growth and the ferrous iron
(Fe2+) was completely oxidized at 30 h. According to the results, strain ZT-94 had the high tolerance capability to U, Ba, Al and
Se. Iron oxidation by strain ZT-94 was inhibited by the addition of 312.5 mg/L Se and 70 mg/L Te but concentrations above
5000mg/L of Ba and 2000mg/L Al had no inhibitory effect on bacterial growth. In addition, strain ZT-94 was able to grow in the
pH range of 1–4, temperatures at 25–35 °C. Results showed no inhibitory effects on bacterial growth rate in presence of 0.1 w/v
organic compounds like fructose and glucose but a delayed growth was detected in presence of yeast extract in comparison with
the others. The results showed that strain ZT-94 had high environmental adaptability and can be introduced as a suitable and
valuable candidate for research in the bioleaching and bioremediation processes.
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Introduction

In recent decades, applying of the microbial processes in the
mineral industry and metals extraction has been considerably
increased (Olson et al. 2003). Microorganisms play an impor-
tant role in the immobilization or mobilization of radionu-
clides and heavy metals (Lovley and Coates 1997; Valls and
de Lorenzo 2002; Vijayaraghavan and Yun 2008; Volesky

1994). The bioleaching process has been mentioned as a
new method, cost effective, less harmful and eco-friendly for
metal extraction and mobilization from mine, sediment,
sludge and soil (Chen and Chou 2016; Srichandan et al.
2019; Yang et al. 2016). The classical leaching bacteria now
belong to the genus Acidithiobacillus. Acidophilic
Acidithiobacilus ferrooxidans as a chemolithotrophic micro-
organism grows on ferrous or sulphur as its energy source.
This bacteria obtains its required energy through the oxidation
of ferrous or sulfide contents which leads to the production of
ferric sulfate (Brierley 1982; Ruiz et al. 2012). Ferric sulfate as
a strong oxidizing agent is able to mobilize metals in the
environments containing toxic metals. This microorganism
plays an important role in the bioleaching process, especially
in the leaching of sulfide minerals. (Chen and Chou 2016;
Rohwerder et al. 2003; Vera et al. 2013).

With the industrialization of mines and metal extraction,
water safety has been challenged by organic compound and
heavy metals and they have entered into the environment (Liu
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et al. 2020; Mohapatra et al. 2019; Xiao et al. 2020). Heavy
metals unlike organic compounds are not degradable and re-
main in the environment causing serious challenge for reme-
diation and bioleaching (Chen and Chou 2016; Mishra and
Mohan 2017; Soares and Soares 2012; Srivastava et al.
2015; Tabak et al. 2005). It was recently demonstrated that
the microbial population density and heavy metals resistance
of bacteria is very important in bioleaching processes. The
growth of microorganisms and their activities can be inhibited
by the presence of some toxic metals. This problem can be
solved by using the heavy metal resistance bacteria in these
systems (Diels et al. 1999; Kanwar et al. 2017). Most bacteria
that live in harsh environments have different strategies for
surviving in hard conditions and microorganisms have been
adapted to the presence of toxic heavy metals. This is due to
the mechanism of resistance systems (Navarro et al. 2013).
Also, some reports have shown that native microbes from
harsh environments can tolerate a high concentration of heavy
metals and play an important role in biotechnological process-
es (Irawati et al. 2016). For example, it is shown that
Acidithiobacillus ferrooxidans can be used to remove heavy
metals in acidic wastewater (Min et al. 2017). Also, it is indi-
cated that Acidithiobacillus ferrooxidans is one of the efficient
bioleaching bacteria modulating the bioleaching process (Gao
et al. 2020).

Some organic compounds also can have an inhibitory ef-
fect on bacterial growth. Agar toxicity is a known issue in the
growth of autotrophic bacteria which prevents the growth of
colonies on ferrous-iron medium and inhibits their growth
(Happold et al. 1954; Kelly 1971; Tuovinen and Kelly
1973). Therefore, the isolation of bacteria that have the ability
to grow in solid medium is very important for further identify
them. The purpose of this research was development of a
fundamental guideline for isolation and cultivation of a strain
of the fastidious iron (II)-oxidizing bacteria in a solid medium.
This paper also introduces iron(II)-oxidizing isolated bacteria
(Acidithiobacillus ferrooxidans strain ZT-94) resistant to high
concentration of metals with high iron oxidation rate as a
valuable leaching bacteria for application in bioleaching pro-
cesses that is fitted with the principles of the green technology.

Material and methods

Isolation and purification of bacteria

Ore sample was collected from the Saghand uranium mine in
Iran. Modified 9 K medium used for isolation experiments
(Silverman and Lundgren 1959). The isolation medium
contained (Silverman and Lundgren 1959): The basal salts
(3 g (NH4)2SO4, 0.5 g MgSO4·7H2O, 0.5 g K2HPO4, 0.01 g
Ca(NO3)2, 0.1 g KCl in 700 mL distilled H2O) was added to
300 mL of a 14.74% (w/v) FeSO4·7H2O solution and adjusted

to pH 2 with 10 N H2SO4. The broth cultures were incubated
aerobically for 14 days at 30 °C in a shaking incubator
(150 rpm).

For purification of bacteria, isolated bacteria were cultured
on a solid culture medium (Yates and Holmes 1987). The
solid culture media were incubated at 30 °C for 10 days.
Single colonies appearing over this period were re-cultured
onto solid plates, and stored at 4 °C. The solid medium com-
ponents consisted of the following (Yates and Holmes 1987):

Solution A: A 35 mL of 10x modified 9 K salts (50 g/L
(NH4)2SO4, 8.34 g/L MgSO4·7H2O, 0.84 g/L K2HPO4,
0.24 g/L Ca(NO3)2.4H2O, 1.66 g/L KCl) was added to
265 mL of H2O and its pH was adjusted to 2.5 with 10 N
H2SO4.
Solution B:11 g/L FeSO4·7H2O was added to 75 mL of
H2O and pH was adjusted to 2.5 with 10 N H2SO4.
Solution C: 2 g/L agarose was added to 125 mL of H2O.
Solutions A and C were sterilized at 121 °C for 15 min
and mixed with solution B, which had been filter steril-
ized (Yates and Holmes 1987).

Bacterial culture medium

This isolate was grown inAPHmedium at 150 rpm and 30 °C.
APH medium containing 2 g/L (NH4)2SO4, 0.5 g/L MgSO4·
7H2O, 0.5 g/L K2HPO4, 0.01 g/L Ca(NO3), 0.1 g/L KCl, and
20 g/L FeSO4·7H2O with final pH adjusted to 2 with H2SO4

(Atlas 2005). Samples were taken to determine total soluble
ferrous and ferric iron concentration and cell number at regu-
lar intervals. The number of bacterial cells was counted every
2 h and growth curve was plotted. The numbers of bacterial
cells were estimated directly by a neubauer chamber cell
counting (Tajer Mohammad Ghazvini et al. 2014).The pH
and Eh were also measured with a pH meter (Metrohm 827).

Analytical methods

For ferric ion and total iron measurement, 5-sulfosalicylic acid
(SSA) testing was used to determine of the bacterial activity in
ferrous ion oxidation to ferric ion (Karamanev et al. 2002).
The redox potential and the pH values were evaluated using a
pH meter (Metrohm 827) and with a combined Pt-ring elec-
trode (reference electrode Ag/AgCl, reference electrolyte
3 mol/L KCl) respectively (Zare Tavakoli et al. 2017).

Phylogenetic analysis of isolated Bacteria

The 16S rRNA gene sequence (1498 bases) analysis was car-
r ied out with Chromas Pro software version 1.5
(Technelysium Pty. Ltd., http://www.technelysium.com.au).
For obtain the nearest phylogenetic neighbors from the
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databases, the 16S rRNA gene sequence was compared with the
GenBank data using NCBI (http://blast.ncbi.nlm.nih.gov) and
EzTaxon-e servers (http://eztaxon-e.ezbiocloud.net/) (Kim et al.
2012). Then 16S rRNA sequences were aligned using
CLUSTAL W (Thompson et al. 1994). MEGA5 (Tamura et al.
2011) and the neighbour-joining algorithm were used for con-
struction of phylogenetic tree (Saitou and Nei 1987; Tajer
Mohammad Ghazvini et al. 2014; Tamura et al. 2004).

Microscopic examinations

This isolate was investigated by scanning electron microscope
(SEM). In this study, lamellas were cut at size of 10 × 10 mm
and immersed in 0.8% agar solution. After forming a thin
layer of agar, the bacteria were expanded onto the lamellas
and placed at 37 °C for 12 h. Then, they were immersed
successively for 30 min in low to high concentrations of eth-
anol (10, 25, 50, 75, 96, 99.9%). Finally, ethanol evaporated
for 1 h at 37 °C. A coating of gold was vacuum-deposited on
the specimens by Ion-Coater (KIC-IA, COXEM), and then the
specimens were examined by a scanning electron microscope
(Piroeva et al. 2013).

Heavy metal susceptibility testing

For this test, 96 well microplates were used. All stages of the
experiment were performed in sterile conditions and at least in 2
replicate (2 columns). For determination of minimum inhibitory
concentration (MIC), APH medium containing Potassium tellu-
rite (K2TeO3), Sodium selenite pentahydrate (Na2SeO3.5H2O),
Aluminium sulfate hexadecahydrate (Al2(SO4)3.16H2O),
Barium chloride dihydrate (BaCl2.2H2O), Sodium molybdate
dihydrate (Na2MoO4.2H2O) and Uranyl nitrate hexahydrate
(UO2(NO3)2.6H2O) (Merck) were made (Atlas 2005). Finally,
the microplates were incubated at 30 °C and the results were
monitored daily. The growth of microorganism was investigated
apparently by the development of growth-induced turbidity (also
by the production of red dye by bacterial iron oxidation). The
lowest concentration of the metal salt inhibiting bacterial growth
was considered as the MIC. The minimal bactericidal concentra-
tion (MBC) of metals was determined from dilutions that no
signs of growth was detectable by sub culturing on the solid
culture medium with no metal content (Yates and Holmes
1987). The plates were incubated at 30 °C for 10 days. That
concentration inwhich its subculture showed no bacterial growth
was indicated as MBC.

Effects of temperature, pH and organic compounds
on the growth of the bacteria

The effect of different temperatures (20, 25, 30, 35, 40, 45 °C)
and different pH (pH 1–6) on bacterial growth were separately
evaluated in APH medium at 30 °C and 150 rpm monitoring

the Eh changes as the representative factor of bacterial growth
during the test. Furthermore, the possible changes of bacterial
growth in presence of some organic compounds that are con-
sidered as the growth inhibitors for autotrophic microorgan-
isms were studied. Organic compounds such as yeast extract,
glucose and fructose monohydrate were added at a final con-
centration of 0.1 w/v to the medium and Eh changes in the
media were monitored daily as the representative factor of
bacterial growth. The initial pH of the medium was adjusted
to 2 by sulfuric acid and the culture medium with no organic
compounds was used as control in this study.

Results and discussion

In general, most autotrophic microorganisms are sensitive to
low-molecular-weight organic compounds that it make their
isolation and purification on solid agar medium difficult
(Johnson and Hallberg 2007; Ngom et al. 2015). But, this
isolation procedure resulted in the purification of an isolate
of Iron (II)-oxidizing bacteria at the solid culture medium
containing agarose, which presented as colonies with an
iron-oxidized zone, orange red color. Microscopic examina-
tion of the isolate showed gram negative and rod-shaped bac-
terial cells (Fig. 1). Genetic analysis demonstrated that new
strain ZT-94 belongs to the class Acidithiobacillia, phylum
Proteobacteria. The phylogenetic tree showed the relation-
ship between Acidithiobacillus ferrooxidans strain ZT-94
and other related bacteria (Fig. 2). The 16S rRNA gene se-
quence was submitted in the National Center for
Biotechnology Information GeneBank database (www.ncbi.
nlm.nih.gov) with the accession number KU726246 for
Acidithiobacillus ferrooxidans strain ZT-94.

The growth curve of Acidithiobacillus ferrooxidans strain
ZT-94 in APHmediumwas presented in Fig. 3. The lag phase
was observed in the first 2 h. The maximum number of bac-
terial cells (1.77 × 107) was obtained after 48 h. According to
the bacterial growth curve, the logarithmic growth phase con-
tinued for 48 h. Afterward, it entered the stationary phase.

In bioleaching process there are some responsible factors as
the metal sulfide-oxidizing agent, iron (III) ions, which are
made as result of oxidizing reactions in iron (II)-oxidizing
bacteria. These compounds can soluble metals in the environ-
ment containingmetals. Therefore bioleaching depends on the
iron oxidation ability of the acidophilic microorganism such
as Acidithiobacillus ferrooxidans (Valdés et al. 2008; Vera
et al. 2013). In this study, the change in the ferrous and ferric
concentration and redox potential of APH medium
Acidithiobacillus ferrooxidans strain ZT-94 was showed in
Fig. 4. Results showed that the increase of the ferric iron
concentration complete the decrease of the ferrous iron con-
centration during the time. As previously reported, the main
role of these microorganisms is regenerating the leaching
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agents (Fe3+) and to facilitate the reaction by creating an en-
vironment in which the leaching process occurs (Venugopal
2005; Zare Tavakoli et al. 2017). The oxidation and reduction
potential (ORP) represents the Fe3+/ Fe2+ proportion, as can be
seen in Fig. 4. It is indicated that bacterial oxidation of ferrous
iron to ferric iron enhanced the redox potential of the culture
medium from 361.7 to 621.8 mV. Generally, the redox poten-
tial (Eh) values increases with decreasing ferrous ion in the
culture medium. The important point is the ratio of ferric to
ferrous ions in the culture medium, which can change Eh.
According to this relationship, with increasing ferric ions
and decreasing ferrous ions in the medium, Eh increases
(Zare Tavakoli et al. 2017). At the middle or end of the
bioleaching process, the concentrations of Fe3+ and reached
at a certain level which facilitated the production of jarosite
precipitation and consequently the iron concentration de-
creased through the time (Fig. 4). As shown in Fig. 4, the
ferrous iron oxidation was increased dramatically in the early
hours of bacterial growth and the ferrous iron (Fe2+) was
completely oxidized at 30 h. The measurement results of the
Eh also confirmed the high oxidation of iron. The high ferrous
iron oxidation rate will be very important when the process is
used on an industrial scale which many authors have reported
this phenomenon (Falagán and Johnson 2016; Nemati et al.
1998; Zhan et al. 2019). Acidithiobacillus ferrooxidans be-
longs to the group of inorganic autotrophic bacteria that it

can be take its energy required from oxidation of (Fe2+) and
reduced inorganic sulfur for CO2 and nitrogen fixation. Many
researchers have shown that the growth and iron oxidation rate
in these bacteria are usually slow and long and culture of
bacteria takes some days according to the optimal conditions
(Cabrera et al. 2005; LIU et al. 2006; Zhan et al. 2019; Zhang
et al. 2018). Therefore, it is valuable to use strains with high
oxidation rate and rapid growth for industrial processes.

In the bioleaching, living and active microorganisms is an
important factor in the process. Hence, the microbial popula-
tion density and their resistance to metals have an important
role in this process. Metal sulfides bioleaching increases the
concentration of metal in the bioleaching liquid. Different
species of microorganisms involved in the bioleaching have
been shown to have different sensitivities to heavy metals
(Bosecker 1997). Reports have suggested that differences in
the toxicity of heavy metals may be due to differences in the
mechanism of metal interactions by microorganisms. The tox-
icity mechanism of many of these metals is the inactivation,
degradation, or occupation of active sites in microbial en-
zymes (De et al. 1997). In addition, there are some evidences
that metal toxicity can be related to the disturbance of the
cellular radical balance and according to this the evolution
of metal tolerance probably can make changes the capacity
of the cellular defense against radicals (De Vos and Schat
1991). In this study, the resistance of Acidithiobacillus
ferrooxidans to 6 toxic metals was investigated (Table 1).
Our previous research had shown that uranium does not have
an inhibitory effect on the activity of (Fe2+) oxidizing enzyme
in the strain ZT-94 up to concentration 455 mg/L. According
to the results, minimal bactericidal concentration of uranium
for Acidithiobacillus ferrooxidans strain ZT-94 was 570 mg/L
(Bahrami-Bavani et al. 2017). Studies show that the resistance
to uranium is often very low in the leaching microorganisms.
For instance, among the three strains of Acidithiobacillus
ferrooxidans, the maximum resistance was 9 mM of uranium
(Merroun and Selenska-Pobell 2001). Mostly the uranium-
containing leaching solutions inhibit the microbial oxidation
of (Fe2+) in the leaching microorganisms. For example, it was
showed that oxidation of ferrous iron by Acidithiobacillus
ferrooxidanswas inhibited by 0.2–0.9 mM of the UO2

2+ ions.
Also iron oxidation was stopped completely in the liquid me-
dium by 1–1.5 mM of the UO2

2+ ions. This finding confirms
the negative impact and inhibitory effect of uranium on the
microbial oxidation rate of ferrous iron (Satyavathi et al. 2008;
VanEngelen et al. 2011). However, obtaining uranyl resistant
strains of Acidithiobacillus ferrooxidans is available through
mutation or adaptation (Tuovinen and Kelly 1973).

Our other study has shown that strain ZT-94 can tolerate
60 mg/L molybdenum. Researchers have shown that molyb-
denum inhibits Acidithiobacillus oxidation systems through
inactivation of the iron oxidase and cytochrome c oxidase
enzymes. In this inhibitory mechanism, the iron (II) present

Fig. 1 a SEM micrographs of the strain ZT-94 cells and; b Development
of Colony morphology strain ZT-94 in the solid medium
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in the bacterial growth medium reduces Mo+6 to the Mo+5

that attaches to the cells plasma membrane and decrease the
cytochrome c oxidase activity which leads to iron (II) oxida-
tion inhibin and the consequent stop in bacterial growth.

Therefore, the resistance of Acidithiobacillus oxidation sys-
tems can results in a good resistance to external molybdenum
in this bacteria (Kasra-Kermanshahi et al. 2017; Kasra-
Kermanshahi et al. 2020; Yong et al. 1997). Also, Yong and

Acidithiobacillus sp. E4-L4 (HM769770.1)

Acidithiobacillus ferrooxidans strain SS4 (AJ278720.1)

Acidithiobacillus ferrooxidans voucher BGR:37 (GU167985.1)

Acidithiobacillus ferrooxidans ATCC 53993 (NC_011206.1)

Acidithiobacillus ferrooxidans strain ATCC 23270 (NR_074193.1)

Acidithiobacillus sp. Mc9KA-2-1-4 (HM769769.1)

Acidithiobacillus ferrooxidans strain ZT-94 (KU726246.2)

Uncultured bacterium clone fildic4ph8 (EF446224.1)

Uncultured bacterium clone antparedg12 (EF446199.1)

Acidithiobacillus ferrooxidans strain DSM9465 (Y11595.1)

Acidithiobacillus ferrooxidans strain TFV (KM192211.1)

Uncultured bacterium clone fa10 (DQ303268.1)

Acidithiobacillus ferrooxidans strain ATCC33020 (AJ278719.1)

Acidithiobacillus albertensis strain DSM 14366 (AJ459804.1)

Acidithiobacillus thiooxidans (DSM 612)(M79401.1)

Acidithiobacillus caldus (DSM 8584)(Z29975.1)

Thermithiobacillus tepidarius strain DSM 3134(AJ459801.1)

Thiobacillus halophilus (U58020.1)

Thiobacillus neapolitanus DSM 581 (AF173169.1)

Thiobacillus delicatus (AB245481.1)

Thiobacillus aquaesulis strain ATCC 43788 (NR_044793.1)

Thiobacillus aquaesulis (U58019.1)

Thiobacillus denitrificans strain NCIMB 9548 (AJ243144.1)

Thiobacillus thioparus (AF005628.1)

Sulfobacillus acidophilus strain DSM 10332 (NR_040943.1)
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Fig. 2 Phylogenetic tree based on 16S rRNA gene sequences is showing
the phylogenetic position of new isolated Acidithiobacillus ferrooxidans
strain ZT-94. The resulting was evaluated by using bootstrap analysis
based on 1000 replicates (Felsenstein 1985). Sulfobacillus acidophilus

strain DSM 10332 was taken as an out-group. GenBank accession
numbers are indicated after the name in parentheses. Bar 0.02
substitutions per nucleotide position

Fig. 3 Growth curve of
Acidithiobacillus ferrooxidans
strain ZT-94 during cultivation in
APH

1331Biologia (2021) 76:1327–1337



et al. showed that among seventy-five strains of iron-oxidizing
bacteria, only one strain grew in the presence of 1.25 mM
sodium molybdate (Yong et al. 1997). Therefore, this strain
is a molybdenum resistant isolate.

Tellurium is a metal-like element which exists in four ox-
idized forms such as telluride (Te2−), tellurium (Te0), tellurite
(TeO3

2−) and tellurate (TeO4
2−). Due to the higher toxicity of

tellurite in comparison with elemental tellurium and tellurate,
it is not commonly found in living systems. This toxicity is
related to its activity as a strong oxidant. Therefore, the effect
of different tellurium concentrations on Acidithiobacillus
ferrooxidans growth was investigated in this study. The re-
sults showed that tellurium had no inhibitory effect on bacte-
rial growth in concentrations less than 50 mg/L, but the
growth of bacteria stopped in 70 mg/L. Moreover, previous
studies have shown that tellurium was toxic in concentrations
of 50–100 mg /L (Tuovinen et al. 1971).

Selenium is a non-metal element that is often found in two
forms of selenate (Se6+, SeO4

2−) and selenite (Se4+, SeO3
2−) in

agricultural soils, wastewater and metal sulfide mines. Both of
these oxyanions have been of great concern due to their tox-
icity and bioaccumulation potential (Frankenberger Jr and
Arshad 2001; Ohlendorf et al. 1986; Presser and Ohlendorf
1987; Weres et al. 1989). The result of minimum inhibitory
concentration (MIC) for selenium was 156.5 mg/L and
312.5 mg/L of selenium stopped the growth of bacteria
(MBC). Prior studies have shown the inhibitory effect of this
metal on the growth of iron oxidizing bacteria in 100 mg/L
(Tuovinen et al. 1971).

Aluminum toxicity has been described by its compe-
tition with magnesium and iron, and its binding to the
DNA, membranes and cell walls in microorganisms
(Piña and Cervantes 1996). The results of bacterial re-
sistance to different concentrations of this metal showed
its growth ability in solutions with aluminum concentra-
tions above 2000 mg/L. Also, Tuovinen and et al.
showed that Thiobacillus ferrooxidans can tolerate more
than 10 g/L of Aluminum (Tuovinen et al. 1971). In
addition, it has been reported that barium as antagonists
of calcium and potassium ions can also have toxic ef-
fects on several biochemical reactions in both eukaryotic
and prokaryotic cells. This toxic effect on bacteria, fun-
gi and algae has been confirmed by different studies
(Baldi et al. 1996). Acidithiobacillus ferrooxidans resis-
tance test to barium showed high resistance to concen-
trations below 5000 mg/L.

Increase of the heavy metal ions in the environment may
results in deactivation or even destroying the leaching bacte-
ria. It has been reported that heavy metal ions can inhibit the
microbial ferrous oxidation and stop bioleaching process by
blocking or destroying the active sites of microbial enzymes.
Variation in heavy metal toxicity may be due to the different

Fig. 4 Redox potential and
ferrous and ferric ion
concentration of APH medium
during cultivation of
Acidithiobacillus ferrooxidans
strain ZT-94

Table 1 The results of the MBC and MIC test of Acidithiobacillus
ferrooxidans strain ZT-94

Metals Minimum inhibitory
concentration (mg/l)

Minimum bactericidal
concentration (mg/l)

Ba >5000 >5000

Al >2000 >2000

U 455 570

Se 156.5 312.5

Te 50 70

Mo 40 60
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interaction mechanisms between the bacteria and variable
heavy metals (De et al. 1997; Navarro et al. 2013; Tabak
et al. 2005). Therefore, according to the results of this study,
the high metal resistance capacity in Acidithiobacillus
ferrooxidans strain ZT-94 can introduce this strain as an inter-
esting and promising candidate to be applied in bioleaching
processes.

The other important parameter that has major effects on
bioleaching processes is density of microbial population.
Maximum efficiency of metal extraction by microbial reac-
tions can be obtained when the bioleaching conditions corre-
spond to the optimal growth conditions of the microorgan-
isms. The best temperature for maximum oxidation of ferrous
and sulfides by Acidithiobacillus ferrooxidans has been re-
ported at 28 to 30 °C. The results of temperature test showed
that temperatures 25–35 °C were suitable for the growth of
strain ZT-94 (Table 2). Also, measuring of Eh changes as a
growth indicator at different temperatures showed that
Acidithiobacillus ferrooxidans strain cannot grow at 20 °C
and 40 °C (Fig. 5). According to the growth rate in this tem-
perature range, strain ZT-94 was detected as a suitable candi-
date for industrial processes.

The pH of the environment is a key factor in the
bioleaching. It is important for the growth of the responsible
bacteria for bioleaching processes and metal solubilization.
Researchers have reported the pH 2–2.5 as the optimal pH
for ferrous oxidation (Bosecker 1997; Tuovinen and Kelly
1974). On the other hand, the growth potential of

Acidithiobacillus ferrooxidans has been reported in the range
of pH 3.1–4.5. In addition, it has been reported that the pH
required for dissolution of iron is less than pH 1.5. Therefore,
it is necessary to adjust the pH in mentioned range to provide
the optimum conditions for bioleaching (Waksman and Joffe
1922). Researchers have shown that the best chemical mate-
rial to regulate pH is sulfuric acid which can simultaneously
provide required sulfate for bacteria during the iron oxidation.
In this study, the growth ability of strain ZT-94 was investi-
gated at acidic pH range 1–4 regulated by sulfuric acid.
According Table 3, Acidithiobacillus ferrooxidans strain ZT-
94 had high ability to grow at the acidic pH and this pH range
had no inhibitory effect on bacterial growth. In general, strains
with the ability to grow in a wider range of pH are more
favorable to use in industrial applications due to their ability
to survive in harsh environments (Takeuchi and Suzuki 1994).
Also, resistant bacteria to acidic pH are very valuable in the
bioleaching processes.

Most of the important bioleaching bacteria are autotrophic
microorganisms that their growth and iron bio-oxidation can
be inhibited by organic compounds. According to this in in-
dustrial processes and heap leaching where there is a consor-
tium of microorganisms and organic matter it can be an issue
to overcome (Fang and Zhou 2006; Fournier et al. 1998; Gu
and Wong 2004). Organic compounds can target enzymatic
iron oxidation systems directly and react with extracellular
iron (Bacelar-Nicolau and Johnson 1999; Brandl 2001;
Tuttle and Dugan 1976). However, it is not possible to report

Table 2 The effect of different temperature on activity of iron-(II)
oxidizing enzyme in Acidithiobacillus ferrooxidans strain ZT-94

Temperature 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C

Bacterial growth – + + + – –

Fig. 5 Diagram of Eh changes at
different temperatures

Table 3 The effect of different pH on activity of iron-(II) oxidizing
enzyme in Acidithiobacillus ferrooxidans strain ZT-94

pH 1 2 3 4 5 6

Bacterial growth + + + + – –
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a general rule for the negative impact of organic compounds
on different bioleaching process as many studies have report-
ed the positive effects of these compounds on process efficien-
cy (Puhakka and Tuovinen 1987). In this regard, three organic
compounds were selected to investigate their toxicity effect on
strain ZT-94 growth. The results showed that the presence of
fructose and glucose in the medium decreased the rate of iron
oxidation and Eh values but the delay in bacterial growth and
iron oxidation in the presence of yeast extract was clearly
longer than the others. However, no complete inhibition was
detected in iron oxidation and bacterial growth in the presence
of these organic substances (Fig. 6). These delays are due to
the time required for the bacterial adaptation to these media.
Also, the Eh changes showed the inhibitory effect of yeast
extract on bacterial growth. The toxicity of yeast extract was
more than glucose and fructose for Acidithiobacillus
ferrooxidans strain ZT-94 (Fig. 7). The ferrous oxidation rate
is one of the essential factors affecting the economic efficiency
of bioleaching. Hence, the factors that change the rate of iron
oxidation are very important for this process (Mazuelos et al.
1999). This study confirmed that strain ZT-94 is able to toler-
ate these three organic substances.

Conclusion

The bioleaching is a metal dissolution process from ores
by of microorganisms. This cost effective and eco-
friendly method also used to remove and mobilize the
heavy metals from solid wastes. The growth and activ-
ities of microorganisms can be inhibited by the presence
of toxic metals, organic compounds, high temperatures
or harsh pH. Therefore, the microbial population resis-
tance to the harsh conditions of leaching processes is
very important in this process. The results of this study
showed that Acidithiobacillus ferrooxidans strain ZT-94
isolated from the ore sample located in the harsh site is
a suitable candidate for industrial bioleaching or biore-
mediation applications due to its rapid growth, high iron
oxidation rate, tolerance to organic matter and high re-
sistance to metals.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interests.

Fig. 6 Growth of the cells and
ferrous ion oxidation to ferric ion
by Acidithiobacillus ferrooxidans
strain ZT-94 in APH medium
containing organic compounds at
48 h. (1) Control sample without
any organic compounds (2) APH
mediumwith 0.1w/v yeast extract
(3) APH medium with 0.1 w/v
glucose (4) APH medium with
0.1 w/v fructose

Fig. 7 Eh diagram in the presence
of organic compounds
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