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Abstract: The ability of a number of microorganisms isolated from highly magnetic soil of the
city Mednogorsk to oxidize Fe (II) under conditions of periodic cultivation in a liquid medium
was studied. Among the studied microorganisms, two microbial isolates with maximum growth
characteristics and iron-oxidizing activity were selected and identified: Bacillus megaterium 69.3 and
B. megaterium 69.5. Individual levels of metal resistance of the isolates were determined: maximum
tolerated concentration (MTC) for Fe (II) of the isolates B. megaterium 69.3 and B. megaterium 69.5 was
1200 mg L−1, minimum inhibitory concentration (MIC) was 1800 mg L−1. Both microbial isolates
actively oxidized Fe (II) by reducing its high concentration in the medium (1.19 g L−1) by 33 and 39%
during 14 days of culturing. Total increase in the biomass of B. megaterium 69.3 and B. megaterium
69.5 after 14 days of culturing was 15.3 and 14.7 g L−1; the active parts of the biomass increased 8.7-
and 6.9-fold compared to the inoculum dose, respectively. These microbial isolates could be used in
future in the biotechnological process of water purification with increased/high levels of Fe (II).

Keywords: iron; iron-oxidizing microorganisms; cultivation; biomass growth; water purification

1. Introduction

The problem of water pollution with heavy metals (HMs) is quite acute all over the
world, especially in urbanized regions. Among heavy metals, iron and its compounds are
considered one of the major pollutants of urban surface waters. Anthropogenic activities
serve as a gateway through which iron compounds enter ecosystems: via wastewater and
sludge from metallurgical, chemical, petrochemical, and pharmaceutical industries, paint
and varnish, textile production, and due to metal corrosion [1]. Data from scientific analysis
have shown a violation of iron content quality standards in surface water bodies in the
Russian Federation. Iron concentrations 2–2.5-fold higher than the maximum permissible
concentration (MPC) have been observed in urban reservoirs of Dzerzhinsky town (Moscow
region, Russia) [2]. In the water and silt of mine water-receiving rivers of the Kizelovsky
coal basin (Perm Region, Russia), a multiple excess of the MPC for iron was revealed [3].
High concentrations of iron were also found in the rivers of taiga zones of Western Siberia:
Bolshoy Yugan, Tara, etc. [4].

In Russia, urban surface water serves as the main source of drinking water. The MPC
of total iron in drinking water, according to the Sanitary Rules and Norms, Russia (SanPiN),
is 0.3 mg L−1 [5]. Excess iron in drinking water is known to have a negative effect on human
health. The negative health implications include dermatitis, allergic reactions, an increase in
the size of the liver, a gradual change in the morphological composition of the blood, weight
loss, high fatigue, weakness, violations of the normal heart rhythm, memory impairment,
frequent stomach disorders, inflammation of the digestive system, and problems with the
thyroid gland [6]. When water with high iron content is consumed regularly, this element
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accumulates in the kidney, liver, heart, lungs, intestines, and pancreas. In adulthood (at
about 50 years), increased iron content in drinking water can lead to pathologies of the
central nervous system, development of diabetes, and arthrosis. An extreme manifestation
of the negative effect of excess iron intake is hemochromatosis, a lesion of the hematopoietic
system, liver, and spleen.

In order to make drinking water safe for humans, iron compounds and other HMs
are usually removed by various chemical and physico-chemical methods, such as aeration,
using strong oxidizing agents, coagulants, and sorbents [7,8]. The disadvantages of these
methods include the incomplete removal of HMs, high energy costs, high operational
costs, operational difficulties, the formation of toxic sludge, and low efficiency at low
concentrations of HMs [9,10]. Sand filters are often used in water treatment plants, but
they are not capable of absorbing the soluble forms of iron which dominate urban surface
waters. Therefore, removing iron compounds from urban surface waters is quite a complex
task that requires a comprehensive solution.

Biological methods of HM removal, such as biosorption and/or bioaccumulation, can
be a good alternative to physico-chemical methods [11,12]. One of the modern trends in
the water treatment industry is the use of biotechnological methods for the treatment of
drinking and wastewater using microorganisms [13,14].

Microorganisms can directly and indirectly oxidize or reduce iron [15–17]. Direct
oxidation involves the enzymatic conversion of iron into an oxidized form to produce
energy. Indirect oxidation involves localized changes in pH and Eh conditions as a re-
sult of metabolism, which then promote mineral deposition or solubilization followed by
metal mobilization. In addition, microorganisms can accumulate iron by passive physico-
chemical sorption of Fe (III) and Fe (II) ions on the surface of negatively charged microbial
cells and extracellular polymer substances [18,19], which can accelerate the residual depo-
sition of iron.

Microorganisms which possess the ability to oxidize and concentrate iron on their cell
surface under aerobic conditions in a neutral environment have a wide distribution area [20].
They are divided into freshwater and marine species. The most common type of iron-
oxidizing bacteria in closed water bodies is the genus Siderocapsa and Arthrobacter. These
microorganisms in urban surface water play a major role in the accumulation of residual
iron from complex compounds of iron humates. Microorganisms of the genus Gallionella,
which precipitate iron oxides, are most often seen in the form of deposits in soil [21]. In
bacteria of the genus Leptothrix, a stalk is formed that performs a protective role against free
radicals of oxygen formed during iron oxidation [19]. The predominant species in lakes is
Metallogenium personatum. Leptothrix, Siderocapsa, and Gallionella are the morphotypes of
iron-oxidizing bacteria that dominate natural associations of sedimentary sand filters of
treatment facilities; Sphaerotilus, Metallogenium, Hyphomicrobium, and Micromonospora are
less common. Currently, the range of bacteria capable of oxidizing iron is expanding due to
active research in this area. However, the search for the most promising bacterial strains to
be used in the biotechnology of water purification from high iron content remains relevant
today.

In connection with the above, the aim of this study was to analyze the ability of
microorganisms isolated from highly magnetic soils of the city of Mednogorsk, to oxidize
Fe (II) during periodic cultivation in a liquid medium. Based on the conducted screening
studies, microbial isolates with maximum growth characteristics and iron-oxidizing activity
were selected and identified.

2. Materials and Methods
2.1. Site Description and Isolation of Microorganisms

Neutrophilic iron-oxidizing microorganisms isolated [22] from soil microbiocenoses
of the city of Mednogorsk (Orenburg region, Russia) (N 51◦24′46′′, E 57◦35′41′′) were
the objects of research in this study. Soils of the city of Mednogorsk (urbanozems) are
constantly being polluted by industrial emissions from the copper-sulfuric plant. The
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pollutants include copper, iron, manganese, and sulfur compounds. The soil samples
were obtained at a depth of 5 to 10 cm. The soil samples from which iron-oxidizing
microorganisms were isolated were characterized by a maximum degree of technogenic
load and an extremely high level of magnetic susceptibility, which indicated an increased
content of magnetic minerals in the soil, primarily minerals of iron [23]. Neutrophilic
iron-oxidizing microorganisms were isolated on selective agar media with composition,
g L−1: peptone, 1.0; sucrose, 2.0; citric acid, 10.0; FeSO4·7H2O, 5.9; (NH4)2SO4, 0.5; NaNO3,
0.5; K2HPO4, 0.5; MgSO4·7H2O, 0.5 and at pH 7.0 [24], using the dilution plate technique
method. The microbial isolates were stored at 4 ◦C in stock cultures of 6% agarized selective
medium with sterile Vaseline oil and regular restocking.

2.2. Assessment of Individual Level of Microbial Metal Resistance

To determine the MTC and MIC of Fe (II), daily cultures of microorganisms were
cultured in a liquid selective medium with Fe (II) at a concentration of 0–1800 mg L−1 in
replicates [25,26]. Test tubes inoculated with the studied microorganisms were incubated
in a thermostat at 28 ◦C. After 2 days, microbial growth was visually evaluated. The con-
centration of metal in the medium of the last test tube where microbial growth was visible
was considered to be the MTC, while MIC was considered to be the metal concentration in
the first test tube, where there was complete microbial growth inhibition.

2.3. Determination of Iron-Oxidizing Activity and Growth Indicators of Microorganisms

To evaluate for iron-oxidizing activity, the microbial isolates were cultured in 50 mL
of liquid selective medium in 250 mL Erlenmeyer flasks under aeration conditions in a
PSU-10i table shaker-incubator (BioSan) at 160 rpm and at a temperature of 22–24 ◦C for
14 days. The initial concentration of Fe (II) in the medium was 1.19 g L−1. One-day-old
cultures of the isolates washed off from the selective agar medium with sterile saline
solution were used as the seed culture. The optical density of the initial seed dose was
1.0 units at λ = 540 nm. A blank liquid selective medium without microorganisms was
used as the abiotic control. Each isolate was studied in three replicates.

Microbial growth parameters were determined after 7 and 14 days of cultivation using
two methods [27]: (i) weight-estimation of the biomass growth by raw weight (g L−1); and
(ii) analyzing the absolute biomass growth by measuring the optical density of the liquid
culture on a LEKI SS2107UV spectrophotometer (MEDIORA OY, Helsinki, Finland) at
λ = 540 nm. For cultures with high densities, samples were diluted appropriately. Absolute
increase in biomass was expressed in units of the optical density of the microbial cell
suspension. The specific growth rates of the bacterial cultures (µ) were calculated from
data obtained from the biomass concentration according to the formula:

µ =
ln X0 − ln X1

T1 − T0
, (1)

where X0 and X1 are the biomass values corresponding to the growth times T0 and T1.
Mass concentration of total iron in the culture medium was determined according to

the method based on the qualitative reaction of iron with sulfosalicylic acid in an alkaline
medium [28]. Mass concentration of iron was recorded as a change in optical density,
which was measured using a LEKI SS2107UV spectrophotometer (MEDIORA OY, Helsinki,
Finland) at λ = 400–430 nm. After recording the data, the mass concentration of iron was
determined using a pre-constructed calibration graph.

2.4. Identification of the Bacterial Isolates

Two bacterial isolates were identified based on results obtained from studying a
complex of cultural, morphological, physiological, and biochemical traits using Bergey’s
Manual of Determinative Bacteriology [29] and the principles of molecular typing by 16S
rRNA sequencing. The sequencing analysis was performed at the All-Russia Research
Institute of Agricultural Biotechnology (Moscow, Russia).
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2.5. Statistical Analysis

All experiments were carried out in several replicates. The obtained data were pro-
cessed using statistical methods, based on the preliminary checking of samples for regular-
ity in their distribution according to the Kolmogorov–Smirnov criterion and their volume.
Comparing mean values was performed using Fisher’s exact test and the indicator of the
least significant difference (p ≤ 0.05) in the univariate analysis of variants (ANOVA). For
data processing and analysis, we used STATISTICA 13.0 package (TIBCO Software Inc.
2017, Statsoft Russia, Moscow, Russia).

3. Results and Discussion

In the course of the experiments, microbial isolates obtained from soil with high
magnetism due to strong technogenic influence from industrial emissions of the copper-
sulfuric plant in the city of Mednogorsk were tested for their resistance to the impact of Fe
(II) concentrations by visually observing for microbial growth in a liquid selective medium
containing FeSO4·7H2O. For two microbial strains (69.3 and 69.5), the following indicators
were calculated: MTC and MIC Fe (II). It was shown that when the concentration of Fe (II)
was 3, 30, 300, 900 and 1200 mg L−1 in the culture medium, microbial strains 69.3 and 69.5
showed good growth. At a concentration of 1800 mg L−1 of Fe (II), these strains showed
weak growth. Thus, based on experimental data, it was determined that the MTC Fe (II)
for microbial strains 69.3 and 69.5 was 1200 mg L−1; MIC was 1800 mg L−1.

For the quantitative analysis of iron-oxidizing activity of the microorganisms isolated
from highly magnetic soil of the city of Mednogorsk, eight microbial strains were analyzed
under conditions of periodic cultivation in a liquid medium with Fe (II). Concentration
of Fe (II) in the culture medium was 1.19 g L−1, this concentration corresponded to the
concentration of Fe (II) in the selective medium used for the isolation of these microbial
isolates from the soil. The choice of the Fe (II) concentration was also based on the results
of the MTC and MIC analysis on microbial strains 69.3 and 69.5.

Increase in biomass was evaluated by weighing and photometric methods after 7 and
14 days of cultivation (Figure 1). The weighing method was used to determine the total
increase in biomass, which depends on the increase in the number of cells and on changes
in the size of individual bacterial cells. A photometric method was used to determine
changes in the active part of the biomass.

In Figure 1a, it can be seen that the greatest increase in biomass after seven days of
cultivation was demonstrated by microbial isolates with laboratory numbers 69.5 and 32.3.
The weight of raw biomass was 5.4 and 3.2 g L−1, respectively. The weight of other studied
isolates was less intensive. The smallest increase in biomass after seven days was observed
in isolates 32.6 and 69.1. It is noteworthy that after seven days of culturing isolate 69.3,
the weight of its raw biomass was 1.5-fold less than the average value of the eight studied
isolates, and after 14 days, it was 3.2-fold higher than the average value. After 14 days of
cultivation, the weight of the raw biomass of isolate 69.3 was the highest, amounting to
15.3 g L−1. A similar value was also observed in the microbial strain 69.5–14.7 g L−1.
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Figure 1. Growth indicators of microbial isolates when cultured in a liquid medium with Fe (II): (a) biomass increase by raw
weight (mean ± S.D., n = 15; p ≤ 0.05); (b) absolute biomass increase (mean ± S.D., n = 9; p ≤ 0.05).

It should be noted that, in contrast to isolate 69.3, the biomass weight of isolate 69.5
after seven days of the experiment was 2.2-fold higher and after 14 days was three-fold
higher than the average value of the eight studied isolates. A slight increase in the biomass
of microbial isolate 69.1 was observed after 14 days of cultivation, while in the other studied
microorganisms, the growth indicators decreased, indicating the end of active growth.

Figure 1b shows the results obtained from the evaluation of optical densities of the
liquid cultures of the eight studied microbial isolates after 7 and 14 days of cultivation.
After 7 days, isolates 69.1, 32.6, 70.1, and 70.2 grew most actively, which differed from the
results obtained using the weight method for estimating biomass growth. After 14 days of
cultivation, a slight increase in the optical density was observed in isolates 69.1 and 32.6,
which did not contradict data obtained from the weight method. Active increase in the
biomass of isolates 69.3 and 69.5 was observed after 14 days of cultivation, as was shown
when assessing the increase in biomass by raw weight method.
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After seven days of the experiment, the biomass of isolates 69.3 and 69.5 increased 2.2-
and 1.7-fold, respectively, while in isolates 69.2, 70.1, 70.2 and 32.3, biomass growth stopped
after 14 days of cultivation. Thus, when determining the total increase in biomass by the
weight method, which allows for the determination of both the size and the number of
microbial cells, the maximum growth rates were found in isolates 69.3 and 69.5. According
to results obtained from determining the increase in the active part of the biomass using
the photometric method, similar microbial isolates were identified: 69.3 and 69.5, and, in
addition to them, isolates 69.1 and 32.6.

Results from the evaluation of total Fe (II) removal by iron-oxidizing microorganisms
in a liquid medium is shown in Figure 2. Fe (II) removal was calculated as a percentage
based on the abiotic control (selective medium without an isolate). As shown by the
experiment, after 7 and 14 days of culturing, there was no loss of Fe (II) in the control
medium. According to the results obtained, after 7 days of cultivation, Fe (II) removal in
the liquid medium was 8–10% in most of the studied isolates; after 14 days, it was 11–15 %.
Such low values were most likely due to the very high concentration of Fe (II) in the culture
medium. Considering the fact that the microbial isolates grew well in such an environment
indicates their unique ecological properties. Among the studied isolates, microbial isolates
69.3 and 69.5 were noticeably distinguished, based on the Fe (II) removal results in a liquid
culture medium, which is consistent with results obtained when analyzing their growth
indicators (by weight and photometric method). Fe (II) removal in the culture medium
with isolate 69.3 was 21% and 33% for 7 and 14 days, respectively, while in the culture
medium with isolate 69.5 it was 34% and 39%, respectively.
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Figure 2. Fe (II) removal by the studied microorganisms (mean ± S.D., n = 9; p ≤ 0.05).

Based on the data obtained during the experiments, we calculated one of the kinetic
characteristics of culture growth, the specific growth rate µ. It is known that the growth
rate of microorganisms is determined by the physiological characteristics of the strain, the
conditions of cultivation, the nature of the substrate being utilized, and its concentration in
the medium. When selecting promising isolates for practical use, this kinetic characteristic
is of great importance [30]. According to results of the weight method, the maximum
specific growth rate for isolate 69.5 was 1.5–5.3-fold higher than in other investigated
isolates after seven days of cultivation (Table 1). Isolates 69.2 and 32.3 also showed high
indices. According to photometric analysis, the maximum specific growth rate after seven
days of cultivation was noticed in the following strains: 69.1, 32.6, and 70.2. In general,
there were no strong variations in the values of the calculated indicators for the studied
microbial isolates, with the exception of isolate 32.3.
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Table 1. Specific growth rates of the investigated microorganisms.

Isolate No.
Specific Growth Rate, h−1 Based on the Method:

Weight Method Photometric Method

7 days 14 days 7 days 14 days

69.1 0.0023 −0.0006 0.0120 −0.0071
69.2 0.0055 DP 0.0080 DP
70.2 0.0042 DP 0.0100 DP
32.6 0.0019 DP 0.0120 −0.0017
69.3 0.0031 0.0157 0.0083 0.0092
69.5 0.0100 0.0133 0.0084 0.0061
70.1 0.0037 DP 0.0096 DP
32.3 0.0069 DP 0.0023 DP

Note: DP, culture is in the attenuation phase.

Comparing the calculated specific growth rates of the studied microbial isolates, it
was observed that after 14 days of cultivation, a number of the studied isolates were in the
attenuation phase or their growth rate had decreased significantly, with the exception of
isolates 69.3 and 69.5, which were characterized by maximum values of µ. According to
results from the weight analysis method, after 14 days of culturing, the µ value of isolate
69.3 increased almost five-fold compared to the previous measurement obtained after seven
days of culturing, and for isolate 69.5 it increased 1.3-fold. The results obtained indicate
the possible use of a number of the investigated isolates in the biotechnological process of
water purification from excess iron.

For further research, we selected the two microbial isolates with maximum growth
characteristics and iron-oxidizing activity: 69.3 and 69.5. In order to identify the selected
isolates, their cultural, morphological, physiological, and biochemical characteristics were
studied, and the results are presented in Table 2. The investigated microorganisms were
analyzed for their 16S rRNA nucleotide sequence. Based on a comparative analysis of
the studied cultural, morphological, physiological, and biochemical characteristics and in
accordance with the criteria for bacterial differentiation proposed in Bergey’s Manual of
Determinative Bacteriology [29], the principles of molecular typing of prokaryotic cells,
the selected microbial isolates were identified as Bacillus megaterium 69.3 and B. megaterium
69.5. The 16S rDNA homology of the two isolates showed that these two organisms may
be different strains of B. megaterium with some differences in their genome. The 16S rRNA
sequences of the isolates Bacillus megaterium 69.3 and B. megaterium 69.5 were submitted to
the NCBI GenBank with the registration numbers MK764545 and MK764687.

Bacilli found in fresh water are mainly of soil origin and represent typical soil organ-
isms, such as B. megaterium, B. cereus, B. firmus, and B. pumilus [31,32]. Other authors [33]
have reported on the ability of seven strains of B. megaterium to use FeSO4·7H2O for growth.
The mechanism of adaptation of B. megaterium to high contents of Se in a medium has
been revealed: with the help of the enzyme selenium reductase, soluble Se compounds are
converted into insoluble ones and neutralized [34].
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Table 2. Phenotypic characterization of two bacterial isolates (69.3 and 69.5).

Characteristic
Bacteria

69.3 69.5

Motility Motile Motile

Characteristics of Colony

Circular, opaque, cream, with
a slightly convex smooth
shiny surface and uneven

edges, Ø ≈ 2 mm

Circular, opaque, cream, with
a slightly convex smooth
shiny surface and uneven

edges, Ø ≈ 1 mm

Shape of Bacterium Rod, arranged singly and in
pairs

Rod, arranged singly and in
pairs

Gram Stain + +
Spore Characteristics Elliptical, central position Elliptical, central position

Growth at 42 ◦C − −
Growth at 10 ◦C ± −

Acid-resistant − −
Oxidase − −
Catalase + +

Lecithinase + −
Lipase − −
Urease − +

Arginine Dihydrolase − −
Phenylalanine Deaminase − +

Lysine Decarboxylase − −
Ornithine Decarboxylase − −

Nitrate Reductase + −
Gelatinase + +

Starch Hydrolysis + +
Casein Hydrolysis + ±
Indole Production − −

Hydrogen Sulfide Production − +
Ammonia Production − −

Citrate on Simmons Medium
Utilization − −

Fermentation and Acid and
Gas Production from Glucose,

Lactose, Sucrose, Fructose,
Maltose, Mannitol

+ +

Fermentation Arabinose + +
Acid and Gas Production
from Xylose, Arabinose − +

Acid and Gas Production
from Xylose − +

Vogues-Proskauer Test − −
Genus Bacillus Bacillus
Species megaterium megaterium

The use of various representatives of the genus Bacillus in water purification technolo-
gies from HM is well known [10,35,36]: B. firmus from Pb, Zn and Cu; Bacillus sp. SW2
from As; B. thuringiensis “Simi from Pb and Zn.

For bacteria of the genus Bacillus, the mechanisms for removing HMs including iron
from water are based on the binding of metal ions by polarized groups of the bacterial
cell wall or capsule, for example, by carboxyl groups of peptidoglycans [11]. Intracellular
penetration of HM ions and their accumulation into bacterial cells is possible [37]. In such
cases, microorganisms synthesize detoxifying enzymes that transform HMs to less toxic
forms [19].

While culturing the studied microbial strains B. megaterium 69.3 and B. megaterium
69.5, the color of the agarized selective medium containing Fe (II) and the liquid selective
medium gradually changed from light green to brown due to the oxidation of Fe (II) and
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the accumulation of Fe (III) oxides in the medium. Brown Fe (III) sediments were deposited
in noticeable amounts on the walls of the culture flasks and on the surface of the medium.
We believe that the microbial strains B. megaterium 69.3 and B. megaterium 69.5 oxidized Fe
(II) to Fe (III) with the help of specific detoxifying enzymes.

With the exception of B. cereus, bacilli are not pathogenic to mammals, and most bacilli
do not inhabit insects. Our experiments showed that the studied microbial isolates B.
megaterium 69.3 and B. megaterium 69.5 do not have hemolytic activity, which indirectly
indicates their non-pathogenicity. Therefore, these microorganisms can serve as the basis
for the biotechnological cleaning of urban surface waters with high iron content. Given that
these microorganisms are natural and have a unique property, which is the ability to oxidize
iron in extremely high concentrations, it will be advisable to use them for purifying not
just drinking water, but also industrial drains and places experiencing local iron pollution.

4. Conclusions

Urban surface waters, which serve as sources of drinking water, are not environ-
mentally protected from anthropogenic impacts, and often contain excess iron; therefore,
they require the use of an effective, economical, and environmentally friendly purification
method. In this regard, the use of iron-oxidizing microorganisms to remove iron from
drinking water is of great scientific and applied importance.

Screening of microorganisms isolated from the high-magnetic soil of Mednogorsk was
carried out based on the ability of the studied isolates to oxidize Fe (II) under conditions
of periodic cultivation in a liquid medium. Microbial isolates with maximum growth
characteristics and iron-oxidizing activity were selected and identified: B. megaterium 69.3
and B. megaterium 69.5. Total biomass growth of B. megaterium 69.3 and B. megaterium 69.5
after 14 days of cultivation was 15.3 and 14.7 g L−1; the active part of the biomass increased
8.7- and 6.9-fold compared to the initial inoculum dose; and Fe (II) removal in the culture
medium was 33% and 39%, respectively.

Given that these isolates are naturally occurring microorganisms and have a unique
property, which is the ability to oxidize iron in extremely high iron concentrations, they
can be applied to the technology of cleaning urban surface waters from high iron content.
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