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petroleum-contaminated soil. Among the 16 strains isolated from soil near oil wells in
Khuzestan, Iran, Citrobacter sp. strain PO2 was identified as the most effective in stabilizing
a mixture of highly toxic heavy metals. The strain has been deposited in the NCBI database
under accession number PP864728. The analysis was performed using inductively coupled
plasma optical emission spectrometry (ICP-OES), scanning electron microscopy (SEM),
and energy-dispersive spectroscopy (EDS) techniques. The results showed that the isolated
bacterium removed 96.08% of copper, 97.47% of zinc, 99.89% of lead, 72.60% of cadmium,
and 60.59% of nickel from a medium containing a mixture of heavy metals at a concentration
of 800 mg/L, after 24 hours of incubation at 30 °C. At a concentration of 1500 mg/L, the

bacterial strain removed 93.56%, 94.64%, and 97.59% of copper, zinc, and lead, respectively,
from the mixed heavy metal solution, while no significant removal of cadmium and nickel
was observed at this concentration. At a concentration of 1200 mg/L, bacterial removal
efficiencies were 22.07% for cadmium and 6.29% for nickel, respectively. The toxicity of
the heavy metals was ranked as follows: Pb > Cu = Zn > Cd > Ni. The MICP process thus
represents a promising biological approach for stabilizing heavy metals, offering significant
potential for applications in ecological restoration.
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INTRODUCTION

Heavy metals are highly toxic pollutants that persist in the environment (Mitra et al.,
2022). Various techniques are employed to remove heavy metal contaminants, including
adsorption, filtration, evaporation, chemical precipitation, redox reactions, and electrodialysis
(Fei et al., 2023). However, these methods can be costly, sometimes inefficient, and may not
always comply with environmental regulations, often leading to the generation of hazardous
waste (Khatun et al., 2024). It is worth noting that several biological methods, including
bioaccumulation, bioextraction, biosorption, bioflocculation, and phytoremediation, have
been applied to remove these pollutants (Abbas et al., 2014; Khatun et al., 2024). However,
these approaches are often ineffective due to their high costs and limited efficiency. These
biological methods are often time-consuming and lead to the accumulation of heavy metals
within biomass or adsorbents, which must subsequently be removed from the environment
to prevent the potential re-release of contaminants (Choudhary et al., 2011, Kondakindi et

*Corresponding Author Email: gh.r.ghezelbash@gmail.com


mailto:gh.r.ghezelbash%40gmail.com?subject=

222 Oulad et al.

al., 2024). The biological mineralization method, particularly microbial-induced carbonate
precipitation (MICP) technology, has gained significant attention in recent years as an effective,
low-cost, and environmentally friendly approach for removing heavy metals by forming more
stable precipitates in the natural environment (Zhang et al., 2023; Lin et al., 2023). The primary
mechanism underlying MICP involves the microbial urease-driven production of carbonate
ions, resulting in the precipitation of metal carbonates in the presence of dissolved metal ions.
However, urease-producing microorganisms can also induce the formation of heavy metal
carbonates instead of calcium carbonate, effectively immobilizing and stabilizing toxic heavy
metals in the environment (Dejong et al., 2014; Kalkan 2020).

Over the past decade, numerous studies have highlighted the potential of MICP as a promising
strategy for the immobilization of heavy metals in contaminated environments. One of the earliest
contributions in this field was made by Gomaa et al. (2018), who investigated the efficiency of
ureolytic, heavy metal-resistant bacteria in promoting biomineralization. Among 22 bacterial
strains isolated from calcareous soils in Egypt, Micrococcus luteus was identified as the most
potent, exhibiting both high urease activity and strong metal tolerance. Their findings showed
that this strain was capable of removing 60.66% of cadmium (Cd) and 97.20% of lead (Pb) from
contaminated media. Following this, Qiao et al. (2021) further explored the use of MICP to
remove various heavy metals through bacterially mediated carbonate precipitation. Their study
demonstrated that metal removal primarily occurred via the formation of metal carbonates.
Utilizing two isolates of Sporosarcina (KP-4 and KP-22), they achieved removal efficiencies
of 75.10% for copper (Cu) in a system containing 160 mg/L of mixed metals. Additionally, the
strains were able to remove 98.03% of zinc (Zn), 59.46% of nickel (N1), and 96.18% of cadmium
(Cd), underscoring the versatility of these microorganisms in multimetal remediation contexts.
More recently, Mao et al. (2023) examined the combined effect of Leptolyngbya sp. XZMQ and
Bacillus sp. XZM on arsenic immobilization in soils collected from Shanxi, China. Following a
90-day incubation under controlled greenhouse conditions, they observed stabilization of up to
26% of arsenite [As (III)] and arsenate [As (V)], although no specific crystalline mineral phases
were identified in association with the immobilized arsenic.

Previous studies have primarily focused on the removal of one or a few heavy metals,
with most bacterial isolates lacking resistance to a broad spectrum of metals simultaneously.
Therefore, the primary objective of this study is to isolate a multi-resistant bacterial strain capable
of concurrently removing multiple heavy metals. To accomplish this, a diverse range of heavy
metals was selected for both screening resistant isolates and inducing carbonate precipitation
under multi-metal conditions. The ultimate goal is to achieve simultaneous precipitation of
various metals through a single bioremediation process.

MATERIALS AND METHODS

Isolation and screening of urease-producing heavy metal-resistant bacteria

Soil samples were collected from areas surrounding oil wells and a metal industries company
in Ahvaz (Khuzestan, Iran). A total of eight soil samples were aseptically collected in sterile
containers and promptly transported to the laboratory for microbiological culturing. For sample
preparation, 10 g of each specimen was transferred into an Erlenmeyer flask containing 90 mL
of sterile physiological saline (0.9 sodium chloride [NaCl]). The mixtures were then placed on
a shaker at 150 rpm for 30 minutes at 30 °C to facilitate the release of bacteria into the aqueous
phase (Baudoin et al., 2003). A 100 uL aliquot of the resulting suspension was subsequently
plated on nutrient agar culture supplemented with various concentrations of heavy metals. The
concentrations of all metals used in the screening medium were set at 100, 300, and 500 ppm.
All inoculated plates were incubated at 30°C for 3 to 7 days, after which the resulting colonies
were harvested for subsequent studies. Isolates that were able to grow at all three concentrations



223 Pollution 2026, 12(1): 221-241

in the presence of the metals were considered multi-metal-resistant strains and selected for
further analysis. Purified bacterial isolates were then cultured on a urea-specific agar medium.
Urease-producing bacteria were identified based on a distinct colorimetric response: the
hydrolysis of urea by urease enzymes led to ammonium release, raising the pH of the medium
and resulting in the development of a pink color. This reaction enabled clear differentiation
between urease-positive and urease-negative strains (Wang et al., 2017). All chemicals and
laboratory consumables used in this study, such as heavy metal salts, urea, microbial media and
syringe filters, were purchased from Merck (Germany), Samchun (South Korea) and Biolife

(Italy).

Screening of metal carbonate precipitate producing isolate

Purified bacterial isolates were cultured on a precipitation medium at 30 °C for two weeks.
Screening of colonies was performed by light microscopy to detect the formation of metal
crystal precipitates. The composition of the precipitation medium included 20 g/L urea, 2.12
g/L NaHCOs, 10 g/L NH4Cl, 3 g/L nutrient broth, 25 g/L CaCl>:2H-0, and 15 g/L agar. The
pH was adjusted to 8.0 using 1 N NaOH (Chahal et al., 2011). The only modification to the
above precipitation medium was the substitution of CaClz-2H>0 with 800 mg/L of the studied
heavy metals, added either individually or in combination. The metal salts used as heavy metal
sources included CuSOa:5H-0, NiCl26H-0, ZnSO,, Pb(NOs). and Cd(NOs)2-4H20.

Minimum inhibitory concentration and minimum bactericidal concentration determination

For the purpose of determining the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC), a colony of the isolates was cultured on prepared tryptic soy
agar (TSA) medium (containing casein peptone 15 g/L, soy peptone 5 g/L, sodium chloride 5
g/L, agar 15 g/L; pH 7.3 £ 0.2). Then, a bacterial suspension was prepared in sterile distilled
water and adjusted to approximately 0.5 McFarland standard. Subsequently, the suspension
was diluted until the bacterial concentration reached approximately 5 x 10° CFU/mL. Serial
dilutions of each metal (lead, copper, nickel, cadmium, and zinc) were prepared separately.
For each concentration, 1.8 mL of tryptic soy broth (TSB) medium containing the respective
metal was mixed with 200 pL of the diluted bacterial suspension in sterile tubes, resulting in a
final volume of 2 mL. The tubes were then incubated for 48 hours. The lowest concentration of
metal at which no visible turbidity was observed was recorded as the MIC. After 24 hours of
incubation, the MBC was defined as the lowest concentration at which no bacterial growth was
observed on the solid medium. (Pfaller et al., 2010).

Bacterial growth profile and microbial growth rate coefficient

Initially, isolates were separately cultured overnight on TSA culture medium supplemented
with urea and varying concentrations of Cu, Ni, Zn, Pb, and Cd, both as single metals and in
mixed metal solutions. Concentrations of 100, 200, 300, 400, 600, 800, and 1500 mg/L of the
aforementioned metal ions were added to all liquid and solid media, both individually and in
combination. Subsequently, a bacterial suspension with an optical density at 600 nm (ODsoo) of
0.9-1.0 was prepared in sterile water from the activated strain. This suspension was inoculated
into the culture medium containing either individual or mixed target heavy metals and 2% urea,
at a 1% (v/v) inoculation ratio. The cultures were then incubated at 30°C for 40 hours under
controlled conditions with shaking at 120 rpm. The control culture contained no metal ions.
Turbidity measurements at 600 nm were recorded for all samples every 2 hours throughout the
incubation period, and growth curves were subsequently generated accordingly (Cheng et al.,
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2019). After incubation, the culture media containing either individual metals or metal mixtures
were centrifuged at 10,000 rpm for 5 minutes to collect the precipitates. These precipitates were
thoroughly washed to remove any remaining bacterial cells, dried at room temperature, and
subsequently analyzed. The concentration of residual metals in the supernatant was measured
at each stage of metal precipitation to assess the extent of metal removal.

Mathematical equations can be applied during the growth phase to model bacterial growth:

dN

2w
a M

N = N, et t)
After simplifying these equations, we will have:
InN — Ln Ny = p(t —tp)

In this equation, N represents the bacterial turbidity at the initial time point (to), t donates time,
and p represents the growth rate coefficient. By plotting the natural logarithm N against time
during the logarithmic growth phase, the microbial growth rate coefficient (i) was determined
from the slope of the resulting line (Perni et al., 2005).

Quantitative determination of urease activity based on ammonium release

Similar to the previous step, a bacterial suspension of the activated isolates was prepared in
sterile water, adjusted to a turbidity corresponding to an ODsoo 0f 0.9—1 Subsequently, 1% (v/v)
of this suspension was inoculated into TSB supplemented with 2% urea and either individual or
mixed heavy metals (100, 200, 300, 400, 600, 800, and 1500 mg/L). A parallel culture without
any metal addition served as the control. Urease activity, based on ammonium production,
were monitored at 6-hour intervals over a 36-hour incubation period. Two sterile reaction
tubes were prepared for each urease activity measurement. In each tube, 900 uL of Tris buffer
containing 2% urea was mixed with 100 pL of washed bacterial cells. Immediately, 100 pL of
1.5 M trichloroacetic acid (TCA) was added to one tube to stop the enzymatic reaction. This
tube served as a control to account for the ammonium produced during the culturing process
prior to the enzymatic activity assay, thereby ensuring an accurate measurement of ammonium
released during the 10-minute enzymatic reaction. The other tube, containing metals at various
concentrations, either individually or in combination, was incubated at 37 °C for 10 minutes,
after which 100 pL of TCA was added to terminate the enzymatic reaction. The samples were
then centrifuged at 10,000 rpm for 5 minutes. Subsequently, 500 uL of the supernatant was
transferred to a new tube containing 1,750 pL of distilled water and 250 pL of Nessler’s reagent
(a solution of potassium tetraiodomercurate (II), typically prepared by mixing mercury (II)
iodide and potassium iodide in an alkaline medium). The absorbance of the resulting solution
was measured at 480 nm immediately (time zero) and at 6-hour intervals for a total duration of
36 hours (Mortensen et al., 2011). The enzymatic activity of the isolated bacteria was measured
in media containing heavy metals at seven different concentrations. Enzyme activity was defined
as the amount of enzyme that releases one micromole of ammonia per minute per milliliter of
the final reaction volume.

Analysis of sediments resulting from bacterial activity

Various methods were used to investigate metal removal and metal carbonate precipitation.
Metal precipitates formed in bacterial cultures with heavy metals were collected, dried, and
analyzed by scanning electron microscopy (SEM) (MIRA3 TESCAN, Czech Republic). The
composition of the precipitates was determined using energy-dispersive spectroscopy (EDS).
Dissolved metal concentrations in the culture supernatants were quantified by inductively
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coupled plasma optical emission spectrometry (ICP-OES) (PerkinElmer Optima 8300, US).
Residual metals in the supernatant after incubation were measured by ICP-OES to evaluate
metal removal efficiency (De Muynck et al., 2010; Dhami et al., 2013).

Identification of the selected isolate

The urease-producing isolate was identified through morphological, biochemical (Garrity et
al., 2005), and molecular analyses (Tanca et al., 2017). Genomic DNA extraction was performed
using the manual boiling method (Dashti et al., 2009). PCR amplification of the universal 16S
rRNAgenewasperformedusinguniversal primers27F (5’-AGAGTTTGATYMTGGCTCAG-3’)
and 1492R (3°’-TACGGYTACCTTGTTACGACTT-5"), synthesized by Cinagen Company,
yielding a fragment of approximately 1344 bp. The PCR reaction mixture (25 uL) consisted of
9.5 uL sterile distilled water, 1 puL genomic DNA, 1 pL of each primer, and 12.5 pL master mix.
Thermal cycling conditions included initial denaturation at 95°C for 4 minutes, followed by 35
cycles of denaturation at 94°C for 60 seconds, annealing at 55°C for 60 seconds, and extension at
72°C for 2 minutes, with a final extension at 72°C for 5 minutes. PCR products were confirmed
via electrophoresis on 1% agarose gel and subsequently sequenced by Pishgam Biotechnology
Company (Tehran, Iran). Bidirectional sequencing was conducted using Macrogen’s automated
sequencing services (Huelsenbeck et al., 2001). Sequence alignment and identification were
performed by comparing the obtained sequences with those in the NCBI GenBank database
using BLASTN (Hoffman et al., 2010). Sequence assembly was done using FinchTV v1.4.0
and BioEdit v7.1.3.0. Phylogenetic analysis was carried out through Bayesian inference using
MrBayes v3.2.6. The Markov chain Monte Carlo (MCMC) was run for 6 million generations
with a sampling frequency of 1000, four chains, and a burn-in of 25%. The analysis was
terminated when the standard deviation of split frequencies dropped below 0.01 (Ronquist et
al., 2003). Phylogenetic trees were visualized using TreeGraph2 software.

RESULTS AND DISCUSION

Screening results of urease-producing, heavy metal-resistant bacteria

Among the 16 bacterial strains isolated from petroleum-contaminated soil, strain OP2 was
selected as the most promising candidate owing to its rapid urea hydrolysis and robust growth in
media supplemented with varying concentrations of heavy metals. The bacterium was isolated
from soil sampled at a depth of 0—15 cm in the vicinity of an oil well at the Marun Oil Field,
Khuzestan Province, Iran (31.1217° N, 49.3097° E). Strain PO2 was identified as a multi-
resistant bacterium, exhibiting resistance to five heavy metals: copper (Cu), nickel (Ni), zinc
(Zn), lead (Pb), and cadmium (Cd). Multimetal-resistant bacteria exhibit enhanced survival in
heavy metal-contaminated environments and maintain metabolic activity under toxic stress,
making them effective agents for bioremediation (Ali et al., 2020; Alabssawy & Hashem,
2024). The initial screening of urease-producing bacteria was based on a color change in a urea-
containing medium with a pH indicator, where urease activity increases the pH and results in
the development of a pink color (Achal et al., 2011). Studies have demonstrated that microbial
carbonate precipitation increases proportionally with bacterial urease activity, highlighting the
direct relationship between urease activity and carbonate formation (Hammes et al., 2002).

Results of screening isolates producing metal carbonate precipitation

Figure 1 illustrates the ability of strain PO2 to precipitate metal carbonates at a concentration
of 800 mg/L. Distinct carbonate crystals of CuCOs, NiCOs, ZnCOs, PbCOs, and CdCOs, along
with mixed-metal carbonate formations, were observed under 20x magnification. These results
highlight the strain’s potential for multi-metal bioprecipitation and environmental remediation.
Several microbial pathways can lead to carbonate precipitation, including urea hydrolysis,



226 Oulad et al.
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Fig. 1. Carbonate of metals (a), CuCO, (b), NiCO, (c), ZnCO, (d), PbCO, (e), CuCO, (f), Mixed metals formed by strain PO2
at the concentration of 800 mg/L with a magnification of 20x.
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denitrification, and sulfate reduction. In metal-rich environments, these processes may facilitate
the formation of metal carbonates such as those of calcium, copper, cadmium, or lead. Among
them, urea hydrolysis by urease-producing bacteria is the most extensively studied and efficient
mechanism, commonly referred to as MICP (Torgal et al., 2015). In ureolysis-based MICP,
microbial hydrolysis of urea leads to carbonate generation and pH elevation, creating favorable
conditions for the precipitation of divalent metal ions as solid carbonates (MCOs) (Lin et al.,
2022). It is important to note that not all metal carbonates readily precipitate under the same
conditions. The precipitation efficiency depends heavily on the solubility product (Ksp) of each
metal carbonate, as well as the stability of intermediate species in solution. Among the tested
metals, PbCOs (Ksp = 7.4 x 107'*) and CdCOs (Ksp = 5.2 x 107'?) exhibit very low solubility,
indicating a strong tendency to precipitate. ZnCOs (Ksp = 1.4 x 107"") and CuCOs (Ksp = 2.5
x 107'%) are moderately more soluble but still favor precipitation under ureolytic conditions.
In contrast, NiCOs (Ksp = 6.6 x 107°) is significantly more soluble, and may require higher
carbonate concentrations or elevated pH to achieve effective precipitation (Haynes, 2016).

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
values

The study found that strain PO2 exhibited the highest resistance to the toxicity of heavy
metals such as lead, copper, and zinc at concentrations up to 1500 mg/L, while showing the
lowest resistance to cadmium and nickel at concentrations around 1200 mg/L. The resistance
hierarchy to heavy metal toxicity was established as Pb > Cu = Zn > Cd > Ni, with lead
demonstrating the greatest resistance and nickel the lowest. Detailed results are presented
in Table 1. Heavy metals can be toxic to living organisms, particularly when they interfere
with the activity of microorganisms involved in bioremediation processes (Kang et al., 2015;
Mugwar & Harbottle, 2016). This hierarchy is consistent with previous reports on bacterial
metal tolerance: lead and copper are generally better tolerated due to their tendency to form less
bioavailable complexes and their frequent presence in contaminated environments, whereas
cadmium and nickel are more bioavailable and cytotoxic, disrupting cellular processes even
at lower concentrations (Majzlik et al., 2011; Mugwar & Harbottle, 2016). Such resistance is
frequently observed among bacteria isolated from petroleum-contaminated soils, where co-
selection pressure results in indigenous strains capable of both hydrocarbon degradation and
heavy metal tolerance (Velusamy et al., 2011; Palaniyandi et al.).

Growth profiles and growth rate coefficients of bacterial isolates

Strain PO2 exhibited high tolerance to lead, copper, and zinc, but was strongly inhibited by
cadmium and nickel, particularly at higher concentrations. Table 2 shows the effect of individual
heavy metals on the bacterial growth rate coefficient. At lower concentrations (100 and 200
mg/L), strain PO2 exhibited consistently high growth rate coefficients across all tested heavy
metals. The highest growth rates were recorded with lead (0.92 at 100 mg/L) and copper (0.85 at
100 mg/L), indicating minimal inhibitory effects at these concentrations. Although cadmium and
nickel caused significant inhibition at higher concentrations, substantial growth was still observed
at the lower doses. These findings demonstrate that strain PO2 has a strong tolerance to low levels
of heavy metals. At 800 mg/L, lead (0.74), copper (0.59), and zinc (0.50) supported relatively
higher growth compared to cadmium (0.38), nickel (0.30), and the metal mixture (0.28). At 1500
mg/L, the growth rate decreased for all conditions, with no detectable growth in the presence of

Tabel 1. MBC test results of strain PO2

Isolate Cu (mg/L) Ni (mg/L) Cd (mg/L) Zn (mg/L) Pb (mg/L)
Strain PO2 1750 1250 1300 1800 2000
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Table 2. Growth rate coefficients of strain PO2 exposed to various heavy metals at different individual concentrations.

Concentration Metals Specific growth rate
mg/L

Lead 0.92

Copper 0.85

100 Zinc 0.84

Cadmium 0.80

Nickel 0.73

Mixed metals 0.50

Lead 0.85

Copper 0.82

200 Zinc 0.80

Cadmium 0.71

Nickel 0.65

Mixed metals 0.43

Lead 0.82

Copper 0.80

300 Zinc 0.71

Cadmium 0.63

Nickel 0.61

Mixed metals 0.39

Lead 0.80

Copper 0.71

400 Zinc 0.61

Cadmium 0.51

Nickel 0.50

Mixed metals 0.36

Lead 0.80

Copper 0.65

600 Zinc 0.57

Cadmium 0.44

Nickel 0.36

Mixed metals 0.34

Lead 0.74

Copper 0.59

800 Zinc 0.50

Cadmium 0.38

Nickel 0.30

Mixed metals 0.28

Lead 0.61

Copper 0.52

1500 Zinc 0.43
Cadmium 0
Nickel 0

Mixed metals 0.22

cadmium and nickel, and a further reduction in the mixed-metal treatment (0.22). It is noteworthy
that at a concentration of 1500 mg/L, nickel and cadmium ions were removed from the culture
medium. Figure 2 illustrates the growth curves of strain PO2 in the presence of the tested heavy
metals, both individually and in combination. During the removal of heavy metals using the MICP
method, it is essential to assess the growth ability of microorganisms under varying concentrations
of heavy metals. Therefore, the resistance of microbial strains used in the MICP process is very
important. Moreover, efforts are currently underway to develop metal-resistant strains through
various genetic and biochemical mechanisms (Hao et al., 2021). There are at least six biochemical
mechanisms that can confer resistance, and different mechanisms may act alone or in combination.
Furthermore, multiple resistance mechanisms can coexist within the same species for a particular
metal. The largest group of metal resistance systems functions through the energy-dependent
efflux of toxic ions (Seifan et al., 2019; Gillieatt and Coleman, 2024). Understanding these diverse
resistance mechanisms is crucial for developing effective microbial strains for bioremediation of
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Fig. 2. Growth curves of strain PO2 in the presence of (a) Cu, (b) Ni, (¢) Zn, (d) Pb, (¢) Cd, and (f) a mixture of all metals.
Metal concentrations, whether tested individually or in combination, ranged from 100 mg L™ to 800 mg L. At 1500 mg L,
cadmium and nickel were excluded because the strain did not grow at this concentration.
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Continued Fig. 2. Growth curves of strain PO2 in the presence of (a) Cu, (b) Ni, (c) Zn, (d) Pb, (e) Cd, and (f) a mixture of all
metals. Metal concentrations, whether tested individually or in combination, ranged from 100 mg L™ to 800 mg L™". At 1500
mg L', cadmium and nickel were excluded because the strain did not grow at this concentration.

heavy metals (Saha et al., 2021).

Urease activity measurement results

Figure 3 illustrates the enzymatic activity of strain PO2 in the presence of the heavy metals
examined in this study, both individually and in combination. The enzymatic activity in the
absence of metals was also assessed and is included in the figure as a control. The urease
activity of strain PO2 in the absence of metal was 0.939 U. When exposed to 100 and 1500
mg/L of copper, the activity changed to 0.701 and 0.860 U, respectively. In the presence of
cadmium at the same concentrations, the activity was recorded at 0.830 and 0.619 U. Similarly,
exposure to the metal mixture resulted in activities of 0.871 and 0.710 U, respectively. At a
concentration of 1500 mg/L, urease activity was completely inhibited (0 U) in the presence
of nickel and cadmium. Accordingly, these two metals were omitted from the enzyme buffer
in the metal mixture at this concentration to ensure measurable enzymatic activity. Heavy
metals can inhibit enzyme activity by interacting with the enzyme’s active site, particularly
with thiol (-SH) groups. The inhibitor binds to the enzyme, preventing substrate binding at
the active site, leading to inhibition of enzymatic activity. The extent of inhibition depends on
the concentrations of both substrate and inhibitor. Additionally, inhibitors may bind to other
regions of the enzyme, causing conformational changes that hinder substrate-enzyme complex
formation, thereby reducing urease activity (Fopase et al., 2019).

Results of inductively coupled plasma (ICP) analysis
Following the removal of bacterial debris, cell remnants, and metal carbonate precipitates
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Fig. 3. Enzyme activity curve of strain PO2 in the presence of a) Cu, b) Ni, ¢) Zn, d) Pb, e) Cd, and (f) a mixture of all metals.
Metal concentrations, whether tested individually or in combination, ranged from 100 mg L' to 800 mg L™'. At 1500 mg L,
cadmium and nickel were excluded because the strain did not grow at this concentration.
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Continued Fig. 3. Enzyme activity curve of strain PO2 in the presence of a) Cu, b) Ni, ¢) Zn, d) Pb, e) Cd, and (f) a mixture
of all metals. Metal concentrations, whether tested individually or in combination, ranged from 100 mg L™ to 800 mg L™'. At
1500 mg L', cadmium and nickel were excluded because the strain did not grow at this concentration.

from the culture medium, ICP analysis was carried out on the supernatant. The concentrations
of residual metals in the supernatant are summarized in Tables [3, 4]. The ability of the multi-
heavy-metal-resistant strain PO2 to precipitate various metals contributed to a substantial
reduction in metal levels remaining in the culture medium. Table 3 summarizes the initial and
final concentrations of individual metals following cultivation, along with their respective
percentage reductions. Table 4 provides the corresponding data for cultures exposed to multiple
metals. Previous researchers have employed ureolytic bacterial strains with heavy metal
resistance to remove or immobilize specific metals (Li et al., 2013; Kumari et al., 2014; Kang et
al., 2015; Zhao et al., 2017). In the present study, strain PO2 demonstrated the ability to remove
heavy metals through urease activity.

Scanning Electron Microscopy (SEM) and Energy-Dispersive Spectroscopy (EDS) Analysis

To confirm the presence of heavy metals in the precipitated sediments and to quantify their
atomic ratios, SEM and EDS were employed. Figures [4—5] illustrate the distribution of heavy
metals within the sediment samples. The atomic ratios of metals in the precipitates formed by
strain PO2 were determined at metal concentrations of 800 and 1500 mg/L, both in single-metal
and mixed-metal conditions. At a concentration of 800 mg/L, the atomic ratios for Cu, Ni, Cd,
Zn, and Pb in single-metal versus mixed-metal treatments were 0.72 vs. 0.48 (Cu), 0.03 vs. 0.46
(N1), 0.23 vs. 2.24 (Cd), 0.95 vs. 0.11 (Zn), and 18.70 vs. 2.28 (Pb), respectively. At 1500 mg/L,
the ratios were 0.29 vs. 0.48 (Cu), 0.31 vs. 0.08 (Zn), and 14.54 vs. 0.03 (Pb). Interestingly,
nitrogen (N) was detected in some samples, although it is not typically associated with carbonate
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Table. 3. Effectiveness of MICP in the removal of single heavy elements using ICP analysis

Metals Concentration before Concentration after Metal removal percentage
treatment (mg/L) treatment (mg/L)
100 0 100
200 0 100
300 0.42 99.86
Copper 400 0.65 99.83
600 12.35 97.94
800 34.012 95.74
1500 100.18 93.32
100 0.11 99.89
200 0.25 99.87
300 0.37 99.87
Zinc 400 2.019 99.49
600 6.58 98.90
800 24.52 96.93
1500 79.012 94.73
100 0 100
200 0 100
300 0 100
Lead 400 0 100
600 0.12 99.98
800 0.64 99
1500 74.26 95.02
100 0.4 99.6
200 0.74 99.6
300 4 98.66
Cadmium 400 10.33 97.41
600 83.59 86.06
800 200.12 74.98
1200 935.16 22.07
1500 1500 0
100 0.12 99.88
200 0.32 99.84
300 0.62 99.79
. 400 23.75 94.06
Nickel 600 64.47 89.25
800 219.14 72.60
1200 1124 6.29
1500 1500 0

crystallization or heavy metal hydroxide precipitation. This anomaly may explain why certain
precipitates did not match the standard diffraction patterns listed in the International Center
for Diffraction Data (ICDD) database. In a recent study, Jalilvand et al. (2020) isolated urease-
producing, heavy-metal-resistant bacteria from contaminated calcareous soils near the Angoran
mine in Zanjan Province, Iran. They identified Variovorax boronicumulans as a ureolytic
bacterium capable of biomineralizing heavy metals. SEM and EDS analyses in their study
confirmed the bacterium’s ability to precipitate carbonates of Zn, Cu, and Cd. In this study,
distinct EDS peaks corresponding to metals, carbon, and oxygen confirmed that the observed
metal carbonate precipitation was induced by bacterial ureolytic activity. In our study, as well as
in previous reports (Li et al., 2013; Gomaa et al., 2018), the size and morphology of the resulting
crystals varied depending on the type of heavy metal present during the biomineralization
process. These findings highlight the influence of metal type on the biomineralization pathway
and the resulting crystalline structures.

Identification results and phylogenetic relationships
Strain PO2 was selected from 16 isolates due to its exceptional performance in metal
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Table. 4. The effectiveness of MICP in the removal of heavy element mixtures using ICP analysis.

Concentration before

Mixed metal solution

Concentration after

Metal removal percentage

treatment (mg/L) treatment (mg/L)
Copper 0.20 99.86
Zinc 0.10 99.9
100 Lead 0 100
Cadmium 0.12 99.88
Nickel 0.4 99.06
Copper 0.35 99.82
Zinc 0.15 99
200 Lead 0 100
Cadmium 0.32 99.84
Nickel 0.96 99.02
Copper 0.55 99.81
Zinc 0.22 99
300 Lead 0.1 99.96
Cadmium 0.62 99.79
Nickel 11.24 96.25
Copper 12 97
Zinc 50.01 98.74
400 Lead 0.42 99.89
Cadmium 23.75 94.06
Nickel 30.64 92.34
Copper 20 96.66
Zinc 8.075 98.65
600 Lead 0.61 99.89
Cadmium 54.21 90.96
Nickel 64.47 89.25
Copper 31.3 96.06
Zinc 20.2 97.47
800 Lead 0.87 99.89
Cadmium 219.14 72.60
Nickel 315.23 60.59
Copper 90.56 93.96
1500 Zinc 80.26 94.64
Lead 36.02 97.59
Table 5. Results of biochemical tests of Citrobacter sp. strain PO2.
Biochemical tests Result
Urease +
Catalase +
Oxidase _
Mannitol +
Sorbitol +
Mannose +
Trehalose +
Carbohydrate Fermentation Glucose +
Maltose +
Sucrose +
Inositol B
Melibiose _
Indole _
Citrate +
MR +
Indole production _
Gelatinase B
Lipase _

Phosphatase
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Fig. 4. SEM and EDS analysis results of metal carbonate precipitates formed by strain PO2 at a concentration of 800 mg/L in
the presence of (a) Cu, (b) Ni, (c) Cd, (d) Zn, (e) Pb, and (f) a mixture of these metals.

carbonate production and high urease activity. It showed 100% sequence similarity to
Citrobacter cronae strain TUE 2-1 and 99.78% similarity to Citrobacter freundii strain ATCC
8090 based on universal 16S rRNA gene sequencing. The results of the biochemical tests are
presented in Table [5], and the phylogenetic tree of the isolated bacterium is shown in Figure
[6]. Phylogenetic analysis based on universal 16S rRNA gene sequencing positioned strain
PO2 within the Citrobacter genus. While it exhibited the highest similarity to Citrobacter
cronae strain Tue2-1, PO2 clustered separately from some other well-characterized Citrobacter
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Fig. 4. SEM and EDS analysis results of metal carbonate precipitates formed by strain PO2 at a concentration of 800 mg/L in
the presence of (a) Cu, (b) Ni, (c) Cd, (d) Zn, (e) Pb, and (f) a mixture of these metals.

species. Most Citrobacter species formed a coherent clade, with closely related genera such
as Klebsiella and Kluyvera appearing on adjacent branches, reflecting genus-level divergence.
These findings support the classification of strain PO2 as a member of the Citrobacter genus.
Therefore, the sequence was submitted to the NCBI database under accession number PP864728
and designated as Citrobacter sp. strain PO2.
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in the presence of (a) Cu, (b) Zn, (c) Pb, and (d) a mixture of these metals.



238 Oulad et al.

cps/eV.

ey Cu
Bz e n Ph

T
10 15 20 25 30
Energy [keV]
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Fig. 6. The phylogenetic tree of the isolated bacteria Citrobacter sp. strain PO2

CONCLUSION

This study aimed to evaluate the efficacy of a MICP-capable strain, isolated from petroleum-
contaminated soil, in removing a mixture of highly toxic heavy metals (Ni, Cu, Pb, Zn, and
Cd). The findings confirmed that effective simultaneous removal of multiple metals requires
a urease-producing bacterium with multi-metal resistance. The strain isolated in this study
exhibited excellent performance in stabilizing the heavy metal mixture, achieving up to 98%
removal within a few hours, even at the highest tested concentration of 1500 mg/L. However,
the efficiency of the MICP process may be affected by various factors, including metal toxicity,
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urease activity, type of precipitate formed, temperature, and pH. The microbial mineralization
mechanism involves carbonate precipitation driven by a pH increase resulting from urea
hydrolysis catalyzed by bacterial urease. This rise in pH creates supersaturated conditions
favorable for the co-precipitation of multiple metals. Overall, the results indicate that MICP
offers strong potential for heavy metal stabilization and may serve as an effective approach for
remediating metal-contaminated soils and wastewater.
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