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This study explores the potential of some soil bacteria in the synthesis of iron oxide nanoparticles (IONPs),
highlighting their advantages in terms of iron uptake and tolerance capacity. Soil samples collected from a metal
fabricating workshop were successively screened in nutrient broth containing 1% iron salts (Fe;Os, FeCl3 and
FeSO4) following a standard microbiological sampling technique. The recovered bacterial isolates (persister cells)
were identified using polymerase chain reaction (PCR) and 16S rRNA sequencing. Ten bacterial isolates iden-
tified as Sporosarcina luteola, Bacillus badius (2), Bacillus subtilis (2), Bacillus tropicus, Bacillus cereus, Klebsiella
pneumoniae, Klebsiella quasipneumoniae and Klebsiella africana were recovered. The method reports that six of the
bacterial isolates extracellularly synthesize IONPs and the result from the energy dispersion x-ray (EDX) spectral
analysis indicated varying weight percentages of bio-reduced iron by Bacillus subtilis-A12 (48.59%), Klebsiella
quasipneumoniae (39.99%), Bacillus subtilis-B1 (39.97%), Bacillus cereus (38.62%), Bacillus badius (33.79%) and
Klebsiella africana (32.61%). The IONPs exhibited absorbance peaks in the range of 250-350 nm, with a mean
area size estimated between 31-72 nm using ImageJ software. Additionally, the presence of iron reductase (fhu)
and cysteine desulfurase (suf) genes were detected in the recovered Bacillus and Klebsiella species through PCR
analysis. This study has provided valuable insights into the physiology and genomic functions essential for

microbial synthesis of IONPs and their relevance to nano-bioremediation.

1. Introduction

Several approaches have been reported under chemical and physical
methods for the production of metal and noble-metal nanoparticles, but
the emergence of the biological approach otherwise known as “green
synthesis or biosynthesis” has paved the way with enormous interest
regarding its application [1]. This technique using various biological
entities across the world and their optimization processes has emerged
as a rapid research approach, producing quick, stable, and desirable
morphologies and sizes for wider application [2-4]. The biosynthesis
method of nanoparticles provides several advantages which include
clean, non-toxic, and eco-friendly procedures when compared to both
physical and chemical methods [5]. They also reduce the high produc-
tion cost of nanoparticles and eliminate harmful processes required in
physical and chemical synthesis [6].

As a branch of biological approach, microbes and their bio-molecules
have been found relevant in the synthesis of nanoparticles [7]. Most
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importantly, the establishment of microbial enzymes as useful bio-
molecules responsible for the bio-reduction of bulk metal compounds
into their respective nanoparticles [8,9]. Reports have shown that
different biochemical and molecular mechanisms in many microbes are
essential for the biosynthesis of nanoparticles both intracellularly and
extracellularly [5,10]. The deposition of these enzymes which were
utilized for the production of relatively pure nanoparticles is of utmost
advantage including the ability to pattern the production and assem-
blage of nanoparticles into stabilized robust structures [11,12].
Microbial synthesis of iron oxide nanoparticles (IONPs) using iron as
a precursor via the metabolic activities of magnetotactic and iron-
reducing bacteria has been reported [13-16]. Iron oxide and magnetic
nanoparticles produced from iron salts have gained attention in studies
and widespread applications, especially for medical purposes due to
their magnetic properties [17-19]. Iron oxide nanoparticles have been
reported to exist as hematite (a-FeyO3), maghemite (¥-FepOs), and
magnetite (FesO4) [20]. Some reported studies have established the
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potential of some bacteria possessing varying ferric reductases required
for the bio-reduction of iron salts. They include Agrobacterium tumefa-
ciens, Agzotobacter vinelandii, Bacillus megaterium, Bacillus subtilis,
Escherichia coli, Legionella pneumophila, Listeria monocytogenes, Magne-
tospirillum magnetotacticum, Vibrio vulnificus, Magnetospirillum gry-
phiswaldense, Mycobacterium paratuberculosis, Mycobacterium smegmatis,
Neisseria gonorrhoeae, Pseudomonas putida, Pseudomonas aeruginosa,
Pseudomonas fluorescens, Rhodopseudomonas sphaeroides, and Treponema
denticola [21-23]. An earlier study by Vadas et al. [24] described the
identification and characterization of a novel ferric reductase from a
hyperthermophilic Archaeon —Archaeoglobus fulgidus, revealing its abil-
ity to bio-reduce iron for assimilation and to complement the microbe
cellular protein. Sedlacek et al. [25], in their study, identified ferric
reductase subunit A as an essential enzyme for effective iron acquisition
in Paracoccus denitrificans. In another related study, Shinagawa [26]
established the presence of Fe(III)-EDTA reductase from Bacillus sp. B-3
through purification and characterization of the identified enzyme.

Depending on the bacterial species and the mechanism of iron bio-
reduction/uptake, ferric reductases have been identified in several lo-
cations within microbial cells namely, cytoplasmic and periplasmic
membranes. These membrane-bound locations have been reported in
Spirillum itersoni, Escherichia coli, and Staphylococcus aureus [21]. As
documented in research, ferric reductases are often produced in a cul-
ture medium due to the presence of surface-bound ferric reductases in
most groups of microorganisms [27]. In some cases, microbes secrete
metabolic intermediates such as citrate and specially synthesized side-
rophores (low molecular mass molecules) to chelate ferric iron for easy
reduction and cellular uptake activity of iron in their cell [28,29].

Despite the promising mechanism in the bio-reduction of iron salts
and the synthesis of iron oxide nanoparticles by some bacterial species
as reported in studies aforementioned, there is a paucity of studies in
recent times reporting on the potential of new microbes capable of bio-
reducing, and the uptake of iron salts alongside their iron tolerance level
during the synthesis of IONPs. In addition, there has been little to no
study reporting the detection of iron-reducing genes and how they are
essential genetic material responsible for the production of enzymes
required in the synthesis of iron oxide nanoparticles. Hence this study
sought to report the bio-reduction and uptake of iron salts potential of
some indigenous bacteria isolated in a metal fabricating workshop in
Nigeria, detect some underreported iron-reducing genes and their rele-
vance in the production of iron oxide nanoparticles.

2. Methods
2.1. Screening and isolation of bacteria from the soil sample

Soil samples from the Center for Technological Laboratory and
Workshop (CTLW) (7°30°39"N; 4 °31°31" E), a metal fabricating work-
shop in Obafemi Awolowo University, Ile-Ife was collected. Soil sample
about 5 cm below the surface was collected in sterile sample bottles for
the isolation of bacteria. The modified method of Elcey et al. [30] was
used for the screening. Five grams of the soil sample was weighed and
transferred into 45 mL nutrient broth containing 1% iron salts of Fe;Os,
FeCl3, and FeSO4 (Sigma Aldrich, United Kingdom) respectively. The
inoculated flasks were incubated at 37 °C for 48 h after which 0.1 mL
from each flask was spread-plated on nutrient agar and incubated at 37
°C for 18-24 h. To further screen and recover only persistent bacterial
cells, freshly prepared nutrient broths containing each of the iron salts
(1% w/v) were inoculated with 5 mL of the previously cultured broths.
The flasks were incubated at 37 °C for 48 h. Thereafter, 0.1 mL from the
flasks were spread-plated on nutrient agar and incubated at 37 °C for
18-24 h. Growth observed from the cultured plates for the first and
second screening flasks were re-subcultured by the streaking method to
obtain pure colonies of the bacterial isolates. The pure bacterial isolates
recovered were subjected to Gram- and endospore staining tests [31].
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2.2. Molecular identification of bacterial isolates using 16S rRNA
sequencing

The identities of the bacterial isolates were determined using poly-
merase chain reaction (PCR) and 16S rRNA sequencing techniques. Pure
colonies of the bacterial cultures were re-subcultured in nutrient broth
at 37 °C for 18-24 h. About 500 pL of the sub-cultured cells were
dispensed in Eppendorf tubes, centrifuged at 6000 rpm for 5 min, and
the culture broth discarded. The cells were re-suspended in 400 uL
sterile nuclease-free water (Bioconcept, Switzerland), vortexed, and
subjected to the heat lysis method [32]. The tubes were placed in heat
blocks and boiled at 100 °C for 10 min, transferred in the freezer (—20
°C) for 5 min. The suspension was centrifuged at 10,000 rpm for 5 min
and the supernatant was kept in the freezer (4 °C) for further analysis.
The Polymerase chain reaction (PCR) cocktail was prepared using sup-
plied reagents which include 2X OneTaq Quick-Load PCR Master Mix
(New England Biolabs, United Kingdom), universal oligonucleotides for
bacteria (Forward “CCAGCAGCCGCGGTAATACG”; Reverse “ATCGGC-
TACCTTGTTACGACTTC”) prepared to 10 pM working concentration
and nuclease-free water. Thereafter, 25 L final volume was prepared in
200 uL PCR tubes for a single reaction of each bacterial isolate to include
master mix (12.5 pL); forward primer (1 pL); reverse primer (1 pL);
nuclease-free water (5.5 pL) and DNA template (5 uL) [33].

The reaction was performed in an automated thermal cycler,
GeneAmp PCR System 9700 (Applied Biosystems, USA) under the
following optimized cycling program: an initial denaturation step at 94
°C for 4 min; 30 cycles of denaturation at 94 °C for 30 s, annealing at 53
°C for 1 min, extension at 68 °C for 2 min; and a final extension at 68 °C
for 5 min. The temperature was maintained at 4 °C for further use. The
amplified PCR fragments were analyzed using ethidium bromide (5 pL)
stained 1.2% agarose gel submerged in 0.5X Tris-Boric Acid-EDTA (TBE)
buffer. Both the amplified PCR products and DNA 100 bp marker-loaded
wells were subjected to an electrophoresis condition of 135 V for 20 min.
Gel images were visualized under UV illumination by comparing them
with the DNA 100 bp marker. Aligning amplified PCR fragments were
sequenced and analyzed using the basic local alignment search tool
(BLAST). The resulting sequences were aligned with the most similar
bacterial species found in the GenBank (https://www.ncbi.nlm.nih.gov/
Blast.cgi). The evolutionary histories of the bacterial isolates were
inferred by using the maximum likelihood method and the Tamura 3-
parameter model. The evolutionary analyses were conducted with
MEGA X software [34].

2.3. Microbial synthesis of iron oxide nanoparticles using culture
supernatant

About 50 mL of sterile nutrient broth prepared in conical flasks were
inoculated with bacterial isolates. Inoculated flasks incubated at 37 °C
for 48 h were centrifuged at 3000 rpm for 10 min and the culture su-
pernatants were transferred into cell-free conical flasks. The synthesis
method previously described was used for this experiment [35]. A
cocktail of 1 mM FeCls and FeSO4; 50 mM FeCls and FeSO4 were pre-
pared in flasks to a final volume of 15 mL respectively. The culture su-
pernatants of the bacterial isolates (20 mL) were added to the two iron
cocktails and allowed to stand at room temperature (25 °C) for 5 days.
The electronic spectra and functional groups of the synthesis solution
were analyzed using UV-Vis spectrophotometer-1800 (Shimadzu,
Japan) and Fourier Transform Infrared Spectroscopy (FT-IR, Agilent
Technologies, USA) scanned between 200 and 700 nm and 4000 — 500
cm™ respectively.

To obtain solid samples of IONPs, the crude product was centrifuged
at 10,000X g for 10 min. While the supernatant fluid was decanted, the
precipitate was washed thrice with sterile distilled water. A slight
adjustment was considered for the temperature condition as reported by
Omole et al. [36] for the recovery of the dried particles. Colloidal so-
lutions were oven-dried at 120 °C for 60 min using a sterile glass Petri
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plate. The dried particles were analyzed and characterized by scanning
electron microscope (SEM, JSM-6390LV Jeol, Japan), and energy
dispersive x-ray (EDX, 6733B-1UUS Thermo Electron Corporation,
USA) to determine the particle sizes, shapes, and elemental composition
of the samples respectively [37,38].

2.4. Iron uptake and tolerance of bacterial isolates

Modified Dailey standard method as described by Sasaki et al. [39]
and Bharde et al. [10] was used for iron uptake and tolerance, assessing
both the microbial cell and culture supernatant respectively. To assess
iron uptake and tolerance screening from bacterial culture supernatant,
a cocktail of FeCls and FeSO4 (1 mM and 50 mM) was prepared in 100
mL conical flasks to a final volume of 40 mL respectively. The reaction
was initiated by introducing 10 mL of 48 h-old bacterial culture super-
natants. Flasks were placed in an incubating shaker (100 rpm/30 + 2 °C)
for 9 days and 1 mL samples were taken at the 24 h interval. Withdrawn
samples were mixed with 0.5 mL ethylenediaminetetraacetic acid
(EDTA), an iron chelator, and allowed to stand for 30-45 min. The
spectral measurement was done using a UV-Vis spectrophotometer
(Jenway, United Kingdom) at 562 nm [10]. For the microbial cell
screening, a cocktail of FeCly and FeSO4 (1 mM and 50 mM) were pre-
pared in conical flasks to a final volume of 40 mL containing 1.5% NaCl.
The reaction was initiated by introducing 10 mL of bacterial wet
biomass. Flasks were placed in an incubating shaker (100 rpm/30 + 2
°C) for 7 days and 1 mL samples were taken at the 24 h interval. With-
drawn samples were mixed with 0.5 mL iron chelator (EDTA) and
allowed to stand for 30-45 min. The spectral measurement was done
using a UV-Vis spectrophotometer at 562 nm [39].

2.5. Molecular detection of iron reductase and cysteine desulfurase genes
from iron oxide nanoparticles synthesizing bacteria

Iron reductase (fhuA, fhuD) and cysteine desulfurase (sufB, sufD)
oligonucleotides were specifically designed for the identified bacterial
isolates using relevant bioinformatics databases and software in this
study. Complete genomes and annotations of the best-match species
obtained from the 16 S rRNA sequences blast were downloaded from the
National Center for Biotechnology Information (https://www.ncbi.nlm.
nih.gov). Iron reductase and cysteine desulfurase housekeeping genes
were isolated using Artemis (version 17.0.1). Sequences’ similarities
were checked using the Artemis comparison tool (version 17.0.1) and
MegaX. Oligonucleotides were designed and validated using Primer3-
plus and NCBI primer designing tool (https://www.ncbi.nlm.nih.gov/
tools/primer-blast) respectively. The oligonucleotides were sourced
from Ingaba Biotechnical Industries (Pty) Ltd (South Africa). Oligonu-
cleotides comprising iron reductase (fhuA, fhuD) and cysteine desulfur-
ase (sufB, sufD) genes targeting some of the molecularly identified
bacteria namely, Klebsiella and Bacillus species were screened for the
iron-reducing (ferric reductase) genes (Table 1). The molecular method
of detection as described in Section 2.3 was also used for the detection of
these iron-reducing genes.

Table 1
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2.6. Statistical analysis

The absorbance reading data obtained were subjected to exponential
smoothening and plotted as scattered lines on Microsoft Excel (Microsoft
Office 2019). Evolutionary analyses of the bacterial isolates were pre-
sented as a phylogenetic tree using MegaX software. ImageJ software
was used to analyze the average particle sizes and shapes.

3. Results and discussion

The screening result revealed a slight to a visible change in the color
of the 1% iron salts. This was most evident for Fe,O3 salt with a color
change from reddish-brown to black after 48 h of incubation. During the
screening process, bacterial growth was observed in both the initial and
subsequent screening stages of broths containing Fe;O3 and FeSOy4 iron
salts. However, no bacterial isolate was recovered during the second
successive screening stage involving FeClg salt. Blast hits of the bacterial
isolate sequences recovered from the first and second screening stage
were identified as Sporosarcina luteola (A1), Bacillus badius (A2, A11),
Bacillus subtilis (A12, B1), Bacillus cereus (B2), Bacillus tropicus (C2),
Klebsiella pneumoniae (C1), Klebsiella africana (C11) and Klebsiella qua-
sipneumoniae (C12). The phylogenetic relatedness of the recovered
bacteria isolates is also displayed in Fig. 1.

The bacterial isolates investigated in this study are widely distrib-
uted in the environment and can colonize a wide range of ecological
niches. These bacteria species can exhibit different growth patterns,
which is mostly determined by their inherent genetic characteristics
required for adaptability and survival [40] depending on the environ-
ment these bacteria are found. Although many environmental stresses,
such as radiation, nutrient scarcity, extreme temperatures, and desic-
cation, pose challenges limiting bacteria survival and metabolic activ-
ities in the natural environment [41]. In the natural environment, the
metabolism of carbon and nitrogen contributes to these bacteria’s ability
to thrive in diverse environments [42]. However, this study showed that
iron derivatives in trace amounts could also be an alternative nutritional
requirement for their survival in the natural environment with nutrient
scarcity or devoid of primary growth requirements. These bacteria most
importantly, Bacillus and Klebsiella species as reported in this study often
adapt readily to various available nutrients in their environment by
expressing genes that would support the metabolic activity of the
available nutrient. According to Cain and Smith [43], iron naturally
appears to be in the ferric (Fe>*) oxidation state in the presence of Oy,
and thus, very reactive in aqueous environments, prompting its
sequestration into cofactors and their host proteins to remain soluble. In
addressing this, many unicellular pathogens release siderophores, which
are high-affinity Fe3* chelators with low molecular weight [44]. This is
necessary to initiate the needed metabolic pathways and in the process
of hydrolyzing the siderophore backbone to liberate the chelated Fe3*,

Among the three iron salts, FeCls exhibits the highest propensity for
generating ROS, making it the most toxic to organisms [45]. However,
FeCls is less commonly found in natural soil environments, unlike Fe,O3
and FeSO4, which occur more naturally. Fe;O3, commonly known as
rust, is likely the most prevalent iron compound in the workshop. Given
its usage in the mentioned workshop, the presence of FeCls poses a

Primer sequences used for the detection of Iron Reductase and Cysteine Desulfurase genes in bacterial isolates.

Gene code Primer sequence (5 3") Target Annealing temp. (°C) Product size (bp)
fhuA F AGAAGAAACTATCACCGTCG Iron reductase (subunit A) in Klebsiella spp 46 338
R CAGAGTAGTTATTCCCCTGC
fhuD F ATATTCCCAACTATCGCTT Iron reductase (subunit D) in Klebsiella spp 39 399
R TTTCGCCAAACACCA
sufD F GCTATCACTTCGCCCATAA Cysteine desulfurase (Subunit D) in Klebsiella spp 46 338
R GAGCAGCAGATTATTGTTGG
sufB F TGCCGTTATACAACGATCCA Cysteine desulfurase (Subunit B) in Bacillus spp 45 250
R ATGTGTTTGGTGCAAGGTGA
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C12-Klebsiella quasipneumoniae (98.94%)

Fig. 1. Phylogenetic tree of the bacterial strains isolated from the soil samples.

challenge to the survival of organisms, as they may not possess the
necessary adaptations to tolerate its toxic effects. Similarly, the indis-
criminate release of FeCl; into the natural environment may also pose
some challenges to bacteria community diversity and survival. The
pollution of the environment by FeCls and other toxic contaminants may
impede bacteria-mediated short- and long-term bioremediation and
degradation activities relevant to ecological restoration.

The crude product from the synthesis of the IONPs were white
colloidal suspensions with black and brown precipitate for 1 mM and
50 mM iron cocktails. Based on the UV-Vis absorption spectra depicted
in Fig. 2, it was noted that both concentrations of the iron cocktails
exhibited a Apax around 400 nm. However, when the bacterial isolates
were subjected to bio-reduction, the intensity of this band decreased,
and a new band emerged within the 250-350 nm range which is the

surface plasmon resonances as specified for iron oxide nanoparticles [2,
3,19]. Regarding the 1 mM concentration sample, Klebsiella quasipneu-
moniae (C12) displayed the highest absorbance among the isolates,
whereas Bacillus subtilis (A12) exhibited the lowest absorbance. In
contrast, for the 50 mM concentration of the cocktail, the absorbance of
Bacillus badius (Al1), Klebsiella africana (C11), and Klebsiella qua-
sipneumoniae (C12) decreased compared to the parameters of the 1 mM
cocktail synthesis. However, there was an increase in absorbance values
for Bacillus subtilis (A12, B1), and Bacillus cereus (B2) at both the 1 mM
and 50 mM concentrations.

It is noteworthy to mention that to the best of our knowledge, this
would be the first report on the ability of Klebsiella africana, Klebsiella
quasipneumoniae, and Bacillus badius to synthesize IONPs. Several studies
have reported the synthesis of iron oxide nanoparticles from both Gram-
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Fig. 2. UV-Vis spectra of iron oxide nanoparticles.

positive bacteria such as Bacillus subtilis [46], Bacillus megaterium [47],
and Gram-negative bacteria such as Proteus vulgaris [48], Pseudomonas
aeruginosa [49], Escherichia coli [50].

The FT-IR interpretation analyses for the identification of the func-
tional groups revealed several numbers of detectable peaks. Four spec-
tral peaks representing intermolecular bonded O-H stretch of alcohol, N-
H bend of amine, skeletal C-C stretch vibration, and aliphatic C-Cl
stretch were identified in Bacillus subtilis (A12), Bacillus cereus (B2) and

Klebsiella africana (C11) while other bacterial isolates namely, Bacillus
badius (A11), Bacillus subtilis (B1), and Klebsiella quasipneumoniae (C12)
showed lesser spectral peaks as shown in Fig. 3. The functional groups
reported in this study have also been documented in the microbial
synthesis of iron oxide nanoparticles [46,48,51]. The ability of bacteria
in this study to synthesize iron oxide nanoparticles could be attributed to
the presence of primary components responsible for the release of some
biomolecules. According to studies, these biomolecules which include
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Klebsiella africana -C11 (E) and Klebsiella quasipneumoniae -C12 (F).
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enzymes (NADPH-dependent nitrate reductases, iron reductases), ste-
roids, carbohydrates, proteins, amino acids, flavonoids, tannins, sapo-
nins, alkaloids, exopolysaccharides (EPS), and cell wall components
(alginate, laminarian) could be vital in the bio-reduction, stabilization
and capping of metals [51,52]. This could have increased their capa-
bility of tolerating and bio-reducing high iron salt concentration in the
environment, although, may vary among bacterial cells.

The SEM images (Fig. 4) of the iron oxide nanoparticles showed that
they were flaky and highly poly-dispersed with a mean area size ranging
from 31 to 72 nm and within the purview of its classification as nano-
materials [53]. Narayanan and Sakthivel [54] and Prodan et al. [55]
documented that microbial incubation (biological method) could syn-
thesize different shapes and morphology such as spherical, rod, and
irregular spheres depending on the synthesis condition. The elemental
composition as displayed by the EDX quantification result revealed the
presence and varying weight (%) of iron (Fig. 5). The peaks around
0.7 keV are related to the binding energies of Fe, alongside the peak of
oxygen at 0.5 keV and this confirmed the presence of both iron and
oxygen in the synthesized NPs and also similar to peaks documented by
Rahman et al. [56]. The weight percentage of zero-valent iron present in
each sample showed Bacillus subtilis with the highest zero-valent iron
weight percentage. The presence of other elements was also observed
representing carbon, sodium, nitrogen, aluminum, silicon, phosphorus,
potassium, calcium, and chlorine. It is assumed that these elements are
metabolites released by these bacterial isolates [57-59]. The Cl and S
peaks are mostly from the FeSO4 and FeCl;s precursors used as part of the
cocktail salts in the synthesis of these nanoparticles.

Iron tolerance and bio-reduction were different for each condition
(Fig. 6). The presence of metabolites in the supernatant and released
metabolites by the wet biomass confirms the extracellular synthesis of
IONPs in the solution [60-62]. Sample A (1 mM cocktail plus the su-
pernatant) was the only one with a steady increase in uptake and

X250 100um UFH-SEM

X250 100pm

UFH-SEM
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increase in metabolite tolerance and activities as the days progressed
except for Bl (Bacillus subtilis) which exhibited a decrease by Day 6
(Fig. 6a). At an increased concentration, Sample B (50 mM of the iron
salts cocktail), the extracellular metabolites in the cell-free filtrates
exhibited low tolerance (Fig. 6b). In the other samples (Sample C and D
-wet biomass) no bio-reduction or significant uptake of iron salts by
microbial cells intracellular metabolites were observed as compared to
extracellular metabolites. A few exceptions did occur but at low con-
centrations; in Sample C (1 mM cocktail) there was a fluctuating in-
crease and decrease in uptake by Bacillus subtilis, (B1) and Bacillus badius
(A11) (Fig. 6c, insert). Klebsiella quasipneumoniae (C12) in Sample D
(50 mM cocktail) showed a slightly increased uptake by Day 5 and then
decreased by Day 6 (Fig. 6d, insert).

Bacterial ferric reductases investigated in this study are soluble
proteins that are either exclusive to certain forms of ferric iron com-
plexes or have a broad spectrum of activity [63,64]. In line with this,
many bacteria in soil possess ferric reductase enzymes derived from
proteins located in the cytoplasmic membrane [65-67]. These studies
have shown that these reductases transport reducing equivalents from
cytosolic reductants over the lipid bilayer, either into the periplasmic
membrane or the extracellular area. It also gives an indication that the
iron-dependent enzymes taking part in the bio-reduction of iron salts are
often released extracellularly in culture medium and not bio-reduced
intracellularly as observed for bacterial isolates in this study. Several
studies support the extracellular bio-reduction of iron salts whose
method involves the use of reducing enzymes from several locations
within bacterial cell membranes which include a periplasmic membrane
[1,68]. Here the assessment on the bio-reduction of iron salts by viable
cells enzymatic activity indicates a conventional metabolic release of
iron-reducing enzyme in the growth medium, and that, trace/small
concentrations of iron salts are best and can be efficiently bio-reduced by
most bacterial culture medium-ladened with essential enzymes and

250

5KV X250 10 UFH-SEM

Fig. 4. Scanning electron microscope images of dried iron oxide nanoparticles produced from bacterial isolates (Bacillus badius-A11 (A), Bacillus subtilis-A12 (B),
Bacillus subtilis -B1 (C), Bacillus cereus-B2 (D), Klebsiella africana -C11 (E) and Klebsiella quasipneumoniae -C12 (F)).
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Fig. 5. Energy dispersive X-ray of dried iron oxide nanoparticles produced from bacterial isolates (Bacillus badius-A11 (A), Bacillus subtilis-A12 (B), Bacillus subtilis -B1
(C), Bacillus cereus-B2 (D), Klebsiella africana -C11 (E) and Klebsiella quasipneumoniae -C12 (F)).
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Fig. 6. Iron tolerance of bacterial culture supernatant and cells to FeCl; and FeSO,4 Cocktail (A= ImM cocktail and supernatant; B= 50 mM cocktail and supernatant;

C= 1 mM cocktail and wet biomass; D = 50 mM and wet biomass).

metabolites useful for the bio-reduction activity [69,70].

This study further corroborates the location of iron reductase en-
zymes required for bio-reduction of iron salts in microbial cells as it
tends to be prominent at the cellular region hence, facilitating its action
and immediate release into the growth medium [71]. This study showed
that, for the microbial synthesis of extracellular IONPs, many parame-
ters such as the type of bacteria used as bio-reducing agents, the volume

of metabolites released by the bacteria, duration of reaction, and envi-
ronmental conditions (such as incubating temperature) played a sig-
nificant role in the size, shape, surface charge and reactivity of the
formed NPs.

The presence of iron reductase and cysteine desulfurase subunit
genes were found in Klebsiella and Bacillus genome isolates. Iron reduc-
tase subunit A (fhuA) was detected in Klebsiella pneumoniae (C1),
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Klebsiella africana (C11), and Klebsiella quasipneumoniae (C12) while iron
reductase subunit D (fhuD) were present in Klebsiella pneumoniae (C1),
and Klebsiella quasipneumoniae (C12) (Fig. 7a and b). Cysteine desulfurase
subunit D (sufD) was confirmed in the 3 Klebsiella spp (Klebsiella pneu-
moniae (C1), Klebsiella africana (C11) and Klebsiella quasipneumoniae
(C12)) as presented in Fig. 8. Similarly, oligonucleotides designed for
Bacillus spp in this study confirmed the presence of cysteine desulfurase
subunit B (sufB) genes in all Bacillus spp isolated for the study (Fig. 9). It
was observed that the Klebsiella species possess the fhuA. However, re-
ports have shown that the gene is more pronounced in E. coli [72-74].
Nevertheless, it has been observed to perform the same function in the
uptake of iron in a complex with ferrichrome, a hydroxamate-type
siderophore, which binds and transports ferrichrome iron across the
outer membrane [75]. The primer sequence first reported in this
research could be relevant for the detection of the fhuA gene in most
Klebsiella species. The FhuD gene was detected in K. pneumoniae and
K. quasipneumoniae. Similar to fhuA, fhuD has also received extensive
confirmation in E. coli [76,77]. It functions mainly in binding
Fe3'-hydroxamate complex and transferring the same to the
membrane-bound permease hence, often required for the transport of all
Fe®*-hydroxamate siderophores such as ferrichrome aiding iron uptake
in bacteria cells [78]. The bio-reduction of iron salts by Klebsiella culture
supernatant observed in our study indicates the release of iron reductase
protein from the bacteria periplasmic membrane into the supernatant by
the fhuD gene.

This was suggested and deemed possible in that, fhuD protein con-
tains a typical signal sequence of 30 amino acids at the amino terminus
which displays characteristics of a soluble protein, that may be exported
into the periplasm [79].

Cysteine desulfurase (Suf) gene has been documented as an impor-
tant protein that contributes to the assembly or repair of oxygen-labile
iron-sulfur clusters under oxidative stress and could also facilitate iron
uptake from extracellular iron chelators under iron limitation [80].
Iron-sulfur clusters which include cysteine desulfurase (suf) remain the
oldest, ubiquitous, indispensable, and most versatile inorganic cofactors
that are required to sustain fundamental life processes [81,82]. Earlier
studies have reported sufB and sufD in Bacillus subtilis [83] and other
bacteria such as E. coli [84,85], and Enterococcus faecalis [86], hence, its
detection in Bacillus and Klebsiella isolates in this work suggest these
genes are essential for the biogenesis of Fe-S cluster in the SufBCD
complex [87]. The presence of iron reductase and cysteine desulfurase
subunit genes among environmental Klebsiella and Bacillus species iso-
lated in this study showed that these genes play significant functional
roles in the natural synthesis of iron oxide nanoparticles via the
bio-reduction and metabolism of bulky iron materials that could be
present in the environment. This further suggests that soil bacteria
encoding iron-reducing genes in the environment are relevant and
essential in maintaining the required amount of iron on the earth’s
surface to ensure a sustainable environment.

Microbially synthesis of IONPs has some advantages in the eco-
restoration of the environment. These include treatment and remedia-
tion of heavy metals, hydrocarbons, dyes and other pollutants in

1000bp
500bp

338bp
Shud

Colloids and Surfaces C: Environmental Aspects 2 (2024) 100025

L 1 2 3 4 L

1000bp

500bp
338bp

sufD

Fig. 8. The detection of cysteine desulfurase subunit D (sufD) Gene in Klebsi-
ella spp.
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Fig. 9. The detection of cysteine desulfurase subunit B (sufB) Gene in Bacil-
lus spp.

wastewater [7,88]. The low production cost, large specific surface area
and enhanced reactivity of IONPs increase their adsorption properties
and allow for more efficient removal of a wide range of contaminants in
the environment [89,90]. The magnetic properties of IONPs also enable
easy magnetic separation of pollutants from the environment. However,
its limitations to the environment are in its tendency to agglomerate and
react quickly with oxygen and water, leading to the formation of iron
oxides that may decrease treatment and remediation efficiency [91].
The formation of iron oxides such as superparamagnetic iron nano-
particles (SPION) may also induce some toxicity to soil microbes, soil
invertebrates, aquatic life and human health [92,93].

4. Conclusion

Our study reports on new species of Klebsiella and Bacillus and their
iron uptake ability. In addition, the result established the importance of
iron for bacterial growth, proliferation and survival. The bacterial iso-
lates obtained from the second successive screening stage proved that
they are promising bio-reducing agents useful for the synthesis of iron
oxide NPs from iron(III) chloride and ferrous sulfate cocktail precursors.
This study further supported the preference for biological (green)
especially microbial synthesis methods over thermal, electrochemical,
and chemical methods of synthesis. Our findings equally revealed that
iron uptake, bio-reduction and tolerance levels vary in each bacterial

1000bp

399bp
JfhuD

500bp

Fig. 7. The detection of iron reductase subunit A (fhuA) (A) and subunit D (fhuD) (B) Genes in Klebsiella spp.
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isolate taking into consideration the concentration of iron salts, and the
incubating condition. In all, our research work has provided some
important details on the physiological and genomics functional abilities
and potentials of the Bacillus and Klebsiella species as promising bacterial
isolates relevant to the microbial synthesis of iron oxide nanoparticles.
This study has laid some emphasis on the importance of iron metabolism
which could facilitate IONPs synthesis and support nano-bioremediation
in the environment.
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