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ABSTRACT

Red mud is waste from the alumina (Al,O,) production process of bauxite ore processing through the bayer process.
The production of one ton of alumina produces between 1-1.5 tons of red mud. The high amount of waste has a
negative impact on the environment, resulting in infertile soil and posing long-term human health risk. The content
of ferric oxide (Fe,0,) as the main mineral in red mud is promising to be reused as a first step in waste handling.
This study aims to isolate and identify Fe-reducing bacteria from red sludge waste and find out what genes and com-
pounds are likely to be involved in the process. A 5 g sample of red mud was put into physiological solution for dilu-
tion and then cultured in MHA media containing 50 mg/L ferrous ammonium sulfate (FAS). There were 16 isolates
that grew and was then analyzed using repetitive PCR. Different isolates were then screened for reduction tests using
ferrozine reagent on MHA+Fe O, 50 mg/L media and obtained 7 potential Fe-reducing isolates. Further tests were
carried out on liquid media to determine the OD of Fe?* and cells measured at 562 and 600 nm wavelengths at 0,
12 and 24 hours. Identification of Fe metal reducing bacteria using 16S rRNA gene and nucleotide sequence align-
ment using BioEdit software while WGS analysis was annotated using BV-BRC with RASTtk pipeline, BlastKoala,
genome mining of secondary metabolites using AntiSMASH and type (strain) genome server (TYGS) to show the
results of phylogenetic analysis. The results of this study found the presence of 7 bacterial isolates with different spe-
cies capable of reducing Fe metal from red mud including Kytococcus sedentarius (As 1), Order of Staphylococcus
arlettae (As 3), Halalkalibacterium halodurans strain (As 6), Halalkalibacterium halodurans strain (As 8), Bacil-
lus paranthracis (Ai 3), Stutzerimonas stutzeri (Ai 7) and Cytobacillus firmus (Ai 8). Bacillus paranthracis (Ai 3)
confirmed the possibility that its compounds and genes can be involved in the metal reduction process.

Keywords: red mud, reduction, 16S rRNA, repetitive-PCR, whole genome sequencing, metallophore, bacillibactin.

INTRODUCTION approximately 1-1.5 tons of red mud (Liu and
Naidu, 2014). Notably, one of the companies in

Red mud (RM) is a solid waste generated  Indonesia responsible for a substantial amount
during the processing of bauxite ore through the of red mud production is PT Indonesia chemi-
Bayer process to produce alumina (ALO,). The cal alumina (ICA) in west Kalimantan. ICA pro-
production of one ton of alumina can generate cesses bauxite ore into chemical grade alumina
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(CGA) with an annual production capacity of
300,000 tons of CGA and an output of approxi-
mately 600,000 tons of red mud each year (Yao
et al., 2023). Improper disposal of red mud can
have detrimental effects on soil fertility and
disrupt natural habitat (Viljoen et al., 2022).
The alkalinity of red mud typically ranges from
pH 11-13 (Reddy and Rao, 2018), and the high
ionic strength it contains poses long-term envi-
ronmental risks and health hazards to humans
(Kotnala et al., 2022).

To mitigate the negative impact of red mud
waste, it can be repurposed for further process-
ing. Red mud contains a significant amount of
ferric oxide (Fe,0,) as its primary mineral, com-
prising approximately 44.3% of its composition
(Sarath and Krishnaiah, 2022). Utilizing this fer-
ric oxide (Fe,0,) can serve as an initial step in
waste management, allowing for the creation of
zero-valent iron. The highest reactivity synthe-
sizing zero-valent iron is achieved when the iron
(Fe) element is in the Fe** form, thus necessitat-
ing the reduction of Fe*" in red mud first. While
various extraction methods have been explored
using a comprehensive approach, employing a
biological approach represents a more environ-
mentally friendly alternative that has yet to be
extensively studied.

Iron (Fe) plays a pivotal role in biogeochemi-
cal cycles as the most abundant redox active
metal in the Earth’s crust. It is an essential mi-
cronutrient required by nearly all living organ-
isms, participating in Fe redox reaction (He et
al., 2021). Leveraging the potential Fe-reducing
microbes can help minimize the environmental
impacts associated with chemical processes. Iron
reducing bacteria (IRB) are instrumental in bio-
geochemical processes that occur through the an-
aerobic respiration of Fe** oxides (Li et al., 2022).
These bacteria have the capacity to convert fer-
ric ions (Fe¥") into ferrous ions (Fe?*) (Matus et
al., 2019). Harnessing indigenous bacteria from
the local environment is particularly beneficial as
they possess a specific metabolism suited to their
surroundings. Therefore, to initiate waste man-
agement and enhance the utilization of red mud,
it is imperative to isolate and identify Fe-reducing
bacteria from this waste material.

In an effort to better understand the mecha-
nism of iron reduction by bacteria, whole genome
sequencing (WGS) analysis is a very important
tool. WGS allows the identification of genes and
metabolic pathways that play a role in the iron

reduction process, including enzymes involved in
electron transfer as well as regulatory factors that
affect reduction efficiency. By uncovering the ge-
netic composition of iron-reducing microbes, this
study can provide insight into the broader biotech-
nological potential of red mud utilization, includ-
ing applications in bioremediation and recovery
of valuable metals. Through this approach, this
study seeks to not only identify microbial species
that have iron reduction capabilities, but also un-
derstand the molecular mechanisms underlying
their activities under extreme environmental con-
ditions such as red mud.

MATERIALS AND METHODS

Bacterial isolation from Red Mud

Red Mud samples were each taken in quanti-
ties of 1 g subsequently subjected to serial dilu-
tion using an 8.5% NaCl solution. These diluted
samples were then introduced into petri dishes
containing MHA media, adjusted to a pH of 10
and enriched with Ferrous Ammonium Sulphate
(FAS) at a concentration of 50 mg/L. The petri
dishes were incubated at a temperature of 30 °C
for 48 hours. The growing bacterial colonies were
taken for purification. Purification was carried out
using the streak plate method onto new MHA me-
dia that has been added with 50 mg/L FAS iron
media, then incubated at 30 °C for 48 hours.

Bacterial DNA isolation and initial screening

Bacterial isolates were grown onto 50 mg/L
MHB+FAS medium and incubated for 48 hours
at 30 °C. Bacterial DNA isolation refers to the
method stated in the Geneaid DNA Isolation Kit.
The DNA obtained was used for the initial screen-
ing. Initial screening of various bacterial isolates
isolated from red mud, the rep-PCR method was
used, using BOX AIR primers (‘5-TAC GGC
AAG GCG ACG CTG ACG-3’). This was done
to eliminate the same type of bacteria through the
bands formed for further testing.

Screening Fe-reducing bacteria

Screening of potential Fe-reducing bacteria
was carried out using MHA media that had been
added with Fe O, iron at a concentration of 50
mg/L. The bacterial isolates that had been purified
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were then grown on the media using the streak
plate method. After that, it was incubated in an
incubator at 30 °C for 24 hours. Fe reduction by
potential bacteria was confirmed using the ferro-
zine reagent by dripping it onto bacterial isolates
that grew on the media. A positive result was indi-
cated by a magenta color change in the ferrozine
droplets. The method was adapted from Schalk et
al. (2021) with modifications.

Bacterial characterization and identification

Characterizing potential Fe-reducing bacte-
ria involved comprehensively examining their
morphology and physiology using gram stain-
ing, endospore staining, motility testing and
catalase testing. Genomic DNA was extracted
using a bacterial DNA kit (Geneaid) for molec-
ular identification. Subsequently, PCR amplifica-
tion was carried out with universal primers 27F
(5’-AGTTTGATCCTGGCTCAG-3’) and 1492R
(5’-GGTTACCTTGTTACGACTT-3"). The ob-
tained DNA sequences were subjected to BLAST
analysis utilizing the NCBI database (http://www.
ncbi.nlm.nih.gov).

Assessment of bacterial Fe reduction
potential

To evaluate the potential of bacteria for Fe
reduction, the following protocol was employed:
MHB media was used at a concentration of 21
g/L. To this media, HEPES buffer (4.76 g/L) and
an iron source in the form of Fe,O, (50 mg/L)
were added (Ghorbanzadeh et al., 2014). In the
logarithmic growth phase, bacteria are character-
ized by an OD of 0.5 (H. Li et al., 2022).To deter-
mine Fe*" reduction, ferrozine reagent (1 mL/25
mL of the sample) was added immediately before
analyzing in the spectrophotometer. Subsequent-
ly, the sample was incubated for 5 minutes, with
a positive result indicated by the emergence of a
magenta color. The OD value of Fe?* was meas-
ured at a wavelength of 562 nm (Ghorbanzadeh
et al., 2014) and the OD value of bacteria was
assessed at 600 nm using UV-visible spectropho-
tometry. These measurements were taken at 12
and 24 hours, respectively. The reduction test was
conducted in an Erlenmeyer flask, covered with
dark plastic and incubated using a shaker incuba-
tor at 30 °C.
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Whole genome sequencing of bacterial
Fe reduction

Bacterial genome isolation was performed
by taking 5 ml of bacterial culture and centrifug-
ing it in a 1.5 ml tube to obtain a bacterial pellet.
Genomic DNA was extracted using the ZymoBI-
OMICS™ DNA Miniprep Kit, and the quality and
concentration were assessed using NanoDrop.
Genome bacteria was sequenced using a nanop-
ore sequencing. Briefly, the long-read library was
prepared using a Ligation Sequencing gDNA-Na-
tive Barcoding Kit 24 V14 (SQK-NBD114,24)
(Oxford Nanopore Technologies, Oxford, UK)
and sequenced on Promethion P24, 10.4.1 flow
cell (Oxford Nanopore Technologies, Oxford,
UK). Base calling, quality control, and adapter
trimming were performed using Dorado basecall-
er model dna r10.4.1 e8.2 400bps_sup@v4.3.0
(Oxford Nanopore Technologies, Oxford, UK).

Bioinformatic analyses were performed on
the assembled genome to assess functional anno-
tation, taxonomic classification, and secondary
metabolite biosynthetic potential. Genome statis-
tics, coding sequence predictions, and subsystem
classifications were obtained via the Bacterial
and Viral Bioinformatics Resource Center (BV-
BRC) (https://www.bv-brc.org/app/Annotation).
Functional gene annotation was conducted us-
ing BLAST Koala (KEGG Automatic Annota-
tion Server) (https://www.kegg.jp/blastkoala/).
Whole-genome-based phylogenetic analysis was
carried out using the Type (Strain) Genome Serv-
er (TYGS) (https://tygs.dsmz.de/) to determine
taxonomic placement and evolutionary relation-
ships. Furthermore, biosynthetic gene clusters
(BGCs) related to secondary metabolite produc-
tion were predicted using AntiSMASH (https://
antismash.secondarymetabolites.org/).

RESULT AND DISCUSSION

Isolation of potential Fe-reducing bacteria
from Red Mud

The main objective of this study was to iso-
late bacteria from red mud waste that can po-
tentially reduce Fe metal. A total of 16 isolates
isolated from red mud were able to grow on
FAS iron-enriched MHA media with a pH of
10. Bacterial differences were obtained based on
colony morphology observed from shape, eleva-
tion, margin, surface, and color. The isolation of
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Fe-reducing bacteria in this study involved using
red mud waste samples from aluminum process-
ing, which exhibited a pH range of 10-11. pH
measurements served as a reference for formulat-
ing bacterial growth media. It is well-established
that bacterial growth can be influenced by vari-
ous factors, including biotic factors such as the
organisms in an ecosystem and abiotic factors
such as pH, temperature, and salinity The 16
isolates obtained were then screened using rep-
PCR. Rep-PCR is used to compare genetic kin-
ship in bacterial isolates by looking at the band
pattern formed on the electrophoresis gel as a
result of amplifying noncoding regions between
repetitive elements (Spinler et al., 2022). Rep-
PCR was performed using BOX AIR primers
to see kinship and confirm differences between
isolates. The BOX-PCR method is a molecular
fingerprinting method useful for grouping bacte-
ria with similar genetic kinship (Poonchareon et
al., 2019). In the BOX element, there is a repeti-
tive element consisting of a combination of three
subunit sequences including BOXA, BOXB and
BOXC which have a length of 59, 45 and 50 nu-
cleotides respectively (Bilung et al., 2018).

The results of rep-PCR visualization in the
form of bands from the 16 bacterial isolates can
be seen in Figure 1. These results show that each
bacterial isolate has a different band pattern from
each other, so it is known that the bacterial iso-
lates obtained previously based on differences in
colony morphology have differences from each
other. The bands formed by electrophoresis were
then further analyzed using PyElph 1.4 software.
The software determines the band’s position
formed from the rep-PCR results and creates a
dendrogram (Nikoli¢ et al., 2018). The results
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of band analysis using PyEIph 1.4 software were
carried out for bacterial grouping using the un-
weighted pair group method and arithmetic mean
(UPGMA) method in the software to determine
the relationship between isolates in the form of a
dendrogram (Figure 1b.). Based on the analysis
dendrogram analysis in Figure 1b. with a simi-
larity value of 40% imaginary lines are made to
touch the dendrogram lines of all isolates. These
results indicate that the isolates obtained are dif-
ferent, with a similarity value of 40%.

Screening Fe-reducing bacteria

Bacterial isolates were tested using MHA me-
dia with 50 mg/L Fe,O, iron concentration as a
substrate to be reduced by bacteria. 16 bacterial
isolates that were able to grow on MHA media
containing Fe O, (50 mg/L) were screened to ob-
tain potential bacteria capable of reducing Fe O,
The test uses a ferrozine indicator by adding a few
drops around the bacterial colonies that grow on
the media. Positive results of the reduction test
are characterized by a change in color to magen-
ta (purple) in the media and around the growing
bacterial colonies as in Figure 2. The color change
that occurs around bacterial colonies and media
when ferrozine is added indicates a reduction pro-
cess carried out by bacteria. Ferrozine reagent will
form a complex bond with divalent iron character-
ized by a magenta (purple) color produced by the
reaction (Mandal & Sen, 2018; Smith et al., 2021).
Seven of the sixteen bacterial isolates that have
been tested can reduce Fe,O, (Figure 2). In the
environment, bacteria have different physiolog-
ical mechanisms. Some bacteria can utilize sub-
strates in the environment to carry out metabolic

200
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;
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Figure 1. (a) Rep-PCR analysis revealed distinct band patterns among the sixteenth bacterial isolates obtained
from red mud, indicating species-level differences between each isolate, (b) the bands formed by electrophoresis
were then further analyzed using PyElph 1.4 software
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Figure 2. Potential bacterial isolates demonstrating Fe O, reduction are identified by a distinct color change to
purple upon the addition of ferrozine (indicated by arrows) in the isolated codes: As 1 (A); As 3 (B); As 6 (C);
As 8 (D); Ai 3 (E); Ai 7 (F); Ai 8 (G). This color shift is attributed to the presence of Fe** reduction products
interacting with ferrozine in the media

activities and produce metabolites (Dong et al.,
2023). In the red mud waste environment, there
are various chemicals and metals including SiO,,
AlLO, Fe,0, MgO, CaO, K 0, SO,, Na,0, and
TiO, (Kang & Kim, 2023) This content will affect
the metabolism of bacteria that grow.

The results of bacterial isolation from red
mud contained bacteria that can reduce Fe met-
al. Some genera of bacteria can reduce include
Thiobacillus, Anaeromyxobacter, Geobacter and
Geobacillus (Yao et al., 2023). In addition, some
bacteria can produce redox reactions both directly
and indirectly, such as the species Acidithiobacil-
lus ferroxidans (At.f.) and Thiobacillus thiooxi-
dans (T.f.) (Dong et al., 2023). Other bacteria that
are capable of reducing Fe (III) metal includesS#-
ewanella sp, Albidoferax ferrireducens, and Geo-
thrix fermentans (Kappler et al., 2021). Potential
bacterial isolates that can be reduced are then test-
ed using MHB liquid media that has been added
with Fe O, iron (50 mg/L).

Assessment of bacterial Fe reduction
potential

Potential bacterial isolates that can be reduced
are then tested using MHB liquid media that has
been added with Fe,O, iron (50 mg/L). Testing
using liquid media to determine the concentra-
tion of Fe*" resulting from the reduction process.
Fe?* concentration was obtained from the OD

24

measurement using a spectrophotometer. Mea-
surements were made using a ferrozine reagent
indicator. Tests using ferrozine have been widely
carried out to determine the presence of iron ions
from various samples such as minerals and biol-
ogy (Smith et al., 2021). Ferrozine will react with
divalent iron in the sample to form a magenta-
colored complex bond that is soluble in water, the
color complex is measured using a wavelength
of 562 to determine the OD value of Fe** formed
(Balamurugan et al., 2019).

In addition to measuring the OD of Fe*, the
OD of bacteria was measured, this is to determine
the relationship between bacterial growth and the
Fe** reduction process. The resulting data shows
the relationship between bacterial growth and
the Fe** reduction process, the higher the OD of
bacteria is directly proportional to the higher OD
value of Fe*" obtained (Figure 3). This can occur
due to the reduction process carried out by all test
bacterial isolates as a catalytic agent. All bacteria
are able to grow and develop in media contain-
ing Fe O,, confirmed by the increase in OD that
has been measured at hours 0, 12 and 24 (Figure
3). Reduction activity in all isolates can be due to
all bacteria having reductase enzymes. It has been
widely known that bacterial species have iron
reductase enzyme activity from proteins in the
cytoplasmic membrane (Cain and Smith, 2021).
Based on the data presented in Figure 3, the high-
est activity of Fe** reduction to Fe*" was observed
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Figure 3. The Fe** reduction activity to Fe** of potential bacteria was assessed through measurement of A.
OD of bacteria (600 nm) and B. OD Fe?” (562 nm). The graph demonstrates an increase
in both bacterial growth and Fe** concentration

in isolate Ai 3. This activity is likely influenced
by the bacterium’s ability to produce secondary
metabolites that act as metal-chelating agents
from the surrounding environment. In addition,
specific genes involved in the reduction process
may also play a significant role. To confirm the
relationship between the genetic potential and the
metabolites produced, whole genome sequencing
(WGS) analysis was performed on isolate Ai 3.

Bacterial characterization and identification

Colony morphology characteristics are often
used to complement conventional microbial iden-
tification data to determine the diversity between
bacterial strains (Sousa et al., 2013). Based on Ta-
ble 1, it shows that the bacterial isolates taken have
differences in colony morphological characteristics
both in shape, elevation, margin, colony surface
and color. The difference in these characteristics

indicates that the 7 isolates of potential Fe-reduc-
ing bacteria obtained from the isolation and purifi-
cation results are of different types.

The results of bacterial isolation were con-
firmed through cell morphology and molecu-
lar characteristics to determine that the isolates
taken differed. In addition to observing colony
morphology, cell observations were made in the
form of gram staining and endospore staining.
Gram and endospore staining are very important
because it is done to determine the characteristics
of bacteria and make it easier to know the shape
of bacterial cells during observation under a mi-
croscope. Gram staining is a common technique
in distinguishing types of bacteria based on their
cell walls. Gram-negative (—) bacteria are char-
acterized by pink cells while gram-positive (+)
are characterized by purple. The results of ob-
servations made by the seven bacterial isolates
capable of reducing Fe showed purple and pink

Table 1. Observation of cell morphology, chemical tests and bacterial motility

Cell Morphology
No. Isolate code Catalase Motility
Shape Gram Endospore
1 As 1 Coccus + - + i}
As 3 Coccus + - + -
Bacillus
3 As6 (Streptobacillus) * * * *
Bacillus
4 As8 (Streptobacillus) * * * *
. Bacillus
° A3 (Streptobacillus) * * * *+
6 Ai7 Bacillus - - + +
7 Ai 8 Bacillus + - + +
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colors (Figure 4). The purple color produced from
crystal violet contains large molecules that cannot
penetrate into the peptidoglycan layer of the posi-
tive bacterial cell wall, thus producing a purple
color (Vigneshwaran et al., 2020).

Gram-positive bacteria obtained from red
mud waste are related to the survival mechanism
of these bacteria, both physically and chemi-
cally. The cell wall of gram-positive bacteria has
a dense wall structure so that the bacteria can
survive the pressure of the external environment
(Cheng et al., 2023). The cell wall structure of
gram-positive bacteria has peptidoglycan with a
thickness of about 20-80 nm (Vigneshwaran et
al., 2020). Red mud waste is an extreme envi-
ronment, has high alkalinity and contains sev-
eral metals such as SiO,, CaO, Al O, and Fe O,
(L1 et al., 2023), therefore the growing bacteria
have their mechanism for survival. Gram-posi-
tive bacteria have the ability to take iron sources

through membrane-anchored binding proteins
and are transported intracellularly through ATP-
binding cassettes on the membrane (Liu et al.,
2023). Gram-positive bacteria that are known to
be able to reduce Fe are B. cereus and S. aureus
(Jing et al., 2022).The adaptation mechanism of
gram-negative bacteria is the presence of bacte-
rial membrane proteins consisting of membrane
fusion protein (MFP) and outer membrane fac-
tor protein (OMF) which function to transport
heavy metals, proteins, and other compounds
from the cytoplasmic membrane and cellular
accumulation in the environment (Mathivanan
et al., 2021). Previous research has known that
gram-negative bacteria strain Pseudomonas sp.
B50D has the ability to remove mercury metal
(Giovanella et al., 2017).

Endospore staining uses malachite green and
safranin dyes. Through the heating process, mala-
chite green dye will penetrate into the endospore

Figure 4. Results of gram staining of Fe metal reduction potential bacterial cells, gram negative bacteria such as
isolate code As 1 (A); As 3 (B); As 6 (C); As 8 (D); Ai 3 (E); Ai 8 (G) and negative bacteria isolate code Ai 7 (F)
with 100x magnification. Bar: 5 um
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which gives a green color to the bacterial spores,
while safranin gives a red color to the bacterial
vegetative cells. The seven potential bacterial
isolates with Fe metal reduction potential include
three isolates with endospores, including As 6, As
8, and Ai 3. (Figure 5 and Table 1). The presence
of endospores in bacteria is a form of bacterial
adaptation in unfavorable conditions and will
develop when environmental conditions return
to normal or favorable (Awasti & Anand, 2022).
Bacterial endospores can withstand high temper-
atures, UV radiation, drought, and chemical or
enzymatic treatments. This defense mechanism is
related to the condition of red mud waste which
has a fairly high pH, which is around 10-11,
besides that, there are still many metal contents
present in the waste.

The results of biochemical activity tests on all
potential bacterial isolates that reduce Fe metal
is able to produce catalase enzyme. Positive re-
sults of the catalase test are characterized by the
presence of bubbles when the bacterial isolate is
tested with H,O, (hydrogen peroxide) (Figure 6).
According to Man et al., (2022), catalase is an en-
zyme capable of decomposing hydrogen peroxide
(H,0,) as a specific substrate into oxygen (O,) and
water (H,0). The role of the catalase enzyme in
bacteria is used as a form of self-defense in the
face of oxidative stress. This mechanism is related
to the origin of bacteria being isolated from red
mud waste which has high metal content. Metal
toxicity can affect metabolic conditions in bacte-
ria that can stimulate the formation of ROS and
inactivate enzymes (Sazykin and Sazykina, 2023).

Motility tests were carried out on all isolates
of potential Fe-reducing bacteria. This is to deter-
mine whether there is mobility carried out by the
bacteria. This is needed to determine other char-
acteristics of bacteria in understanding chemotax-
is, biofilm formation and virulence (Casado-Gar-
cia et al., 2021). The motility test uses semi-solid

media. Positive motile tests are characterized by
the spread of bacteria on semi-solid media after
incubation, while negative motility bacteria only
grow on the former ose needle puncture. Bacte-
ria can move by using their means of movement
such as flagellum by rotating them, therefore the
bacteria are able to shift in media with lower agar
content (Casado-Garcia et al., 2021). The motility
test shows that of the seven isolates, there are two
isolates with negative motility, namely isolates
As 1 and As 3 (Table 1).

Molecular characteristics are used to identi-
fy bacterial isolates capable of reducing Fe metal
using the 16S rRNA gene from selected isolates
namely As 1, As 3, As 6, As 8, Ai 3, Ai 7 and Ai
8. Bacterial DNA is used as a template in the am-
plification process with PCR. The amplification
process uses universal primers namely 27F and
1492R. The use of the 16S rRNA gene in this
identification is because the gene is found in all
bacteria and is a common target for identifica-
tion (El-Liethy et al., 2023). The gene is highly
conserved which consists of nine hypervariable
domains separated by fragments (Rossi-Tamisi-
er etal., 2015). The use of 16S sequences to dis-
tinguish strains based on polymorphisms in the
gene (Johnson et al., 2019). The 16S rRNA PCR
results that have been carried out on the seven
bacterial DNA samples capable of reducing Fe
metal show the results of the amplicons size of
1,500 bp (Figure 7). These results show that the
target gene for bacterial identification has met
the requirements. According to Algarni, (2022)
amplification using universal primers will pro-
duce an amplicon size of about 1,500 bp. The se-
quence analysis process uses Nucleotide BLAST
on the website www.ncbi.nih.gov to determine
the similarity of isolate nucleotide sequences
with other bacteria in the GenBank database.
The results of the Nucleotide BLAST analysis
are description, scientific name, max score, total

'4!"0

Flgure 5. Observation of bacterial cell endospores on isolate codes As 6(A); As 8(B); Ai 3(C) with 100x
magnification. Detection of dark green endospores (red arrow) Bar: 5 pm
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Figure 6. Catalase test results on isolates As 1 (A); As 3 (B); As 6 (C); As 8 (D); Ai 3 (E); Ai 7 (F); Ai 8 (G).
Positive results of the catalase test are characterized by the presence of bubbles when the bacterial isolate is
dripped with H,O,

Figure 7. 16S rRNA gene amplification results using primers 27F and 1492R.
M (Marker 100 bp-3,000 bp)
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score, percentage of query coverage, E-value,
percentage identity, and accession number.

The results for the strains most similar to the
isolate are presented in Table 2. These findings
are based on sequence analysis using BLAST.
Isolate similarity is assessed using the query cov-
erage and percentage identity values. Accord-
ing to Newell et al. (2013), query coverage re-
fers to the percentage of the nucleotide sequence
that aligns with database sequences during the
BLAST process. A higher query coverage gener-
ally results in a lower E-value. Percentage identity
values greater than 95% typically indicate genus-
level similarity, while values above 97% suggest
species-level similarity (Johnson et al., 2019). Iso-
late AS 1 is identified as Kytococcus sedentarius,
a Gram-positive coccus (Sims et al., 2009). It does
not form endospores, is catalase-positive, and is
non-motile (Lim et al., 2021). Previous studies
have shown that Kytococcus sedentarius can pro-
duce keratinase enzymes (Kee et al., 2021; Kot-
nala et al., 2022) and degrade diphenylarsinic acid
compounds (Nakamiya et al., 2007). Isolates AS 6
and AS 8, based on BLAST results are identified
as Halalkalibacterium halodurans (Table 2). This
species is a homotypic synonym of Bacillus halo-
durans, as recognized by the International Code
of Nomenclature of Prokaryotes (ICNP). A ho-
motypic synonym refers to different names for the
same type strain (Madhaiyan et al., 2020). Bacil-
lus halodurans is a Gram-positive bacterium, typi-
cally forms irregularly shaped white colonies, and
is catalase-positive (Kunal et al., 2016). Research
has shown that this species can reduce alkalinity
and heavy metal concentrations (Kaur et al., 2022).

Isolate Ai 7 corresponds to Stutzerimonas
stutzeri, a homotypic synonym of Pseudomonas
stutzeri, also recognized by the ICNP. Pseudomo-
nas stutzeri has been reported to reduce hexava-
lent chromium (Sathishkumar et al., 2017). Iso-
late Ai 8 is identified as Cytobacillus firmus,

Table 2. Results of homologous species

which has a synonymous name, Bacillus firmus
(Dong et al., 2023). Previous observations have
shown that this bacterium is Gram-positive, cat-
alase-positive, and motile. It forms colonies with
rhizoid edges and raised elevations, similar to
the characteristics described by Rao and Narasu
(2007). Bacillus firmus is known for its ability to
reduce chromium (Sau et al., 2010). Isolate AS
3 shows genetic relatedness to Staphylococcus
arlettae ATCC 43957, with a percentage identity
of only 85.93%. Species are considered to be in
the same family when the percentage identity ex-
ceeds 86.5% (Hitch etal., 2021), in the same order
when > 82.0%, in the same class when > 78.5%,
and in the same phylum when > 75.0% (Yuan et
al., 2021). Therefore, isolate AS 3 belongs to the
same order as Staphylococcus arlettae, namely
Caryophanales. Prior research has shown that S.
arlettae can reduce chromium (Sagar et al., 2012).
Isolate Ai 3, based on sequence analysis, shows
similarity to Bacillus paramycoides strain MCCC
1A04098, with a percentage identity of 84.09%.
This value suggests that isolate Al 3 shares simi-
larity at the order level with B. paramycoides,
which also belongs to the order Caryophanales.

Whole genome sequencing analysis
of bacterial isolate Ai 3

Isolate Ai 3 was analyzed using WGS to iden-
tify genes associated with bacterial-metal interac-
tions in the environment, including genes respon-
sible for metal reduction. Additionally, the analysis
aimed to uncover secondary metabolites involved
in metal utilization processes. The Comprehen-
sive Genome Analysis service provided a fully as-
sembled genome, with annotated features summa-
rized in Table 3 and Figure 8. The results revealed
that the genome of isolate Ai 3 has a total length of
5,513,510 base pairs (bp), consisting of four con-
tigs. The largest contig, which accounts for half of

No Isolate Homologous Species Sg\?g Per. Ident E value | Accession number
1 As 1 Kytococcus sedentarius DSM 20547 100% 97.99% 0.0 NR_074714.2

2 As 6 Halalkalibacterium halodurans DSM 497 100% 98.14% 0.0 NR_025446.1

3 As 8 Halalkalibacterium halodurans DSM 497 100% 97.94% 0.0 NR_025446.1

4 Ai 7 Stutzerimonas stutzeri CCUG 11256 100% 98.26% 0.0 NR_118798.1

5 Ai 8 Cytobacillus firmus NBRC 15306 97% 98.07% 0.0 NR_112635.1

6 As 3 Staphylococcus arlettae ATCC 43957 97% 85.93% 0.0 NR_024664.1

7 Ai3 Bacillus paramycoides MCCC 1A04098 100% 84.09% 0.0 NR_157734.1
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Table 3. Genome assembly and annotation of Bacillus
paranthracis (Isolate Ai 3)

Genome statistics
Contigs 4
Genome length 5515310
GC content 35.471733
Contig L50 1
Contig N50 5174835
Annotation statistics
tRNA 115
rRNA 45
CDS 5645
CDS ratio 1.0235145
Hypothetical CDS 1318
Hypothetical CDS ratio 0.38441098
PLFAM CDS 5486
PLFAM CDS ratio 0.97183347
Genome quality
Coarse consistency 99.7
Fine consistency 98.5
CheckM completeness 100
Genome quality Good

the total genome, had an N50 value of 5,174,835
bp (Table 3). A phylogenetic tree was also con-
structed to determine the taxonomic placement of
the isolate. Using the Type (Strain) Genome Serv-
er (TYGS), phylogenetic analysis showed that iso-
late Ai 3 is closely related to Bacillus paranthracis

MCCC 1A00395, with strong bootstrap support of
93. A bootstrap value > 90 indicates a highly reli-
able and strongly supported phylogenetic relation-
ship (Aman et al., 2025).

Color coding in the TYGS phylogenetic out-
put reflects differences in genome size, number of
proteins, and species/subspecies clusters. Isolate
Ai 3 shares the same color as Bacillus paranthra-
cis MCCC 1A00395, confirming that both be-
long to the same phylogenetic cluster (Figure 9).
Therefore, it can be concluded that isolate Ai 3 is
Bacillus paranthracis. These results differ from
the initial 16S rRNA analysis, where isolate Al 3
showed only 84.09% identity, a value insufficient
for species-level identification. As such, WGS
data is essential for confirming species identity, as
it provides comprehensive genomic information,
including more accurate insights into phylogenet-
ics and taxonomy (Kislichkina et al., 2024).

AntiSMASH analysis of the Bacillus paran-
thracis genome was performed to predict sec-
ondary metabolites potentially involved in metal
utilization in environmental contexts. As shown
in Table 4, the analysis identified several biosyn-
thetic gene clusters (BGCs) responsible for pro-
ducing secondary metabolites. Notably, one of
the predicted clusters encodes a Non-Ribosomal
Peptide (NRP) metallophore, which shares 85%
similarity with the known compound Bacil-
libactin, according to the antiSMASH data-
base. NRP-type metallophores are synthesized

Q Position Label (Mbp)
[——- Contigs/Chromosomes
Ci CDS - FWD
E. CDS - REV
Non-CDS Features
Eh AMR Genes
E\C] VF Genes
L_- Transporters
Q Drug Targets
Q GC Content
Q GC Skew

Figure 8. A circular graphical display of the distribution of the genome annotations for Bacillus paranthracis
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Isolat Ai 3 [ iR
Bacillus paranthracis MCCC 1400395 I N
- Bacillus anthracis ATCC 14578 LN
Bacillus pacifics MccC 1406132 [l W | /[0
- Bacillus basilensis 403507-21 [ i [}
Bacillus dicomae MHSD28T [ ] 1NN
Bacillus fangorum 17-SMS-01 HE
Bacillus tropicus N24 mE
Streptomyces microflavus JCM 4496 B EEER
Bacillus luti MCCC 1400359 BE 1l
Bacillus albus N35-10-2 B E [ HI
Bacillus mobilis MCCC 1405942 IR N
Bacillus wiedmannii FSL W8-0169 CICInl
Bacillus paramycoides NH24A2 CICInN

Figure 9. Result of phylogenetic tree construction from isolate Ai 3 genome using Type (Strain) Genome Server.
The results showed that the isolate is a Bacillus paranthracis

Table 4. List of the putative gene clusters encoding for secondary metabolites by antiSMASH analysis in Bacillus

paranthracis genome

Region Type From To Most similar known cluster Similarity
Region 1.1 Arylpolyene,NRPS 240,512 302,062 - - -

. . . " - RiPP: o
Region 2.1 Lanthipeptide-class-ii 204,158 227,316 Cerecidin Lanthipeptide 94%
Region 2.2 LAP 1,835,493 1,858,999 - - -

. NRP-metallophore, - ) o
Region 2.3 NRPS 2,804,461 2,856,187 Bacillibactin NRP 85%
Region 2.4 Betalactone 2,954,271 2,979,509 Fengycin NRP 40%
Region 2.5 RiPP-like 3,079,828 3,090,094 - - -
Region 2.6 Terpene 3,842,380 | 3864242 | Molybdenum Other 17%

cofactor
Region 2.7 Lassopeptide 3,988,821 4,012,745 Paeninodin RiPP 100%
Region 2.8 RiPP-like 4,916,548 4,928,764 - - -

independently of ribosomes and play a critical
role in metal binding. These compounds are se-
creted by microorganisms to chelate specific met-
als from the environment, enhancing their avail-
ability for biological processes (Luo et al., 2024).
Additionally, metallophore production serves as
a resistance mechanism in metal-rich environ-
ments (Gomes et al., 2024). Given that Bacillus
paranthracis was isolated from red mud waste, a
metal-rich industrial byproduct, the presence of

these genes supports the bacterium’s adaptation
to such environments through metallophore-me-
diated chelation.

According to antiSMASH genome analysis,
the gene cluster encoding the NRP-metallophore
is located at positions 2,804,461 to 2,856,187 nt,
spanning 51,727 nucleotides (Figure 10). This
cluster shows 100% similarity with the NRP-
metallophore gene cluster from Bacillus cereus
strain 7/27/S131 and 95% similarity with other
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I Region 3 - NRP-metallophore NRPS : Location: 2,804,461 - 2,856,187 nt. (total: 51,727 nt)
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Core structure of the predicted compounds

Query sequence
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NZ_LABW01000007 (121809-173536): Bacillus cereus strain 7/27/S 131, whole gen... (100% of genes show similarity), NRF
DO IEHDED D B S— V] GGRIGEE g dbsmeg g

NZ_CP065149 (2186218-2237945): Bacillus paranthracis strain Gxun-30 chromosom... (95% of genes show similarity), NRP
DD EJG@HDED ¢ H I DEREPIIIIIIIIIIIE - O oD D D ED D

NZ_JAJERW010000001 (147516-199243): Bacillus paranthracis strain IZSPB BC550A... (95% of genes show similarity), NRP
CEDDEJ@HDEED I DEEDIIhE - DD o PE D

Query sequence

COCOOAaN OO O piDEIE O CO-CI-mdIo 0 OO0

BGC0000309: bacillibactin (85% of genes show similarity), NRP
(4 B0,

BGC0002695: bacillibactin/bacillibactin E/bacillibactin F (60% of genes show similarity), NRP
B BB, o, S—

BGC0001185: bacillibactin (100% of genes show similarity), NRP:NRP siderophore
[ (B ——

Figure 10. Gene cluster of metallophore compound in Bacillus paranthracis. The most similar gene cluster from
different bacteria are shown, along with the similarity with known homologous gene clusters involved in the
biosynthesis of different metallophore, the related genes are drawn in the same color. The detailed structure of
the predicted compound is also displayed (Image produced on antiSMASH)

strains of Bacillus paranthracis. Furthermore, the
cluster displays varying degrees of similarity with
homologous clusters documented in the MIBiG
(Minimum Information about a Biosynthetic
Gene cluster) database: BGC0000309: Bacilli-
bactin — 85% gene similarity, suggesting strong
potential for bacillibactin biosynthesis, albeit with
minor variations. BGC0002695: Bacillibactin-
related compounds — 60% similarity, indicating
lower resemblance and potential structural dif-
ferences. BGC0001185: Bacillibactin — 100% ge-
netic similarity, confirming perfect identity with a
known NRP siderophore cluster. This final cluster
strongly suggests that the query genome is ca-
pable of producing bacillibactin, a non-ribosomal
siderophore involved in iron chelation (Reitz and
Medema, 2022). Thus, the antiSMASH results not
only validate the isolate’s metal-binding potential
but also reinforce its environmental adaptability
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via secondary metabolite production. The pres-
ence of metal-chelating compounds facilitates the
uptake of metals from the environment, enabling
bacteria to carry out various biological processes,
including metal reduction. This reduction can
occur through direct or indirect mechanisms. In
the direct process, bacteria transfer electrons di-
rectly to metal ions such as Fe** through surface-
associated proteins or extracellular structures like
cytochrome c. Based on BV-BRC analysis, Ba-
cillus paranthracis was found to possess genes
encoding cytochrome c, including menaquinone-
cytochrome c iron-sulfur reductase. This enzyme
functions as an intermediary, transferring elec-
trons from menaquinol to cytochrome c, which
subsequently facilitates the reduction of Fe** to
Fe?". In addition to cytochrome c, genes encoding
flavin-containing proteins were also identified,
such as NADH:flavin oxidoreductase, NADH
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oxidase family proteins, and flavin reductase
(EC 1.5.1.30). These flavin-dependent enzymes
play a crucial role in Fe** reduction by transfer-
ring electrons via reduced flavin cofactors, such
as FMNH: and FADH-, thus contributing to the
transformation of Fe*" to Fe*".

The metallophore produced by Bacillus
paranthracis is predicted—based on antiSMASH
analysis—to be structurally and functionally re-
lated to bacillibactin. To further investigate this,
the Bacillus paranthracis genome was analyzed
using BlastKoala (BLASTP Koala) for functional
annotation of proteins. Mapping these proteins to
metabolic pathways using KEGG (Kyoto Ency-
clopedia of Genes and Genomes) revealed several
enzymes and genes involved in bacillibactin bi-
osynthesis, including [EC: 5.4.4.2], [EC: 3.3.2.1
/ 6.3.2.14], [EC: 1.3.1.28], DhbF, DhbE, and
DhbB. The biosynthetic pathway for bacillibactin
is illustrated in Figure 11.

Bacillibactin is a secondary metabolite secret-
ed by various Bacillus species to facilitate iron
(Fe*") acquisition under iron-limited conditions
(Chakraborty et al., 2022). The presence of bacil-
libactin biosynthetic genes in Bacillus paranthra-
cis supports its ability to chelate essential metals
from the environment, enabling survival and met-
abolic function in metal-stressed environments.
In addition to siderophore production, Bacillus
paranthracis possesses genes for ATP-Bind-
ing Cassette (ABC) transporters, which assist in
the active transport of metal ions across the cell
membrane. ABC transporters serve dual roles

Chorismate

EC5442

Isochorismate

2,3-Dihydro-
2,3-dihydroxybenzoat

2,3-dihydroxybenzoat

Bacillib actip

as importers and exporters (Akhtar and Turn-
er, 2022). Beyond metal ion transport, they are
also involved in the uptake of vital nutrients such
as sugars, peptides, and amino acids (Zeng and
Charkowski, 2021). In this study, the genome of
Bacillus paranthracis was further examined us-
ing BlastKoala to identify ABC transporter genes
associated with metal transport. The results of
this analysis are presented in Table 5.

Based on KEGG database analysis, further in-
vestigation was conducted on the metal transport
processes in Bacillus paranthracis, specifically
focusing on ABC transporter-mediated trans-
membrane transport. As shown in Table 5, Bacil-
lus paranthracis possesses several genes encoding
proteins responsible for the uptake of metal ions
from the environment. These include: Fe**-Afu
substrate-binding protein (ABC system), Fe*'-
dicitrate transport system substrate-binding pro-
tein Fec (BCDE), Fe**-hydroxamate iron complex
transporter Fhu (BCD), Fe*" Tro substrate-bind-
ing protein (ABCD), Manganese transport sys-
tem substrate-binding protein Mnt (ABC), Zinc
transporter Znu (ABC), Nickel transport system
protein Nik (ABCDE). These transport systems
collectively contribute to the bacterium’s ability
to acquire essential metal ions, particularly iron,
from its environment. Among them, Afu (ABC),
Fec (BCDE), and Fhu (BCD) are key systems
for Fe*" uptake, playing critical roles in bacte-
rial iron acquisition. Additionally, the FeuABC
transporter gene, responsible for transporting Fe-
bacillibactin — a siderophore complex — is present

Figure 11. Biosynthesis of bacillibactin from the Bacillus paranthracis genome. The results were analyzed using
BlastKOALA. salicylate biosynthesis isochorismate synthase [EC: 5.4.4.2], bifunctional isochorismate lyase/aryl
carrier protein [EC: 3.3.2.1 6.3.2.14], 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase [EC: 1. 3.1.28], DhbF
is glycine--[glycyl carrier protein]ligase, DhbE is 2,3-dihydroxybenzoate--[aryl carrier protein]ligase, and DhbB
is bifunctional isochorismate carrier protein/aryl carrier protein
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Table 5. ABC gene metal transpoter in Bacillus
paranthracis

Substrate ABC transporter

Fe®* AfuA, AfuB, AfuC

Fe**-dicitrate FecB, FecC, FecD, FecE

Fe3*-hydroxamet FhuD,FhuB, FhuC

Fe? TroA,TroC, TroD, TroB
Manganase MntC, MntB, MntA

Zinc ZnuA, ZnuB, ZnuC

Nickel NikA,NikB, NikC, NikD, Nik E

Fe**-bacillibactin FeuA, FeuB, FeuC

in the genome. This complex has been shown
to enhance growth in Bacillus subtilis (Delepe-
laire, 2019), indicating a similar role in Bacillus
paranthracis.

However, the presence of excess metal ions
can induce oxidative stress, leading to cellular
damage. To mitigate this, bacteria have devel-
oped defense mechanisms, including the MnSOD
(Manganese Superoxide Dismutase) and catalase
genes, both of which were identified in the Ba-
cillus paranthracis genome. MnSOD catalyzes
the dismutation of superoxide radicals (O2") into
hydrogen peroxide (H-0:) (Gaidamakova et al.,
2022), which is subsequently broken down by
catalase into water and oxygen (Liu et al., 2025).
This antioxidant defense system was supported
by experimental evidence: a positive catalase test
confirmed the enzymatic activity of catalase in
Bacillus paranthracis (Figure 6), further validat-
ing the presence and functionality of these genes.

CONCLUSIONS

Based on the research conducted, it can be
concluded that bacteria capable of reducing iron
(Fe) were successfully isolated from red mud
waste. The bacterial isolates identified with met-
al-reducing capabilities include Kytococcus sed-
entarius (As 1), Staphylococcus arlettae (As 3),
Halalkalibacterium halodurans strains (As 6 and
As 8), Bacillus paranthracis (Ai 3), Stutzerimo-
nas stutzeri (Ai 7), and Cytobacillus firmus (Ai
8). Among them, Bacillus paranthracis (Ai 3)
had the highest reduction activity and based on
WGS analysis was confirmed to have genes and
compounds that are potentially involved in the
iron reduction process. These findings highlight
the promising potential of these bacterial isolates
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as bioremediation agents for addressing environ-
mental pollution, particularly in metal-contami-
nated areas.
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