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Abstract

Microorganisms exhibit a complex relationship with heavy metals. While some of these metals are
essential for microbial growth and function, others can be detrimental at elevated concentrations,
inhibiting or even killing the organisms. In this study, free living diazotrophic bacteria were isolated
from contaminated sites. The bacteria were investigated to resist different concentrations of Zn (ll);
5-60 mg/L. The results revealed that the bacterial isolate was identified as Bacillus subtilis AUMC-B492
based on 16S rRNA gene sequencing. The bacteria were diazotrophic in nutrition and can fix atmospheric
nitrogen for growth and replication in nitrogen free media. B. subtilis AUMC-B492 removed 30% of
Zn (1) when initial concentration was 5 mg/L within 48 h in nitrogen free media. It could tolerate up
to 100 mg/L of Zn (Il) within 24 h. Therefore, strain AUMC-B492 could be used as a promising tool for
bioremediation of heavy metals as well as holding potential for agricultural applications.
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INTRODUCTION

Heavy metals, characterized by their high
density, atomic weight, or atomic number, pose a
threat to most living things because even small
amounts can be toxic. Unlike many pollutants,
heavy metals don't break down or disappear over
time, making them a persistent problem in the
environment.? Heavy metal pollution negatively
affects both terrestrial and aquatic ecosystems.>*
These pollutants can come from natural sources
like rocks or mineral deposits, but human activities
are also major culprits. This includes practices like
farming, metalworking, energy generation, mining,
and improper waste disposal.*

Some metals, like manganese, copper,
iron, magnesium, and even zinc, are vital for living
cells at low doses.® They act like tiny partners,
helping essential enzymes function properly.
However, these same metals turn into toxins at
high concentrations.® These heavy metals overload
disrupt cellular functions in various ways. It can
damage the cell's machinery (organelles), confuse
vital enzymes (altering enzyme specificity), and
tear apart the cell's protective barrier (disrupt cell
membranes). This chaos can even mess with cell
division, potentially leading to cancer or cell death
(apoptosis).”®

A budget-friendly approach to treating
heavy metal-laden wastewater involves using
biological processes like biosorption and
bioaccumulation.! These methods leverage
the natural abilities of living organisms to
capture and concentrate the metals.?? The way
heavy metals interact with microbes depends
on several factors, such as the specific metal,
the microbial species, and the surrounding
environment.” On the flip side, how the microbial
cell structure and metabolic activity can also
influence bioavailability, toxicity, and solubility of
the metals.®* Many microbial species may exist in
close contact with heavy metals because they have
multiple resistance mechanisms. These resistance
mechanisms against heavy metals, including:

1) Special transport systems in their membranes
can take up specific metals they can tolerate,*

2) Microbial cells can trap toxic metals using
special binding molecules, essentially locking
them away,*®

3) They have powerful efflux systems encoded

by their genes that literally throw toxic metals
back out of the cell,*®

4) And some microbes have enzymes that can
detoxify metal ions into less toxic forms.’

The certain nitrogen-fixing bacteria and
the substances they produce can help remove
heavy metals from the environment. For example,
a study showed that a polysaccharide released by
Azotobacter (extracellular polymer) could capture
copper, zinc, and iron at concentrations between
15.5 and 25 milligrams per liter.?®° Other research
has explored how live cells of Azotobacter,
along with Bacillus subtilis and Pseudomonas
aeruginosa, can absorb chromium.? Even better,
some nitrogen-fixing bacteria (diazotrophs) can
work together with plants to remove metals from
contaminated areas.?’ These metal-resistant
bacteria, like Bacillus subtilis and Burkholderia
sp., can help plants take up more heavy metals,
accelerating the clean-up process.?>*

On this base, the main objective of this
study is to isolate nitrogen fixing heavy metal
resistant bacteria from different locations in Assiut
governorate, Egypt.

MATERIALS AND METHODS

Sample collection
Three different samples were collected
from different areas in Assiut governorate, Egypt:

1. Agricultural soil sample from Bani Zaid
EL-Kurd near a water drain.

2. Sludge sample from sewage treatment station
in the Arab Al-Madabegh area.

3. Agricultural soil sample from Al-Assara village.
The soil and water samples were kept in
sterilized plastic bags and bottles at 4 °C until
use.

Physicochemical characterization of collected
samples
Determination of pH of soil and water sample

A soil sample was mixed with water to
create a 1:10 solution. This solution was shaken
and allowed to settle overnight before measuring
its pH. The extract was then filtered through
Whatman filter paper, and the filtrate was
centrifuged at 4000 rpm for 15-30 minutes. The
electrode of the pH meter was then immersed
directly in the supernatant.* Before measuring
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the soil pH, the pH meter must be calibrated using
standard buffer solutions of known pH values (pH
4, pH 7, and pH 10).

Determination of total dissolved salts (TDS%)
and electrical conductivity (EC) of the soil sample
Conductivity measurements can be
used to estimate the amount of dissolved solids
in water, assuming most of these solids are ions.
This relationship between ions and conductivity
was studied according to Smith and Doran.?

Determination of heavy metals in the soil samples

Concentrations of Fe, Cu and Zn in soil
samples were determined based on the method
described by Ghosh et al.?® Using an Atomic
Absorption Spectrophotometer (Spectra AA 240,
Agilent Technologies, USA) using air-acetylene
flame under the following operating conditions:
wavelength 324.7 nm for Cu and 232 nm for Ni; slit
width 0.5 nm for Cu and 0.2 nm for Ni. The lamp
current for each metal was adjusted at 4.0 mA.
Concentrations of heavy metals were determined
against the blank after calibration with standards
of known concentrations. Limit of detection (LOD)
of Fe, Cu and Zn was determined three times and
the mean standard deviation of absorbance of 10
replicates blank samples for each metal was found
0.01 mg L-1 for heavy metals.

Isolation of diazotrophic bacteria

10 grams of each soil sample were mixed
with 90 mL of sterilized dist. water in a flask and
shaken for 30 min. Nitrogen free (NF) medium
containing per liter 20 g of sucrose, 0.2 g K.HPO,;
0.2 g NaCl; 0.2 g MgSO,.7H,0; 0.1 g K.SO,; 5.0 g
CaCO, and 20 g agar; pH 6.8 + 0.2 was autoclaved
at 121 °C for 20 min. Soil samples were diluted
(10x) and 100 pL were placed on plates containing
NF agar medium. The plates were incubated 28 + 2
°Cfor 24-48 h. Diazotrophic bacterial colonies were
selected based on their appearance and size.?”*®

Molecular identification of bacterial isolates
The bacterial isolate was cultured in
nutrient broth medium and incubated at 28 °C
for 48 hours before being submitted for DNA
extraction. Genomic DNA from the isolate
was extracted using the method described by
Hesham.? The 16S rRNA gene sequencing was

amplified using two universal primers namely
27F (5 -AGAGTTTGATCCTGGCTCAG-3") and
1492R (5 -TACGGTTACCTTGTTACGACTT-37).
The PCR reaction and program condition were
performed as per Mawad et al.*® The purified
PCR products (amplicons) were reconfirmed
using a size nucleotide marker (100 base pairs)
by electrophoresis on 1% agarose gel. Purified
amplicons were sequenced in the sense and
antisense directions using 27F and 1492R primers
with the incorporation of di-deoxynucleotides (dd
NTPs) in the reaction mixture.? Sequences were
further analyzed using Basic Local Alignment
Search Tool (BLAST) from the National Center
of Biotechnology Information (NCBI) website.
Phylogenetic tree was constructed as per Hesham
et al.®

Screening Zn resistance of the isolated diazotrophs

A ZnSO, stock solution was prepared by
dissolving 1000 mg/L in double distilled water
(ddH,0). This solution was then diluted to the
needed concentration for the experiments. The
isolated diazotrophic bacteria was assessed for
their ability to grow at various Zn concentrations.
This assay was conducted by using NF medium
30. An aliquot of pre-grown bacterial colony was
streaked onto NF media supplemented with 5,
15, 30, 50 and 60 mg/L of ZnSO,. The plates were
incubated at 28 + 2 °C for 3 days. Bacteria that were
able to grow in the presence of zinc were selected
for further testing.

Determination of Maximum Tolerable
Concentrations (MTCs)

The colorimetric method was used to
determine maximum tolerable concentration
(MTC) of diazotrophic bacteria for Zn. Nitrogen-
free broth media supplemented with 50-120
mg/L of ZnSO, were inoculated with an overnight
grown culture (10%, OD600 = 0.3) of diazotrophic
isolate and incubated at 28 £ 2 °C at 120 rpm for
72 hrs. Growth was determined by measuring
the absorbance at 600 nm using 5010 UV-
spectrophotometer. Samples showing zero
absorbance were further assessed for growth
by determining the total viable count. Maximum
tolerable concentration (MTC) of heavy metal was
identified as the highest concentration of Zn that
allowed growth after incubation period.®* All the
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experiments were performed in triplicate and the
results indicate mean values.

Determination of diazotrophic growth and zinc
removal

Growth curves in the presence of zinc
ions was determined using a 2 mL exponentially
growing bacterial culture (OD600 = 0.3). The
bacteria were suspended in 100 mL NF broth
media containing Zn (l1) (5-60 mg/L) and incubated
for 72 h at 28 + 2 °C and 150 rpm in an orbital
shaker. Bacterial growth was determined by
measuring optical density at 600 nm using a
spectrophotometer (Shimadzu UV- 2500, Japan). A
control experiment was conducted without adding
bacteria to determine whether the heavy metals
would precipitate or disappear on their own.

Zincions concentration in the supernatant
was determined using atomic absorption
spectrometry (AAS, PerkinElmer 2380) within the
72 h of growth and the standard curve of Zn (lI)
was plotted according to standard methods.? The
removal efficiency of Zn (1) was calculated based
on equation (1) as follows.

The removal efficiency =[ CO- Ce /CO ] x 100
..(1)
where CO and Ce are the initial and
equilibrium metal concentration (mg/L),
respectively.

Statistical analysis

The data were analyzed via One-Way
Analysis of Variance (One-way ANOVA) on Minitab.
Results were expressed as standard deviation with
statistical difference when p < 0.05.

RESULTS AND DISCUSSION

Sample characterization

The physiochemical characterization of
the collected samples in Table showed that they
were alkaline samples with the pH ranged from
7.4 to 10.4. The texture of the collected samples
was muddy. The TDS was highest (34.2 %) in
sample 1, which also had the highest EC (68.4
mS/m). Sample 3 showed the highest sodium
and potassium content 624 and 2.31 mg g*,
respectively. Fe (lll), Cd (I1), Cu (I1) and Zn (lI) were
the highest levels in sample 1; 1, 11.9 and 117.2

Table. Physicochemical characterization of collected
samples

Soil characteristic Contaminated mg/kg

Sample1l Sample2 Sample3

pH 9.1 7.4 10.4
Texture mud mud mud
TDS (%) 34.2 333 30.1
EC (mS/m) 68.4 66.6 60.2
Na (mgg?) 454 42.2 624

K (mg g?) 0.48 0.82 2.31
cd (mg kgt) 1 0.24 0.109
Ni (mg kg?) 0.25 0.33 0.026
Fe (mg kg?) 26.6 314 11.3
Cu (mg kgt) 11.9 8.9 7.2

Zn (mg kg?) 117.2 77.2 32.2

TDS: total dissolved salts, EC: electron conductivity

mg kg?, respectively. On the other hand, sample
2 contained of the highest level of Niand Fe, 0.33
and 31.4 mg kg™, respectively. It was noticed that
Zn was the predominant heavy metal present in
the collected samples. Based upon this finding,
the bacteria were screened for Zn ion tolerance.

The normal range of pH of water is
between 6.0 and 8.0.3® The collected samples
had a high pH when compared to normal water,
indicating the alkaline nature of the effluent due
to the presence of high concentrations of salts of
sodium, potassium, and carbonate. The presence
of a higher level of total dissolved salts in the
effluent may be attributed to the presence of
insoluble organic matter and unused inorganic
salts.® Fe, Ni, Cu, Zn and Cd are among the most
hazardous components of the industrial effluents.
The excessive use of chemicals during industrial
activities results in high levels of these pollutants
in effluents. This heavy metal contamination of the
environment creates selective pressure, fostering
the development of microorganisms resistant to
these metals in the soil and water surrounding
industrial areas.*

Isolation of Zn (ll) resistant diazotrophic bacteria

A total of fifty diazotrophic bacterial
isolates were isolated from the collected samples.
These isolates were characterized by their
capability to grow on nitrogen free medium and
can fix atmospheric nitrogen. Among them, fifteen
isolates could grow on Zn (Il) ion. The isolated
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AUMC B-492 exhibited the highest resistance with
rapid growth on Zn (ll), therefore, it was selected
for further study.

Molecular characterization of zinc resistance
diazotroph

AUMC B-492 was characterized through
phylogenetic analysis based on 16S rRNA gene
sequence comparison. The alignment revealed a
100% similarity between the 16S rRNA sequence of
AUMC B-492 and that of Bacillus subtilis. To further
solidify AUMC B-492's phylogenetic position,
a phylogenetic tree was constructed using 16S
rRNA sequences of various Bacillus species
retrieved from the GenBank database. The tree
revealed that the bacterial strain showed 100%
identity coverage with several strains of Bacillus
subtilis including the B. subtilis strain AKM1, HB,
RN40 and AWC27 with GenBank accession no.
(MK377251.1, ON054303.1, KC990823.1 and OM
472041 respectively) as demonstrated in Figure 1.
The 16S rRNA gene nucleotide sequence of the
isolated strain AUMC B-492 has been deposited in
the GenBank nucleotide sequence database under
accession number PQ1311.%¢

100

22

Industrial activities and agricultural
practices contribute to increased zinc levels in
soil and water, leading to selective pressure
on bacterial populations. This pressure drives
the evolution of zinc resistance in bacteria.3®
Bacillus species are widely recognized for their
diverse metabolic capabilities, which enable
them to interact with and transform a range of
environmental pollutants, including heavy metals
like zinc.?” Several Bacillus species, including B.
subtilis, B. thuringiensis, B. sterothermophilus, B.
megaterium, B. cereus, B. pumilus, B. licheniformis,
and B. jeotgali have demonstrated exceptional
abilities in removing heavy metals.*® Bacillus
species employ two primary mechanisms for heavy
metal removal: bioaccumulation, where metals are
absorbed into the cell interior, and biosorption,
where metals bind to the external surface of the
cell.®

Impact of initial Zn (1) concentrations on the
bacterial cell growth

The results in Figure 2 showed that the
time it took for bacteria to start growing (lag

Strain AUMC-B492 (PQ131136)
Bacillus subtilis AKM1 (MK377251.1)
Bacillus subtilis HB (ON054303.1)
Bacillus subtilis RN40 (KC990823.1)
Bacillus subtilis AWC27 (OM472041.1)
Bacillus seohaeanensis (AY667495.1)

63

—

Bacillus thuringiensis (FJ358616.1)

74

Bacillus coahuilensis (EF014452.1)
Bacillus aerolatus (MN442345.2)

a9 Bacillus salipaludis (MK627545.1)
EBacﬂlus infantis (AY904032.1)
45 Bacillus canaveralius (DQ870688.1)

Bacillus nitroreducens (KT725236.1)
Bacillus alveayuensis (AY605232.1)

0.m

Bacillus piscicola (LC036257.1)

Figure 1. 16S rRNA gene-based phylogenetic analysis of Bacillus subtilis AUMC B-492. Bootstrap values and scale
bar are indicated. The phylogenetic tree constructed by the neighbor-joining method showing the position of

strain AUMC B-492
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phase) depended on the concentration of zinc was
initially added to the solution. When there was
more than 50 mg/L of Zn (ll), the bacteria took
longer to start growing. As illustrated in Figure 2,
at 60 mg/L of Zn (Il), the lag phase was 12 hours.
However, when the Zn (ll) concentration was
between 5 and 50 mg/L of Zn (Il), the bacteria grew
quickly, indicating that low levels of Zn (l1) did not
inhibit their growth.

Growth curves of AUMC-B492 were
determined in the presence of five different
concentrations of Zn (Il) and the removal efficiency
(%) of the metals was estimated (Figure 2).
After a short delay, the bacteria began to grow
rapidly, even when the metals were present. The
stationary phase level was significantly higher
(p < 0.05) for lower concentration of Zn (lIl)
(15 mg/L, Figure 2), while higher metal
concentration (60 mg/L, Figure 2) resulted in lower
final cell densities. Higher metal concentrations

7
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Zn (I1) (60 mg/L) resulted in a transitory decrease
before the bacteria recovered. A prolonged
stationary phase (36-60 hours) was observed. On
the other hand, for the remaining concentrations,
the stationary phase ended after 48 h of cultivation
(Figure 2).

When bacteria were exposed to heavy
metals, they experienced a longer delay before
starting to grow rapidly. This delay was caused
by the bacteria needing extra time to adjust their
internal physiological and metabolic processes and
be able to survive in the presence of these metals.*
Many reported discuss the role of various Bacillus
species in removal of Zn. Huang et al.*° reported
that B. cereus RC-1, was able to remove Zn (ll)
(38.3% maximum removal efficiency). Moreover,
it has been reported that B. licheniformis and
Salmonella typhi were reported to remove more
than 90% of Zn from contaminated samples,
whereas Pseudomonas fluorescens and E. coli were

16 7
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Figure 2. Growth curves of B. subtilis AUMC-B492 and metal removal efficiencies under different Zn (Il)
concentrations. Error bars represent the standard deviation at n =3
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effective in removing more than 96% and 93% of
Zn, respectively via adsorption mechanism.**? On
the other hand, B. subtilis and B. pumilus were also
able to facilitate the accumulation Zn (32,500 mg
kg!dry soil) and other heavy metals in tissues of
Zea mays and Sorghum bicolor.**#* In addition to
He et al.*s showed that the root and shoot biomass
of Orychophragmus violaceus were significantly
enhanced when inoculated with B. subtilis and
B. cereus due to accumulation of Zn (ll) when
compared with non-inoculated one.

Zn (Il) removal curves

The amount of zinc removed by the
bacteria depended on the initial concentration
of added zinc. When there was 20 mg/L of zinc,
the bacteria removed the most zinc when they
were growing quickly (exponential phase) (Figure
3). However, with higher concentrations (50 and
100 mg/L), the bacteria removed the most zinc
when they stopped growing (stationary phase).
This suggests that the best growth phase for
zinc removal depends on the initial zinc ions
concentration. Additionally, at a concentration
of 50 mg/L, the amount of zinc remaining in the
solution slightly increased during the stationary
phase. This could be because some zinc that was
attached to the bacteria's surface or inside the
cells was released.

The bacteria were most effective at

Removal (%)

removing zinc when there was a low concentration
of zinc in the solution. The maximum removal
was 30.2% for zinc at an initial concentration of
5 mg/L. When there was more zinc, the bacteria
were less effective (Figure 3). This could be
because there were fewer places on the bacteria
for the zinc to attach, or because the bacteria
were not as active.** Moreover, the capability of
bacteria to remove Zn (Il) in nitrogen free medium
suggested that, this bacterium could be applied for
bioremediation of heavy metal and for agricultural
purposes.

Viable B. subtilis D215 strain exhibited
superior zinc removal, achieving a 63.73%
bioremoval rate under optimal conditions of
30 °C and pH 7 after 48 hours of incubation. In
contrast, dead B. subtilis cells demonstrated a
lower zinc removal efficiency, with only 26.83%
bio-removal.*> A B. thuringiensis strain, IS,
demonstrated a promising ability to remove
zinc from agricultural wastewater, achieving a
54% reduction initially. However, this efficiency
declined to 31% after four days.** These findings
suggest that strain AUMC-B492 may not be optimal
for a robust, long-term bioremediation system, it
still holds potential for agricultural applications.

Determination of maximum tolerable
concentration of zinc (Il)
The ability of microbes to survive in

—s—5mg/L

—e—15mg/L
—8—30 mg/L
—8_ 50 mg/L
—8—60 mg/L

T/h

72

Figure 3. The removal percentage of Zn (Il) via B. subtilis AUMC-B492 at pH = 7.3, along 60 hours of incubation at 30 °C
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the presence of heavy metals was measured by
the MTC. It is the maximum concentration that
allows growth after 24 hours.?#* The AUMC-B492
isolate showed a high degree of resistance to
Zn (Il) reached to 100 mg/L.* reported that the
minimum inhibitory concentration of (MIC) for
Zn (ll) was determined to be 20 mM by Bacillus
altitudinis MT422188. Liquid-based toxicity
testing offers an efficient way to evaluate metal
toxicity in polluted environments like industrial
discharges and leachate from sewage sludge.*
Liquid-based toxicity testing is different from
solid-based toxicity, where the conditions of
diffusion, complexation, and availability of metals
are different from those in solid medium.*

CONCLUSION

The ability to grow in nitrogen-free
medium indicates that AUMC-B492 can convert
atmospheric nitrogen (N3) into usable forms like
ammonia (NHs). This is crucial for its own growth
and can also benefit surrounding ecosystems. This
characteristic makes the bacterium potentially
valuable for agricultural applications via reducing
the need for synthetic nitrogen fertilizers. It also
enhances its potential for bioremediation in
environments where nitrogen availability may be
limited. This strain also exhibited high resistance
to Zn (ll). Its removal from aqueous solutions
reached its maximum after approximately 60
hours of incubation. Removal efficiencies varied
based on the initial Zn (Il) concentration, with a
maximum removal of 30% observed at an initial
concentration of 5 mg/L. A maximum tolerable
concentration of 100 mg/L indicates the upper
limit of zinc concentrations that AUMC-B492 can
survive in. Therefore, the combined nitrogen-fixing
and zinc-removing abilities make AUMC-B492
a promising candidate for bioremediation,
particularly in environments contaminated with
both heavy metals and nitrogen deficiency.
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