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Nitrogen-fixing bacteria play a crucial role in sustainable
agriculture by enhancing soil fertility and reducing the need for
chemical fertilizers. However, heavy metal pollution, particularly
from iron (Fe), copper (Cu), and zinc (Zn), poses a significant threat
to these beneficial microorganisms. This study investigates the
effects of three heavy metals - iron (Fe), copper (Cu), and zinc (Zn)
- on the populations of two free-living nitrogen-fixing bacterial
strains, Azospirillum irakense (AR) and Azotobacter chroococcum
(AC), under controlled laboratory conditions. The experimental
treatments included sulfate ion (SO4) solutions of Fe, Cu, and Zn at
four concentrations (0.1, 1, 10, and 100 mg/L), alongside a control
group. The results revealed that Zn had the most pronounced
inhibitory effect, with population reductions of up to 76% for AR
and 80% for AC at the highest concentration of 100 mg/L. Cu also
exhibited significant inhibitory effects, particularly at higher
concentrations, reducing AR and AC populations by 28% and 15%,
respectively, at 100 mg/L. Lower concentrations of Cu (0.1 and 1
mg/L) showed no significant impact on the bacterial populations. In
contrast, Fe did not demonstrate any significant inhibitory effects
across all tested concentrations. Additionally, we investigated the
accumulation of heavy metals within bacterial cells and the
production of reactive oxygen species (ROS) under metal stress.
Both experiments revealed significant intracellular metal
accumulation and elevated ROS levels at higher metal
concentrations, further elucidating the mechanisms of metal
toxicity. These findings highlight the potential risks associated with
the accumulation of heavy metals, particularly Zn and Cu, in
agricultural soils. The study underscores the importance of
managing heavy metal levels in fertilizers to safeguard soil
microbial health and ensure sustainable agricultural practices. This
research provides valuable insights for developing strategies to
mitigate the adverse effects of heavy metals on soil ecosystems.
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Introduction

Soil nitrogen-fixing bacteria are fundamental
components of the agricultural ecosystem,
significantly contributing to sustainable crop
production. By converting atmospheric
nitrogen into bioavailable forms, these
bacteria reduce the reliance on chemical
nitrogen fertilizers, which are associated with
environmental degradation, including water
eutrophication and greenhouse gas emissions
(Tyagi et al., 2022). Nitrogen-fixing bacteria
are broadly classified into two groups:
symbiotic nitrogen-fixing bacteria and free-
living nitrogen-fixing bacteria. The former,
such as Rhizobium in legumes, form highly
specific relationships with plant hosts,
creating root nodules for nitrogen fixation.
While efficient, their host specificity limits
their application across diverse cropping
systems (Khosravi et al., 2024). In contrast,
free-living nitrogen-fixing bacteria, including
Azospirillum and Azotobacter species, exist
independently in the soil and are not
constrained by host specificity (Sharma et al.,
2021). These Dbacteria are versatile,
contributing to nitrogen fixation across
various crops, making them particularly
valuable for sustainable agricultural practices
(Coniglio et al., 2019). Moreover, free-living
nitrogen fixers often play additional roles,
such as producing plant growth-promoting
substances and improving soil structure
(Hindersah et al., 2020).

Given their importance, understanding the
impact of environmental factors, including
heavy metals from fertilizers, on these
bacteria is critical (Alengebawy et al., 2021;
Sabourmoghaddam, 2017). Public attention
often focuses on toxic metals like mercury
(Hg), cadmium (Cd), chromium (Cr), or lead
(Pb) (Sabourmoghaddam, 2024a). However,
fertilizers also introduce substantial amounts
of iron (Fe), copper (Cu), and zinc (Zn) into
agricultural soils. Fe, Cu, and Zn are the only
heavy metals naturally found in biosystems,
such as plant cells, so their pollutant
behaviors are often neglected by many
experts (Mehri Yari et al., 2024; Naghshafkan
et al., 2023). These metals intentionally are
added to soil as essential micronutrients
fertilizers without much environmental
pollution concern, yet their accumulation can

cause significant damage to soil's physical
and biological structure and can become
highly toxic at elevated concentrations
(Alengebawy et al., 2021Sabourmoghaddam,
2024b; Sabourmoghaddam and Shakery,
2020).

This study aims to evaluate the effects of Fe,
Cu, and Zn on the growth of Azospirillum
irakense and Azotobacter chroococcum, key
free-living nitrogen fixers, under controlled
conditions. Additionally, we investigate the
intracellular accumulation of these metals and
the production of reactive oxygen species
(ROS) under metal stress. The findings will
provide insights into the potential risks of
heavy metal pollution in agricultural soils and
inform strategies for sustainable soil
management.

Materials and Methods

Bacterial Strains and Media

The bacterial strains Azospirillum irakense
and Azotobacter chroococcum were provided
by the Soil Science Department of Tabriz
Agriculture Faculty. These strains are
previously isolated, purified, and molecularly
confirmed. Both strains were cultured in
Nitrogen-Free Malate (NFM) (malic acid,
5.0g; KOH, 4.0g; K,HPO4, 0.5g;
MgSO4-7H,0, 0.2g; NaCl, 0.1g; CaCl,,
0.02g; FeSO4-7H>0, 0.01g; Na:MoO4-2H,0,
0.002g; Water 1000ml; pH 6.8) (Khakvar et
al., 2008), which provides an optimal
environment for nitrogen-fixing bacteria

without introducing external nitrogen
sources.
Experimental Setup

Analytical grade FeSO4-7H,0, CuSO4-5H,0,
and ZnSO4-7H,0 (Sigma-Aldrich) were used
to prepare stock solutions. The sulfate forms
were chosen to represent their most common
ionic forms found in fertilizers. Metal
concentrations were verified using atomic
absorption spectroscopy (ChemTech, Model
CTA 3000). Five treatments were designed
for each metal: Control: 0 mg/L (no heavy
metal added), Low; 0.1 mg/L, Moderate; 1
mg/L, High; 10 mg/L and Very High; 100
mg/L.
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Each treatment was inoculated with
Azospirillum  irakense and Azotobacter
chroococcum at an initial concentration of 10°
CFU/mL at pH 6.840.1. Cultures were
incubated at 25°C with constant shaking (90
rpm) for five days (120hour). The
experiments were performed in triplicates and
repeated twice to ensure consistency.
Bacterial growth was monitored daily by
measuring the optical density (OD) at 650 nm
using a spectrophotometer (UV-3600 Plus).
Growth rates were calculated relative to the
control, and inhibitory effects were expressed
as percentage reductions.

Heavy Metal Accumulation Assay

To assess the intracellular accumulation of
Fe, Cu, and Zn, bacterial cells were harvested
after 120 hours of incubation by
centrifugation at 10,000 rpm for 10 minutes.
The cell pellets were washed twice with
phosphate-buffered saline (PBS) to remove
extracellular metal ions. The pellets were
digested with concentrated nitric acid (HNOs)
at 80°C for 2 hours. The metal content in the
digested samples was quantified using
inductively coupled plasma mass
spectrometry (ICP-MS, PerkinElmer
NexION 350D). To ensure accuracy and
precision, standard calibration curves were
generated using certified reference materials
covering the anticipated concentration range.
The calibration curves demonstrated
excellent linearity (R? > 0.995), confirming
the reliability of the measurements. Quality
control samples were included at regular
intervals to verify instrument performance,
achieving a relative standard deviation (RSD)
ofless than 5%. The results were expressed as
micrograms of metal per milligram of dry cell
weight (pug/mg), with all measurements
conducted in triplicate to  ensure
reproducibility.

Reactive Oxygen Species (ROS) Assay

The production of ROS in bacterial cells
under heavy metal stress was measured using
the fluorescent probe 2'7'-
dichlorodihydrofluorescein diacetate (DCFH-
DA) (Gholami and Etemadifar, 2013).
Bacterial cells were exposed to Fe, Cu, and Zn
at concentrations of 0.1, 1, 10, and 100 mg/L
for 120 hours. After incubation, cells were
washed with PBS and incubated with 10 pM
DCFH-DA for 30 minutes at 37°C in the dark.
The fluorescence intensity was measured
using a microplate reader (ELISA-reader
BioTek Synergy HI) at an excitation
wavelength of 485 nm and an emission
wavelength of 528 nm. ROS levels were
expressed as relative fluorescence units
(RFU) normalized to the control.

Data Analysis

Statistical significance of growth inhibition,
metal accumulation, and ROS production was
determined using ANOVA followed by
Tukey's test. A p-value <0.05 was considered
statistically significant. Error bars in growth
curves represent standard deviations from the
mean. SPSS22 and Excel 2022 were utilized
for data analysis and graph design.

Results

Effect of Zinc on Bacterial Growth

Zinc exhibited the most severe inhibitory
effects on both bacterial strains. 4. irakense
showed concentration-dependent  growth
reduction, with  significant inhibition
observed at all tested concentrations (p<0.05).
After 120 hours, population reductions of
12.0£1.2%, 22.0£2.1%, 35.0£2.8%, and
76.0+£3.5% were recorded at 0.1, 1, 10, and
100 mg/L Zn*', respectively. 4. chroococcum
displayed similar sensitivity patterns but with
more pronounced effects at higher
concentrations, showing reductions of
8.0+£0.9%, 20.0+1.8%, 28.0+£2.5%, and
80.04£3.8% at corresponding concentrations

(Figure 1).
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Figure 1. Growth response of Azospirillum irakense and Azotobacter chroococcum to
different Zn treatments

Copper-Induced Growth Inhibition

Copper demonstrated moderate toxicity, with
significant effects observed only at higher
concentrations. A. irakense growth was
unaffected at 0.1 and 1 mg/L Cu?', while 10
and 100 mg/L resulted in 8.0+0.7% and

Azospirilium irakense growth under Cu stress
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22.0£2.0% growth reduction, respectively. 4.
chroococcum  showed  slightly  higher
tolerance, with reductions of 5.0+0.5% and
29.0+2.4% at Cu2+ concentrations of 10 and
100 mg/L, respectively. (Figure 2).

Azetobacter chreecoccum growth under Cu stress
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Figure 2. Growth response of Azospirillum irakense and Azotobacter chroococcum to
different Cu treatments

Iron Impact on Bacterial Growth

Iron treatments showed minimal inhibitory
effects. 4. irakense exhibited slight growth
reduction (4.0+£0.4%) only at 100 mg/L Fe*",

while 4. chroococcum showed no statistically

significant growth

inhibition across all

concentrations (p>0.05).
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Figure 3. Growth response of Azospirillum irakense and Azotobacter chroococcum to
different Fe treatments

Heavy Metal Accumulation in Bacterial
Cells

The intracellular accumulation of Fe, Cu, and
Zn was significantly higher at elevated metal
concentrations. For A. irakense, Zn
accumulation increased from 0.5+0.1 pg/mg
at 0.1 mg/L to 18.2+1.5 pg/mg at 100 mg/L.
Similarly, Cu accumulation increased from
0.3+0.05 pg/mgat 0.1 mg/L to 7.8+1.2 ng/mg
at 100 mg/L. Unlike inhibitory effect, Fe

accumulation was relatively higher than both
previous metals, ranging from 0.2+0.03
ug/mg at 0.1 mg/L to 25.4+0.8 ug/mg at 100
mg/L. A. chroococcum showed a similar
trend, with Zn accumulation reaching
16.5£1.8 pupg/mg at 100 mg/L, Cu
accumulation at 11.2+1.3 pg/mg, but Fe
accumulation at 29.84+0.9 pg/mg which were
even more than A. irakense (Figure 4).

Heavy Metal Accumulation in Bacterial Cells
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Figure 4. Heavy metal accumulation in Azospirillum irakense and Azotobacter chroococcum
following exposure to Zinc, Copper, and Iron

Reactive Oxygen Species (ROS) Production
ROS levels increased with higher metal
concentrations. For A. irakense, ROS
production increased from 12010 RFU at 0.1
mg/L Zn?* to 850+£75 RFU at 100 mg/L Zn?".
Similarly, Cu?* induced ROS levels increased
from 110£8 RFU at 0.1 mg/L to 780£70 RFU

at 100 mg/L. Fe** showed a less pronounced
effect, with ROS levels increasing from 100+5
RFU at 0.1 mg/L to 450450 RFU at 100 mg/L.
A. chroococcum exhibited a similar pattern,
with ROS levels reaching 900+80 RFU for
Zn*, 800+75 RFU for Cu?', and 500+55 RFU
for Fe** at 100 mg/L (Figure 5).
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Figure 5. Reactive Oxygen Species (ROS) production in Azospirillum irakense and
Azotobacter chroococcum following exposure to Zinc, Copper, and Iron

Discussion

The differential toxicity patterns observed
among Fe, Cu, and Zn demonstrate complex
metal-microbe interactions that significantly
impact nitrogen-fixing bacterial populations.
Our findings align with and expand upon
previous research in this field, while
providing new insights into metal tolerance
mechanisms. In particular, we observed that
Zn*" exerts a pronounced inhibitory effect on
bacterial growth, with reductions in activity
ranging between 76% - 80% at the highest
concentration tested (100 mg/L). These
findings are in concert with the work of Roy
(2021), who reported similar toxicity patterns
in soil bacteria, underscoring the vulnerability
of these microbes to zinc stress.

The heightened sensitivity of A. chroococcum
compared to A. irakense under high Zn?**
exposure (80% vs. 76% reduction) suggests
that species-specific differences are at play,
likely reflecting distinct genetic and
biochemical pathways involved in metal
homeostasis. Zn** toxicity may be attributed
to several mechanisms. For instance, zinc
ions have the capacity to disrupt membrane
integrity by displacing essential cations from
their binding sites, jeopardizing the structure
and function of the cell membrane (Patil et al.,
2024). Moreover, Zn** may interfere with the
assembly or function of critical nitrogenase
enzymes involved in biological nitrogen
fixation,  thereby  impairing  energy
metabolism and growth (Kushwaha et al.,
2017; Ramazani and Kargar, 2023).

Additionally, excessive Zn*" accumulation is
known to trigger the generation of reactive
oxygen species (ROS), which inflict
oxidative damage on vital cell components
such as lipids, proteins, and nucleic acids
(Johnson and Hug, 2019). This multifaceted
toxicity highlights the necessity for careful
monitoring of zinc-containing fertilizers and
underscores the importance of maintaining
soil Zn** levels within safe limits, especially
in regions where zinc-enriched fertilizers are
routinely applied.

In contrast, Cu?* demonstrates moderate
toxicity that becomes significant primarily at
concentrations exceeding 10 mg/L. Copper
plays a dual role in microbial physiology,
acting as an essential micronutrient at low
concentrations while becoming a harmful
toxicant when present in excess. Our study’s
findings parallel those of Wyszkowska et al.
(2008), who noted that soil bacteria exhibit
threshold responses to Cu?* exposure. The
contrasting responses of A. irakense and A.
chroococcum—evidenced by the 22% versus
29% reduction in growth at 100 mg/L—
suggest that distinct metal homeostasis
mechanisms may be responsible for this
variation. For instance, species-specific metal
efflux systems, as reported by Kushwaha et
al. (2017), could enable certain bacteria to
more effectively export excess copper ions.
Additionally, intrinsic  differences in
membrane permeability (Patil et al., 2024)
may influence the rate and extent of Cu*
uptake, while variations in cellular
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sequestration mechanisms, such as the
binding of copper to specialized proteins or
storage molecules (Gupta et al., 2023), further
modulate toxicity. The cumulative effects of
copper in agricultural soils, particularly under
conditions of continual heavy metal input,
suggest that even moderate levels of Cu**
stress may have long-term implications for
microbial community structure and function.

In stark contrast to Zn and Cu, Fe?* exhibited
minimal inhibitory effects on bacterial growth
even at high concentrations. This underscores
iron’s essential role as a nutrient critical for
numerous metabolic pathways, especially
those central to nitrogenase function in
nitrogen fixation. Our observations are
consistent with the work of Sahrawat (2005),
who documented similar resilience among
soil diazotrophs when exposed to varying
levels of iron. The high tolerance to Fe?* is
likely due to the evolved regulatory
mechanisms that bacteria possess to uptake
and utilize iron efficiently, thereby
maintaining the functionality of essential
enzymes without incurring toxic side effects.
The significant intracellular accumulation of
Zn and Cu, as demonstrated by our heavy
metal accumulation assay, reinforces the
critical need for regulating metal
concentrations in agricultural soils. In
beneficial soil bacteria, such as nitrogen-
fixing species, the internalization of Zn
disrupts ion homeostasis, destabilizing cell
membranes and impairing enzymatic
activities that are crucial for nitrogen fixation
(Nnaji et al., 2024). Similarly, when Cu
accumulates within bacterial cells, it can
interfere with critical metabolic pathways by
altering protein conformations and inhibiting
enzymatic reactions, markedly affecting
energy production and nitrogenase activity
(Fasnacht &  Polacek, 2021). These
disruptions compromise the bacteria’s ability
to support soil fertility and plant growth,
ultimately impacting crop productivity.

The elevated levels of reactive oxygen
species (ROS) detected under Zn and Cu
stress provide further insight into the dual
toxicity mechanism of these metals. ROS
generation is a well-documented consequence
of metal-induced oxidative stress, leading to
damage across a range of biomolecules. For

example, ROS can oxidize nucleic acids,
proteins, and lipids, thereby impairing vital
cellular functions (Van Acker et al., 2016).
This oxidative damage is a critical factor in
the observed reduction of bacterial viability
and performance. In contrast, the lower ROS
levels observed under Fe** treatment
corroborate its minimal impact on bacterial
growth, supporting its role as a carefully
regulated micronutrient rather than a toxin
under the conditions examined.

The mechanisms underlying metal toxicity, as
elucidated by the heavy metal accumulation
and ROS production assays, indicate that
metal uptake and subsequent intracellular
damage are key drivers of toxicity. The
significant intracellular accumulation of Zn
and Cu correlates strongly with the
pronounced growth inhibition we observed.
Moreover, the elevated ROS levels under Zn
and Cu stress confirm that oxidative stress is
a principal mediator of the toxic effects of
these metals. These insights contribute to our
broader understanding of how heavy metal
exposure affects soil microbial communities
and the mechanisms by which bacteria
attempt to adapt or counteract these stresses.

Beyond the immediate physiological
consequences, the species-specific responses
observed in our study have profound
implications for soil health assessments and
the formulation of agricultural management
practices. For instance, the differential
responses between A. irakense and A.
chroococcum highlight the importance of
considering microbial diversity = when
evaluating soil health under metal stress
conditions. Such diversity plays a critical role
in the overall resilience of the soil ecosystem,
with variations in metal tolerance potentially
influencing the composition and functionality
of microbial communities in contaminated or
fertilized soils. From an agricultural
practice’s standpoint, our findings emphasize
the need for careful management of heavy
metals within fertilizers. Specific fertilizer
management strategies should include the
formulation of balanced nutrient packages
that minimize the addition of potential
toxicants like Zn and Cu, particularly in soils
already known to harbor elevated background
levels of these metals. For example, the
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incorporation of organic amendments, such as
compost or biochar, can help chelate heavy
metals and reduce their bioavailability.
Additionally, periodic monitoring using
quantitative  techniques  like  atomic
absorption spectroscopy (AAS) ensures that
fertilizer applications remain within safe
limits, thereby preventing the accumulation
of metals in the soil over time.

Furthermore, the use of metal-tolerant
bacterial strains in bioaugmentation strategies
could mitigate the adverse effects of heavy
metals on soil microbial functions. By
promoting the growth and activity of resistant
diazotrophs, it may be possible to maintain
nitrogen fixation processes even in
environments where heavy metal stress is
prevalent. Such biotechnological
interventions, combined with optimized
fertilizer formulations, represent promising
avenues for safeguarding soil health and
ensuring long-term agricultural productivity.

Conclusion

This study demonstrates that heavy metals—
particularly Zn and Cu—profoundly inhibit
the growth of free-living nitrogen-fixing
bacteria through mechanisms that include
membrane disruption, interference with
essential enzyme functions (such as
nitrogenase), and the induction of oxidative
stress via reactive oxygen species. These
multifaceted toxic effects not only
compromise the physiological integrity of
these microbes but also threaten the broader
soil ecosystem, which is fundamental for
sustainable  agriculture. Our  findings
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