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Summary 

Various heavy metals (HM) can be removed from the environment by various bacterial species, which 

are developing resistance and reduction through various mechanisms. Bacteria bioaccumulate Heavy 

metals (HMs) inside their cell structures. This study aimed to isolate and characterize heavy metal–

resistant bacterial isolates (HMRBI) from environmental samples collected in Ethiopia’s Bishoftu 

Eastern Industrial Zone and Mojo Tannery Industry, with the objective of mitigating environmental 

pollution. Soil and wastewater samples were collected and transported to the Molecular biology and 

Biotechnology laboratory, Haramaya University. The HMRBIs were subsequently screened and 

identified based on their resistance to selected heavy metals. These isolates were characterized and 

identified using biochemical assays, protein profiling through matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), and molecular analysis 

based on 16S rRNA gene sequencing. Furthermore, several computational approaches were 

employed to investigate the expression patterns and regulatory mechanisms of heavy metal resistance 

genes (HMRG). These included comparative genomes, predicting promoter regions, & common 

sequence motifs, identifying transcriptional sites, re-annotating genes, and identifying transcriptional 

factors. The Multiple Em Motif FOR Elicitation (MEME Suite), Rapid Annotation using Subsystem 

Technology (RAST), Orthologous Average Nucleotide Identity (OANI), and EziBIO databases were 

key tools utilized in this analysis. Cell deformation, bio-absorption, and infrared spectra 

corresponding to heavy metal uptake by cells were examined using scanning electron microscopy 

with energy-dispersive X-ray spectroscopy (SEM-EDX) and Fourier transform infrared spectroscopy 

(FTIR). Atomic Absorption Spectrophotometry (AAS) was also utilized to assess the biodegradability 

of HMRBI. Among seventeen characterized bacterial isolates, Pseudomonas putida-HMRBI-2 

showed the highest ability to bioaccumulate cobalt, with removal rates of 67.38%. Exiguobacterium 

aurantiacum strain HMRBI-7 was the most effective at removing copper and chromium, with 

bioaccumulation rates of 65.02 ± 0.002% and 70.04 ± 0.001%, respectively. Aeromonas hydrophila 

strain HMRBI-12 and Delftia acidovorans-HMRBI strain 7 demonstrated good cadmium and zinc 

removal abilities, with bioaccumulation rates of 65.02% and 70.32%, respectively. Although each 

bacterial isolate exhibited variable levels of HM resistance, they all showed unique capabilities for 

the bioaccumulation of HMs. It is believed that the isolate most likely possesses a combination of 

intracellular and extracellular biosorption mechanisms to degrade HMs. The study, which utilized 
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eight 16 rRNA gene sequences, successfully identified three microbial isolates: P. benzoelyticum 

strain HMRBI-1, Citrobacter strain HMRBI-5, and Klebsiella strain HMRBI-14 as having the highest 

HM removal capacity. Furthermore, the minimum inhibitory concentration (MIC) results highlighted 

that Klebsiella spp. exhibited an MIC of 700 ppm, whereas Citrobacter spp. presented an MIC of 800 

ppm. Moreover, the maximum bioaccumulation efficiencies were noted at 89.74, 85.21, and 79.27% 

for Klebsiella strain HMRBI-14, Citrobacter strain HMRBI-5, and P. benzoelyticum strain HMRBI-1, 

respectively. Additionally, 14 transcription factors were identified and predicted from the reliable and 

lowest candidate motif with an e-value of 3.0e-009. Further investigation was conducted on the 14 

identified transcription factors concerning activation, repression, and dual functions and regulation 

in microorganisms to thrive in harsh environmental conditions. As the data suggest, the identified 

transcription factors were used for the activation of gene regulation rather than repression. 

Therefore, the study highlights the importance of bacteria in HM bioremediation at contaminated 

sites due to the genes they possess. Analyzing regulatory elements provides a crucial foundation for 

understanding the genes the key to HM bioremediation, and the combined approach of laboratory 

experiments and bioinformatics effectively harnesses native microorganisms to clean heavy metal-

contaminated environments   

Keywords: Biosorption, Common Motif, MEME Suite, Pollution, Promoters, and RAST 
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1.  BACKGROUND OF THE STUDY 

1.1.  Introduction 

Heavy metals are elements with high atomic weights, high densities, and high toxicity at low 

concentrations. Some HMs are essential micronutrients that play critical roles in the metabolic 

activities of living things. These include Co+2, Cu+2, Fe+2, Mg+2, Mn+2, K+2, Na+2, and Zn+2. The most 

toxic HMs are As+2, Cd+2, Cr+6, Hg+2, and Pb+2 (Ali et al., 2011).  Environmental pollution, is arises 

from both natural occurrences and pervasive human activities, presents a critical and complex threat 

that jeopardizes global sustainable development. Due to their wide range of applications in different 

industries, agricultural practices, and technological activities, heavy metals are widely distributed in 

the natural environment. This raises concerns about their potential effects, particularly on human 

health and the environment  (Tchounwou et al., 2012).  

Heavy metals such as arsenic, cadmium, chromium, mercury, and lead are discharged into the 

environment by industry, mining activities, and poor waste management, posing risks to the 

ecosystems, human health. These metals can persist in the environment for a long time and 

contaminate the air, soil, and water bodies. They can disrupt ecosystem functioning, damage plant 

diversity, reduce biodiversity, and affect food chains Kutty & Al-Mahaqeri, (2016). When people are 

exposed to a concentration of HMs, either through inhalation, ingestion, or skin contact, they can 

experience various health problems. Likewise, HM can enter water bodies, be absorbed by aquatic 

organisms, accumulate in their tissues, and move up the food chain (Kinuthia et al., 2020). This 

bioaccumulation can lead to the poisoning of various bird families, fish, and other wildlife. They can 

also disrupt the reproductive systems of animals, impair their growth and development, and cause 

population declines (Alengebawy et al., 2021). 

Studies have shown that some HMs are essential micronutrients that play critical roles in the 

processes of microorganisms. Metals such as Co+2, Cr+6, Cu+2, Fe+2, Mg+2, Mn+2, K+2, Ni+2, Na+2, and 

Zn+2 are essential metals. The most referred HMs are usually As+2, Cd+2, Cr+6, Hg+2, and Pb+2 in this 

context. As essential micronutrients, these HMs perform several vital functions, including regulating 

osmotic pressure and facilitating redox reactions. Additionally, they stabilize biological molecules 

through electrostatic connections, act as cofactors in the enzyme reaction. However, ions like Cd+2, 
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Hg+2, and Pb+2 pose a risk due to their potential toxicity (Ali et al., 2011). HM toxicity occurs when 

heavy metals accumulate in the body and interfere with normal biological function. This happens 

through various routes of exposure, including ingestion, inhalation, and skin contact. Furthermore, 

evidence shows that some HMs become toxic or polluting agents in the environment when dissolved 

in water. This is a common phenomenon of toxicity due to Cd+2, Cu+2, Cr+6, and Zn+2 ions. Due to 

their inherent toxicity, high concentration of heavy metals poses a significant threat to human health 

and the environment. Furthermore, these metals are persistent in the environment because they resist 

biotransformation processes (Sall et al., 2020).  

Heavy metals pose a significant environmental threat due to their non-biodegradable and long-term 

persistence in the environment (Syed et al., 2015). Released from various industries, the toxic nature 

of these metals harms humans and the environment alike, leading to negative global effects (Mishra 

et al., 2020). Environmental pollution, which arises from both natural occurrences and pervasive 

human activities, presents a critical and complex threat that jeopardizes global sustainable 

development. The rapid expansion of industrialization and urbanization over the past century has had 

a profound impact on environmental pollution, making it a major concern worldwide (Marzan et al., 

2017; Swain, 2024). There is also evidence that environmental pollution from industrial processes 

can release a mixture of pollutants, for example, those from the manufacturing industries, like HMs 

(Adnan et al., 2024). Unregulated industrial waste and mining operations are major contributors to 

environmental degradation, especially concerning the contamination of soil and water with heavy 

metals (Girma, 2021). These contaminants can have a devastating effect on ecosystems, human 

health, and the overall sustainability of our planet (Deng et al., 2022).  

On the other hand, pesticides and herbicides are indispensable tools widely used in modern 

agriculture, helping to manage pests and weeds that can reduce crop yields; they are also a source of 

HM pollution. However, the extensive application of pesticides and herbicides has given rise to 

considerable apprehension regarding environmental contamination (Alengebawy et al., 2021). 

Human activities are also the primary heavy metal pollution sources (Deng et al., 2022), introducing 

toxic elements into the environment through numerous pathways. Industrial processes are the major 

source of their effluents frequently contain high concentrations of HMs. When industrial effluents are 

discharged without adequate treatment, they severely contaminate vital water sources, including 
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groundwater, rivers, lakes, and oceans (Afzaal et al., 2022). This effluent creates significant 

environmental risks across all aquatic ecosystems. Similarly, agricultural practices can also contribute 

to heavy metal pollution (Srivastava et al., 2017). The routine application of inorganic fertilizers and 

various pest control chemicals directly contributes to the introduction of harmful HMs into both the 

soil and water bodies. Over time, the accumulation of HMs in the soil and water bodies can 

negatively impact soil health, hinder plant growth, and potentially enter the food chain (Alengebawy 

et al., 2021). Therefore, effective environmental management must target both industrial discharges 

and agricultural runoff to mitigate the widespread danger posed by these contaminants. 

Bioremediation is a technique that employs living microorganisms such as bacteria, fungi, & 

occasionally plants, to eliminate, break down, transform, or neutralize environmental contaminants 

present in polluted soil, water, and air. Nowadays, it is a promising field to clean industrially polluted 

areas. Bacteria are the primary and most versatile agents used in bioremediation to clean up 

environmental pollutants. They are crucial because of their vast metabolic diversity, which allows 

them to break down an extensive range of contaminants. Bacteria have evolved several sophisticated 

mechanisms to protect themselves from the toxicity of environmental pollutants such as metal ions. 

The strategy involves extracellular and intracellular sequestration, where components like the cell 

wall, outer membrane, & capsule bind to metal ions to change surface groups such as carboxyl, 

amino acid, and phosphate, preventing their entry. If metal ions enter, bacteria use active transport 

(efflux), utilizing protein pumps to actively export metal ions out of the cell. They also reduce the 

toxicity of certain HMs through enzymatic reduction of metal ions, converting highly toxic forms like 

chromate, molybdate, and vanadate into less harmful states (Benmarrlek & Fardeau, 2016).  The 

metabolic versatility of bacteria, which enables them to efficiently absorb and convert nutrients, is 

crucial for their survival and functionality in severe environments. They play a substantial role in 

heavy metal clean up by detoxification and immobilization strategies, which effectively remove the 

metal ions from the environment or convert them into a less harmful form. This is achieved through 

the possession of gene diversity, which allows them to adapt & thrive in the toxic environments. 

Such knowledge can be harnessed to improve biological waste management processes, enabling more 

efficient and sustainable cleanup of contaminated sites. Heavy metal-resistant bacteria have a key to 

bioremediation, offering a natural method of detoxifying polluted sites. However, their prevalence 
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poses a public concern because they frequently possess antibiotic resistance genes (Pham et al., 

2022).  Due to industrialization, soils, water resources, and biological entities have been adversely 

affected, resulting in an overall imbalance in the natural environment. This environmental pressure 

changes the microbial community structure, favoring HMR bacteria and decreasing overall microbial 

diversity. Bacteria can accumulate metals because their surface area to volume ratios are high, along 

with some active sites in cell walls (Mosa et al., 2016). For instance, soil bacteria, which have metal 

resistance mechanisms, are: Pseudomonas, Bacillus, Acinetobacter, Micrococcus, Hafnia, Gemella, 

Nocardia, & Deinococcus (Parisa et al., 2011), whereas Aspergillus and Penicillium species are some 

of the fungal spp. reported to have heavy metal bioaccumulation (El-Bondkly et al., 2022). In 

addition, brown algae and cyanobacteria exhibit resistance to heavy metals (Chugh et al., 2022).  

Bishoftu Industrial Zone, a major industrial hub located in a town southeast of Addis Ababa, 

Ethiopia, plays an important role in the country's industrialization efforts. This is one of several 

industrial zones developed by the Ethiopian government to attract foreign direct investment and boost 

domestic manufacturing. This industrial zone is designed to accommodate a diverse range of 

industries, including textiles and garments, steel, agro-processing, and pharmaceuticals. On the other 

hand, Mojo, located 73 kilometers East of Addis Ababa, is a town with a thriving industrial sector, 

ranging from small-scale businesses to large-scale manufacturing.  

One prominent industry in Mojo is tanning, the process of transforming raw animal hides and skins 

into leather. While tanning is essential for leather production, it often faces significant criticism due 

to its environmental impact of chromium salts. The improper usage of harmful chemicals, such as 

chromium salts and dyes, in the tanning process can be a principal cause of water contamination if 

not properly managed. Tanning is widely recognized as one of the most polluting industries globally, 

posing a serious threat to the environment (Monira & Mostafa, 2023). 

Identifying specific DNA sequences across diverse species is essential for understanding genome 

function because it provides a powerful lens through which to explore evolution, pinpoint critical 

biological processes. The conserved regions are vital genes and regulatory elements providing 

insights into gene function relationships within biological systems and highlighting evolutionary 

processes (Nelson et al., 2003). Comparative genomics is a powerful tool for identifying real genes 

amidst the vast expanses of DNA. It influences the principles of nucleotide conservation, which states 
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that genes essential for an organism’s survival and reproduction tend to have their DNA sequences 

preserved across evolutionary time, Sivashankari et al., (2007). Regulatory elements are essential 

DNA sequences that control gene expression. The discovery of regulatory elements relies on 

nucleotide conservation patterns and an experimental validation approach. The elements play an 

important role in the development of cellular processes (Koo et al., 2017). Regulatory elements are 

useful in environmental biotechnology. They offer a lot of solutions to problems related to the 

environment and health.  

1.2.  Statement of the problem 

Heavy metals discharged from industrial effluents are a major environmental pollutant due to their 

non-biodegradable nature. This persistent nature allows them to contaminate the aquatic environment, 

disrupting the food chain and food web energy flow of the aquatic organisms (Kinuthia et al., 2020). 

Unlike many organic pollutants, heavy metals are difficult to remove from the environment and can 

persist for many decades in the environment. Heavy metal removal by microorganisms has many 

advantages compared to physical and chemical methods due to cost-effectiveness, environmental 

friendliness, and ease of use (Bhattacharjee et al., 2020).  

Petrochemical industries are rapidly developing in different parts of Ethiopia. Despite their social and 

economic benefits, these industries negatively affect environmental pollution. Mojo and Bishoftu are 

towns found in the Oromia regional state that host numerous industries. Mojo Tannery Industry, 

which releases wastes with chromium salts, can pollute soil, water & vegetables. (Gebeyehu & 

Bayissa, 2020) reported that the maximum levels of (Cr+6, Cd+2, Zn+2, Fe+2, Pb+2, and Cu+2) in soil, 

water and vegetable. Toxic industrial effluents affect the environment and micro-biota that maintain 

ecosystem services. The waste generated from the Eastern Industrial Zone (Bishoftu), which 

contributes a major problem of environmental pollution. Heavy metal pollution can also originate 

from various sources, emissions from industries, the residual effects of pesticides in agricultural soil, 

and the application of certain chemical fertilizers used by farmers (Alengebawy et al., 2021).  

From the viewpoint of the natural environmental pollution approaches, bioremediation is of 

paramount importance in the current world to save the environment Sundarraj et al., (2022) studied 

that Pseudomonas putida isolated from tannery has a significant bioremediation ability due to the 
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indigenous ability of the bacterium to biotransformation chromium into harmless compounds by 

oxidation-reduction reaction. Another research conducted on the phytoremediation of Heavy metal 

pollution, such as Cd+2, Zn+2, and Pb+2, is scrutinized from the food industry using forest species of 

Scots pine (Pinus silvestris L.), Norway spruce (Picea abies L.), and oak (Quercus robur L) (Placek et 

al., 2016). Although several studies have been undertaken on the industrial and domestic waste waters 

discharged into the waterbodies around industrial sites of the Akaki-Awash water basin over the last 

decades, there is still a need for more studies, especially on heavy metal-laden wastes, to fully realize 

the best bioremediation option with industrial wastes. Therefore, this study focuses on characterizing 

and profiling the heavy metal resistance potential of bacteria isolated from industrial effluents in 

Mojo and Bishoftu, Ethiopia, with the following objectives: 

1.3. Objectives of Study  

 

1.3.1.  General Objective: 

➢ To evaluate the bioremediation potential and molecular characterization of heavy metal-

resistance profiles of bacterial isolates from industrial effluents in Mojo and Bishoftu, 

Ethiopia 

1.3.2.  Specific Objectives: 

 To assess, isolate, and molecular characterize the heavy metal-resistant bacterial strains  

 To optimize the growth of the isolates using carbon and nitrogen sources, study the optimum 

conditions for the potential HMRBI 

 To evaluate the metabolic profile of heavy metal resistance bacterial isolates  

 In silico, regulatory element analysis and comparative genomics study of the heavy metal 

resistance gene in the complete genome of Cupriavidus gilardii CR3  
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2. LITERATURE REVIEW 

2.1.  Heavy Metals 

Heavy metals such as arsenic, lead, mercury, cobalt, and chromium are major hazardous and enduring 

weapons of environmental menaces owing to their features and prevalence in industrial wastewaters. 

Unlike the pollutants that are organic, and which can frequently be mineralized into smaller units, the 

heavy metals are non-degradable (Ayangbenro & Babalola, 2017). The majority of heavy metals are 

toxic at low concentrations and can enter the food chain, where they accumulate and inflict damage to 

living organisms. All metals have the potential to exhibit harmful effects at higher concentrations, and 

the toxicity of each metal depends on the amount available to organisms, the absorbed dose, the 

route, and the duration of exposure (Jeyakumar et al., 2023). This means they persist indefinitely in 

the environment, accumulating in the soil, water, and living organisms. The inabilities of natural 

processes to eliminate these heavy metals necessitate more active remediation strategies to prevent 

long-term environmental and health challenges.  

The toxicity of heavy metals, even at low concentrations, increases their danger. Even in trace 

amounts, many heavy metals are toxic to living things. Unlike other toxins that are quickly expelled, 

heavy metals like lead and cadmium are not easily metabolized. This leads to their gradual buildup in 

tissues and organs, where they interfere with essential biological processes, damage DNA, and 

disrupt enzyme function. Consequently, what may seem like a harmless exposure can lead to chronic 

health problems and severe long-term damage, with the risk amplified as these toxins move up the 

food chain through bioaccumulation. HMs are frequently not effectively eliminated by organisms 

after consumption; instead, they accumulate in their tissues over time. The concentration of heavy 

metals rises at each trophic level as predators higher up the food chain eat these organisms, increasing 

exposure and possibly harming apex predators and eventually humans (Oladimeji et al., 2024;Oros, 

2025). 

2.2.  History of heavy metals  

The history of HMs is closely tied to the development of human civilization and the discovery and 

utilization of various metals throughout the ages. Developing mining techniques and smelting metals 

like iron and mercury was crucial to the starting point of HMs in ancient civilizations. In the Middle 
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Ages, the discovery of new metal deposits increased the production and use of heavy metals widely 

used in construction, coinage, and weaponry. The era of industrialization in the 18th and 19th centuries 

marked a significant turning point in the development of heavy metals. The discovery and extraction 

of new metal ores, such as zinc and nickel, along with advancements in metallurgical processes, also 

led to the further development of HMs. Since their early usage in modern industrial manufacturing 

applications, HMs have been an integral part of human civilization. Heavy metals were instrumental 

in the advancement of industries such as manufacturing, transportation, and telecommunications, 

playing a crucial role in shaping the modern world (Zhou et al., 2020). 

Over the past decades, the term HMs has been more frequently utilized in different publications and 

legislation related to chemical risks and appropriate utilization of chemicals, driven by advances in 

scientific understanding of the toxic effects of these substances and rising public awareness of the 

importance of chemical safety and the environment. Csuros and Duffus have defined HMs as metals 

with a density greater than 5 g/cm³. The term "heavy metals" is often used to refer to a group of 

metals and metalloids that are associated with environmental pollutants and toxicity (Duffus, 2002). 

In the current scenario, HM has been defined as a naturally occurring metal with an atomic number 

greater than 20 and an elemental density greater than 5g/cm3 (Ali et al., 2019). As the industry has 

grown, waste has been discharged into the environment, primarily into soil and water containing 

heavy metals. Due to factors like industrial activities and waste disposal, urban areas have become 

hotspots for the accumulation of HMs, posing a significant environmental challenge. Studies have 

also shown that they slowly moved deep into the environment through processes like leaching, 

erosion, and wind erosion. The uncontrolled release of HMs into soil and water is a major global 

health apprehension. These metals cannot be broken down easily into less harmful substances, 

leading to long-term environmental damage and posing risks to human health (Bibi et al., 2019). 

Many heavy metals, including arsenic, cadmium, chromium, copper, lead, mercury, nickel, selenium, 

silver, and zinc, are toxic even at very low concentrations. Not only are they harmful to cells, but they 

can also cause cancer and genetic mutations (Dixit et al., 2015). 

2.3.  Classification of heavy metals 

HMs can be divided into two categories: essential and non-essential, based on their biological 

applications. Essential HMs are used in biochemical and physiological functioning in animals and 



 

9 

 

plants. They are key components of several enzymes and play a significant role in many redox 

reactions. For instance, the essential heavy metals include Cu+2, Fe+2, Mn+2, and others that play an 

important role in redox reactions. On the other hand, non-essential HMs have no known biological 

application in living organisms. These include Cd+2, Hg+2, and Pb+2, which are toxic and biologically 

non-biodegradable, described as non-essential HMs (Ramírez, 2013). Copper is one of the commonly 

known essential HMs that functions as an important cofactor for several enzymes. Enzymes such as 

catalase, cytochrome oxidases, dopamine β-monooxygenases, peroxidases, monoamine oxidases, and 

superoxide dismutase are associated with the role of copper in redox reactions. It is also involved in 

metabolism, biosynthesis, and hemoglobin formation. Copper's ability to switch between an oxidized 

state (Cu2+) and a reduced state (Cu1+) is influenced by cuproenzymes that participate in redox 

reactions (Stern, 2010).  

Essential and non-essential HMs can be absorbed and harm biodiversity at certain concentrations. 

Studies have shown that both aquatic and non-aquatic organisms can be affected by heavy metal 

concentrations at certain levels. For instance, fish are significantly impacted by the accumulation of 

heavy metals in their food chains, which can be released from external sources (Yilmaz et al., 2017). 

The transfer of both essential and non-essential heavy metals can occur through food chains, from 

soil to plants and ultimately to humans, potentially impacting human health. As a result, once metals 

accumulate in body tissues, they are difficult to remove, especially non-essential metals (Ali et al., 

2019). In food chains, all non-essential heavy metals are not biomagnified. Studies have shown that 

methylmercury is biomagnified in food chains, while Cd+2 and Pb+2 are not biomagnified in primary 

producers. However, bioaccumulation of non-essential heavy metals does occur in specific food 

chains of primary consumers, like fish (Garelick et al., 2008). 

2.4. Sources of heavy metal pollution 

There are two sources of HM pollution: natural and anthropogenic. Natural processes, such as the 

weathering of metal-bearing rocks, volcanic eruptions, and aerosol formation, contribute to the 

release of HMs into the environment.  Human activities are the primary cause of a dramatic increase 

heavy metal pollution. Unlike naturally occurring contextual levels, anthropogenic sources release 

large concentrated quantities of heavy metals that contaminate the air, water and soil, presenting 
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severe risks to the environment and human health (Xu et al., 2024). Below are some sources of heavy 

metal pollution presented (Figure 1). 

2.4.1. Anthropogenic sources of heavy metal pollution 

Environmental pollution triggered by HM concentration remains a significant global challenge. HMs, 

which are naturally occurring elements, can become harmful contaminants when introduced into the 

environment in excessive amounts. There are several types of environmental contaminants: biological 

waste disposal, inorganic, and organic substances, which are major sources of environmental 

contaminants (Garelick et al., 2008). Regardless of their specific category, all pollutants pose a 

significant threat to the natural environment. As the worldwide population is significantly growing, so 

too is the amount of waste generated, leading to increased environmental pollution if not properly 

controlled. This learning has made contamination a major global environmental challenge impacting 

ecosystems, public health, and contributing a climate change (Manisalidis et al., 2020).  

Industrial activities such as the production of chemicals, mining, metallurgy, and wastewater disposal 

release various pollutants into the environment, including HMs, releasing substantial concentrations. 

Anthropogenic activities have significantly increased the release of HMs beyond natural levels of 

concentration. The high concentrations of HMs in the environment can severely disrupt ecosystem 

services and pose a significant threat to biodiversity by compromising the fundamental processes that 

support life (Mathivanan et al., 2021). Human activities significantly contribute to HM pollution in 

the environment, far surpassing natural sources in both scale and impact. For example, the 

automotive industry releases lead into the atmosphere, while agricultural practices introduce copper 

and zinc through pesticide and herbicide applications. Additionally, the combustion of fossil fuels 

releases HMs like nickel and mercury into the environment.  To meet the demands of a growing 

population, industries are compelled to continuously produce goods, resulting in heightened influx of 

population from different sources. These industrial activities significantly release harmful, untreated 

industrial effluents that threaten environmental health and biodiversity (He et al., 2005).  

The effluents from manufacturing industries, as well as the disposal of untreated hazardous wastes, 

have contributed to a larger amount of HM pollutants. Although several sources can release heavy 

metals into the environment, the most common source affecting the natural environment is mining 
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activities. Mining activities, such as searching, exploration, construction, operation, maintenance, 

development, and decommissioning, can have a variety of negative impacts, as well as direct and 

indirect effects on the environment. It is a common economic activity in both the industrialized and 

non-industrialized worlds and has undeniable negative environmental consequences. The major 

consequence of mining activities is the release of HM contaminants, which affects surface water 

more than groundwater. Surface water is a major concern because all life forms rely on it, and it is 

required to sustain life (Haddaway et al., 2019). 

 

 

Figure 1: A schematic diagram illustrating the primary sources of heavy metal pollution (Bishnu et al., 

2024) 
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2.4.2. Natural sources of heavy metal pollution 

The sources of HM pollution in the environment have originated from natural processes (Figure 1). 

Natural processes, such as biogenic activities, metal corrosion, geological weathering, and 

atmospheric phenomena like wind erosion and volcanic eruptions, contribute to heavy metals in the 

environment. These natural sources, while often occurring at lower rates, can significantly contribute 

to the overall accumulation of heavy metals in certain regions (Gomaa & El-Meihy, 2019). Natural 

weathering, a gradual geological process, breaks down rocks and minerals over time. As this occurs, 

naturally occurring heavy metals are released into the environment, including soil, water, and air. 

While this process is slow, it contributes to the overall background levels of heavy metals. This 

natural release of heavy metals can potentially harm biodiversity. Heavy metals can naturally occur in 

hydroxides, oxides, organics, phosphates, silicates, sulfates, and sulfides {Formatting Citation}. 

2.5.  Impacts of heavy metals on soil health  

Due to their non-biodegradable nature and potential toxicity, HMs pose serious challenges to soil 

health. Unlike organic pollutants, which can degrade over time, HMs persist in the environment for 

extensive periods, resisting biotransformation processes. This persistence allows these toxic elements 

to accumulate in the soil, often reaching concentrations that exceed the threshold for safe 

environmental functioning. Over time, this accumulation disrupts the balance of the soil ecosystem, 

impairing its ability to support plant growth, regulate water, and sustain microbial activity. The 

persistent presence of HMs not only affects soil quality but also exacerbates long-term environmental 

degradation. Soils contaminated with these metals lose their resilience, making it difficult for natural 

remediation processes to restore their health. Consequently, HM pollution presents a significant 

environmental challenge, requiring proactive measures to prevent accumulation and mitigate its 

impacts on soil ecosystems (El-sharkawy et al., 2025). 

One of the primary ways HMs impact soils is by altering their physical structure, leading to 

significant degradation through time. The metals can disrupt soil aggregation, breaking down the 

bonds that hold soil particles together. This degradation disrupts the soil's texture, making it more 

compact or fragmented, which reduces its porosity and prevents the circulation of air (Kalsoom et al., 

2023). Reduced soil porosity has a detrimental impact on soil health, as it restricts the availability of 
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vital resources like water and air, which are critical for root development and the activity of 

beneficial soil microorganisms.  

HMs can inhibit the soil's natural process to form stable aggregates, further diminishing its water 

infiltration capacity. These physical changes severely compromise the soil's functionality, making it 

less effective at providing the necessary environment for plant growth. Crops grown in such degraded 

soils may experience stunted root systems and reduced access to water and nutrients. Over time, these 

issues can reduce the soil’s productivity, posing serious challenges to agricultural sustainability. 

Besides, the loss of soil functionality due to heavy metal contamination can have long-term 

consequences for the broader ecosystem, as the soil becomes less capable of supporting the diverse 

organisms and processes essential for ecological balance (Angon et al., 2024). 

Chemically, HMs interfere with essential soil processes, leading to significant disruptions in soil 

chemistry and nutrient dynamics. One of the primary effects is their ability to compete with vital 

nutrients for adsorption sites on soil particles. These adsorption sites, typically occupied by essential 

nutrients such as calcium, magnesium, and potassium, are critical for maintaining nutrient availability 

for plant uptake. When HMs like Pb+2, Cd+2, or Hg+2 occupy these sites, they displace essential 

nutrients, rendering them less accessible to plants (Collin et al., 2022;Angon et al., 2024). This 

nutrient displacement creates deficiencies that can impair plant metabolism and growth. Additionally, 

the accumulation of HMs in the soil can significantly alter soil pH, either acidifying or alkalizing the 

soil depending on the type of metal and its concentration. Changes in pH destabilize the chemical 

environment, affecting nutrient solubility and cycling (Zhao et al., 2024). For example, an acidic shift 

caused by HMs can increase the solubility of toxic elements, further worsen contamination, while 

reduce the availability of beneficial nutrients like phosphorus. Conversely, an increase in soil 

alkalinity may lead to nutrient precipitation, further limiting nutrient uptake by plants (Bouida et al., 

2024). 

2.6.  Impacts of heavy metals on water quality 

Urbanization and industrialization are the primary sources of water pollution. Runoff from populated 

and industrial areas carries metals that accumulate in the sediment of water bodies. Even small 

amounts of these metals can be highly toxic to humans and ecosystems. Heavy metal toxicity varies 
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depending on the specific metal, its chemical form, its biological function, the exposed organism, and 

the organism's developmental stage. Contamination of one organism can impact the entire food chain, 

with humans at the top accumulating higher concentrations of heavy metals. Industrial and domestic 

waste typically enter the sewage system (Hossen et al., 2023). 

Raw sewage is a major source of HM pollution, as these metals persist through standard sewage 

treatment. While treatment processes do remove HMs, they end up either in the treated wastewater 

(effluent) or the resulting sludge. The quality of wastewater discharged into the environment is 

directly related to the level of sewage treatment it receives. Recognizing the environmental damage 

caused by untreated sewage discharge, governments have implemented stricter regulations and 

spurred the development of improved treatment technologies to minimize water pollution (Briffa et 

al., 2020). Sewage treatment typically involves three stages: primary, secondary, & tertiary. Primary 

treatment begins with filtering out large debris, followed by sedimentation to remove solids, creating 

sludge. This sludge, containing roughly half of the initial suspended solids, is then processed further, 

often in a digester. Secondary treatment uses oxidation to further purify the wastewater, employing 

methods like biofiltration, aeration, or oxidation ponds. Tertiary treatment, the final stage, removes 

remaining pollutants, particularly phosphates and nitrates, often using activated carbon and sand 

filtration. These treatment steps are adapted based on the specific sewage composition and treatment 

facility. Concerns about untreated sewage discharge have led to stricter regulations and the 

development of advanced technologies to reduce water pollution (Mokarram et al., 2020). 

Pollutants in surface waters can be dissolved, suspended, or exist as particulate matter. Water 

transports these pollutants, sometimes over long distances. Particulate matter can settle to the bottom, 

while liquid droplets may either sink or float. River transport depends on water flow, pollutant 

stability, and its physical state. In oceans, wind and currents further disperse pollutants, with seawater 

density (influenced by salinity and temperature) also playing a role (Aziz et al., 2023). Persistent 

pollutants like HMs can accumulate in marine organisms, entering the food chain and impacting 

predators at higher trophic levels, including humans.  Migratory species can then spread these 

pollutants across different ecosystems (Zamora-Ledezma et al., 2021).  
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2.7. Harmful effects of heavy metal concentration on human health 

Certain HMs, such as iron, zinc, copper, and selenium, are essential micronutrients for human health 

(Deng et al., 2022). These elements play crucial roles in various biological processes. However, 

heavy metals can be toxic to many living organisms, impacting metabolic activities. Therefore, a 

thorough understanding of their harmful effects on human health, including specific concentrations 

and oxidation states of these metals, is important and useful Sall et al., (2020). Understanding the 

origins of HMs, how they are released into the environment through processes like leaching, and how 

their chemical properties change as they move through ecosystems is a crucial application in fighting 

environmental pollution. Various human diseases, such as breathing problems, kidney failure, 

neurological disorders, and ultimately cancers, are caused by certain concentrations of HMs. Studies 

have shown that chromium is a carcinogenic HM, even at low concentrations (Parui et al., 2023).  

 

Studies have shown that HM exposure can have detrimental impacts on human health, including 

delays in growth and development in children (Zeng et al., 2019). HM can inhibit different body 

functions, disrupt regulatory systems, and lead to a range of health problems. For example, chronic 

fatigue syndrome, Alzheimer's disease, and neurodegenerative disorders can be linked to exposure to 

high concentrations of HM. Intoxication by certain HMs, such as lead and mercury, can bring about 

autoimmune disorders in which the patient's immune system attacks its cells. As described by  (Sall et 

al., 2020), inhaling certain concentrations of HMs, such as Pb+2 and Hg+2, can cause joint disease, 

circulatory problems, and other nerve system issues. Inhalation of cadmium creates accumulation in 

parts of the body, leading to organ failure and various diseases. After absorption and subsequent 

transport into the body, deposited traces of Cd+2 can reach the kidneys, and upper and lower 

respiratory tract, and finally impair human metabolic activities (Kumar et al., 2021). 

 

According to Gaur et al., (2014), mercury is a powerful neurotoxin that primarily affects the central 

nervous system (CNS). It can cause hearing disorders and muscle weakness. The lungs absorb 

metallic mercury through the breathing process bringing about breathing difficulties. The metallic 

mercury is also used to cause biochemical damage to tissues. As it was researched, metallic mercury 

can induce toxicity by forming free radicals and generating oxidative stress consequently causing 

DNA damage (Arroyo et al., 2013). However, cadmium is a toxin HM, and toxicity weakens 
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antioxidant defense by lowering intracellular glutathione levels. Glutathione inhibits the activity of 

various antioxidant enzymes such as superoxide dismutase and catalase, along with the formation of 

reactive oxygen species. The increased level of reactive oxygen species (Manousi et al., 2020) causes 

damage to DNA repair, leading to mutations. Studies also show that the effects of heavy metals on 

human health, such as arsenic causing carcinogenic effects, copper causing anemia, chromium 

causing mental disturbance and ulcers, cancer, lead causing neurotoxicity, and nickel causing skin 

allergies, lung fibrosis, and cardiovascular disease (Arroyo et al., 2013). Some health effects of heavy 

metals are presented one by one as follows. 

2.7.1. Lead 

Lead is a highly toxic heavy metal whose widespread use has resulted in extensive environmental 

contamination from industrial wastewater discharges. It is a significant problem across the globe. In a 

dry environment, lead looks like a bright silver-blue metal. But this appearance doesn’t last long 

when exposed to air; it quickly tarnishes, creating a complex mixture of compounds based on the 

surrounding atmospheric conditions. There are many ways humans can be exposed to lead 

contamination. The main sources include industrial activities, contaminated food and drinking water, 

as well as domestic processes (Jaishankar et al., 2014). Lead is an extremely toxic metal that, unlike 

essential metals like zinc, copper, and manganese, serves no biological function in plants. When 

plants absorb high concentrations of lead, it triggers a rapid increase in reactive oxygen species. 

These harmful molecules damage the plant’s cell membrane, which in turn leads to the destruction of 

chlorophyll and disrupts photosynthesis that ultimately suppressing the plant’s overall growth and 

development (Najeeb et al., 2017). 

Lead causes toxicity in living cells through two main pathways: by acting as an ion and by creating 

oxidative stress. Studies have found that this oxidative stress occurs when there is an imbalance 

between the production of harmful free radicals and the cell’s ability to produce antioxidants to 

neutralize them and repair the resulting damage (Jaishankar et al., 2014). The attack of lead disrupts 

the balance between harmful reactive oxygen species and protective antioxidants. Normally, 

antioxidants such as glutathione protect the cell by neutralizing free radicals such as hydrogen 

peroxide. However, under the influence of lead, the level of damaging ROS increases while the level 

of protective antioxidants decreases. This disrupts a crucial protective mechanism. The reduced form 
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of glutathione donates electrons form its thiol functional group to stabilize ROS. With the help of the 

enzyme glutathione peroxidase, two molecules of glutathione then bind together forming oxidized 

glutathione disulfide after they have donated their electrons. This process is essential for keeping the 

cell healthy, but lead presence overwhelms this defence system (Singh & Sharma, 2025).  

2.7.2. Chromium 

High levels of chromium (VI) exposure are found in industries such chromate manufacturing, 

chromate plating, ferrochrome production and stainless-steel welding.  This occupational exposure is 

a key known causes of respiratory cancer (Sawicka et al., 2021). Chromium (VI) is a proven toxic, 

mutagen and carcinogen. It is considered more dangerous than chromium (III) because of its higher 

solubility and mobility. Chromium (VI) exposure can lead to a range of severe health problems. 

Inhalation is a major route of exposure, particularly in industrial settings like electroplating and 

welding. This phenomenon can cause respiratory tract irritation and increase the risk of lung cancer. 

Chronic exposure can lead to liver and kidney damage, affecting their ability to filter waste and 

detoxify the body (Jomova et al., 2025). Further, chromium (VI) can disrupt the circulatory system 

leading to cardiovascular issues. The conversion of chromium (VI) into reactive form generates ROS 

which causes oxidative stress and damage to cellular components including DNA, proteins and lipids 

(Yin & Phung, 2015;Chatterjee et al., 2020).  

2.7.3. Cadmium 

Cadmium is a highly toxic heavy metal that is a byproduct of zinc production. It is ranked as the 

seventh most toxic substance on the Agency for Toxic Substances and Disease Registry (ATSDR) 

priority list. Its widespread use in industrial applications and its presence in the environment make it 

a significant public health concern. When it is released into the environment through industrial 

activities and waste disposal poses a significant threat. The toxic heavy metal has a remarkable ability 

to persist, accumulating in soils and aquatic sediments for decades. This long-term environmental 

presence creates a reservoir of contamination, leading to a prolonged risk of exposure for both human 

and wildlife through contaminated water, crops, and seafood. The persistence of cadmium in these 

environmental sinks makes it a chronic and difficult-to-manage public health and ecological concern, 

as it can continue to cycle through ecosystems long after the initial source of pollution has been 

removed (George et al., 2023).  
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Cadmium is considered a metal of the 20th century, primarily because of its widespread use in modern 

industrial applications. As a by-product of zinc production, it is naturally present in small amounts in 

the soils, rocks, coal, and mineral fertilizers. It is utilized in many products, including batteries, 

pigments, plastics, and metal coatings, as widely used in electroplating. The International Agency for 

Research on Cancer (IARC) classifies cadmium and its compounds as a group one carcinogen, 

meaning they are known to cause cancer in humans (Yang et al., 2025).    

2.8. Harmful effects of heavy metals on ecosystem biodiversity  

An ecosystem is an open thermodynamic system, meaning it exchanges both energy and matter with 

its surroundings. This exchange allows for a dynamic balance between the biotic (living) and abiotic 

(non-living) components of the ecosystem. This balance is essential for the stability and resilience of 

the ecosystem. However, the introduction of heavy metals, either from natural sources or human 

activities, can disrupt this delicate equilibrium. HM can be bioaccumulated in the environment and 

organisms leading to various ecological and health problems. The bioavailability of materials in the 

ecosystem, such as organic matter and nutrients, can significantly influence the uptake of HMs by 

organisms. For example, the presence of organic matter can bind to HMs, reducing their availability 

for uptake by plants and animals. Conversely, certain nutrients can increase the uptake of HMs by 

plant growth promotion and root development. Therefore, understanding the complex interactions 

between heavy metals, bioavailability, and ecosystem processes is crucial for assessing the potential 

risks and developing effective strategies for mitigating the impacts of heavy metal pollution (Boshoff 

et al., 2014). 

HMs can exist in the environment in both ionic and elemental forms. In their ionic form, HMs have a 

positive charge (cations) and can interact with negatively charged particles, such as organic matter, in 

the environment. This interaction can lead to the adsorption of HMs onto organic matter, which can 

reduce their mobility and bioavailability. HM pollution has a significant negative impact on microbial 

communities, which play a vital role in the ecosystem and its function. According to Tovar-Sánchez 

et al. (2018). Heavy metals can significantly disrupt the growth, development, and biochemical 

processes of microorganisms due to their toxic effects, which interfere with cellular and molecular 

function. HM pollution disrupts ecosystem balance by interfering with key processes like organic and 

inorganic matter decomposition and nutrient cycling. This interference reduces the availability of 



 

19 

 

essential nutrients in the food chains and webs. Ultimately, these changes affect the overall health and 

functionality of ecosystems, impacting the services they provide to humans and the environment (Das 

et al., 2023).  

2.9. Effects of heavy metals on microorganisms and wildlife 

Heavy metal pollution can harm microorganisms, leading to changes in their cellular structure and a 

decrease in biodiversity (Das et al., 2023). These changes disrupt the metabolic processes of living 

organisms, potentially reducing nutrient availability & making it harder for plants to absorb nutrients. 

This impacts food chains and energy flow in ecosystems, accumulates in organisms, disrupts their 

metabolism and other essential processes, and transfers through various trophic levels within the 

ecosystem (Gall et al., 2015). Soil invertebrates can accumulate HMs in their bodies as they consume 

organic matter and leaf litter contaminated with these metals. Crustaceans, earthworms, and snails are 

examples of invertebrates that are particularly vulnerable to heavy metal accumulation (Tovar-

Sánchez et al., 2018). Human activities, such as physical alterations to the environment, sewage 

discharge, nutrient runoff, sediment erosion, and pollution from persistent organic pollutants, 

hydrocarbons, and HMs, are increasingly harming marine and coastal ecosystems (Yang et al., 2020; 

Lu et al., 2018). 

Prolonged experience with HMs can have devastating consequences for wildlife populations and their 

natural habitats. As HMs accumulate in the environment, they can disrupt ecosystems, leading to a 

decline in biodiversity. HMs can bioaccumulate in organisms, meaning they build up in tissues over 

time. This can lead to a variety of health problems, including impaired growth, reproductive issues, 

and neurological disorders (Tovar-Sánchez et al., 2018). For example, bioaccumulation of nickel in 

the Alyssum pintodalsivae (Brassicaceae) affects locusts and spiders in the food chains and food 

webs. Therefore, the transfer of these pollutants at each trophic level leads to harmful effects on 

biodiversity (Kaur et al., 2021).   

2.10. Effects of heavy metal concentrations on plant cells 

HM contamination poses a significant threat to plant health by adversely affecting their growth, 

development, and overall physiological processes (Vasilachi et al., 2023). When exposed to high 

concentrations of HMs, plants experience different adverse effects. It may interfere with several 
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physiological processes, including photosynthesis, respiration, and nutrient uptake (Srivastava et al., 

2017). One of the primary mechanisms of HM toxicity is oxidative stress. It is characterized by an 

imbalance in the formation of ROS and the body’s ability to detoxify these intermediates. HM can 

generate reactive oxygen species (ROS) within plant cells, damaging cellular components such as 

DNA, proteins, and lipids. This oxidative stress can lead to a decline in plant growth, reduced 

photosynthesis, and impaired nutrient uptake. Furthermore, HM might upset the balance of vital 

nutrients in plants. They can compete with essential nutrients for absorption, resulting in food 

deficits. For instance, Cd+2 concentrations can inhibit iron uptake, both of which are essential for 

plant growth and development (Ali et al., 2022). Additionally, HMs can accumulate in plant tissues, 

making them toxic to animals and humans who consume them. This bioaccumulation can have long-

lasting consequences for food chains and human health. To discuss the negative impacts of HM 

contamination on plants, it is essential to implement sustainable agricultural practices, reduce 

industrial pollution, and develop effective remediation strategies (Vácha, 2021). 

Studies have shown that the absorption and bioaccumulation of HMs in plant tissue are affected by 

temperature, moisture, organic matter, nutrient availability, and pH (Raize et al., 2004). Heavy metal 

phytotoxicity reduced nutrient uptake, plant metabolism disorders, germination delays, and reduced 

molecular nitrogen in leguminous plants used for nitrogen fixation (Jin et al., 2018). For example, 

high Pb concentrations in soil can reduce productivity, and low Pb concentrations can inhibit some 

important processes in plants, such as photosynthesis, mitosis, and water absorption mechanisms, 

resulting in plant diseases like dark green leaves, wilting, and brown, short roots. This consequently 

brings about a loss of production and productivity (Bhattacharyya et al., 2008). 

2.11.  Bioremediation using microorganisms  

Bioremediation is a process by which microorganisms, such as bacteria, archaea, and fungi, transform 

contaminants in polluted environments. It is a cost-effective and environmentally beneficial approach 

to cleaning up or reducing pollutants in soil and water. The studies have been conducted to 

characterize bacterial populations, determine their susceptibility to contaminants, and identify genes 

that facilitate pollutant removal released from industrial effluents (Das et al., 2016). Microorganisms 

can contribute to bioremediation by cleaning different contaminants, including petroleum 

hydrocarbons, herbicides, insecticides, and HMs. Some commonly reported organisms for the 
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detoxification of pesticides and heavy metals include Pseudomonas sp., Bacillus sp., Klebsiella sp., 

Pandoraea sp., Phanerochaete chrysosporium, and Mycobacterium sp. Rashid et al., (2023). The 

degradation abilities of bacterial species to pollutants depend on the nature of the pollutants they 

encounter. For instance, microorganisms isolated from brewery waste samples can efficiently degrade 

brewery effluents compared to those from other wastes (Bhattacharjee et al., 2020). 

Microbial diversity is crucial for maintaining ecosystem stability and functioning, Palit et al., (2022). 

Different microorganisms play countless roles in the decomposition of environmental pollutants 

through various mechanisms. Numerous studies show that culture-independent approaches are the 

only way to detect a wide range of unidentified bacteria that assist in the bioremediation of polluted 

areas (Das et al., 2016). These cutting-edge molecular methods, such as metagenomics sequencing, 

allow researcher bypass the need for laboratory cultivation by directly extracting and analyzing 

genetic material from environmental samples. This capability is critical because traditional culturing 

methods capture less than 2% of total microbial diversity, thereby overlooking the specialized, 

uncultured strains that are often the dominant in-situ degraders of contaminants like hydrocarbons 

and heavy metals. This leads to discoveries of new species, insight into microbial community 

structure, and a deeper understanding of their roles in various ecosystems, including bioremediation 

potential. Some prominent examples of heavy metal bioremediation through bacterial species are: P. 

mendoca, Cellulosmicrobium cellulans, Arthrobacter sp., Agrobacter sp., and P. aeruginosa S128. 

These microbes have a promising potential for cleaning up HM contamination (Sundarraj et al., 

2022).  

Microbes can break down contaminants in both natural and human-made environments. In natural 

habitats, some microbes have evolved the ability to metabolize specific pollutants. Some bacteria, for 

example, may break down petroleum hydrocarbons, while certain fungi can transform compounds in 

organic and inorganic substances such as insecticides, herbicides, pesticides, and HMs Kumar et al., 

(2011). Aside from decomposing hydrocarbons, microorganisms can also remove industrial wastes 

and reduce the toxic cations of HMs into less toxic soluble form, through biotransformation 

mechanisms as reported by Zhao et al., (2021). To increase the rate of contaminant breakdown, 

specific microorganisms can be introduced, or existing microbial communities can be stimulated. 
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However, in some cases of toxic heavy metals, microorganisms can only alter the form of the metal 

or change its location (Pande et al., 2022; Briški et al., 2019). 

Microbial communities are immensely diverse and complex, often comprising bacteria, archaea, 

fungi, and microalgae that influence microbial interactions. Each group contributes uniquely to the 

degradation processes through specialized metabolic activities. For instance, certain bacteria possess 

enzymes capable of breaking down hydrocarbons, pesticides, herbicides, and heavy metals. Archaea, 

a unique class of microorganisms, exhibits considerable promise for bioremediation (Mainka et al., 

2021). Methanogenic archaea are essential contributors to breaking down intricate organic substances 

in anaerobic conditions. They participate in the decomposition of organic materials, such as 

petroleum hydrocarbons, by generating methane as a secondary product of their metabolism. 

Moreover, specific species of archaea can carry out denitrification, a mechanism that effectively 

lowers the concentration of nitrate and nitrite in the polluted environment. Fungi also play a vital role 

in degrading recalcitrant pollutants such as lignin, polycyclic aromatic hydrocarbons (PAHs) (Yang et 

al., 2020; Lu et al., 2018), and synthetic dyes, which have their own extracellular enzyme systems 

like peroxidase. Moreover, microalgae can absorb heavy metals and contribute to phytoremediation 

in aquatic systems (Omar et al., 2024). 

The synergistic interactions among those microbial communities further enhance contaminant 

degradation, as one group may transform a pollutant into intermediate products that serve as a 

substrate for others, resulting in incomplete mineralization. Advances in molecular biology, 

metagenomics, and systems biology have revealed the immense functional potential hidden within 

these microbial diversities, allowing scientists to better understand their roles and harness them more 

effectively for targeted bioremediation strategies. Thus, the microbial community can serve as the 

cornerstone for bioremediation, and their ecological diversity, metabolic flexibility, and ability to 

adapt to contaminated environments make them indispensable allies in addressing environmental 

pollution and restoring ecosystem health (Bhattacharjee et al., 2020). 

2.12.  Mechanism of bacteria toward heavy metal bioremediation 

Bacteria have been found to survive in a wide range of conditions, including the cold poles, hot 

deserts, damp swamps, and aquatic systems. Their distinctive characteristics include small size, high 
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surface area to volume ratio, rapid transfer of genetic traits, and flexibility. Bacteria contribute 

significantly to heavy metal bioremediation through a variety of processes. One of the easiest 

techniques is to transform organic pollutants into non-toxic molecules by utilizing them as a carbon 

source. However, in the case of heavy metal contamination, bacteria have developed three resistance 

mechanisms: efflux of toxic metals outside a cell via transporters, conversion of the metals into non-

toxic or less toxic forms, and biosorption. Biosorption and enzymatic alteration of heavy metals into 

another form are frequently linked. For example, once a metal has been absorbed into the cell, 

enzymes work on it, precipitating the metal as a salt (Das et al., 2016). 

2.12.1.  Biosorption  

Biosorption is the process by which microorganisms like bacteria, fungi, and algae bind HMs to their 

cell surfaces. This binding occurs through different processes, including ion exchange, complexation, 

and precipitation. It is an efficient and environmentally friendly approach to remove HMs from 

contaminated wastewater and soil. The process has different advantages over traditional technologies, 

including cost-effectiveness, efficiency, and the ability to treat the enormous amounts of wastewater 

and soil (Pham et al., 2022). The cellular surface of bacteria contains functional groups like carboxyl, 

amino, and phosphate groups on which HMs ions can bind (Figure 2). The metal ions can then be 

removed from the environment along with the bacterial biomass (Zhao et al., 2017). The process 

consists of a solid phase (biosorbent, a biological substance) and a liquid phase (solvent) containing 

the dissolved species to be sorbed. The binding of a sorbent to a sorbate continues until a balance is 

reached between the amount of sorbate bound to the solid phase and the amount remaining in the 

solution. At this point, the sorbate is essentially removed from the solution. In the case of bacteria, the 

binding of metals is often mediated by a class of proteins called metallothioneins. These are small 

proteins rich in cysteine amino acids, and they play a crucial role in regulating and storing heavy 

metals within cells. They are found in a wide range of bacteria, fungi, plants, and animals that have a 

high affinity for binding to HM ions, particularly Zn+2, Cu+2, Cd+2, and Hg+2 (Chatterjee et al., 2020).  

Biosorption technologies influence the binding properties of different biological materials to achieve 

their desired outcomes. It enables the bioaccumulation of HMs in living cells through a metabolically 

mediated process (Wang et al., 2006). Metal sequestration during the biosorption mechanism depends 

on the complex phenomenon of ionic interactions between the metal cations and the cell wall matrix 
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of the microorganisms (Raize et al., 2004). Studies have shown the biosorption mechanism of 

different HMs by brown marine macroalgae, which attach to chemical groups containing oxygen, 

carbon, nitrogen, and sulfur to form complexes with Cd+2. However, the binding process did not alter 

the magnesium and calcium concentrations in the solution, indicating that ion exchange might not be 

the main mechanism for Cd+2 biosorption on brown marine macroalgae, called Sargassum Vulgaris 

(Raize et al., 2004). 

2.12.2.  Bio-attenuation 

Bio-attenuation is an in-situ bioremediation development that depends on naturally occurring 

microorganisms to reduce the concentration or toxicity of pollutants. In HM contamination, bio-

attenuation fosters the growth of native bacteria that can immobilize or transform them into less toxic 

forms. This can be achieved by optimizing environmental conditions such as pH, oxygen levels, and 

nutrient availability, which promote microbial activity (Das et al., 2016). This approach uses natural 

processes to control the spread of pollution from chemical spills and reduce the concentration of 

pollutants at contaminated sites (Emenike et al., 2018). As a result, the environmental contaminants 

remain undisturbed, providing an opportunity for natural degradation, reduction, or conversion. The 

effectiveness of bio-attenuation depends on the dominant biological activity at environmentally 

contaminated sites. However, bio-attenuation effectiveness varies depending on the nature of the 

pollutants and the physical, chemical, and biological properties of the affected soil and wastewater 

(Vasilachi et al., 2023). Bio-attenuation can reduce the mass of pollutants by lowering the 

concentration of pollutants or by binding pollutants to soil particles, thus preventing their spread or 

migration. It is an effective, inexpensive, and appropriate approach for pollution removal strategies 

(Emenike et al., 2018). 

 

Studies have shown the success of bio-attenuation as a treatment for hydrocarbons, chlorinated 

solvents, pesticides, and even some heavy metals in groundwater and soil regimes. For example, 

indigenous bacteria like Pseudomonas, Mycobacterium, and Rhodococcus naturally biodegrade 

petroleum hydrocarbons via aerobic metabolic pathways (Abbasian et al., 2015). Compounds that are 

chlorinated can also be dechlorinated, such as trichloroethene (trichloroethylene, TCE), which can be 

dechlorinated reductively by bacteria like Dehalococcoides (Dutta et al., 2022). Factors important to 

bio-attenuation include the presence of electron donors and acceptors, nutrients, pH, temperature, and 
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the bioavailability of the contaminant. Biogeochemical conditions play an especially important role in 

whether aerobic or anaerobic processes occur. The development of complex molecular tools such as 

metagenomics, as well as isotopic tools, has advanced our understanding of how bio-attenuation 

relates to microbial pathways and community interactions (Haripriyan et al., 2022). 

 

 

Figure 2: An Overview of essential mechanisms responsible for heavy metal bioremediation in 

contaminated environments by Bacteria (Pham et al., 2022; Zhao et al., 2017) 

Bio-attenuation is the cheapest and most environmentally friendly; however, implementation is 

difficult when using this as the only remediation technique. Such reasons include the fact that it takes 

quite some time, it can be difficult to know how it will turn out after a long period, and oftentimes in 

rare cases, the intermediates are not fully degraded and accumulate as by-products. Recent research is 

exploring o make bio-attenuation more reliable by developing better monitoring methods and a better 

understanding of symbiotic interrelationships in microbial consortia. The feasibility of controlling 
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complex contamination situations may be greatly improved by utilizing bio-attenuation in 

conjunction with other remediation technologies, such as bio-stimulation and bioaugmentation 

(Haripriyan et al., 2022). 

2.12.3. Bioaugmentation  

Bioaugmentation is a bioremediation technique that involves introducing specific microorganisms 

into a contaminated environment to accelerate the biotransformation or removal of pollutants. In the 

context of HM pollution, bioaugmentation involves the addition of microorganisms that can 

bioaccumulate, biotransform heavy metals. By introducing these specialized microorganisms, 

biotransformation processes can be accelerated, leading to more efficient removal of HM pollutants. 

This technique is particularly useful for sites with low microbial activity or where indigenous 

microorganisms are not effective in degrading the pollutants Mrozik & Piotrowska-Seget, (2010). 

This process involves the addition of specific cultured bacteria to sewage effluent. These bacteria can 

effectively degrade pollutants such as HMs concurrently through biotransformation and biosorption 

processes. Through bioaugmentation, researchers have identified strains of B. subtilis that exhibit 

remarkable tolerance to high temperatures and resistance to heavy metals. These findings have 

significant implications for bioremediation applications, especially in environments with extreme 

conditions (Al-Gheethi et al., 2016; Herrero & Stuckey, 2015). 

Bioaugmentation, while effective in cleaning up aromatic hydrocarbon contaminants, faces 

limitations when applied to heavy metal pollution. One major challenge in bioaugmentation is 

ensuring the survival and growth of introduced microorganisms in the often harsh and competitive 

environment of polluted sites. These microorganisms may face competition from native microbial 

populations, exposure to toxic pollutants, and unfavorable environmental conditions. Additionally, 

the number of familiarized microorganisms frequently experiences a decline following inoculation. 

This decline, while often observed, is a complex phenomenon influenced by heavy metal toxicity. 

Furthermore, bioaugmentation alone may not be enough for complete HM removal due to difficulties 

in separating the metals from a treated medium. The effectiveness of bioaugmentation is also 

influenced by various abiotic factors, including temperature, moisture, pH, organic matter content, 

aeration, nutrient availability, and soil type. These factors can significantly impact the efficiency of 

the bioremediation process (Sundarraj et al., 2022). 
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2.12.4.  Biotransformation  

The biotransformation of HMs is important for the restoration of damaged ecosystems such as 

wetlands, abandoned mining sites, agricultural lands, and residential areas. These approaches are 

particularly valuable in areas experiencing rapid industrialization and where environmental concerns 

are significant. By employing biotransformation techniques, it is possible to clean up polluted sites 

and promote ecological recovery (Emenike et al., 2018). For instance, the Micrococcus luteus strain 

AS2 bacterium shows a high degree of resistance to HMs like arsenic from contaminated sites by 

possessing different genes and their products. Studies have also shown that the presence of the acr3 

gene in the Micrococcus luteus strain AS2 can accumulate arsenite in the cell and plays a significant 

role in transporting arsenite from the AS2 strain cells to the outside of the cell (Sher et al., 2020).  

 

Biotransformation of HMs refers to the use of biological systems, typically microorganisms, to alter 

the chemical state, and mobility in the environment. The process is attracting much notice because of 

its potential uses in bioremediation and environmentally sound stabilizations. Microorganisms, 

including bacteria, fungi, and algae, possess extraordinary metabolic versatility and they can interact 

with HMs through biotransformation. For example, Pseudomonas, Bacillus, and Saccharomyces spp. 

have been extensively investigated for their metal-transforming abilities of cadmium, lead, arsenic, 

and chromium (Aftab, 2022). These are the transformations of metals into less toxic or less soluble 

forms, such as the reduction of Cr (VI) to the less toxic trivalent state, Cr (III). Biotransformation 

efficiency is dependent upon pH, temperature, and metal concentration, as well as the presence of co-

contaminants that may affect microbial activity. Genomics and proteomics advances have contributed 

to the elucidation of molecular mechanisms underlying microbial heavy metal transformation, thus 

allowing the development of designer bioremediation approaches (Lata et al., 2023).  

2.12.5. Extracellular and intracellular sequestration 

Extracellular HM sequestration is a process in which certain bacterial species bind and immobilize 

heavy metal ions outside their cell membrane (Figure 2). This ability allows these bacteria to protect 

themselves from toxic metals and contribute to the cleanup of contaminated environments (Gupta et 

al., 2017). This mechanism enables bacteria to live in harsh, HM-contaminated environments and can 

be applied to bioremediation efforts. Bacteria employ various strategies to bind and immobilize HMs 
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outside their cells (Etesami, 2018). The most common technique involves producing metal-binding 

proteins called metallothioneins or metallothionein-like proteins. These proteins have a strong affinity 

for HM ions and can effectively remove them from the environment. Once bound, the metal ions 

form stable complexes with the metallothioneins, reducing their toxicity and facilitating their removal 

from the system. Exopolysaccharides (EPS) produced by bacteria can also contribute to heavy metal 

sequestration into bacterial cells. These exopolysaccharides, a complex sugar molecule, form gel-like 

matrices around bacteria. These matrices can trap heavy metal ions through electrostatic interactions, 

preventing their dispersion into the environment (Chatterjee et al., 2020).  

Intracellular sequestration is another bacterial policy for acquiring and storing HMs. This mechanism 

is often triggered by high concentrations of HM contaminants, as these metals can be toxic to living 

organisms. Bacteria have evolved different methods to sequester HM within cells. One common 

approach involves the production of metal-binding proteins. These proteins, often synthesized in 

response to HM exposure and to the metals, effectively shield the bacteria from their toxic effects. 

For instance, such proteins include metallothioneins and phytochelatins. These proteins can bind a 

significant amount of HM, reducing their bioavailability and toxicity within the cell. Bacteria can trap 

HMs by turning them into solids like metal sulfides, which store HMs inside the bacteria’s cells 

(Huang et al., 2019). 

2.13. Gene diversity associated with heavy metal bioremediation 

Genetic diversity within a population can influence how organisms respond to HM exposure. 

Different individuals may possess genetic variations that affect their ability to detoxify HMs, 

transport them within their bodies, defend against oxidative stress, or repair DNA damage. These 

genetic differences can lead to varying levels of tolerance and susceptibility to heavy metal toxicity 

(Oves et al., 2016). This genetic change can result in alterations in susceptibility or tolerance to heavy 

metal toxicity in harsh environmental conditions. A study of gene diversity associated with heavy 

metal exposure can help researchers understand the genetic factors that contribute to the variation in 

susceptibility and responses to heavy metal toxicity. This knowledge can have implications for risk 

assessment, environmental monitoring, and the development of personalized approaches to prevent or 

mitigate the health effects of heavy metal exposure. It is expected that microbes living in heavy 

metal-contaminated environments will exhibit greater gene diversity than those in uncontaminated 
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areas (Oves et al., 2016). While HM pollution can harm plant growth and reduce the diversity and 

activity of soil microbes, the stress it imposes significantly impacts and likely alters the genetic 

structure of the surviving population (Xie et al., 2016). 

2.13.1. Gene diversity associated with mercury bioremediation 

Mercury (Hg) is a naturally occurring element referred to as "quicksilver." It is one of the few metals 

that are liquid at normal temperatures. This silvery-white metal, while beautiful, poses a considerable 

health and environmental risk due to its toxicity. Mercury can be ingested, inhaled, or absorbed via 

the skin. It can harm the neurological system, kidneys, and lungs, and, in severe cases, cause death. 

Because of its toxicity, many traditional applications of mercury, such as thermometers and 

barometers, have been phased out. However, it is still present in the environment due to industrial 

processes and natural sources. It is critical to handle mercury with extreme caution and be aware of 

its potential risks. According to studies, mercury is a widespread environmental pollutant. It is a 

naturally occurring heavy metal found in rock, the earth's crust, and coal deposits (Priyadarshanee et 

al., 2022). Due to their toxic effects, bioremediation methods are often preferred over other 

remediation techniques for mercury contamination. Mercury-resistant bacteria possess a genetic 

sequence called the mer operon, which enables them to thrive and break down mercury in 

contaminated environments (Dash et al., 2012). Studies indicated bacterial mer operons play a crucial 

role in mercury biogeochemistry and bioremediation. These genetic sequences allow bacteria to 

convert various forms of mercury, both inorganic and organic, into less harmful, volatile elemental 

mercury. The presence of mer genes influences the overall mercury cycle in the environment. The 

effectiveness of this mercury transformation process depends on the specific types and diversity of 

mer genes found in mercury-resistant bacteria (Priyadarshanee et al., 2022). 

 

The genes merA, merB, merP, and merT play a vital role in mercury resistance and bioremediation. 

MerA encodes a mercuric reductase that reduces toxic Hg2+ to less harmful elemental mercury (Hg). 

MerB degrades organic mercury compounds. MerP and MerT are involved in transporting inorganic 

and organic mercury, respectively, into bacterial cells for detoxification (Sone et al., 2013). MerE and 

MerG genes influence the cell's permeability to phenylmercury. MerE is involved in the uptake of 

organic mercury, while MerG facilitates its efflux, contributing to phenylmercury resistance. MerC 
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and MerF are inner membrane proteins commonly used in the bioremediation of mercury-

contaminated soils. They play a role in transporting mercury ions across the cell membrane. MerD 

and MerR genes regulate mercury bioremediation processes. MerD negatively regulates mercury 

resistance genes, while MerR positively regulates their expression (Dash et al., 2012). The merB gene 

is particularly valuable due to its ability to detoxify a wide range of toxic mercury compounds, 

including methylmercury and other organic mercury species. In conjunction with the merA gene, 

merB facilitates the enzymatic transformation of both organic and inorganic mercury into less 

harmful, non-volatile forms. Bacteria possessing the merB gene, especially those adapted to harsh 

environments and capable of tolerating pH fluctuations, are promising candidates for bioremediation 

applications (Priyadarshanee et al., 2022). 

A different study revealed that genes like merA, merB, and merG play an important role in the 

bioremediation of mercury-contaminated sites. These genes, often clustered together in a single 

operon, are involved in the detoxification and removal of mercury. MerA and MerB are responsible 

for the enzymatic transformation of mercury, while MerE facilitates the transport of both organic and 

inorganic mercury across the bacterial cell membrane (Bizily et al., 1999). Bacteria exposed to 

mercury-contaminated environments for prolonged periods develop resistance mechanisms. Studies 

have shown that the mer operon, a genetic sequence responsible for mercury detoxification, is present 

in thermophilic bacteria and even ancient archaea. This indicates that the origin of mercury resistance 

mechanisms may lie in hydrothermal environments, where high concentrations of mercury ions are 

present (Barkay et al., 2010). 

2.13.2. Gene diversity associated with lead bioremediation 

Lead (Pb) is a hazardous HM that poses a substantial environmental risk. Traditional techniques of 

cleansing Pb from wastewater can be expensive and environmentally damaging. Bioremediation, a 

sustainable approach that utilizes microorganisms to degrade or remove pollutants, has emerged as a 

promising alternative. By employing microorganisms capable of absorbing, bioaccumulating/ 

transforming lead, bioremediation offers a cost-effective and eco-friendly solution to clean up lead-

contaminated wastewater Naik & Dubey, (2013). It is a widely used heavy metal in various 

industries, including electronics, glass manufacturing, and battery production. The increasing demand 

for lead, especially in countries like China, has led to concerns about environmental contamination. 
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Certain bacteria, such as Arthrobacter spp., B. megaterium, C. freundii, E. coli, P. marginalis, and 

Staphylococcus aureus, have been recognized as potential bioremediation agents for lead-

contaminated environments. These bacteria can remove or immobilize lead through various 

mechanisms, including adsorption, biosorption, and bioaccumulation. To address the issue of lead 

pollution, it is essential to implement effective control measures to reduce lead emissions and 

remediate contaminated sites. Studies have shown that the Cupriavidus metallidurans CH34 plasmid 

pMOL30 harbors a lead resistance operon, suggesting a potential genetic basis for lead resistance in 

bacteria (Das et al., 2016). 

According to Das et al. (2016), microorganisms have a variety of techniques to deal with HMs, such 

as lead. These techniques include accumulating the metal inside and outside of their cells, trapping it, 

binding it to their surfaces (biosorption), turning it into insoluble forms (bio-precipitation), making it 

less harmful (detoxification), and chemically modifying it (biotransformation). Biosorption, a 

metabolism-independent process, primarily occurs at the cell-extracellular interface. In this process, 

microbial cells bind heavy metals to their surface without requiring cellular energy. Metabolism-

dependent bioaccumulation involves energy-dependent processes like redox reactions and 

sequestration. In extracellular sequestration, metal ions form complexes with various compounds 

within the cell cytoplasm. Subsequently, these metal-ligand complexes are slowly transported into the 

cell (Akhtar et al., 2013). There is a report in which bacteria can resist lead pollution by ATPase-

mediated lead efflux, intracellular sequestration by using metallothionein, exopolysaccharide 

sequestration, adsorption to the cell surface, and biosorption in the cell wall in the periplasmic space. 

These are collectively known as bioaccumulation, along with precipitation by sulfate-reducing 

bacteria, and finally, phosphatase-catalyzing enzymes can be used in lead bioremediation. This 

mechanism is widely employed in biotechnological applications for lead bioremediation from 

contaminated sites (Naik & Dubey, 2013). 

The pbr operon, regulated by the pbrR gene, is activated in the presence of Pb+2 ions. This operon 

includes genes like pbrA, pbrB, pbrC, and pbrT, each with specific functions. The pbrA gene encodes 

a P-type ATPase that pumps Pb+2 ions out of the cell. On the other hand, the pbrB gene encodes an 

integral membrane protein, possibly involved in inorganic phosphate production. The pbrC gene 

encodes a prolipoprotein signal peptidase, while pbrR encodes a regulatory protein that activates the 
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operon in response to Pb²⁺ ions, and pbrT encodes a Pb²⁺ uptake protein. The combined action of 

these genes allows bacteria to resist and potentially remediate lead contamination. The pbrA gene 

plays a crucial role in exporting Pb²⁺ ions from the cell. Additionally, intracellular sequestration of 

lead using metallothionein proteins, as seen in P. aeruginosa WI-1, is another promising strategy for 

bioremediation (Das et al., 2016). 

2.13.3. Gene diversity associated with arsenic bioremediation 

Arsenic, a naturally occurring heavy metal, is a significant global health and environmental concern, 

particularly due to its presence in contaminated water sources. This toxic element can infiltrate 

various environments, including soil, water, and air. Long-term exposure to arsenic-contaminated 

water can lead to severe health issues, including several types of cancer, skin lesions, cardiovascular 

diseases, and neurological disorders (Islam et al., 2019). Arsenic is an HM that causes drinking water 

contamination worldwide. It is a major HM that pollutes drinking water globally. This contamination 

poses a significant threat to human health, as it is linked to various health issues, including cancer. 

While both natural geological sources and human activities, like mining and agricultural practices, 

contribute to arsenic contamination, natural sources are the primary cause. Both developed and 

developing countries face the challenge of arsenic-contaminated drinking water (Rashid et al., 2023). 

Arsenic pollution is a serious environmental issue with significant health implications. The increasing 

accumulation of arsenic in soil and water bodies has led to its entry into the food chain, posing risks 

to human health (Selvi et al., 2014). To better understand and address arsenic contamination, 

scientists are increasingly using molecular techniques to study the microbial communities present in 

these environments. By identifying specific genes and their functions, researchers can develop 

genetic models to improve bioremediation strategies. Enterobacter asburiae (BC1) and Enterobacter 

cloacae (BC2), two bacterial species commonly found in arsenic-contaminated agricultural soil, are 

promising candidates for bioremediation due to their arsenic resistance. Additionally, research on 

bacteria like Corynebacterium glutamicum, which is used in industrial bioremediation, is being 

investigated to further explore their potential for arsenic removal (Mathivanan et al., 2021). While 

small amounts of heavy metals are essential for cellular processes, excessive levels can be harmful. 

These metals can generate harmful free radicals, damage cell membranes, and reduce microbial 

biomass and diversity. To counteract heavy metal toxicity, microorganisms have evolved various 
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resistance mechanisms, often encoded by specific genes and gene clusters. For instance, the 

bacterium Micrococcus luteus AS2 exhibits high resistance to arsenic due to the presence of genes 

like acr3. This gene plays a crucial role in both the accumulation and efflux of arsenite, allowing the 

bacterium to survive in arsenic-contaminated environments (Sher et al., 2020). 

Arsenic bioremediation, a sustainable approach to mitigating arsenic pollution, relies on the inherent 

abilities of microorganisms to tolerate and transform arsenic into less toxic forms. Several 

mechanisms contribute to this process. These mechanisms include adsorption and biosorption, efflux 

transport, oxidation-reduction reactions, methylation, and biotransformation via the AsC1 gene, 

which helps bacteria reduce arsenic pollution. The AsC1 gene encodes a protein that facilitates the 

transport and transformation of arsenic. This gene is often found in arsenic-resistant bacteria and 

plays a key role in arsenic detoxification. Generally, by understanding the diverse mechanisms 

employed by microorganisms to tolerate and transform arsenic pollution, scientists can develop 

innovative bioremediation strategies to mitigate the environmental and health risks associated with 

arsenic pollution (Sayqal & Ahmed, 2021). 

2.13.4. Gene diversity associated with copper bioremediation 

Copper (Cu) is an important trace element for many organisms, including microorganisms. It plays a 

vital role in various biological processes, such as respiration and photosynthesis. Due to its broad 

applications in industries like brewing, agriculture, electronics, and manufacturing, copper can be 

released into the environment, leading to potential contamination (George et al., 2023). While copper 

is an essential trace element for microbial growth, acting as a cofactor for various enzymes, it can 

become toxic at higher concentrations (Huang et al., 2018). To maintain optimal copper levels, 

bacteria have evolved mechanisms to regulate copper uptake and efflux. These mechanisms often 

involve the sequestration of copper ions, both inside and outside the cell. Genes associated with these 

processes play a crucial role in detoxifying copper from polluted environments. Bacteria have 

developed several mechanisms to resist copper toxicity. For example, Escherichia coli and P. 

syringae possess the Cue, Cus, and Pco systems for copper resistance. These systems are responsible 

for pumping excess copper ions out of the cell, thereby protecting the organism from copper toxicity 

(Bondarczuk et al., 2013). These copper resistance systems are essential for bacterial survival in 

copper-rich environments. Bacterial species, such as Acidithiobacillus ferrooxidans, E. coli strain K-
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12, Metallosphaera sedula, and P. aeruginosa, have been shown to possess such mechanisms (Huang 

et al., 2018). 

Cu is a necessary HM for the normal functioning of entire living organisms. In microorganisms, it 

serves as a cofactor for several enzymes involved in respiratory and electron transport processes. Cu 

is toxic to cells at high concentrations, primarily due to its ability to disrupt the integrity of cell 

membranes (Leite & Mohan, 1990). A trace element is required for the growth of microorganisms 

because it is a cofactor for several enzymes. However, it can be harmful and toxic even at lower 

concentrations (Huang et al., 2018). For predicting environmental pollutants and their impact on the 

environment, screening genes related to copper bioremediation is paramount. The amino acid 

produced by copper resistance-associated genes depends on the type of bacterial diversity that thrives 

in copper pollution areas. For instance, amino acid sequences of the CopA gene reported from 

Arthrobacter (O4), Sphingomonas (O12, A32, and A55), and Stenotrophomonas (C21) strains are 

closely related to the CopA gene predicted for Arthrobacter, Sphingomonas, and Stenotrophomonas 

strains, respectively, in copper bioremediation (Altimira et al., 2012).  

2.13.5. Gene diversity associated with cadmium bioremediation 

Cadmium (Cd) is a highly toxic HM that poses a substantial threat to both the environment and 

human health. Primarily sourced from mining, industrial processes, and agricultural practices, 

cadmium contaminates soil and water bodies. Unlike many other pollutants that can break down over 

time through biological or chemical processes, HM, like cadmium, is extremely persistent in the 

environment. This persistence makes their removal from the environment a challenging task. Cd+2 

accumulation in the environment, particularly in agricultural soils, can enter the food chain and pose 

serious health threats to humans and animals. Long-term exposure to Cd+2 can lead to various health 

issues. Given the challenges associated with traditional remediation techniques, bioremediation is a 

promising approach. By utilizing microorganisms with the ability to tolerate and accumulate 

cadmium, bioremediation can provide an environmentally friendly and cost-effective solution (Ike et 

al., 2007). Cd+2 is primarily used in the manufacturing of pigments and batteries. While battery 

production has increased the demand for Cd+2, its use has decreased in developed countries due to 

environmental concerns (Chakraborty & Das, 2014). Since the mid-1980s, researchers have 

investigated the mechanisms of cadmium transport, resistance, and toxicity in microorganisms such 
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as bacteria, algae, and fungi as a potential approach to bioremediation. The cad operon, consisting of 

the cadA and cadB genes, plays a crucial role in cadmium resistance and is a key target for 

bioremediation strategies (Zhao et al., 2021). 

In a Cd+2-resistant bacterium, the genes czcA, czcB, and czcC encode the components of the 

membrane-bound cation efflux protein complex CzcABC. It consists of three subunits: CzcA, which 

is localized in the cytoplasmic membrane as a cation/proton antiporter, CzcB, found in the periplasm, 

which is part of a membrane fusion protein, and CzcC, an outer membrane protein (Chakraborty & 

Das, 2014). The main functions are to transport cations through the cytoplasmic membrane, 

periplasmic space, and outer membrane, respectively, resulting in a decrease in intracellular cations. 

Bacterial bioremediation of cadmium initially involves metal binding to the bacterial cell wall. 

Protons are released alongside cadmium, indicating the competitive binding nature of the cell wall. 

Pseudomonas H1 and Bacillus H9, which have the same genes, are also confirmed to have 

intracellular mechanisms of cadmium sequestration to reduce cadmium toxicity, as examined (Roane 

et al., 2001). The expression of both MTL4 and AtPCS genes affects cadmium accumulation in the 

nodule plants. These two genes are also introduced with recombinant bacteria in rice paddy soil 

contaminated with cadmium. The accumulation of Cd+2 increased not only in the tubers but also in 

the roots of Astragalus sinicus infected with recombinant rhizobia (Ike et al., 2007). 

2.13.6. Gene diversity associated with chromium bioremediation 

Chromium (Cr) is a versatile element with various oxidation states, ranging from Cr+2 (II) to Cr+6 

(VI). It is naturally present in the environment and is widely used in various industries (Thatoi & 

Pradhan, 2017). It is a naturally occurring element found in forms including Cr+3 (III) and Cr (VI). 

While Cr+3 (III) is relatively less harmful, Cr+6 (VI) is an extremely toxic pollutant, particularly 

recognized for its carcinogenic properties. Human activities, including industrial processes such as 

metal fabrication, tanning, chromate production, and ferrochrome and pigment manufacturing, are 

major contributors to Cr+6 pollution. The activities release Cr+6 into the environment, primarily in the 

form of Cr (VI), through soil and wastewater pollution. The discharges of Cr+6 have led to important 

environmental pollution, affecting soil and water bodies. This pollution poses serious health risks to 

humans and ecosystems (Tchounwou et al., 2012). 
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Bioremediation is a promising technology for cleaning up polluted environments. Microorganisms, 

particularly bacteria, play an essential role in reducing toxic hexavalent Cr (VI) to less toxic Cr (III). 

This reduction process involves several mechanisms: oxidation-reduction or using cellular reductase 

enzymes while indirectly creating reducing conditions in the environment. For instance, certain 

bacteria can produce organic acids or other reducing agents that facilitate Cr (VI) reduction. The 

ability of microorganisms to reduce Cr (VI) is influenced by various factors such as environmental 

conditions, nutrient availability, and the specific bacteria involved. By understanding these factors, 

experts can optimize bioremediation strategies to effectively clean up Cr-polluted sites. By 

harnessing the power of microorganisms, bioremediation offers a sustainable and environmentally 

friendly approach to addressing environmental pollution (Kalsoom et al., 2023). It is crucial to 

identify and characterize genes involved in chromium bioremediation to ensure the safety and 

effectiveness of these technologies. These genes facilitate the biosorption of chromium, reducing its 

environmental impact. Among bacteria, Pseudomonas species are particularly effective in detoxifying 

hexavalent chromium from contaminated environments (Dong et al., 2013). 

2.14. Factors affecting the bioremediation ability of microorganisms  

The task of removing HMs from the environment is a complex and multifaceted challenge. While a 

variety of biological, chemical, and physical methods exist, each approach comes with its own set of 

limitations and drawbacks. The use of microorganisms for the removal of HMs, a process known as 

bioremediation, poses significant ecological and economic constraints. A crucial factor governing 

microbial response in a polluted environment is the availability of essential nutrients. Nutrients such 

as nitrogen, phosphorus, sulfur, iron, and potassium play an important role in stimulating microbial 

growth and cellular metabolism. However, the optimal nutrient balance is essential. An excess or 

deficiency of any of these nutrients can negatively impact microbial activity and, consequently, 

bioremediation efficiency. For instance, an excess of nutrients can lead to eutrophication algal bloom, 

a process that depletes oxygen levels in the environment, harming both the microorganisms and other 

aquatic organisms. Conversely, a deficiency of essential nutrients can limit microbial growth and 

reduce their ability to remove heavy metals (Sayqal & Ahmed, 2021).  

Nutrients are essential for microbial life and play a pivotal role in bioremediation processes. They 

serve as the building blocks for microbial cells and the energy source for their metabolic activities. 
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Specifically, nutrients enable microorganisms to synthesize enzymes, the biological catalysts that 

break down pollutants into less harmful substances. A source of nutrients, including carbon, nitrogen, 

phosphorus, and other essential elements, is crucial for optimal microbial growth (Kapur et al., 2024; 

Mydeen et al., 2024). The nature of pollutants significantly impacts bioremediation strategies. The 

physical state of a pollutant, including solid, liquid, and volatile, impacts the microbial degradation 

role. The chemical properties of pollutants, such as toxicity, organic or inorganic nature, and specific 

functional groups, determine the types of microorganisms and enzymes required for degradation 

(Mangunwardoyo et al., 2013). For example, HMs, polycyclic aromatic hydrocarbons (PAHs), 

pesticides, and chlorinated solvents pose unique challenges due to their persistence and toxicity. The 

environmental conditions (pH, temperature) of the polluted site can significantly influence the 

success of bioremediation. Factors such as soil or water pH, temperature, oxygen availability, and the 

presence of other contaminants can affect microbial activity and the rate of pollutant degradation 

(Atagana et al., 2003). Microbial groups, composed of various species, often work synergistically to 

biodegrade environmental contaminants. Pseudomonas species, Aeromonas, Flavobacterium, 

Corynebacterium, Acinetobacter, Mycobacterium, Streptomyces, and Bacillus, are a few of them 

(Marzan et al., 2017). 

The concentration of pollutants can significantly impact the effectiveness of bioremediation using 

living organisms to degrade or remove contaminants from polluted environments (Vázquez-Núñez et 

al., 2020). Bioremediation, a process that utilizes living organisms to degrade or remove pollutants, is 

most effective within a specific concentration range of contaminants. If the concentration is too low, 

microorganisms may lack enough substrates to sustain their growth and activity. Conversely, 

excessively high concentrations can be toxic to microorganisms, inhibiting their growth and reducing 

their ability to degrade. Optimal concentrations can support microbial growth and degradation, while 

extremely high or low concentrations can hinder bioremediation processes. The specific response of 

microorganisms to different pollutants varies depending on the type of pollutant, the microbial 

community, and environmental conditions. This highlights the importance of careful monitoring and 

management in bioremediation applications (Sharma, 2012). 
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3.  MATERIALS AND METHODS 

3.1. Description of the Study Area 

This study was carried out in Bishoftu and Mojo, located in the Eastern Shewa Zone of the Oromia 

Region in Ethiopia (Figure 3). Mojo town is situated at 8° 35' North latitude and 39° 07' East 

longitude, with an elevation ranging from 1,788 to 1,825 meters above sea level (Gebeyehu & 

Bayissa, 2020). Bishoftu is located at 8° 45' North latitude and 38° 59' East longitude, with an 

elevation of 1,885 meters above sea level (Beyene et al., 2015). Mojo and Bishoftu, located in the 

Eastern Shewa Zone of the Oromia Region, are approximately 80 and 40 kilometers from the capital 

city, Addis Ababa, respectively. Bishoftu is home to the Eastern Industrial Zone, a significant hub of 

Chinese-operated businesses that contribute substantially to the country's economic growth through 

foreign currency generation. Similarly, Mojo Town also hosts a variety of industries, ranging from 

large-scale factories to smaller operations. Notably, the Mojo tanneries process goat and sheepskins, 

with an annual capacity of 844,000 to 1,656,000 skins. The Mojo tanneries’ industrial activity 

generates a significant amount of waste, estimated to be between 3,500 and 5,500 cubic meters per 

day (Reda, 2016). It is believed that the industrial effluent discharged from the factories in these 

towns negatively impacts both natural and human-made environments. 

 

Figure 3: A Schematic Diagram of the Study Area 
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Table 1: An overview of the Bishoftu Industrial Zone and Mojo Tannery Industries Effluent sampling 

locations. 

Sample codes Locations Latitudes Longitudes Date of Collection 

BSS-1 Bishoftu 8°45'55.0"N 38°55'12.9"E 08 June 2023 

BSS-2 Bishoftu 8°45'54.8"N 38°55'12.6"E 08 June 2023 

BSS-3 Bishoftu 8°45'54.4"N 38°55'12.3"E 08 June 2023 

BSS-4 Bishoftu 8°45'53.9"N 38°55'13.4"E 08 June 2023 

BSS-5 Bishoftu 8°45'52.1"N 38°55'14.7"E 08 June 2023 

BSS-6 Bishoftu 8°45'49.0"N 38°55'20.7"E 08 June 2023 

MWWSS-1 Mojo 8°36'04.5"N 39°07'21.5"E 09 June 2023 

MWWSS-2 Mojo 8°36'19.2"N 39°06'49.1"E 09 June 2023 

MWWSS-3 Mojo 8°39'04.4"N 39°06'49.6"E 09 June 2023 

MWWSS-4 Mojo 8°36'12.1"N 39°06'36.9"E 09 June 2023 

MWWSS-5 Mojo 8°36'12.9"N 39°06'45.2"E 09 June 2023 

MWWSS-6 Mojo 8°36'08.8"N 39°06'40.2"E       09 June 2023 

*BSS-Bishoftu soil sample, MWWSS- Mojo wastewater sample 

3.2. Soil and Wastewater Sample Collection  

Six soil samples, labeled Bishoftu soil sample (BSS-1) through BSS-6, were collected from the 

Bishoftu Eastern Industrial Zone (BEIZ) in June 2023, as shown in (Figure 1). The sites represent a 

pollution gradient: BSS-1 is closest to the industry; BSS-2 through BSS-5 are situated mid-canal 

along the irrigation path; and BSS-6 is an agricultural site (located within a farmer's compound for 

growing cabbage). Additionally, six wastewater samples, designated MWWS-1 through MWWS-6, 

were obtained from the Mojo Tannery effluents (Table 1).  

Samples were collected sequentially along the effluent discharge path, beginning at the initial 

discharge site (MWWSS-1). Subsequent points included an intermediate point (MWWSS-2), the 

middle section (MWWSS-3), a stagnant area (MWWSS-4), the point just before mixing with the 

river (MWWSS-5), and finally, the site after mixing with the river water (MWWSS-6). All samples 

were stored in sterile containers and transported under icebox to the molecular and biotechnology 

laboratory at Haramaya University. Then, after, they were kept at 4 °C until the heavy metal 
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characterization and bacterial isolation were performed. Some physicochemical analyses of the water 

were conducted on-site using a pH meter (Model HI98113), while further sample analyses were 

carried out in the laboratory. 

3.3.Isolation of heavy metal-resistant bacteria from industrial effluents 

Samples were prepared to appropriate dilutions (10⁻¹-to 10⁻⁶) using standard methods. From the last 

dilution, 0.1 ml samples were inoculated into medium containing (28 g/L of nutrient agar, 10 g/L of 

peptone, and 5 g/L of beef extract, along with 300 µg/mL of each heavy metal, namely cobalt sulfate, 

copper sulfate, cadmium nitrate, potassium chromate & zinc nitrate) & prepared in a dilution method. 

The plates were incubated at 37 °C for 24 to 72 h (Elahi et al., 2019). Microbial growth was 

observed, groups of highly heavy metal-resistant bacterial isolates showing various colonies were 

picked and subsequently sub-cultured to isolate pure cultures, and preserved at 4 °C for further 

experimentation. Gram staining and biochemical tests were conducted on the isolates using standard 

methods (Elahi et al., 2019).   

Groups of highly heavy metal-resistant bacterial isolates showing various colonies were observed on 

the plates. The colonies that showed similarity were well thought out on the identical bacteria, while 

dissimilar colonies exhibited different heavy metal-resistant isolates. The same agar was used to 

inoculate the isolated colonies. As a result, various colonies were isolated to achieve pure cultures 

using the streak plate method (Sneha et al., 2014). The streaking technique successfully obtained a 

pure bacterial culture on appropriate agar plates. Gram staining and biochemical tests were conducted 

on the isolates. The pure cultured bacteria were also maintained by sub-culturing regularly and stored 

under proper media and conditions. Following Gram staining, the motility of each bacterial isolate 

was observed using a binocular microscope (OPTO-EDU, A11.2601BP), and the result was recorded 

on a connected computer.  

3.4. Heavy metal Analysis of Soil and water  

Soil samples were processed by crushing, sieving, digestion, and ashing in an oven at 240 °C for 2 

hrs. The DTPA extraction method was used. A nitric acid to perchloric acid ratio (3:1v/v) was used to 

extract HMs from the soil. Five milliliters of a 65% (w/v) nitric acid (HNO3) solution were added to 

1g of the soil sample. The mixture was then thoroughly stirred and heated to 140 °C for an h. After 
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cooling, 4 mL of 70% perchloric acid (HClO4) was added, and the mixture was gently boiled until it 

formed a white fume. The extracted metals were filtered through Whatman No. 42 filter paper in a 

100 mL volumetric flask and diluted for analysis using atomic absorption spectrophotometry 

(210VGP Buck Scientific). Certified reference materials were analyzed alongside a sample to ensure 

accuracy and precision. The HM concentrations, such as cobalt, copper, cadmium, zinc, manganese, 

iron, chromium, and nickel, were determined by measuring their absorbance at specific wavelengths. 

The specific wavelengths of each HM used were 240.7, 324.7, 228.8, 213.9, 279.5, 248.5, 357.9, and 

241.5 nm, respectively. A control sample was also analyzed to validate the digestion process (Uddin 

et al., 2016).  

About 100 ml of wastewater was used and digested with 5 ml of concentrated HNO3 to prepare 

wastewater samples for HM analysis. The mixture was vaporized to 10 ml. The mixture was then 

transferred to a 125 ml conical flask and treated with 10 ml of 70% HClO4 (v/v) acid. The mixture 

was heated until white fumes of perchloric acid appeared, indicating complete digestion. After 

cooling, the digested samples were filtered using Whatman No. 42 filter paper and diluted with 

distilled water. HM analysis was conducted using atomic absorption spectroscopy with a Buck 

Scientific model 210VGP instrument.  

3.5. Total nitrogen determination of the soil  

The Kjeldahl Method was employed to determine the total nitrogen content in the soil sample. About 

10 g of the soil was weighed and placed in a digestion flask, where it was subjected to a digestion 

process. This process involved heating the soil sample with a mixture of 20 ml of concentrated H2SO4 

and a catalyst (such as potassium sulfate) to convert organic nitrogen into (NH4)2SO4. A heat source 

was placed under the flask after the soil sample was added. The temperature was gradually increased 

to prevent the contents from boiling over. The heating continued until the soil's organic matter was 

completely oxidized, resulting in a clear yellow solution. This step typically took several hours to 

complete. After digestion, the flask could cool to room temperature. The contents of the digested 

flask were then carefully transferred into a 500 mL volumetric flask. Distilled water was added to the 

flask up to the mark, and the mixture was thoroughly mixed to ensure that the nitrogen content was 

evenly distributed throughout the solution. A portion of the diluted digested solution was transferred 

to a separate container to determine the total nitrogen content. A few drops of phenolphthalein 
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indicator were added to an aliquot. The solution was then distilled, and the resulting distillate was 

collected in a conical flask containing a known concentration of boric acid (H3BO3). The boric acid 

solution acted as a trap to absorb the ammonia gas released during the distillation process. Once the 

distillation was complete, the boric acid solution was titrated with a standard sodium hydroxide 

solution. The endpoint of the titration was reached when a permanent pink color appeared, indicating 

that ammonia had reacted with the sodium hydroxide. The following formula was used to calculate 

the total nitrogen in the soil sample (Sáez-Plaza et al., 2013):  

 

 

3.6. Biochemical characterization of the isolated colonies 

Gelatin hydrolysis test: The gelatin hydrolysis test was performed on media containing peptone (5 

g), beef extract (3 g), and gelatin (12 g). These ingredients were dissolved in distilled water and 

gently heated until all substances were dissolved. Then about 2 to 3 ml of the medium was dispensed 

into the test tube culture. The medium was sterilized in an autoclave at 121 °C for 15 min using the 

autoclave model BEST-PA10L. After sterilization, the medium was cooled in an upright position 

before use. Then, a heavy inoculum of 18 to 24 hr bacterial isolates was inoculated into test tubes 

containing nutrient gelatin, along with uninoculated control tubes. Finally, the medium was incubated 

in the Memmert GmbH + Co. KG incubator, model number DIN12880-2007-Kl, at 37 °C for one 

week. The results were interpreted as gelatin liquefaction (Phuong et al., 2021).  

Indole production test: To perform the indole production test, a Sulfide-indole-motility (SIM) 

medium containing peptone (30 g), beef extract (3 g), ferrous ammonium sulfate (0.2 g), sodium 

thiosulfate (0.024 g), and agar (3 g) were dissolved in 1000 ml of distilled water, the pH adjusted to 

7.3, and autoclaved at 121°C under 15 psi pressure for 15 min. The medium was cooled in an upright 

position to form agar deep. Following inoculation, the medium was incubated at 37 °C for 24 to 48 h. 

Five drops of Kovac’s reagent were added step by step. A layer formed after the tubes were shaken 

and allowed to stand for 10 min. Positive results are indicated by a red color at the top of the tube, 

while a yellow color indicates negative results (Haddaway et al., 2019).  
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Methyl red test: Sterile MR-VP broth medium was prepared in test tubes inoculated with the isolates 

of fresh culture and incubated at a temperature of 37 ±2 °C for 2 days. After incubation, the tubes 

were supplemented with 5 drops of methyl red and observed for color changes. The addition of 

methyl red within 10 to 15 seconds indicates a positive result by changing the color from yellow to 

red (Shanmugaraj et al., 2021). 

Starch hydrolysis test: The beef extract (3 g), soluble starch (10 g), and agar (12 g) are thoroughly 

mixed in 1000 ml of distilled water, and frequent stirring and heating are done to ensure the mixture 

reaches the desired consistency. The final pH of the medium was adjusted to 7.5 ± 0.2. The dissolved 

medium was autoclaved at 121 °C for 15 min at 15 psi. After sterilization, the prepared medium was 

poured into sterilized petri plates and allowed to solidify before use. Colonies of the target bacteria, 

cultured for 16 to 18 hours, were harvested and sub-cultured onto a plate containing fresh solidified 

medium. Then, the medium was incubated at 37 °C in the Memmert GmbH + Co. KG incubator, 

Model number DIN12880-2007-Kl, for 24 to 48 h. The presence of a clear zone around bacterial 

isolates indicates starch hydrolysis (Velmurugan., 2021). 

Triple sugar analysis: The combination of media components, including beef extract (3 g), yeast 

extract (3 g), peptone (20 g), ferrous ammonium sulfate (0.2 g), NaCl (5 g), sodium thiosulfate (0.3 

g), phenol red (0.024 g), and nutrient agar (13 g), was dissolved completely in 1000 ml of distilled 

water. The medium was sterilized at 121 °C for 15 min at 15 psi pressure. The medium was then 

distributed into sterilized test tubes in a slanted position to create a 2.5 cm butt and a 3.8 cm slant. An 

18 to 24-hour bacterial isolate was inoculated and incubated at 37 °C in an incubator for 18 to 24 h to 

observe a color change (Velmurugan., 2021); Harley and Prescott 2002; Sharma 2012). Yellow butt 

and red slant colors indicate a positive result for glucose fermentation, while yellow butt and yellow 

slant indicate the fermentation of glucose, lactose, and sucrose. Finally, red butt and red slant indicate 

none of the three sugars fermented (Cheeptham & Naowarat, 2016). H2S gas production is also seen 

from the agar slant.  

Urease test: The urea base was prepared by dissolving peptone (1 g), dextrose (1 g), NaCl (5 g), 

potassium phosphate monobasic (2 g), urea (20 g), phenol red (0.012 g), and nutrient agar (15 to 20 

g) in 1000 ml of distilled water. The medium was filtered with Whatman No. 1 filter paper before the 

addition of nutrient agar. After filtration, the agar medium was added, boiled to completely dissolve, 
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and sterilized in an autoclave at 121 °C for 15 min at 15 psi pressure. 4 to 5 ml of the urea-based 

medium was distributed into a sterile test tube and placed in a slant position during cooling until it 

solidified. A heavy inoculum from 18 to 24 h of pure culture was streaked on the entire slant surface 

with a control. Then, the medium was incubated at 37 °C. The positive result of a bright pink color on 

the slant indicated a color change in the time intervals of 6 h, 24 h, and every day for up to 6 days 

(Dahlén et al., 2018). 

Voges-Proskauer test: The VP broth medium was prepared from Barritt’s reagent A: 5% (wt/vol) α-

naphthol in absolute ethanol and Barritt’s reagent B: 40% (wt/vol) KOH (16 g of KOH in 100 ml of 

distilled water) in deionized water, autoclaved, and cooled to room temperature. The 24 h of heavy 

metal-resistant bacteria isolates were inoculated using a sterilized loop, followed by incubation at 37 

°C. After incubation, 1 ml of α-naphthol was added and shaken, followed by the addition of 0.5 ml of 

40% KOH to the broth and shaking. The development of a red color after the addition of the reagents 

within 1 hour was taken as a positive result (Shanmugaraj etal., 2021). 

Catalase Test: The slide (drop) method was selected for the catalase test for isolated heavy metal-

resistant bacteria. For these purposes, 3% hydrogen peroxide (v/v) was used to determine the catalase 

activity. An overnight bacterial culture was mixed with H2O2 on the microscopic slide using a 

sterilized loop. The formation of bubbles during and after the interaction of hydrogen peroxide and 

isolates was recorded as a positive result (Reiner, 2010). 

Citrate utilization test: To determine the citrate utilization test, ingredients NaCl (5 g), sodium 

citrate (dihydrate) (2g), ammonium dihydrogen phosphate (1g), dipotassium phosphate (1g), 

magnesium sulfate (heptahydrate) (0.2 g), bromothymol blue (0.08 g), and nutrient agar (15 g) were 

used for bacterial growth culture preparation. The medium was dissolved in 1000 mL of deionized 

water, and the pH was adjusted to 6.9 before nutrient agar and bromothymol blue were added. After 

mixing the medium, it was distributed into test tubes and sterilized at 121 °C for 15 min at 15 psi 

pressure. The test tubes were cooled in slant positions (long slant, shallow, and butt). Streak the slant 

back and forth with a light inoculum picked from the center of a well-isolated colony. They were 

incubated at 37 ±2 °C for 4 to 7 days. A clear color change from green to blue, along with the slant, 

indicated a positive result (Hofwegen et al., 2016). 
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3.7. Growth inhibition percentage rate of heavy metal-resistant isolates 

Bacterial growth rate percentage inhibition is measured using Luria-Bertani Broth (LB), which 

contains 10 g of tryptone, 5 g of yeast extract, 10 g of sodium chloride, and 1 liter of distilled water. 

The pH of the medium was adjusted to 7.0 with 1 N sodium hydroxide. Different concentrations of 

heavy metal ions such as Cd²⁺, Co²⁺, Cr³⁺, Cu²⁺, and Zn²⁺ from salts of CoSO₄·2H₂O, CuSO₄, Cd 

(NO₃) ₂, K₂Cr₂O₇, and Zn (NO₃) ₂ were used to measure growth inhibition. About 1 mL of an 

overnight cultured isolate was transferred into 100 mL of freshly prepared medium and incubated at 

28 °C on a rotary shaker at 300 rpm. Cell growth was measured at different times by assessing the 

optical density at 560 nm using a UV-visible spectrophotometer. The percentage of cultured cell 

growth values was assessed using growth in the absence of heavy metal concentrations as the 100% 

reference value. The growth inhibition rate caused by heavy metals was measured by comparing the 

growth rates µ(h⁻¹) of the cultures in the medium with the toxicants (µ, toxicant) to those of the 

control culture (µ, control) (Heipieper et al., 1995). The growth inhibition of different concentrations 

of heavy metal forms was calculated as a percentage of the growth rate of cultures in the medium 

with toxicants, relative to the control cultures, using the following formula (Pepi et al., 2011): 

 

3.8. Heavy metal utilization assay 

HM-resistance bacterial isolates (HMRBI) were cultured in a flask containing LB broth medium (10 

g tryptone, 5 g yeast extract, 10 g NaCl) for 6 h in a rotary shaker (REMI-RS-36BL) at 150 rpm. The 

pH and temperature were maintained at 7.0 and 37 °C, respectively. About 300 µg/ml of sterilized 

HMs (Co2+, Cu2+, Cd2+, Cr6+, and Zn2+) from salts of CoSO4·2H2O, CuSO4, Cd (NO3)2, K2Cr2O7, and 

Zn (NO3)2 was added separately to each culture flask after the optical density reached 0.6 (k = 600 

nm for equal enzyme activity). The cultures were grown for 24 h. The samples were centrifuged 

(5000 rpm, 15 min). After separation, the supernatants were combined with concentrated HNO3 in a 

1:2 volume ratio. The mixtures were then heated to 100 °C on a hotplate stirrer (Stuart Scientific-

SM1-13613) to initiate an acid digestion process until the final volume equaled the original 

supernatant. The extract was filtered using Whatman 42 filter paper to eliminate insoluble materials. 
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The resulting filtrate was collected in a volumetric flask and diluted with distilled water. The total 

heavy metal (HM) reduction was assessed using an atomic absorption spectrophotometer (210VGP 

Buck Scientific). The results were compared to a control group to determine the percentage of HM 

degradation (Marzan et al., 2017).  

 

 

3.9. Optimization for heavy-resistant bacteria growth   

The impact of pH and temperature on the HMRBI was investigated. These isolates, HMRBI-1, 

HMRBI-2, HMRBI-7, HMRBI-12, and HMRBI-17, showed resistance to cadmium, chromium, and 

copper. The bacterium was supplemented with 300 µg/mL of HM concentrations. One milliliter 

(CFU/ml) of fresh bacterial growth was then inoculated into media with various pH values, including 

acidic (pH 5.5), neutral (pH 6.5 and 7.5), and basic (pH 8.5). The experiment utilized Luria-Bertani 

(LB) broth medium supplemented with a carbon source (2%, w/v), including glucose, fructose, and 

sucrose, as well as various nitrogen sources (0.6%, w/v) such as yeast extract, peptone, ammonium 

sulfate ((NH4)2SO4), and potassium nitrate (KNO3). Similarly, 1 mL of bacteria was added to the 

growth medium and incubated for 48 h at different temperatures ranging from 25 to 45 °C to evaluate 

the resistance capacity of the HMRBI. After 48 h of incubation, the optical density (OD) at a 

wavelength of 600 nanometers (nm) was recorded for these HMRBI. This measurement indicates 

bacterial growth and can be used to assess the impact of pH and temperature on the resistance of 

isolates to HMs. Furthermore, the OD600nm was measured for the HMRBI after 48 h of growth, using a 

double-beam spectrophotometer (Model LV-T5C) (Kalsoom et al., 2023).  

3.10. Isolation of Heavy Metal by MALDI-TOF MS  

A MALDI-TOF MS test was performed at Wudase Diagnostic Center in Addis Ababa. For this test, 

17 of 60 colonies of microorganisms were analyzed using a MALDI Biotyper Microflex LT (Bruker 

Daltonik GmbH, Germany). The instrument generated proteomic spectra, which are unique protein 

fingerprints. These spectra were then compared against a reference database using Bruker MALDI-

TOF MS Biotyper software to identify the microorganisms and assign a confidence score to the result 
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Koubek et al., (2012). A biotyper score value > 2.0 indicates a species-level identification for the 

isolates. A score between 1.7 and 1.99 suggests identification at the genus level (Pandey et al., 2019). 

3.11.  Minimum inhibitory concentration detection 

The bacterial cells grown on Luria agar medium were evaluated in the presence of different 

concentrations of heavy metals to determine the minimum inhibitory concentration. Salts such as 

CoCl₂·6H₂O, CuSO₄, Cd (NO₃) ₂, K₂Cr₂O₇, and Zn (NO₃) ₂ were used to obtain Co²⁺, Cd²⁺, Cu²⁺, Cr³⁺, 

and Zn²⁺ ions. Briefly, the medium composition included 10 g/L of peptone, 5 g/L of yeast extract, 5 

g/L of sodium chloride, and 12 g/L of pure agar, with a wide range of heavy metal concentrations 

tested until isolated bacterial colonies failed to grow (Marzan et al., 2017). For this study, heavy 

metal concentrations ranging from 100 ppm to 1000 ppm were tested on cultures grown by streaking 

on an agar plate. 

3.12. FTIR analysis of heavy metal-resistant potential bacteria isolates 

FT-IR spectroscopy (JASCO, FT/IR-6600 type A) was conducted to identify a functional group in the 

bacterial strains that could uptake and exhibit HM resistance during biosorption. For FTIR analysis, 

HM-resistant bacterial isolates were cultured for 24 h at 37 ± 2 °C with 300 µg/mL of each HM, one 

culture without HMs as a negative control, following the specified methods (Seyma et al., 2020). The 

bacterial cells were centrifuged (5000 rpm, 20 min) using a centrifuge (HERMLE-Nr) to collect a 

pellet. The pellet was air-dried in a hotplate oven (ASI-HO-121212) for 24 h at 45-50 °C after being 

thoroughly washed with 1xPBS (137 mM NaCl, 2.7mM KCl, 43 mM Na2HPO4, and 1.47 mM 

KH2PO4) buffer solutions at pH 7.4. The dry biomass was crushed with a sterilized mortar and pestle 

(SKU), and 13-mm pellets were cast after mixing the powder with infrared spectroscopy-grade KBr 

at a 1:100 ratio. The spectrum was collected by utilizing FTIR spectroscopy (FT/IR-6600typeA) at  

standard spatial resolution in the transmission mode between 4000 and 400 cm-1 at a resolution of 4 

cm-1 after scanning the background by KBr. Each sample underwent 32 scans, with spectral data 

collected and processed using OPUS 8.2 software. The average spectral data were regulated, and the 

baseline was corrected for specific bands (Deokar et al., 2013).  
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3.12. Elemental analysis and morphological study of HMRBI biomass by SEM-EDX 

Scanning electron microscopy provides useful information on the shape, size, and localization within 

the biofilm of single bacteria, as well as the steps of the biofilm formation process concerning 

bacterial interaction with heavy metal concentrations. The analysis of the bacterial strains was done 

using scanning electron microscopy (COXEM, SEM-EDX, CX-200TM-20kV, Korea) compared with 

the isolates that did not contain heavy metal concentrations. The bacterial colony was picked and 

cultured for 24 h with 20 mg/L of each heavy metal (Co+2, Cu+2, Cd+2, Cr+6, and Zn+2), along with a 

control, to study alterations in cell morphology. The bacteria were centrifuged at 6,000 rpm for 10 

min to form the pellet. After centrifugation, the pellet was washed once with PBS (0.1M) to remove 

the heavy metal from the suspension. Then, the pellet was fixed with 2.5% (w/v) formaldehyde 

overnight and subsequently washed three times with 1x PBS (0.1M) buffer (pH 7.2), followed by 

serial dilution with 30, 50, 70, 90, and 100% ethanol. For each step, 30 minutes were allowed for the 

bacteria to equilibrate with the dehydrating agent. A bacterial cell was air-dried and crushed using a 

sterilized mortar and pestle. Finally, the morphological change was observed by SEM-EDX due to 

the binding of the metal ions (Sodhi et al., 2020).  

3.13.  Genomic DNA extraction for potential HMRBI 

Heavy metal-resistant bacterial isolates were cultured overnight in Luria broth. The cells were then 

recovered by centrifugation at 12,000 rpm for 2 minutes and washed with saline Tris Buffer (pH 4.0). 

The growing media was discarded, and the bacterial pellets were re-suspended in 200 µL TE buffer. 

Approximately 18 µL of 50 mg/mL lysozyme was added and stirred thoroughly. After mixing, the 

pellets were incubated at 30°C for 15 to 30 min. After centrifugation at 5000 rpm for 5 min, the 

supernatant was removed, leaving 10-20 µL of residual liquid. The microfuge tube was filled with 10 

milliliters of protease K, 300 µL of TBA buffer, and 10 µL of RNAse A. Following that, the cell 

pellet was pipetted into resuspension. The cell pellet was placed in a water bath and incubated for 20 

min at 60 °C. The tube was inverted during incubation. After incubation, 300 µL of TBB buffer and 

150 µL of 96-100% ethanol was added to the lysate. Again, the tube was inverted 20-25 times. 

Approximately 650 µL of lysate was put into a DNA spin column and centrifuged at 12,000 rpm for 1 

min, repeated multiple times. The column was inserted into the same collecting tube and 600 µL of 

buffer was added. After addition, it was centrifuged at 10,000 rpm for 1 min before being ejected 
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through the flow. The empty DNA spin column was placed with the lid open in the same collecting 

tube and centrifuged at 10,000 rpm for 2 min. After placing the column in a sterile 1.5 mL Eppendorf 

tube, 30 µL of preheated elution buffer was added and incubated for 5 min. After 1 min of 

centrifugation at 10,000 rpm, the eluted pure bacterial gDNA was recovered.  

3.14.  PCR amplification of specific HMRBI genes 

DNA extraction from bacterial isolates capable of thriving in high concentrations of HMs was 

performed using the ZymoBIOMICSTM DNA Miniprep kit, following the manufacturer's protocol. 

Genotyping of the HMRGs was performed using polymerase chain reaction (PCR). Gene-specific 

forward and reverse primers were designed or selected based on sequences reported in previously 

published studies and developed in this study (Ojo et al., 2023). These primers were designed to 

target the genes with similar annealing temperatures of 57 °C, enhancing amplification (Table 2). The 

PCR reaction conditions were optimized by standard methods to obtain reproducible amplification of 

the target gene fragments. Following PCR amplification, the resulting products were examined using 

agarose gel electrophoresis to verify the presence of target DNA fragments. A 1.5% agarose gel was 

created by dissolving agarose in TAE (Tris-Acetate-EDTA) buffer and was stained with ethidium 

bromide. PCR products and a molecular weight marker (a DNA ladder) were loaded into the gel 

wells, and electrophoresis was performed at a constant voltage until adequate separation was 

achieved. The separated DNA bands were visualized using the UV documentation system. 

Table 2: Specific primers used for the HMRGs amplification 

HMs Genes Primer sequences P. 

length 

Size in 

bp 

Annealing 

T °C 

References 

Cadmium cadD AATTGCAAGTTGTGGTGCAG 

CCCACACCAGGAATTCTAGC 

20 155 57 °C (Ojo et al., 

2023). 

Copper pcoC AATTGCAAGTTGTGGTGCAG 

CCCACACCAGGAATTCTAGC 

20 333 57 °C (Ojo et al., 

2023). 

Chromium ChrR TCACGCCGGAATATAACTAC 

CGTACCCTGATCAATCACTT 

20 591 57 °C This study 
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3.15.  Molecular identification of bacterial isolates and phylogenetic analysis 

DNA extracted from the HMRBI samples was amplified using specific primers targeting the 16S 

rRNA gene. These primers, known as 27F and 1492R, were used to amplify a specific region of the 

16S rRNA gene. The PCR amplification was conducted using a Veriti®96-well thermal cycler 

(Santos et al., 2019). The PCR reaction involved an initial denaturation step at 95°C for 5 min, 

followed by 32 cycles of denaturation, annealing, and extension. The denaturation step was 

performed at 95°C for 30 sec, the annealing step at 55°C for 90 sec, and the initial extension step at 

72°C for 120 sec. A final extension step at 72°C for 5 min was added to ensure complete DNA 

synthesis. The PCR products were separated using a 1.8% agarose gel. A single, distinct band of 

approximately 1500 base pairs (bp) was observed on the agarose gel, confirming successful PCR 

amplification of the target DNA fragment. The PCR product was purified and then sent for Sanger 

sequencing. Both forward (27F) and reverse (1492R) primers were used to sequence the DNA, and 

the sequencing reaction was performed using a BDT v3.1 Cycle sequencing kit on an ABI 3500Dx 

Genetic Analyzer. The resulting DNA sequences were analyzed using the BLAST search tool to 

identify the related bacterial species. Clustal-W software was used to align DNA sequences of the 

bacterial isolates with known bacterial sequences in the GenBank database (Higgins et al., 1992). 

Phylogenetic analysis was conducted to understand the evolutionary relationships between the 

identified bacterial species. Molecular Evolutionary Genetics Analysis (MEGA11) software was used 

to construct a phylogenetic tree. The tree was inferred using a suitable method, such as Maximum 

Likelihood, and the confidence of the tree was assessed using bootstrap analysis (Tamura et al., 

2021). 

3.16.  Heavy Metal Resistance Gene Study: A Computational Perspective 

3.16.1. Prediction for Transcriptional Start Site (TSS) and Promoter Regions 

Heavy metal-resistant genes were retrieved from the National Center for Biotechnology Information 

(NCBI) genome search engine accessed at https://www.ncbi.nlm.nih.gov/. Fifteen protein-coding 

gene sequences were selected for this study after a different search (Table 18). To determine the 

strand orientation of the starting codons, we predicted their presence on both positive and negative 

strands. Transcriptional start sites (TSS) were analyzed by extracting 1kb sequences flanking the 

genome coordinates and formatting them as FAST files. The FAST files were then used as input for 

https://www.ncbi.nlm.nih.gov/
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promoter prediction using the Neural Network Promoter Prediction (NNPP) tools. About 1kb of the 

upstream sequences from the start codon were prepared in the FAST file format and submitted to the 

neural network promoter prediction version 2.2 for promoter prediction search databases retrieved at 

(https://www.fruitfly.org/seq_tools/promoter.html), tools to obtain a possible TSS. NNPP version 2.2 

was utilized with a minimum predictive activator score value of 0.8 (the default threshold for 

prokaryotic cells) to minimize the false negatives. This setting was expected to reduce the number of 

zero counts (or undetected promoters) in the input sequences by 80% before further analysis (Reese, 

2001). For NNPP output, if multiple transcriptional start sites (TSS) were predicted for a given 

sequence, the TSS with the highest prediction score values was selected for further analysis to ensure 

consistency and accuracy. The remaining TSS predictions were retained for basic comparative gene 

analysis but not used for the primary analysis focused on the highest-scoring TSS (Dinka & Milkesa, 

2020; Grant & Stothard, 2008; Aziz et al., 2008).  

3.16.2. Common motifs and transcriptional factor determination  

MEME Suit version 5.5.2 utilized common motif identification and exploration, motif alignment 

investigation, motif scanning, and motif comparison. Using MEME Suite accessed via the National 

Biomedical Computational Resource search engine, promoter sequences that met specific criteria 

were analyzed to identify common motifs (Overbeek et al., 2005). The common candidate motif was 

identified as the binding sites of transcriptional factors to regulate HMR gene expression (Vázquez-

Núñez et al., 2020). The statistically significant candidate motifs predicted by MEME-Suite in the 

sequence were selected and compared further. Then, the genes found by MEME-suit (known as 

motifs) that matched the motifs with the lowest e-values (fixed-length and repetitive) were put into a 

TOMTOM online database to retrieve their corresponding transcriptional factors. This method was 

used to identify consensus sequences (putative binding sites) of transcription factors that are thought 

to affect different HMR gene expression steps. Nevertheless, the motif distribution menu's 

fundamental desired characteristics for searching were outlined before starting to search for the 

sequences chosen. Including motif distribution, motif positions, the presence of either none or one 

occurrence per sequence, or multiple occurrences per sequence. 

Additionally, it was set at default for the number of motifs and persistent motif width (6-50 bps). 

After the MEME searches finished, I linked to the MEME HTML output, the search results page. It is 
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a vital preliminary perspective on integers (i.e., expected value) (e-value) in this stage. As with 

previously reported studies, the smaller the e-value, the better the result (Vázquez-Núñez et al., 

2020). In the MEME HTML output, at the bottom, one or more possible motifs were given for further 

study. A transcriptional factor common to most was identified using the TOMTOM Web server 

database tool. The sequences were found that correspond to the top candidate motifs of the different 

transcription factors, using the imported gene sequences. LOGOS as part of the TOMTOM output. 

Alignment of candidate motif and TF with p-value and q-value (false discovery rate) links back to the 

original parent transcription database matches in TOMTOM output (Vázquez-Núñez et al., 2020; 

Kumar et al., 2004). 

3.16.3. Comparative genome analysis of C. gilardii CR3 genome by Prokka & RAST 

The comparative genome analysis of C. gilardii CR3 (CP010516.1), C. metallidurans CH34 

(NC_007973.1), C. nantongensis X1 (CP014844.1), Cupriavidus ISTL7 (CP066227.1), Cupriavidus 

MP-37 (NZ_CP085344.1), and Cupriavidus gilardii WM02 (CP104386.1) for the HMR was 

performed by using Rapid Annotation utilizing Subsystem Technology (RAST) online engine 

accessed through (https://rast.nmpdr.org/rast.cgi) after being retrieved from the NCBI database. The 

Rapid Annotation using Subsystems Technology (RAST) service, a platform for prokaryotic cell 

genome annotation, was employed to re-annotate the genomes and predict genes used in HMR (Aziz 

et al., 2008). A circular genome analysis of C. gilardii CR3 was conducted using CGView (Circular 

Genomes Viewer). CGView is a Java application and library that facilitates the construction of high-

quality, zoomable maps of circular genomes, allowing for details visualization & analysis of genome 

features (Grant & Stothard, 2008). Further characterization was performed using SEED, as a 

subsystem category distribution approach, to analyze gene expression and function. The approach 

classifies and compares genes based on their involvement in biological processes and pathways 

defined in the SEED database (Overbeek et al., 2005). 

3.16.4. Comparative genome analysis of C. gilardii CR3 by using OAT Software 

This study employed the online Orthologous Average Nucleotide Identity Software Tool (OAT) to 

determine the OrthoANI values of 16S rRNA sequences (Chalita et al., 2024). The sequences were 

obtained from the NCBI database and analyzed by the EziBio Cloud genomic database for further 

confirmation of the selected strains (Lee et al., 2016). The C. gilardii CR3 CP010516.1) was 

https://rast.nmpdr.org/rast.cgi
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compared with other closely related C. metallidurans CH34 (NC_007973.1), Cupriavidus ISTL7 

(CP066227.1), Cupriavidus gilardii WM02 (CP104386.1), C. nantongensis X1 (CP014844.1), 

Cupriavidus ISTL7 (CP066227.1), and Cupriavidus MP-37 (NZ_CP085344.1), and P. putida PD584 

was used as an outgroup for the comparisons.  

3.17.  Statistical analysis 

Measurement was taken in triplicate for each scenario to observe and evaluate bacterial growth in the 

presence of various HM concentrations. Statistical analysis included the calculation of the mean and 

standard deviation for all measured parameters. Differences in bacterial growth rate across the 

various heavy metal concentrations were determined using a One-Way ANOVA. Results were 

considered statistically significant when the p-value ≤ 0.05. Data analysis was performed using 

Microsoft Excel 2019, OriginPro 2017, GenStat version 2017, and SPSS version 26 
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4. RESULTS AND DISCUSSIONS 

4.1. Assessing HM pollution and bioremediation potential for bacterial isolates in 

industrial effluents of Mojo and Bishoftu, Ethiopia 

4.1.1. Heavy metal assessment from Bishoftu eastern industrial zone (BEIZ) 

discharges 

Heavy metals such as Co+2, Cu+2, Cd+2, Fe+2, Mn+2, Ni+2, and Zn+2 were assessed in Bishoftu soil 

waste using AAS. The analysis revealed that, except for Cr+6 and Pb+2, the concentration of all 

detected HMs significantly exceeded the safety limits established by the WHO (WHO, 2017). The 

evidence in Table 3 provides strong confirmation that the environment was polluted by industrial 

effluents. The source of this pollution is inferred to be the industrial waste that has been released into 

the environment. The analysis for Co+2 concentrations in the soil samples ranged between 0.189 ± 

0.05 mg/kg (BSS-6) and 0.108 ± 0.05 mg/kg (BSS-4). These values were documented in Table 3, 

which provides a comprehensive overview of HM concentrations detected in the soil waste of the 

study area. The high concentration of cobalt in the studied area was above its natural threshold. This 

is primarily due to the anthropogenic activities, especially those related to energy, battery, and 

electronic manufacturing industries, Dobre et al., (2024). Cobalt can contaminate soil and water 

bodies like lakes, groundwater, and rivers, adversely impacting aquatic ecosystems and potentially 

harming aquatic living organisms. This contamination can enter the food chain by consuming 

contaminated aquatic life (Chatterjee et al., 2020).   
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Table 3: The HM concentration measurements (mg/kg) against the Bishoftu soil samples using the AAS method 

Sampling Heavy metals 

Sites Co Cu Cd Cr/Pb Ni Mn Zn Fe 

BSS-1 0.187 ± 0.05b 0.588 ± 0.05d 0.026 ± 0.01a ND 0.607 ± 0.13a 6.518 ± 0.10f 0.830 ± 0.01b 2.199 ± 0.04b 

BSS-2 0.167 ± 0.08b 0.849 ± 0.03e 0.044 ± 0.02ab ND 0.830 ± 0.13ab 5.399 ± 0.05e 0.843 ± 0.04b 4.245 ± 0.41d 

BSS-3 0.183 ± 0.05b 0.371 ± 0.03ab 0.040 ± 0.01a ND 0.681 ± 0.13ab 3.661 ± 0.06c 0.437 ± 0.01a 1.442 ± 0.04a 

BSS-4 0.108 ± 0.05a 0.400 ± 0.04bc 0.062 ± 0.03b ND 0.978 ± 0.22ab 3.208 ± 0.02b 0.419 ± 0.05a 2.250 ± 0.08b 

BSS-5 0.179 ± 0.05b 0.487 ± 0.04cd 0.044 ± 0.00ab ND 0.830 ± 0.13ab 4.065 ± 0.10d 0.419 ± 0.01a 3.336 ± 0.11c 

BSS-6 0.189 ± 0.05b 0.284 ± 0.03a 0.037 ± 0.02a ND 1.052 ± 0.13b  2.899 ± 0.02a 0.479 ± 0.01a 1.215 ± 0.04a 

CV% 7.9% 7.4% 16.3% ND 17.9% 1.6% 4.4% 7.4% 

Ave. mg/kg 0.176 0.497 0.038 ND 0.830 4.292 0.57 2.448 

WHO 0.010 2.0 0.003 0.1 0.05 0.01 - - 

P ≤ 0.05 0.851 0.953 0.894 ND 0.473 0.996 0.969 0.960 

The values represent the means of three independent experiments carried out in triplicate with standard deviations. ND is not detected.  

  Key: CV% = Coefficient variation percentage, Ave = average mean; the same letters down the column do not significantly differ 

between the means, where BSS-Bishoftu Soil Sample 
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Copper pollution can arise from various sources, including metal manufacturing industries, copper-

based pesticides, and fungicides (Panagos et al., 2018). This study found that copper concentration in 

soil samples ranged from 0.284 ± 0.03 to 0.849 ± 0.03 mg/kg as detailed in (Table 3). While these 

levels are below the WHO standards of 2.0 mg/kg (WHO, 2017) they indicate copper contamination 

within the study area in some extents. The minimum copper concentration was detected against BSS-

6 soil samples, while the maximum was perceived for BSS-2 samples (Table 3). Exceeding 

permissible copper levels can affect the environment, including soil, microorganisms, nutrient 

cycling, and plant growth. Previous researchers have demonstrated that excessive copper can inhibit 

plant growth, development, and finally cause death (Panagos et al., 2018). Given the use of released 

wastewater for irrigation, higher copper bioaccumulation is anticipated in fruits and vegetables (Amin 

et al., 2013) posing potential health risks to consumers. Moreover, excessive copper bioaccumulation 

in aquatic organisms such as fish can enter the human food chain and present significant health (Ali 

& Khan, 2018). The continuous monitoring of irrigation water quality and copper levels in the study 

is important to mitigate the potential long-term and environmental risks. 

Cadmium (Cd) is a significant environmental pollutant that can affect the environment and human 

health. It enters the environment through various human and industrial activities, including fertilizer 

usage, pigment, and plastic manufacturing (WHO, 2017). The measured Cd+2 concentration (Table 3) 

in the study area exceeded the permissible limits set by the WHO standards (WHO, 2011). Studies 

have shown that Cd+2 concentrations ranged from 0.026 ± 0.01 to 0.062 ± 0.03 mg/kg. These 

concentrations exceed the safety limits established by WHO (WHO, 2017). The maximum Cd+2 

concentration was observed at site BBS-4, while the minimum was recorded at site BBS-1, as 

depicted in Table 3. Similarly, nickel levels were detected in a range of 1.052 ± 0.13 to 0.607 ± 

0.13mg/kg in soil samples collected from industrially polluted areas (Bishoftu).  

The BSS-6 and BSS-1 soil samples exhibited the maximum (1.052 ± 0.13 mg/kg) and minimum 

(0.607 ± 0.13 mg/kg) nickel concentrations, respectively (Table 3). These results also exceeded the 

permissible limits set by WHO (WHO, 2017). These findings suggested that contamination with 

copper and nickel was most pronounced in soil samples collected from the study areas, which were 

affected by the discharged wastewater from the industries. The study demonstrated that the measured 
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levels of all HMs exceeded the standard set by WHO (Table 3). A manganese (Mn) concentration in 

soil samples ranged from 2.899 ± 0.02 to 6.518 ± 0.10 mg/kg for BSS-1 to BSS-6 sites.  

The study revealed the maximum mean concentrations due to Mn (6.518 ± 0.10 mg/kg, BSS-1), Zn+2 

(0.843 ± 0.04 mg/kg, BSS-2), and Fe+2 (4.245 ± 0.41 mg/kg, BSS-2) for all collected soil samples. 

Our study confirms the similarities with the study of (Lemessa et al., 2022) which assessed HM 

concentrations in soil, vegetables, and fruit at the Lemi Industrial Park effluent discharge. 

Particularly, their assessment of the irrigated land found maximum concentration of Cr+6 (0.676 

mg/kg) and Cd+2 (0.0246 mg/kg), respectively. The p-values for each treatment were greater than 

0.05 across the group, indicating that there were insignificant differences observed in the soil heavy 

metal analysis as presented in (Table 3) (Appendix Table 1). 

The concentration of Ni+2 in the analyzed soil samples varied significantly across different sampling 

sites. The maximum concentration of Ni was found at location BSS-6 (1.052 ± 0.13 mg/kg), while the 

minimum was recorded at BSS-4 (0.607 ± 0.13 mg/kg). This variation in Ni+2 levels suggests 

potential differences in soil contamination due to industrial effluents in the study area (Table 3). 

Similarly, the concentration of Co+2 was also assessed in the eastern industrial zone, revealing notable 

variation across different sampling sites. The maximum concentration of Co+2 was detected at BSS-6 

(0.189 ± 0.05), indicating a potential hotspot of industrial contamination. In contrast, the minimum 

concentration of Co+2 was recorded at BSS-4 (0.108 ± 0.05), suggesting relatively minimal Co+2 

deposition in that area, as depicted in (Table 3). These variations due to Co+2 and Ni+2 concentration 

may be attributed to several factors, including the closeness of the sampling sites to the pollution 

sources, and/or the direct discharge of the wastewater from industries into the agricultural lands 

during irrigation processes.  

 

4.1.2. HM assessment from Mojo Tannery effluent discharges (MTED) 

The analysis of the wastewater samples collected from MTED revealed the highest Cr 

concentration compared to the others. The MWWS-2 sample, the closest to Mojo Tannery, had 

the highest Cr+6 content of 4.133 ± 0.42 mg/kg, whereas the MWWS-6 sample had the lowest 

Cr+6 concentration (3.276 ± 0.16 mg/kg), as shown in (Table 4).  The HM levels were in the 

descending order of Cr+6 >Fe+2 >Zn+2 >Mn+2 >Cd+2. The findings underscored that Cr+6 



 

58 

 

concentrations were higher in samples obtained closest to the factories, as shown in the samples 

with 4.038 ± 0.16 mg/kg (MWWS-1) and stagnant water, 4.133 ± 0.42 mg/kg (MWWS-2) as 

indicated in (Table 4). As the distance from the Mojo Tannery factory increases, the 

concentration of Cr+6 gradually decreases, suggesting that it may be sinking into the soil or 

becoming diluted. This study demonstrates that the Cr+6 concentrations surpass the acceptable 

standard limits by the WHO, indicating a need for clear action (WHO, 2017).  

The Cd+2 concentration level in all wastewater was assessed, and the result indicated that it 

exceeds WHO standards, as perceived in (Table 4). The data indicated that the maximum and 

minimum Cd+2 concentrations were 0.253 ± 0.03 (MWWS-5) and 0.231 ± 0.01 mg/kg (MWWS-

1). Additionally, the data revealed that the MWWS-3, MWWS-4, and MWWS-6 exhibited 

identical Cd+2 concentrations, as presented in (Table 4). Manganese (Mn) concentrations in the 

wastewater were evaluated, revealing levels ranging from 0.930 ± 0.02 mg/kg (MWWS-6) to 

0.329 ± 0.03 mg/kg (MWWS-4). The maximum Mn concentration was detected at 0.930 ± 0.02 

mg/kg (MWWS-6), and the minimum value was recorded at 0.329 ± 0.03 mg/kg (MWWS-4) 

(Table 4).  

Further analysis focused on Zn+2 and Fe+2 concentrations in the Mojo Tannery wastewater 

samples. The maximum Zn+2 concentration (1.328 ± 0.05mg/kg) was obtained from the MWWS-

2 sample, whereas the minimum Zn+2 concentration (0.423 ± 0.04 mg/kg) was recorded from 

MWWS-4, as indicated in Table 4. For Fe+2, the maximum concentration was detected against 

the MWWS-5 (3.585 ± 0.12 mg/kg) site, and the minimum concentration (1.290 ± 0.05 mg/kg) 

was recorded against the MWWS-6 site (Table 4). It was noted that no HMs, such as Co+2, Cu+2, 

Ni+2, and Pb+2, were detected in the wastewater effluent from the Mojo Tannery (Table 4). The 

assessment of HM contamination in wastewater samples revealed a significant difference 

observed in all treatments at (P < 0.05), as presented in (Table 2) (Appendix Table 2), except for 

Ni treatment, which was varied among the other treatments. In general, concentration levels 

could have a substantial influence on local communities, indicating the presence of industrial 

pollution in the studied location. The relationship between the levels and possible industrial 

activity necessitates a careful investigation of surrounding facilities and waste disposal practices. 
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The Mn concentration in Mojo Tannery wastewater ranges between 0.930 ± 0.02 ml/L (MWWS-

6) and 0.329±0.03 ml/L (MWWS-4). The maximum outcome was detected at 0.930 ± 0.02 ml/L 

(MWWS-6), and the minimum was recorded at 0.329 ± 0.03 ml/L (MWWS-5). Further analysis 

was conducted on Zn+2 and Fe+2. The study revealed that the maximum concentration of Zn+2 

and Fe+2 contents in effluent discharges of wastewater samples was 1.328±0.05 ml/L and 

3.585±0.012 ml/L, respectively. The maximum (1.328 ± 0.05 ml/L) and minimum (0.423± 0.01 

ml/L) concentrations of Zn+2 were recorded for MWWS-2 and MWWS-4. The Fe concentration 

was measured to be 3.585 ± 0.012 ml/L and 1.290 ± 0.05 ml/L for MWWS-5 and MWWS-6, 

respectively, as detailed in Table 4. However, certain HMs such as Co+2, Cu+2, Ni+2, and Pb+2 

were not detected in the Mojo tannery industry wastewater effluents (Table 4). These metals 

were not detected in the wastewater discharge, a result likely due to the analytical techniques' 

high method detection limit for the Mojo tannery wastewater (Reda, 2016). The metals are not 

essential or major reagents in the core pre-tanning processes, which primarily rely on high 

concentrations of chromium salts. Another reason, their presence, if any, would be minimal, 

stemming only from trace impurities in other chemicals formed in a specialized metal complex 

for coloring. The finding suggests that the detection methods employed were reliable and 

effective in accurately identifying the various constituents of the wastewater. This effectiveness 

is crucial for ensuring environmental compliance and assessing the potential impacts of Mojo 

tannery’s operations on the local water resources. A statistical analysis of the Mojo industrial 

wastewater heavy metal treatments found insignificant differences observed. The p-values for all 

treatments were greater than 0.05, indicating that at p<0.05 had a statistically insignificant effects 

within the group as indicated in Table 4 (Appendix Table 2). 
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Table 4: The Heavy Metal Concentration in the Effluents of Mojo Tannery by using the AAS Method 

Sampling Heavy metals 

Sites Co/Cu Cd Cr Pb/Ni Mn Zn Fe 

MWWS-1 ND 0.231 ± 0.01a 4.038 ± 0.16ab ND 0.353 ± 0.02a 0.804 ± 0.01b 2.355 ± 0.05c 

MWWS-2 ND 0.238 ± 0.01a 4.133 ± 0.42b ND 0.389 ± 0.02ab 1.328 ± 0.05c 3.202 ± 0.05d 

MWWS-3 ND 0.246 ± 0.02a 3.657 ± 0.28ab ND 0.437 ± 0.03ab 0.440 ± 0.01a 1.536 ± 0.05b 

MWWS-4 ND 0.246 ± 0.02a 3.562 ± 0.16ab ND 0.329 ± 0.03a 0.423 ± 0.04a 2.410 ± 0.08c 

MWWS-5 ND 0.253 ± 0.03a 3.467 ± 0.42ab ND 0.702 ± 0.03bc 0.423± 0.01  3.585 ± 0.12e 

MWWS-6 ND 0.246 ± 0.02a 3.276 ± 0.16a ND 0.930 ± 0.02c 0.478 ± 0.01a 1.290 ± 0.05a 

CV% - 8.2% 8.2% - 3.5% 4.7% 3.0% 

Ave. mL/L - 0.243 3.689 - 0.523 0.649 2.396 

WHO 0.01/2.0 0.003 0.05 0.01/0.07 0.01 0.01 0.05 - 50 

P ≤ 0.05 ND 0.931 0.446 ND 0.884 0.995 0.994 

The values represent the means of three independent experiments carried out in triplicate with standard deviations. ND is not detected.  

 Key: CV% = Coefficient variation percentage, ave = average mean; the same letters down the column do not significantly differ 

between the means, where MWWS-Mojo Wastewater Sample 
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4.1.3. Soil Organic Matter properties of soil against Bishoftu (BEIZ)  

The assessment of soil organic matter against Bishoftu industrial effluents is a crucial step in 

understanding the environmental impact of industrial activities in the study area. Accordingly, 

the results of soil organic matter collected from the BEIZ are presented in Table 5. The nitrogen 

content in the Bishoftu industrial effluents was between 0.56 ± 0.140 and 1.04 ± 0.200 mg/kg, as 

shown in Table 5. This study revealed the maximum (1.040 ± 0.200 mg/kg) nitrogen 

concentration for BSS-2 and the minimum (0.560 ± 0.140 mg/kg) for BSS-6 in Table 5. 

Assessing the impacts of industrial effluents on soil organic matter is essential for sustainable 

development. It helps identify potential risks, implement mitigation measures, and ensure the 

long-term health of the soil and environmental ecosystem (Lemessa et al., 2022). High 

concentrations of minerals such as N and P in water can negatively affect the water quality in 

several ways. The measured values showed a statistically significant difference at (P ≤ 0.05). The 

nitrogen level at all sampling sites except BSS-6 exceeded the UNU-EHS/UNEP (2013) 

recommended limit of <0.7mg/kg for ecosystem health (Liu et al., 2018). 

The carbon content of the Bishoftu industrial effluent was found to be maximum at BSS-1 (16.19 

± 0.120) and lowest at BSS-6 (6.76 ± 0.030), as shown in (Table 5), indicating a difference in 

carbon levels across effluent samples taken from various locations surrounding the Bishoftu 

Industrial Area. This is due to the diverse industrial base in the study area, such as textile and 

food processing, which may produce effluents with various carbon sources polluting the 

surroundings. The maximum in BSS-1 could be closer to the industry that emits more carbon 

compared to the rest of the sampling points. Similarly, maximum (18.40 ± 0.350) and minimum 

(8.79 ± 1.930) P were detected against BSS-5. It was suggested that BSS-5 has likely a mixture 

of industries that discharge wastewater with various P content. It might also be close to an 

industry that releases a high amount of phosphorus. The pH of the industrial soil waste detected 

ranged between 7.050 and 8.123. The maximum (8.123 ± 0.042) and minimum (7.050 ± 0.010) 

pH values were documented for BSS-6 and BSS-2, respectively, as observed in Table 5. Bishoftu 

is presumably home to a variety of industries, each of which discharges wastewater with varying 

pH levels. BSS-6 may be closer to an industrial process producing a higher alkaline effluent. 
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Table 5: The Physiochemical Properties of Soil Samples Determined from BEIZ 

Sampling  

sites 

Organic Matter Contents 

pH Nitrogen (%) Carbon (%) Phosphorus (ppm) 

BSS-1 7.583 ± 0.106c 0.907 ± 0.190ab 16.19 ± 0.120c 8.79 ± 1.930a 

BSS-2 7.050 ± 0.010a 1.040 ± 0.200b 14.17 ± 0.180d 12.27 ± 2.580ab 

BSS-3 7.733 ± 0.021c 0.700 ±0.140ab 9.88 ± 0.130ab 12.30 ± 0.310ab 

BSS-4 7.343 ± 0.070b 0.770 ± 0.070ab 11.38 ± 0.110b 14.78 ± 0.880bc 

BSS-5 7.240 ± 0.030b 0.700 ± 0.140ab 9.10 ± 0.050ab 18.40 ± 0.350c 

BSS-6 8.123 ± 0.042d 0.560 ± 0.140a 6.76 ± 0.030a 12.08 ± 0.810ab 

CV% 0.8% 19.5% 8.5% 10.8% 

Ave. mean mg/kg 7.512 0.779 1.125 13.103 

P ≤ 0.05 0.987 0.028 <0.001 <0.001 

The values represent the means of three independent experiments carried out in triplicate 

with standard deviations. CV% = Coefficient variation percentage, ave = average mean; 

the same letters down the column do not significantly differ between the means 

HM contamination of water and soil due to industrial activities is one of the most significant 

environmental issues, as it causes detrimental effects on ecosystems and human health. Analysis 

of the physicochemical properties of the soil and water samples revealed that the pH of all the 

studied sites ranged between 5.6 and 7.2, while that of the soil samples ranged between 7.05 and 

8.123. The pH of soil and water from wastewater effluents was found to be acidic and basic, 

respectively, as reported by (Ojo et al., 2023) in gold mining areas. The increasing alkalinity of 

the soil sample in the studied area suggests that an accumulation of HMs, leading to 

environmental contamination (Ridene et al., 2023).  

Both the Eastern Industry Zone and Mojo tannery have big industrial hubs in East Shewa, 

Ethiopia. These industries play a pivotal role in driving the region’s economic development, 

producing a diverse array of goods, including textiles, leather, and chemicals (Bekele Bahiru, 

2021), leading to pollution caused by HMs. Yet such rapid industrialization has come at the great 

environmental cost of largely HM-polluted soil and water. Currently, these regions are facing 

pollution mainly due to industrial discharges, which are usually released with little or no 
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wastewater treatment. Scientists, policymakers, and local communities have become increasingly 

concerned about the environmental and health effects of this contamination (Lemessa et al., 

2022). Some of the main reasons for pollution in the Eastern Industrial Zone and Mojo are the 

strict enforcement of environmental regulations. Moreover, the swift industrial expansions in 

these regions usually outpace the development of sustainable waste management systems. 

Tanning companies, for example, in Mojo, discharge an extremely high amount of Cr+6, while 

textile and chemical factories discharge dyes, solvents, heavy metals like Pb+2 and Cd+2, etc. 

These pollutants end up in the nearby soil and bodies of water, slowly infiltrating the 

surrounding farmland and the people living nearby. 

4.1.4. Isolation and morphological characterization of the HMRBI 

In this study, 120 cultured HMRBI (60 isolates not presented in the document) were obtained 

from industrial effluent samples from Bishoftu Eastern Industrial Zone and Mojo Tannery waste 

discharges. The isolates were studied based on their morphological and biochemical 

characteristics. Many of these isolates were classified as Gram-negative bacteria. Morphological 

analysis revealed that most bacteria had a rod-shaped structure, while a smaller proportion of the 

isolates displayed spherical shapes. The detailed morphological and biochemical characteristics 

of these isolates, including their shapes, Gram-staining results, and other relevant traits, are 

summarized in the Appendix Tables 10 and 11. The present study obtained heavy metal-resistant 

bacterial isolates with varying biochemical characteristics. There were 30 (25%) Gram-positive 

bacteria identified among the 120 tested for biochemical characterization, while 90 (75%) Gram-

negative isolates were listed in the Appendix Tables 10 and 11. Bacterial isolates were obtained 

and characterized from industrial effluent discharges in the Bishoftu Eastern Industrial Zone and 

the Mojo Tannery. 

The HMRBI, which exhibit diverse characteristic features, were screened from industrial effluent 

that discharges in two significant industrial sites: the Bishoftu Eastern Industrial Zone and the 

Mojo Tannery. The data analysis further revealed that most HMRBIs were rod-shaped, varying in 

size between small and large forms. Most of the rod-like bacteria were well adapted and had 

survival ability in metal-polluted effluent environments. Their survival abilities are attributed to a 

variety of resistance mechanisms that allow them to detoxify or tolerate high concentrations of 
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heavy metals (Nnaji et al., 2024). The remaining isolates were non-round, suggesting some 

morphological diversity in the microbial population in these industrial effluents. This 

morphological variation could indicate the diverse adaptive strategies used to survive in the 

harsh environmental conditions caused by heavy metal contamination (Mathivanan et al., 2021). 

These bacteria are often used in bioremediation, a cost-effective and eco-friendly approach to 

cleansing up contaminated sites. 

4.1.5. Biochemical test of HMRBI from BEIZ and Mojo Tannery effluents 

About 120 pure cultured HMRBIs were identified and characterized from industrial effluent 

samples collected from Mojo and Bishoftu industrial effluents. Based on biochemical tests, some 

of them employed glucose, lactose, and sucrose as carbon sources, some of them are positive for 

indole, methyl red, starch, triple sugars, hydrogen sulfide, urease, VPK, gelatin hydrolysis, 

catalase, motility, and citrate utilization test (Appendix Tables 10 and 11). As indicated in 

Appendix Tables 10 and 11. A notable distinction in bacterial characteristics was observed; while 

some isolates were determined to be Gram-positive, most heavy metal-resistant bacterial isolates 

were identified as Gram-negative bacteria. Moreover, morphological analysis revealed that most 

of the bacteria displayed a rod-shaped (Bacilli) structure, whereas a smaller portion of the 

isolates exhibited spherical (cocci) shapes. The present study obtained HMRBI with varying 

biochemical characteristics. This study emphasizes the diversity of bacterial isolates found in 

industrial effluents and their potential applications in bioremediation, specifically for mitigating 

heavy metal contamination (Liang et al., 2025). 

The biochemical tests of potential HMRBI are presented in (Appendix Tables 10 and 11). A 

biochemical test is commonly used to identify and characterize bacteria based on their metabolic 

activities.  Hence, for fifteen parameters of HMRBI, the biochemical tests, namely, Gram-

staining (Figure 4), indole test, methyl red, starch, triple sugars (glucose, lactose, and sucrose), 

hydrogen sulfide, urease, VPK, gelatin hydrolysis, catalase, motility, and citrate utilization test 

were presented in (Appendix Tables 10 and 11). The data revealed that all heavy metal-resistant 

bacterial isolates had positive results in motility, urease, and catalase tests. However, not all 

isolates show a similar phenomenon in motility, urease, and catalase tests. The results showed 

that about 26.67% of the isolates revealed Gram-positive, while 73.33% revealed Gram-negative 
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in (Appendix Tables 10 and 11). In addition, the motility of the isolates was evaluated. All 

HMRBI were motile, as can be observed in (Appendix Tables 10 and 11). 

(a) (b) (c)

(d) (e) (f)

100µm

100µm

100µm

100µm100µm

100µm

 

Figure 4: (a) P. benzoelyticum-HMRBI-1, which is a Gram-negative HMRBI with 79.27% biological 

efficiency for heavy metal removal. (b) Citrobacter sp. HMRBI-5, which is a Gram-negative HMRBI 

with 85.21% % biodegradability efficiency. (c) Klebsiella spp.-HMRBI-14, a Gram-negative 

bacterium with 89.74% biodegradability efficiency (d), B. pumilis-HMRBI-10, a Gram-positive 

bacterium with 66.65% biodegradability efficiency (e), A. hydrophila-HMRBI-12, a Gram-negative 

and (f) E. aurantiacum-HMRBI-7, a Gram-positive bacterium with 65.13% of isolated heavy metal 

bioremediation bacteria viewed under 100x magnifications. 

The morphological features of HMRBI were characterized by Gram staining, and the 

microscopic appearance was sketched using 100x magnification, as shown in (Figures 4a-f). 

Data showed that the large microorganisms inhibited the harsh environment of the HM-polluted 

environment. In this group of isolates, P. benzoelyticum, Citrobacter spp., P. putida, B. pumilus, 

A. hydrophila, and Exigubacterium aurantiacum were among the best potential HM 

bioremediation microorganisms. Consistent with the overall findings of this study, most of the 
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bacterial isolates subjected to Gram staining were definitively characterized as Gram-negative. 

Consistent with the overall findings of this study, most of the bacterial isolates subjected to Gram 

staining were definitively characterized as Gram-negative. (74%) Conversely, Gram-positive 

bacteria represented 27% of the isolates. Further, the data revealed that the presence of Gram-

positive and Gram-negative bacteria in a polluted environment shows the complexity and 

robustness of microbial communities. Their metabolic activities together can be used to improve 

the degradation ability of pollutants like HMs, with Gram-positive bacteria usually initiating the 

degradation of larger compounds, larger molecules, and Gram-negative bacteria degrading 

intermediate contaminants. This interaction is critical for the natural attenuation of contaminants 

as a means of microbial bioremediation (Qattan, 2025).  

4.1.6. Identification of isolated HMRBI by MALDI-TOF MS  

The present study obtained heavy metal-resistant bacterial isolates with varying biochemical 

characteristics. The isolates were identified by MALDI-TOF MS based on their unique protein 

spectra, indicating that they were from different species of bacteria. These include P. putida, 

Exiguobacterium aurantiacum, P. mosselii, B. pumilus, Aeromonas hydrophila, P. mendocina, P. 

oleovorans, Delftia acidovorans, and P. plecoglossicida. Among the MALDTO-MS-assisted 

isolates, we found 8 (47.06%) Pseudomonas spp., 2 (11.76%) Bacillus spp., 3 (17.64%) D. 

acidovorans, and 1 (5.88%) each of Exiguobacterium auranticum and A. hydrophila. The 

Pseudomonas sp. was among the dominant species obtained from the heavy metal-resistant 

bacteria isolates from the discharges of Bishoftu and Mojo industrial effluent, as shown in Table 

6, followed by D. acidovorans 3 (17.64%), Bacillus spp. 2 (11.76%), E. auranticum, and A. 

hydrophila 1 (5.88 %). The detailed identification and classification of these isolates are 

summarized in Table 6. This analysis underscores the utility of MALDI-TOF MS in 

differentiating microbial species by their protein fingerprints, enabling precise taxonomic 

identification. The bacterial isolates, exhibiting diverse characteristics, were obtained from 

industrial effluent discharges in two significant industrial sites: the Bishoftu Eastern Industrial 

Zone and the Mojo Tannery. The predominance of bacterial isolates among all identified 

microorganisms highlights their potential use for bioremediation research based on the heavy 

metal utilization efficiency assay in Table 12.  
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Table 6: MALDI-TOF MS protein profile for HMRBI species obtained from Bishoftu and Mojo Tannery Industrial effluents 

 S. N Sample Id   Genus  Closest species LSV Gram 

r/n 

Morphology  Motility Most likely isolates 

1.  HMRBI-1 unidentified unidentified 1.44 -ve Rode shape Motile HMRBI-1 

2.  HMRBI-3 Pseudomonas putida 1.86 -ve  Rode shape Motile Pseudomonas sp. HMRBI-3 

3.  HMRBI-4 Pseudomonas putida 2.03 -ve  Rode shape Motile P. putida HMRBI-4 

4.  HMRBI-5 unidentified unidentified 1.69 -ve Rode shape Motile HMRBI-5 

5.  HMRBI-7 Exiguobacterium aurantiacum 2.32 +ve Irregular shape Motile E. aurantiacum HRMWI-7 

6.  HMRBI-8 Pseudomonas mosselii 2.26 -ve  Rode shape Motile P. mosselii HRMWI-8 

7.  HMRBI-10 Bacillus pumilus 2.20 +ve Rod shape  Motile B. pumilus HRMWI-10 

8.  HMRBI-11 Bacillus pumilus 1.88 +ve Rod shape  Motile Bacillus sp. HRMWI-11 

9.  HMRBI-12 Aeromonas hydrophila 2.04 -ve  Rode shape Motile A. hydrophila HRMWI-12 

10.  HMRBI-13 Pseudomonas mendocina 1.82 -ve  Rode shape Motile Pseudomonas sp. HRMWI-13 

11.  HMRBI-14 Pseudomonas oleovorans 1.73 -ve  Rode shape  Motile Pseudomonas sp. HRMWI-14 

12.  HMRBI-15 Pseudomonas mosselii 2.03 -ve  Rode shape  Motile P. mosselii HRMWI-15 

13.  HMRBI-16 Delftia acidovorans 2.11 -ve  Rode shape  Motile D. acidovorans HRMWI-16 

14.  HMRBI-17 Delftia acidovorans 2.40 -ve  Rode shape  Motile D. acidovorans HMRBI-17 

15.  HMRBI-18 Delftia acidovorans 2.15 -ve  Rode shape  Motile D. acidovorans HMRBI-18 

16.  HMRBI-19 Pseudomonas putida 1.87 -ve  Rode shape Motile Pseudomonas sp. HMRBI-19 

17.  HMRBI-20 Pseudomonas plecoglossicida 1.72 -ve  Rode shape Motile Pseudomonas sp. HMRBI-20 

 Whereas HMRBI-Heavy Metal Resistant Bacteria Isolate 
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These metal-tolerant/metal-bio-transforming bacteria represent a potentially useful avenue to 

develop sustainable heavy metal remediation strategies. These rod-shaped bacteria, especially, 

would be of great interest for bioremediation applications due to their rapid growth and active 

metabolism. By understanding the mechanisms of HM resistance of each of these isolates, it 

would be feasible to exploit their potential toxic bioremediation ability via genetic engineering 

and/or other biotechnological methods. 

4.1.7. Effects of growth inhibition percentage of bacterial Isolates 

A concentration range of 150 to 1050 ppm of HMs was employed to evaluate the growth 

inhibition effects on selected HMRBIs with notable potential capabilities. This range was to 

systematically study the tolerance levels and potential inhibitory impacts of varying 

concentrations of HMs on the growth dynamics of these resistant bacterial isolates. Growth 

inhibition of the bacterial isolates was consistently observed across all heavy metal HM 

treatments studied in the Luria-Bertani (LB) medium containing 10 g of tryptone, 5 g of yeast 

extract, and 10 g of sodium chloride (NaCl) per liter. In this study, we employed cobalt to 

investigate its specific effects on microbial growth and resistance, as shown in Table 8. All 

treatments revealed variations in the growth inhibition performance of the bacterial isolates. 

These differences indicated that each isolate responded differently to the presence of HMs, 

suggesting variability in their resistance mechanism and tolerance level. For instance, HMRBI-3 

(82.91±0.003) exhibited the maximum percentage of resistance at the maximum concentrations, 

followed by HMRBI-1 (81.83 ± 0.003), as shown in Table 7.  

The data further indicated that the lowest growth inhibition percentage in response to cobalt 

exposure was observed in HMRBI-9 (55.14 ± 0.003), followed closely by HMRBI-8 (57.08 

±0.002). This demonstrated that these isolates exhibited relatively less resistance to cobalt than 

the other bacterial isolates. The findings highlight the diverse adaptive mechanisms used by the 

isolates when exposed to HM stress, which may be influenced by factors such as metal type, 

concentration, and the specific traits of the isolate. In general, a significant inhibition percentage 

rate of bacterial growth was observed across all HM treatments for the bacterial isolates. The 

inhibitory effects were consistent and pronounced, with statistically insignificant differences 

observed between the groups at a confidence level of (P ≤ 0.05) (Table 7 and Appendix Table 4). 
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These results suggest potential applications in bioremediation and environmental biotechnology, 

as certain isolates may be utilized for waste clean-up. Future experiments could investigate the 

genetic and molecular basis of the observed resistance mechanisms, potentially identifying 

targets to increase metal tolerance in other bacterial strains. Understanding which characteristics 

confer this resistance to pollution will enable us to construct more stable microbial communities 

in polluted environments. 
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Table 7: Different concentrations of cobalt inhibited the growth of bacterial isolates from the Bishoftu Industrial Zone waste 

HM (Co+2) 

Concentration  

Growth inhibition in percentage (%) 

HMRBI-1 HMRBI-3 HMRBI-5 HMRWI-7 HMRBI-8 HMRBI-9 HMRBI-10 

150ppm 46.57 ± 0.012a 44.74± 0.01a 31.63 ±0.004a 22.35±0.003a 20.81±.001a 20.29 ±0.001a 43.79±0.002a 

250ppm 48.66 ± 0.019b 55.32± 0.01b 38.71±0.008b 29.10±0.001b 25.39±0.001b 27.10±0.004b 59.11±0.018b 

350ppm 56.50 ±0.002c 67.57±0.02c 52.26±0.001c 52.55±0.002c 47.67±0.003c 37.31±0.005c 61.79±0.002c 

450ppm 66.12 ± 0.014d 72.97±0.001d 56.11±0.002d 54.51±0.002d 50.43±.002d 43.15±0.003d 68.83±0.003d 

550ppm 70.41 ± 0.004e 78.35±0.004e 60.89±0.001e 56.31±0.002e 52.24±0.001e 43.77±0.001de 69.09±0.001d 

650ppm 77.22 ± 0.010f 80.15±0.001f 63.28±0.003f 56.55±0.002e 54.83±0.002e 45.02±0.006ef 71.57±0.002e 

750ppm 77.80 ± 0.007f 80.55±0.008f 64.01±.0.013f 58.20±0.001f 52.24±0.001f 45.72±0.002f 71.92±0.002e 

850ppm 78.74 ± 0.002f 80.95±0.002f 64.74±0.002f 58.35±0.004f 54.66±0.002f 49.69±0.006g 74.34±0.002f 

950ppm 79.13 ± 0.003f 82.85±0.002g 67.93±0.002g 59.14±0.002f 55.27±0.001f 54.13±0.004h 76.53±0.001g 

1050ppm 81.83 ± 0.003g 82.91±0.003g 71.51±0.003h 60.63±0.001g 57.08±0.002g 55.14±0.003h 77.00±0.002g 

CV% 1.5 1.2 1.9 1.0 2.0 2.2 1.3 

P ≤ 0.05 0.381 0.990 0.997 1.000 0.997 0.999 0.996 

The values represent the means of three independent experiments carried out in triplicate with standard deviations. OD was read at 

600 nm after 24 hrs. CV% = Coefficient variation percentage, Ave = average mean; the same letters down the column do not 

significantly differ between the means 
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The study examined how different concentrations of HMs, ranging from 150 to 1050 ppm, 

affected the growth of specific HMRBIs with significant potential for environmental impact. In 

this study, we used copper to investigate its effects on growth inhibition percentage and its 

resistance effects, as detailed in Table 8. Growth inhibition of the bacterial isolates was 

consistently observed across all HM treatments studied in the Luria-Bertani (LB) medium. LB 

medium, a widely used nutrient-rich bacterial growth medium, contains 10 g of tryptone, 5 g of 

yeast extract, and 10 g of sodium chloride (NaCl) per liter. This medium supports robust bacterial 

growth under normal conditions, making it an ideal choice for assessing the inhibitory effects of 

heavy metals. The data particularly revealed how copper exposure influences the growth 

inhibition of the bacterial isolates.  

By analyzing the data presented in (Table 8), the maximum and minimum growth inhibitions of 

each isolate were assessed. Accordingly, the maximum resistance in percentage was observed for 

HMRBI-9 (82.18±0.001), followed by HMRBI-10 (72.37±0.003) and HMRBI-1 (71.84±0.001), 

respectively in (Table 9). The minimum growth inhibition percentage was recorded for HMRBI-

7 (64.07±0.002), followed by HMRBI-8 (65.65±0.002), HMRBI-3, and HMRBI-5, which could 

be inhibited in the presence of copper on average. The recorded results for both isolates were 

(70.32±0.003 and 68.02±0.001), respectively. The inhibitory effects highlight the dose-dependent 

nature of HM's toxicity, even in bacteria exhibiting resistance. The overall results suggest that 

while these isolates can inhibit certain levels of HMs, higher concentration surpass their adaptive 

mechanisms, leading to reduced growth and metabolic activities. Overall, a notable growth 

reduction or inhibition in bacterial growth was observed in all HM treatments for each bacterium 

isolate. The inhibition percentage was both consistent and made with statistically insignificant 

differences detected at a confidence level of (P ≤ 0.05) between the groups (Appendix Table 5).  

Overall, the study highlights the dual nature of bacterial resistance and susceptibility. This shows 

that while these withstand can tolerate certain concentrations of HMs, their adaptive mechanisms 

may fail when faced with increased concentrations, leading to prominent reductions in growth & 

metabolic activities. This has implications for understanding bacterial behavior in contaminated 

environments and potential applications in bioremediation efforts (Syed et al., 2021). 
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 Table 8: Different concentrations of copper inhibited the growth of bacterial isolates from the Bishoftu Industrial Zone waste 

HM (Cu+2) 

Concentration 

Growth inhibition in percentage (%) 

HMRBI-1 HMRBI-3 HMRBI-5 HMRBI-7 HMRBI-8 HMRBI-9 HMRBI-10 

150ppm 18.36±0.052a 28.74±0.001a 12.03±0.002a 29.20±0.002a 22.31±0.001a 20.52±0.001a 27.42±0.004a 

250ppm 24.92±0.137b 36.03±0.003b 17.64±0.044b 37.21±0.006b 30.76±0.005b 24.70±0.020b 37.92±0.004b 

350ppm 33.42±0.152c 38.94±0.001c 24.29±0.003c 40.17±0.001c 36.80±0.001c 36.92±0.003c 44.54±0.014c 

450ppm 35.43±0.025c 50.62±0.001d 33.84±0.001d 55.38±0.003d 38.47±0.002d 54.64±0.003d 56.94±0.001d 

550ppm 45.53±0.001d 56.07±0.001e 42.91±0.001e 55.47±0.001d 39.55±0.003d 61.33±0.002d 59.41±0.003e 

650ppm 52.30±0.079e 57.09±0.004f 44.16±0.002f 55.95±0.005de 41.82±0.001e 63.04±0.031e 66.31±0.029f 

750ppm 57.64±0.002f 59.43±0.006g 50.78±0.001g 56.61±0.003de 52.39±0.001f 76.09±0.022e 68.98±0.006g 

850ppm 59.69±0.011f 67.58±0.009h 65.82±0.001h 56.93±0.001e 56.87±0.002g 76.48±0.003f 69.78±0.002gh 

950ppm 71.22±0.001g 68.87±0.001i 66.93±0.001i 57.32±0.002e 59.80±0.003h 78.10±0.001f 71.49±0.002hi 

1050ppm 71.84±0.001g 70.32±0.003j 68.02±0.001j 64.07±0.002f 65.65±0.002i 82.18±0.001g 72.37±0.003i 

CV%  1.0 1.4 1.5 1.5 2.5 2.3 

P ≤ 0.05 0.977 0.997 1.000 0.994 0.999 0.998 0.997 

The values represent the means of three independent experiments carried out in triplicate with standard deviations. OD was read at 

600 nm after 24 hrs. CV% = Coefficient variation percentage, Ave = average mean; the same letters down the column do not 

significantly differ between the means 
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Table 9: Different concentrations of cadmium inhibited the growth of bacterial isolates from the Bishoftu Industrial Zone 

waste 

HM (Cd+2) 

Concentration 

Growth inhibition in percentage (%) 

HMRBI-1 HMRBI-3 HMRBI-5 HMRBI-7 HMRBI-8 HMRBI-9 HMRBI-10 

150ppm 26.79±0.001a 17.85±0.005a 17.18±0.003a 14.29±0001a 6.14±0.001a 11.63±0.0011a 10.53±0.002a 

250ppm 35.22±0.005b 22.02±0.007b 21.73±0.001b 17.66±0.003b 8.28±0.003b 10.70±0.032b 13.12±0.001b 

350ppm 51.03±0.002c 31.37±0.007c 41.88±0.001c 21.63±0.003c 11.20±0.001c 20.10±0.004c 22.00±0.004c 

450ppm 55.33±0.008d 34.09±0.007c 42.98±0.004c 22.42±0002cd 15.71±0.003d 27.30±0.002d 30.82±0.003d 

550ppm 60.57±0.006e 42.99±0.004d 43.10±0.002c 25.00±0.003de 16.50±0.001de 32.78±0.005e  34.66±0.004e 

650ppm 65.72±0.004f 51.13±0.001e 47.25±0.013d 26.98±0.004ef 17.96±0.013e 39.30±0.005f 42.81±0.006f 

750ppm 67.61±0.003fg 52.49±0.004e 47.50±0.002d 28.97±0.001f 35.65±0.006f 40.53±0.001g 48.71±0.002g 

850ppm 68.13±0.003gh 52.94±0.003ef 48.96±0.003d 29.17±0.004f 37.71±0.001g 40.60±0.002g 50.36±0.004h 

950ppm 69.59±0.003gh 53.70±0.002ef 53.48±0.010e 33.53±0.002g 41.42±0.010h 51.44±0.002h 56.06±0.004i 

1050ppm 70.36±0.002h 56.41±0.003f 59.83±0.003f 47.42±0.002h 57.59±0.004i 61.45±0.003i 59.58±0.005j  

CV% 2.2 4.7 4.0 5.9 4.4 2.0 1.7 

P ≤ 0.05 0.990 0.917 0.960 0.917 1.000 0.998 0.999 

The values represent the means of three independent experiments carried out in triplicate with standard deviations. OD was read at 

600 nm after 24 hrs. CV% = Coefficient variation percentage, Ave = average mean; the same letters down the column do not 

significantly differ between the means 
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The study also examined the effects of cadmium at concentrations ranging from 150 to 1050 

ppm. Table 9 provides a detailed analysis of the effects of cadmium concentration on the growth 

inhibition of HMRBIs. As the Cd concentration increased, the growth inhibition percentage of 

each bacterial isolate decreased, as observed in all treatments. HMRBI-1 exhibited the maximum 

growth inhibition percentage was (70.36±0.002), while HMRBI-2 showed the minimum 

(47.42±0.002). This suggests that the toxicity of cadmium had a direct effect on the ability of 

these bacteria to grow, but the magnitude of this effect varied among the different isolates. 

Particularly, a significant observation was that the isolate HMRBI-1 exhibited the maximum 

level of growth inhibition percentage, reaching a remarkable 70.36% ± 0.002. This demonstrated 

that HMRBI-1 is highly sensitive to cadmium, displaying substantial growth suppression at the 

tested concentrations with the least inhibition. On the other hand, HMRBI-7 displayed the least 

inhibition at 47.42% ± 0.002, indicating the maximum resistance to cadmium exposure in 

comparison to the other bacterial isolates in the Table 9. The variation in growth inhibition rates 

could reflect the differences in the isolates’ physiological mechanisms that confer varying 

degrees of resilience to the toxic effects of cadmium. In general, the observed inhibition proved 

that the presence of HMs disrupts the physiological processes of the bacterial isolates, even when 

cultured in a nutrient-rich medium, thereby reflecting the toxic effect of these metals on their 

growth and survival. Although the bacterial growth rates declined with increased concentrations 

of HMs, the data show a relatively slow yet sustained growth pattern among the other bacterial 

isolates within the concentration range of 150 to 1050 ppm. Overall, all HM treatments 

significantly inhibited the growth of all bacterial isolates, as evidenced by a remarkable decrease 

in growth. This inhibitory effect was statistically insignificant (P ≤ 0.05) across all treatments 

(Table 9 and Appendix Table 6). 

Studies have shown that high concentrations of zinc can be toxic to bacterial growth. While zinc 

is an essential trace element for bacteria, required for the activity of various enzymes and cellular 

functions, excessive levels can have detrimental effects. Various concentration ranges from 150 

to 1050 ppm were used for this study to test the growth inhibition of bacteria isolated from the 

Bishoftu and Mojo Industrial areas. The data revealed that as the concentration increases, the 

growth inhibition of bacterial isolates decreases, as predicted in Table 10. At the lower 



 

75 

 

concentrations, the inhibition percentage rates were lower compared to all bacterial isolates. 

However, variation in growth inhibition was observed among the isolates with varying degrees 

of inhibition. For instance, at lower Zn concentrations, 49.90±0.002, 41.55±0.003, 36.76±0.001, 

41.26±0.002, 41.86±0.011, 42.07±0.002, and 26.83±0.002 were recorded for HMRBI-1, 

HMRBI-3, HMRBI-5, HMRBI-7, HMRBI-8, HMRBI-9, and HMRBI-10, respectively, as shown 

in the Table 10. This indicates that the lower concentration exhibited lower growth inhibition for 

each bacterial isolate. However, there was a degree of variation among the treatments at a 

statistically insignificant level (P≤0.05) between the groups. 

The study also showed that as zinc concentration increased, the extent of the growth inhibition 

percentage rate increased for each bacterial isolate. This pattern indicates that zinc, at higher 

concentrations, becomes progressively more toxic to the bacteria, impairing their growth to 

varying degrees depending on the species. As indicated in Table 10, isolates HMRBI-1, HMRBI-

9, HMRBI-10, and HMRBI-7 were especially susceptible to the toxic effects of zinc at high 

concentrations. These bacterial strains confirmed the most significant decrease in growth at high 

concentrations, indicating the maximum percentage of growth inhibition. The high sensitivity of 

each bacterial isolate may be due to a lack of efficient zinc resistance mechanisms, limiting their 

ability to counteract the toxic effects of excess zinc. Zinc treatments exhibited a significant 

inhibitory percentage effect on bacterial growth, as directed by a statistically insignificant 

increase in concentration (P ≤ 0.05) among the group (Appendix Table 7). 

Further study was also conducted on the effects of chromium at varying concentrations on 

bacterial inhibition growth performance, as indicated in Table 11. The same trends were observed 

for chromium treatments concerning the growth inhibition percentage of HMBIs. The degree of 

growth inhibition for each bacterium was very different among the treatments, highlighting the 

varying levels of effectiveness. Some treatments revealed a significant reduction in growth, 

suggesting they were highly effective in limiting the development of the target organism, while 

others showed only mild or negligible effects. This inconsistency could be attributed to factors 

such as the specific mechanisms of action of each treatment and the concentration or dosage of 

heavy metal applied.  
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Table 10: Different concentrations of Zinc inhibited the growth of bacterial isolates from the Bishoftu Industrial Zone waste 

HM (Zn+2) 

Concentration 

Growth inhibition in percentage (%) 

HMRBI-1 HMRBI-3 HMRBI-5 HMRBI-7 HMRBI-8 HMRBI-9 HMRBI-10 

150ppm 39.32±0.001a 35.10±0.003a 31.72±0.001a 32.10±0.003a 34.46±0.002a 35.49±0.001a 23.64±0.002a 

250ppm 45.90±0.002b 41.85±0.003b 36.76±0.001b 41.26±0.002b 41.86±0.011b 42.07±0.002b 26.83±0.002b 

350ppm 46.31±0.001b 44.34±0.001c 38.73±0.001c 43.84±0.003c 44.70±0.004c 42.31±0.003bc 27.63±0.003b 

450ppm 47.87±0.001c 46.52±0.001d 40.56±0.006d 49.20±0.001d 45.03±0.002cd 43.91±0.001cd 35.50±0.002d 

550ppm 48.29±0.001cd 49.12±0.001e 42.52±0.004e 50.05±0.001de 45.36±0.001cde 44.77±0.004d 37.33±0.002c 

650ppm 49.12±0.001de 49.43±0.001e 43.26±0.001e 50.91±0.006fe 47.43±0.001ef 50.43±0.004e 40.64±0.002d 

750ppm 49.53±0.002e 51.30±0.002f 45.59±0.001f 51.77±0.003fg 47.43±0.002def 53.26±0.001f 43.72±0.001e 

850ppm 52.13±0.005f 51.40±0.004f 46.69±0.001f 52.95±0.001g 48.85±0.004f 61.13±0.001g 43.84±0.002f 

950ppm 55.24±0.004g 52.65±0.002g 47.06±0.001f 57.45±0.002h 53.55±0.001g 62.13±0.001g 51.37±0.004f 

1050ppm 67.81±0.003h 57.94±0.010h 54.41±0.002g 60.45±0.003i 59.34±0.003h 65.07±0.002h 60.84±0.003h 

CV% 1.0 1.5 2.0 1.6 2.8 2.0 2.4 

P ≤ 0.05 0.993 0.972 1.000 0.691 0.999 0.998 0.999 

The values represent the means of three independent experiments carried out in triplicate with standard deviations. OD was read at 

600 nm after 24 hrs. CV% = Coefficient variation percentage, Ave = average mean; the same letters down the column do not 

significantly differ between the means 
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Table 11: Different concentrations of chromium inhibited the growth of bacterial isolates from the Bishoftu Industrial Zone 

waste 

HM (Cr+6) 

Concentration 

Growth inhibition in percentage (%) 

HMRBI-1 HMRBI-3 HMRBI-5 HMRBI-7 HMRBI-8 HMRBI-9 HMRBI-10 

150ppm 21.05±0.001a 25.61±0.001a 17.80±0.002a 15.30±0.001a 30.15±0.004a 8.47±0.004a 12.55±0.003a 

250ppm 24.14±0.006b 29.96±0.023b 21.69±0.002b 17.46±0.012b 38.54±0.005b 10.77±0.033b 15.73±0.019b 

350ppm 36.90±0.004c 42.27±0.003c 25.78±0.010c 30.47±0.018c 41.45±0.004c 18.37±0.030c 22.57±0.007c 

450ppm 49.21±0.003d 43.03±0.007c 37.34±0.011d 35.24±0.003d 43.80±0.004d 45.84±0.006d 49.06±0.014d 

550ppm 53.79±0.006e 47.20±0.001d 44.16±0.010e 37.38±0.007d 54.11±0.002e 46.93±0.008d 51.98±0.010e 

650ppm 59.74±0.006f 47.36±0.006d 56.19±0.004f 46.67±0.014e 54.22±0.003e 49.82±0.002e 53.66±0.015f 

750ppm 62.58±0.008g 53.91±0.007e 57.52±0.002ef 48.18±0.008f 55.10±0.003f 57.70±0.009f 55.58±0.005g 

850ppm 64.88±0.010h 56.81±0.007ef 58.41±0.004ef 57.26±0.001f 63.38±0.003g 65.76±0.012g 69.36±0.002h 

950ppm 68.33±0.005i 57.73±0.010g 62.58±0.010g 59.83±0.007h 66.67±0.002h 71.33±0.007h 73.96±0.008i 

1050ppm 70.35±0.006j 63.61±0.020h 66.94±0.012h 67.14±0.005i 75.27±0.003i 80.01±0.006i 75.23±0.004j 

CV% 1.2 4.4 1.8 2.3 1.0 3.5 2.1 

P ≤ 0.05 0.997 0.979 0.983 0.986 0.973 0.999 0.993 

The values represent the means of three independent experiments carried out in triplicate with standard deviations. OD was read at 

600 nm after 24 hrs. CV% = Coefficient variation percentage, Ave = average mean; the same letters down the column do not 

significantly differ between the means
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As the concentration of chromium increases, the observed growth inhibition of bacterial isolates 

tends to follow a dose-dependent pattern. Higher concentrations of chromium cause increased 

toxicity in bacterial cells, resulting in a more substantial decrease in growth. Overall, the maximum 

results were observed for the HMTBI-9 (80.01±0.006), followed by HMRBI-8 (75.27±0.003) and 

HMRBI-10 (75.23±0.004), as presented in Table 11.  

The minimum inhibitory concentration (MIC) is defined as the minimum concentration of a given 

agent that inhibits the growth of the isolate, indicated by a lack of visible bacterial growth on the 

media (Bhardwaj et al., 2018). This parameter serves as a commonly accepted measure of the 

microbial resistance to different inhibitory reagents, HMs in this case. However, in this study, MIC 

values were determined for all 10 isolated strains against HMs. This observation very convincingly 

indicates that the isolated strains have acquired a substantial resistance against that particular HM. 

The raised MIC signifies that these isolates can grow and reproduce in the presence of normally 

lethal or inhibitory concentrations of the HM. HM tolerance development may be due to a variety of 

mechanisms. This takes place through the activation of efflux pumps to pump toxic metal ions out, 

detoxification, intracellular sequestration of the HMs, alteration of cellular targets so the metals 

cannot bind to them, or even the secretion of extracellular polysaccharides to form a barrier (Ahamed 

et al., 2024). These results highlight the need for studies of microbial adaptation to HMs because that 

type of tolerance may have considerable ecological ramifications. Some examples of these are HM-

tolerant bacteria isolates from polluted environments, which may contribute to the bioaccumulation 

of HMs. 

4.1.8. Removal efficiency of HMRBIs 

The bio-utilization performance of heavy metals (e.g., Cd+2, Co+2, Cr+6, Cu+2, and Zn+2) was studied 

using an atomic absorption spectrometer (AAS) to assess the effectiveness of various bacterial 

isolates. The results showed significant differences in degradation rates among the isolates, especially 

with cobalt. The bacterial isolate HMRBI-5 exhibited the highest capacity for cobalt reduction, 

achieving a rate of 79.27%. This suggests that HMRBI-5 has efficient metabolic mechanisms that 

enable it to effectively bio-absorb cobalt from contaminated environments. Additionally, HMRBI-14 

and HMRBI-1 showed high degradation rates of 78.14% and 67.12%, respectively. The study 

indicates that these two isolates have strong potential for cobalt bioremediation. In contrast, the 
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lowest degradation capacity was observed with HMRBI-10 at 28.40%, implying a possible deficiency 

in metabolic efficiency or detoxification ability for cobalt. Overall, the data suggest that most of the 

isolates exhibit significant potential for cobalt degradation, supporting their use in bioremediation 

efforts, as shown in Table 12. 

Copper removal was evaluated, and the highest degradation rate (59.18%) was achieved by HMRBI-

17, indicating a strong copper resistance capacity compared to the others. This suggests that HMRBI-

17 possesses robust resistance mechanisms or metabolic pathways that enable effective copper 

bioremediation. Conversely, HMRBI-2 exhibited a degradation rate of 47.20%, which points to a 

lower copper resistance ability, implying that this isolate may be less efficient in high-copper 

environments as shown in Table 12. The results from cobalt and copper degradation tests underscore 

the potential of the current bacterial isolates for bioremediation. Isolates with higher degradation rates 

could be utilized in environmental cleanup efforts, particularly in areas heavily contaminated with 

heavy metals. Further research may reveal the reasons behind the differences in removal capacities, 

offering a pathway to improve bioremediation strategies and develop more resilient bacterial strains. 

Assessment of HMRBI's heavy metal-degrading capacity highlights its potential for future 

bioremediation in contaminated, heavy metal-polluted environments. An HMRBI-5 isolated bacterial 

strain showed excellent resistance to cadmium, with an 85.17% resistance rate. This suggests its 

possible usefulness in bioremediation efforts against cadmium toxicity in contaminated sites. 

Conversely, the HMRBI-3 isolated bacterial strain exhibited the highest resistance to cadmium 

among the isolates, yet it was unable to grow under cadmium-enhanced conditions. This difference 

underscores the distinct adaptive properties of various bacterial strains when facing heavy metal 

stress.  
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Table 12: The removal capacity (%) of bacteria isolates against Heavy metals (HMs) 

Bacteria 

Isolates 

HMs 

Cobalt (%) Copper (%) Cadmium (%) Chromium (%) Zinc (%) 

HMRBI-1 67.12 ± 0.002bc 50.54 ± 0.002ab 43.71 ± 0.001ab 79.14 ± 0.004bc 53.53 ± 0.001a 

HMRBI-2 67.38 ± 0.002c 47.20 ± 0.001a 62.14 ± 0.004fg 56.62 ± 0.002cd 57.91 ± 0.002a 

HMRBI-3 36.62 ± 0.006ab 61.63 ± 0.004de 47.27 ± 0.003ab 45.51 ± 0.003a 55.77 ± 0.006b 

HMRBI-4 63.93 ± 0.002bc 65.13 ± 0.001e 65.02 ± 0.002b 51.57 ± 0.003bc 53.63 ± 0.002a 

HMRBI-5 79.27 ± 0.006abc 57.14± 0.002bcd 85.17 ± 0.003e 82.53 ± 0.002bc 72.04 ± 0.001a 

HMRBI-6 62.34 ± 0.013bc 52.50 ± 0.003abc 53.52 ± 0.001de 70.32 ± 0.001e 55.77 ± 0.001a 

HMRBI-7 56.24 ± 0.025abc 57.68 ± 0.002bcd 63.21 ± 0.054fg 65.13 ± 0.004cd 61.97 ± 0.001a 

HMRBI-8 59.16 ± 0.001bc 53.97 ± 0.009abc 49.52 ± 0.039cd 59.65 ± 0.001d 57.83 ± 0.002a 

HMRBI-10 28.40 ± 0.007a 50.22 ± 0.003ab 40.15 ± 0.002a 66.65 ± 0.003e 62.24 ± 0.002a 

HMRBI-14 78.14±0.007abc 56.26±0.003bcd 64.48±0.001b 89.74±0.003c 74.32±0.002a 

HMRBI-17 43.78 ± 0.009abc 59.18 ± 0.025cde 53.64 ± 0.006e 66.00 ± 0.002e 64.10 ± 0.001a 

CV% 20.1% 4.8% 2.7% 3.3% 5.3% 

P ≤ 0.05 0.816 0.970 0.931 0.182 0.944 

The values represent the means of three independent experiments carried out in triplicate with 

standard deviations. Absorption spectrophotometers were utilized to evaluate the entire heavy metal 

deduction percentage. M/D = mean difference, ave = average mean; the same letters down the 

column do not significantly differ between the means 

In addition, the present study applied to the biodegradability of chromium and zinc. HMRBI-14 was 

identified as the most efficient isolate for chromium degradation, and its reduction capacity was 

determined to be 89.74%. On the other hand, HMRBI-3 exhibited the minimum effectiveness, again 

with a 45.51% degradation rate. Interestingly, HMRBI-5 was very close to HMRBI-14, isolated 

strains, suggesting that it can be effectively used to bioremediate industrial effluent contaminated by 

chromium. Among zinc degradation, HMRBI-14, HMRBI-5, and HMRBI-17 isolated bacterial 

strains were identified as the best isolates, demonstrating a strong capacity for removing zinc from 

polluted sites. Generally, the data reveal that all the bacterial isolates tested possess remarkable heavy 

metal degradation ability, with insignificant metal removal rate in all treatments (P ≤ 0.05) between 

all treatments as presented in (Table 12 and Appendix Table 3). This indicates that these isolates have 
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great potential in designing the bioremediation process for industrial waste, which will further lead to 

the bioremediation of industrial effluents and the cleanup of contaminated ecosystems. 

Table 13: Removal Efficiency of HMR Bacterial Strains: Current vs. Previous Studies 

S. N Bacteria species Reduction 

efficiency % 

HM utilized references  

1.  P. benzoelyticum-HMRBI-1 79.27% Cd+2 Current study 

2.  Citrobacter-HMRBI-5 85.21% Cu+2 Current study 

3.  Klebsiella-HMRBI-14 89.74% Cr+6 Current study 

4.  A. hydrophila, 65.02  Cd+2 Current study 

5.  D. acidovorans 70.32%,  Zn+2 Current study 

6.  E. aurantiacum 61.63 & 50.43%.  Cu+2 &Cr+6  Current study 

7.  P. benzoelyticum  60.49%  Co+2  Current study 

8.  Gemella spp.  55.16 % Pb+2 (Marzan et al., 2017) 

9.  Micrococcus spp.  36.55 % Cr+6 

10.   B. licheniformis  50.65% Municipal waste (Sonune et al., 2018) 

11.  Pseudomonas 10-60% Pb+2, Cu+2 (Selvi et al., 2014) 

12.  E. coli 30-70% Cu+2, Zn+2 Hg+2, 

Pb+2 Cr+6 

13.  Bacillus spp. 30-50% Cr+6, Pb+2, Zn+2 & 

Cu+2  

14.  Flavobacterium spp. 55% Cr+6 

15.  P. fluorescens (YPS3) 84% Cr+6 (Kalaimurugan et al., 

2020) 16.  B. safensis (YKS2) 72% Cr+6 

17.  B. circulans 40% & 78% Cr+6 and Pb+2 (Priyadarshanee & 

Das, (2021)) 

18.  Stenotrophomonas 

maltophilia 

22% Cu+2 (Balolong et al., 2007) 

 

The removal efficiency for the A. hydrophila, D. acidovorans, E. aurantiacum, and P. benzoelyticum 

isolates measured using AAS, demonstrated considerable degradation of Cd+2, Zn+2, Cu+2, Cr+6, and 

Co+2, as shown in Table 13. The reduction or removal efficiency percentages were 65.02 ± 0.002, 

70.04 ± 0.001, 61.63 ± 0.004, 65.03 ± 0.004, and 60.49 ± 0.002, respectively. The results from this 

study are important for HM bioremediation. Compared with previous investigations, the bacterial 

isolates observed in this study demonstrate a remarkable ability for heavy metal degradation. Sonune 

et al., (2018) conducted a study on B. licheniformis, finding that this bacterium exhibited a removal 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bacillus-licheniformis
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efficiency of 50.65% for Cr+6 removal. The chromium degradation observed in the current study with 

E. aurantiacum (65.03%) is remarkably close to the results reported by Sonune et al., (2018) B. 

licheniformis. Selvi et al., (2014) also studied the reduction or removal of Cr+6 using Bacillus species 

and Pb+2 and Cu+2 using Pseudomonas spp. The study demonstrated that these bacteria were capable 

of Cr+6 removal, achieving degradation efficiencies ranging from 30 to 50% and 10 to 60%, 

respectively. This research underscores the potential of various Bacillus strains for bioremediating 

Cr-contaminated environments. However, the Cr+6 removal efficiency observed in that study was 

lower compared to the efficiency achieved with the A. hydrophila, D. acidovorans, E. aurantiacum, 

and P. benzoelyticum isolates in the present study in Table 13. 

4.1.9. The effects of carbon and nitrogen sources on the HMR bacteria growth  

A variety of carbon (i.e., sucrose, and glucose) and nitrogen (i.e., yeast extract, peptone, and KNO3) 

sources were used for the growth of these HMRBIs as shown in Figure (5a-d). Since bacteria require 

elements in varying amounts to synthesize essential cellular components, including proteins, nucleic 

acids, and lipids, the availability and types of carbon and nitrogen sources can significantly impact 

their growth rates (Belliveau et al., 2021). The results showed that the maximum CDW (0.012 g/L) 

for E. aurantiacum HMRBI-7 and OD600nm were detected against glucose that was supplied as the 

primary sole carbon source in the salt medium (Figure 5). The minimum CDW (0.002 g/L) and 

OD600nm were noticed against sucrose and KNO3 for Pseudomonas sp. HMRBI-2, E. aurantiacum 

HMRBI-7, A. hydrophila HMRBI-12, and D. acidovorans HMRBI-17, respectively (Figure 5a-d). 

Similarly, the effects of nitrogen sources and salt concentration were observed against each HMRBI. 

As observed from the data, (NH4)2SO4 gave maximum CDW (0.002 g/L) for E. aurantiacum 

HMRBI-7, but similar results were observed for the rest of the isolates. The data also revealed that 

maximum CDW (0.001 g/L) was observed for each HMRBI (Figures 5a-d). The availability of 

carbon and nitrogen sources directly affects the biomass of various microbial populations. When both 

elements are abundant, bacteria can rapidly multiply and bioaccumulate in their biomass. However, if 

either carbon or nitrogen is limited, growth rates and biomass production will be affected (Nair et al., 

2021).  
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Figure 5: Effect of carbon & nitrogen sources on the growth of HMRBIs where (a) P. putida-HMRBI-2, 

(b), E. aurantiacum-HMRBI-7, (c), A. hydrophila-HMRBI-12, and D. acidovorans-HMRBI-17 (d). For 

each experimental condition, measurements were performed in triplicate at OD600nm.  Data represented 

as mean ± SEM of three replicate (n = 3) of CDW (g/L) 

4.1.13. The effects of pH and temperature values against HMRBIs  

The study identified specific bacteria isolates capable of HMR, such as HMRBI-2, P. putida, E. 

aurantiacum HMRBI-7, A. hydrophila-HMRBI-12, and D. acidovorans-HMRBI-17. These isolates 

can tolerate different HMs concentrations under various pH ranges. The study revealed that pH 6.5 

was used to give the optimum OD600nm against HMRBI-2, P. putida-(HMRBI-12), E. aurantiacum-

HMRBI-7, and D. acidovorans-HMRBI-17 as indicated in Figure 6. The OD600nm decreases among 

all treatments as the pH value decreases. However, E. aurantiacum-HMRBI-7 (1.003 nm) exhibited 
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the maximum OD600nm at pH 6.5 compared with P. putida-HMRBI-2 (0.941 nm) and A. hydrophila-

HMRBI-12 (0.664 nm) isolates (Figure 6). A considerable amount of OD600nm was also recorded 

against D. acidovorans-HMRBI-17 (nm) and E. aurantiacum-HMRBI-7 (nm) at pH 7.5 (Figure 6). 

This indicates that a slightly acidic environment may influence the growth conditions of these 

HMRBIs. The recent result revealed that the HMRBIs can tolerate various pH values. A slightly 

acidic environment is generally conducive to the growth of these HMR isolates. However, as pH 

increases, the growth rates tend to decline.  
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Figure 6: The effects of various pH values on the growth of HMRBIs (a) P. putida-HMRBI-2, (b), E. 

aurantiacum-HMRBI-7, (c), A. hydrophila-HMRBI-12, (d), and D. acidovorans-HMRBI-17 (d). For each 

experimental condition, measurements were performed in triplicate at OD600nm. Data represented as 

mean ± SEM of three replicates (n = 3) of pH values. 

Temperature is one of the growth conditions that influence the development of HMRBIs, as shown in 

Figures 7a-d. The study explored how temperature affects various types of HMRBIs, which can 

thrive in environments with high levels of heavy metals (Figures 7a-d). The temperature range for 
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HMRBIs growth was recorded from mild to warm. These isolates were exposed to 300µg/mL HM 

concentrations and produced various OD600nm readings. The isolates include P. putida-HMRBI-2, 

Exiguobacterium aurantiacum-HMRBI-7, Aeromonas hydrophila-HMRBI-12, and D. acidovorans-

HMRBI-17, all of which tolerated Co+2, Cu+2, Cd+2, and Cr+6. The results showed a significant 

variation in response when HMRBIs were exposed to different HM concentrations (P≤ 0.05). For 

instance, P. putida-HMRBI-2 (measured in CDW g/L) exhibited optimal growth at 30°C, indicating 

that this temperature provides the most favorable conditions for its metabolic processes, cell division, 

and overall development. This temperature range likely reflects the natural environment where the 

isolate was sourced. Conversely, the other isolates demonstrated their best growth rate at 35°C, as 

illustrated in Figures 7a-d.  

The isolates resistant to HMs showed the highest growth rates at 40 °C, indicating that their 

metabolic adaptations not only provide resistance to the toxic effects of chromium but also 

potentially improve their ability to thrive in such temperatures (Figures 7a-d). This link between 

chromium resistance and optimal growth at higher temperatures may reflect unique physiological 

support under stress. The results suggest that the optimal growth conditions for HMRBIs can vary 

depending on the specific metal they resist. pH optimization was also performed for HMRBIs, as 

shown in Figures 7a-d. The data indicated that the bacterial isolates had optimal growth in slightly 

acidic conditions, with the peak at a pH of 6.5. Conversely, isolates adapted to basic environments 

reached their maximum growth rates at a pH of 7.5 (Figure 7). This divergence in pH preferences 

highlights the ecological and physiological adaptability of these bacteria to different environmental 

conditions. Therefore, the ability of HMRBIs to grow under slightly acidic conditions may be 

connected to the availability of essential nutrients. 
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Figure 7: Effects of Temperature on the growth of HMRBIs where (a) P. putida-HMRBI-2, (b), E. 

aurantiacum-HMRBI-7, (c), A. hydrophila-HMRBI-12, and D. acidovorans-HMRBI-17 (d). For each 

experimental condition, measurements were performed in triplicate. The OD600nm obtained from 

certain isolated HMRBIs at various pH values. The results show mean ± SEM of three replicates (n = 3) 

of CDW (g/L) against pH and temperature.  

  4.1.14. Assessment of a minimum inhibitory concentration on HMRBIs 

The Minimum Inhibitory Concentration (MIC) of each heavy metal was evaluated by assessing its 

effect on microbial growth across a concentration gradient from 200 ppm to 1000 ppm, as shown in 

(Table 14). To determine the threshold that restricts microbial growth, heavy metals were tested at 

both high and low concentrations. By applying incremental adjustments within this range, this study 

indicated the MIC at which microbial growth is visibly suppressed. Such findings can aid in 
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developing bacteria-based bioremediation strategies for environmental waste treatment. The data 

indicated that the MIC for isolate HMRBI-5 was 800 ppm, while for isolate HMRBI-22, the MIC was 

1000 ppm. These values correspond to the concentrations of cadmium (Cd+2) and cobalt (Co+2), 

respectively, at which the bacterial growth was inhibited. This suggests that isolate HMRBI-5 

exhibited a higher resistance to Cd+2, as it tolerated a concentration of 800 ppm, whereas isolate 

HMRBI-22 showed a higher tolerance to cobalt, with the MIC for this metal being 900 ppm. These 

findings highlight the varying levels of resistance exhibited by the two isolates to different metal 

pollutants. 

Table 14: The Minimum inhibitory concentration of HMRBI of Bishoftu and Mojo  

Bacterial 

strain Code 

HMs 

200ppm 300ppm 400ppm 500ppm 600ppm 700ppm 800ppm 900ppm 1000ppm 

HMRBI-1 **** **** *** ** ** * - - - 

HMRBI-2 **** **** *** ** ** - - - - 

HMRBI-3 **** **** *** ** ** - - - - 

HMRBI-4 **** **** *** ** ** - - - - 

HMRBI-5 **** **** *** ** ** * * - - 

HMRBI-6 **** **** *** ** ** * - - - 

HMRBI-7 **** **** *** ** ** * - - - 

HMRBI-8 **** **** *** ** ** * - - - 

HMRBI-9 **** **** *** ** ** * - - - 

HMRBI-10 **** **** *** ** ** * - - - 

HMRBI-11 **** **** *** ** ** * - - - 

HMRBI-12 **** **** *** ** ** * - - - 

HMRBI-13 **** **** *** ** ** * - - - 

HMRBI-14 **** **** *** ** ** * - - - 

HMRBI-15 **** **** *** ** ** * - - - 

HMRBI-16 **** **** *** ** ** * - - - 

HMRBI-22 **** **** *** ** ** * * * - 

Keynote: High growth (****), Dense growth (**), Slight growth (*), and No growth () 

Most microorganisms were inhibited at the MIC 800 ppm.  However, the isolate HMRBI-22 was an 

exception, requiring a higher concentration of 900ppm. The significance of this 100ppm difference is 

that HMRBI-22 is less susceptible (or more resistant) to the antimicrobial compound than the other 

isolates tested, demanding an additional 100 ppm for effective inhibition. As shown in Table 14, 

bacterial growth in the presence of heavy metals such as Cd²⁺ and Co²⁺ was found to affect the 
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proliferation of HMBIs at 200–1000 ppm HMs concentration. The data showed that bacterial growth 

decreased as the concentration of these metals increased. Notably, C. ferments HMRBI-5 and K. 

oxytoca HMRBI-22 exhibited sensitivity to Cd²⁺ and Co²⁺ separately at varying concentrations. C. 

ferment HMRBI-5 demonstrated resistance to Co²⁺ with a MIC of 800 ppm, while K. oxytoca 

HMRBI-22 showed resistance to Cd²⁺ with a MIC of 900 ppm (Table 13). The data also revealed that 

as the concentration of each HM increases, the growth of the HMRBIs population decreases. At lower 

concentrations (200ppm), these HMRBIs were less inhibited by HMs, suggesting a level of tolerance 

to HMs. However, as concentrations increased, the toxic effects of Cd²⁺ and Co²⁺ became more 

pronounced, leading to a sharper decline in these HMRBIs' growth patterns. This trend indicates that 

higher levels of these HMs disrupt bacterial cell processes. This concentration-dependent inhibition 

reflects how certain bacteria may initially resist lower levels of metal toxicity but become 

increasingly susceptible as the concentration rises, ultimately affecting their growth.  

4.1.10. FTIR Analysis against heavy metal-exposed bacterial biomass  

In this study, Figures (8a-d) present the FTIR acquisition spectra of HMRBI’s biomass before and 

after treatment with HMs. Before HM treatment, the FTIR spectra exhibited peaks corresponding to 

the following functional groups: O-H (hydroxyl), –NH₂ (amine), –OH (hydroxyl), C=O (carbonyl), 

and C=C (alkene). For HMRBI-1, the treated samples displayed a shift in the peak positions to 

2614.12 cm⁻¹ and 1256.62 cm⁻¹. Similarly, the peak of HMRBI-2 shifted to 2614.12 cm⁻¹ and 

1256.22 cm⁻¹. These spectral changes indicate alterations in the functional groups associated with 

amines, amides, carbohydrates, carboxylic acids, carbonyls, and phosphates. Additional functional 

groups, such as R−CH=O (aldehydes), C-H (alkanes), C=C (alkenes), (C≡C) alkynes, aromatic 

compounds, hydroxyls, and ketones, may also interact with the bacterial cell wall. The observed 

shifts in peak positions suggest cellular composition and biomolecular structure modifications in 

response to HM stress. The reduction of HMs is believed to occur by a complexation formation 

involving hydroxyl, carbonyl, and amine moieties located within the spectral region of 1000 to 1100 

cm⁻¹. 
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Figure 8: The Fourier transform infrared spectra of the HMRBIs (a, b, c, and d) treated with 300µg/mL 

concentration of HMs showed different metabolic profiles compared to the control (d). FT-IR spectra of 

HMRBI grown in Nutrient broth containing cadmium sulphate, cobalt nitrate, potassium chromate,    

copper sulphate, and then compared to the control.  
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The FTIR spectra of the treated bacterial biomass demonstrated a pronounced peak intensity, 

suggesting a higher concentration of specific functional groups. This observation is particularly 

noteworthy for bacterial samples exposed to varying levels of HMs. Figures (8a-d) provide a detailed 

comparison of the qualitative and quantitative changes in different functional groups within both 

treated and untreated bacterial species. These findings align with previous research conducted on the 

Bacillus spp. (Idrees et al., 2023). In Pakistan, a study explored the bioremediation of lead 

contamination using FTIR techniques. A similar study employed FTIR analysis to differentiate 

between bacterial isolates exposed to varying HM concentrations by identifying changes in the 

functional groups of biomolecules. The observed variations in the metabolic profiles of bacterial 

strains highlight the adaptability of these organisms in response to both HM stress and environmental 

fluctuations (Tiquia-Arashiro et al., 2023). Overall, the FTIR analysis presented in this study provides 

valuable insights into the impact of HM exposure on bacterial functional groups and metabolic 

processes. The findings contribute to a deeper understanding of bacterial responses to environmental 

stressors and have potential implications for bioremediation technologies.  

As indicated in (Figures 8a-d), absorption peaks near 2614.12 and 1256.22 cm-1 against loaded 

samples of HMRBI-2 and P. putida-HMRBI-4 (2609 cm-1) biomasses, which were treated with Cd+2, 

might be suggested for the presence of carboxylic acid O-H stretching and hydroxyl groups on the 

bacterial surface. Compounds might be employed to accumulate HMs. Previous study (Choudhary & 

Sar, 2009) also reported that absorption bands (cm-1) were predicted between 2500-3300 for Cd2+,  

Co2+, Cu2+, and Ni2+ against Pseudomonas sp. J007. New peaks also emerged, which corresponded to 

HMs like Co+2, Cd+2, Cr+3, and Cu+2 (Figures 6a, b, c & d). Another study exhibited that the absorption 

bands (cm-1) were detected against Hydroxyl (3,493, Raoultella sp. L30; 3,493, Serratia sp. L2) and 

Amine (3,224-3,280, Klebsiella sp. R3), which are functional groups (Pagnucco et al., 2023).  

Eastern Shewa is an excellent area for industrial development due to its proximity to the country's 

capital, Addis Abeba, and its location on the main Ethio-Djibouti road. As the industry expanded, 

cities were confronted with environmental issues. HM effluents discharged by these industries, and 

anthropogenic activities such as synthetic fertilizers, pesticides, and herbicides, may contaminate 

water and soil (Rashid et al., 2023). HMs damage ecosystem functions in runoff, which can remain in 

the environment for a decade and are non-biodegradable. Improper industrial disposal of e-waste and 
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domestic waste can lead to HM pollution (Kumar et al., 2023). When waste is not effectively 

managed, HMs can leak into soil and water, endangering the environment and human health. 

Consequently, a maximum concentration of HMs in the study area has devastating consequences. 

Chemical and physical methods of environmental pollution control can sometimes create new 

pollutants as a byproduct (Gunjyal et al., 2023). By contrast, bioremediation is a low-cost, safe, and 

environmentally friendly means of removing pollution that restores destroyed ecosystems (Sonune et 

al., 2018).  

The fast expansion of industry and the use of effluent from factories in agricultural land have caused 

worries about the accumulation of HMs in agricultural soils. According to studies, the spatial 

distribution of HMs in industrial areas is much higher than in urban areas. Developing and developed 

countries are facing increasing environmental problems due to the contamination of water & soil by 

different HMs. However, the severe HM accumulation in the environment was higher in developing 

countries due to poor environmental management (Lemessa et al., 2022). In our study, HM 

assessments from soil and wastewater discharged from Bishoftu and Mojo with higher accumulation 

of Cd+2, Co+2, Cr+6, Cu+2, Fe+2, Mn+2, Ni+2, Pb+2, and Zn+2 were recorded, which could affect the 

surroundings. In the present study, HM assessments from soil and wastewater discharged from 

Bishoftu revealed higher concentrations of Cd+2, Co+2, Cr+2, Cu+2, Fe+2, Mn+2, Ni+2, Pb+2, and Zn+2, 

which could affect the environment. The results were compared to WHO standards, and suggestions 

(WHO, 2017). Soil organic matter, including carbon, phosphorus, and nitrogen, was studied, and 

findings were obtained. The average mean values for soil organic matter assessed were 0.779, 1.125, 

& 13.103 mg/kg, subsequently. The data also revealed that the soil organic matter of phosphorus was 

the maximum compared to the others, followed by carbon and nitrogen, which may be favorable for 

phosphate-solubilizing bacteria. 

Similarly, on average, higher accumulations of HMs were detected. These HMs include Cr (3.689 

mL/L), Mn (0.523 mL/L), Zn (0.649 mL/L), and Fe (2.396 mL/L), with their concentrations 

exceeding WHO standards (WHO, 2017) for the Mojo Tannery industry. The data showed that higher 

concentrations of these HMs resulted from chemicals used in leather tanning, which convert animal 

hides into leather and remove unwanted materials. The average chromium concentration in the Mojo 

tannery industry was higher than that of the other HMs assessed, at about 3.689 mL/L, with Fe 
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following. A similar study reported an increase in chromium levels in groundwater near industrial 

areas in Kollam District, Kerala, India (George et al., 2023).  

Many colonies of HMRBIs that resist HMs were obtained from soil and wastewater effluents at the 

study sites. These isolates were proposed for HM bioremediation. These isolates, which resist cobalt 

and zinc, were identified as A. hydrophila, E. aurantiacum, D. acidovorans, and P.  putida using 

MALDITOF-MS analysis at Wudassie Diagnostic Centre, Addis Ababa (Table 6). These isolates 

could play significant roles in various environmental applications. Bacteria can naturally withstand 

extreme conditions by actively accumulating HMs, converting these metals from highly toxic forms 

to less harmful ones. This ability plays a significant role in the cleansing of polluted environments. 

Studies have also been conducted on lead uptake by bacteria from industrial effluents (Idrees et al., 

2023) as a means of bioremediation. According to Idrees et al., (2023), B. cereus and Bacillus spp. 

can resist up to 25 mM lead concentrations. It was also suggested that chromium bioremediation was 

achieved due to B. paranthracis and B. paramycoides from the polluted industrial sites (Kalsoom et 

al., 2023).   

As shown in the Figures 5&6, the HMRBIs had various degrees of optimum growth conditions based 

on temperature and pH optimization. To maximize bioremediation, it's crucial to optimize conditions 

for bacterial growth in HM-contaminated environments. These optimal conditions, which vary based 

on the specific HM and bacterial species, are key to unlocking the full potential of bacteria to clean 

up contaminated sites. Figure 7 illustrates five heavy meta-resistance isolates from letters a to d and 

their optimal growth. For copper-resistant isolates from letters a and d, maximum optimal growth 

conditions were observed at 30 to 25ºC. Cadmium-resistant bacterial isolates demonstrated maximum 

growth at a temperature of 30 °C. 

According to Syed et al. (2015) HM concentrations can affect bacterial growth. HMs such as arsenic, 

cadmium, chromium, cobalt, copper, lead, and mercury have toxic effects on bacteria and other 

organisms. The data presented in Tables 9 to 13 illustrate the growth performance of bacterial isolates 

to various HM concentrations spanning from 150 ppm, the minimum concentration, to 1050 ppm, the 

maximum. The data revealed that lower concentrations of HMs favor the growth of microorganisms, 

while higher concentrations could affect bacterial growth. Bacteria proliferated fastest at a 

concentration of 150 mg/L, decreasing as the concentration increased. The study also showed that 
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when bacteria are exposed to a high concentration of HMs, they can experience various detrimental 

effects. These metals can disrupt cellular processes and damage essential biomolecules such as 

proteins, enzymes, and DNA. This interference with cellular functions can lead to impaired 

metabolism, reduced growth rates, and even cell death (Balali-Mood et al., 2021). Bacteria have 

developed ways to withstand or resist HM toxicity by containing specific genes that encode for metal 

transporters and metal-binding proteins. This helps regulate and bioaccumulate HMs. These systems 

enable certain bacteria to grow and thrive in high metal concentrations.  

4.1.11. SEM-EDX characterization of HMRBI bacterial biomass 

The morphology of HMRBI biomass was analyzed and compared with the control after treatment 

with different HM concentrations. Characterization was performed using scanning electron 

microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX). The treatment was 

carried out at Haramaya University Institute of Technology. The cell structure and chemical 

properties of the bacterial biomass were characterized in (Figures 9a-d). SEM images demonstrated 

structural and chemical differences induced by treatment with various HMs, suggesting different 

levels of interactions and possible bioabsorption mechanisms, as shown in the figure. In the 

untreated/control sample, the surface of the biomass was relatively flat and homogeneous. 

Nevertheless, significant morphological changes were detected after exposure to cobalt (Co), 

cadmium (Cd), chromium (Cr), and zinc (Zn), including the presence of irregularities, rough surfaces, 

and structural deviations. The shifts indicate that the metals interact with each other differently, 

probably with ionic radii, valency state, and binding affinities. The EDX spectra also complemented 

the SEM data by yielding elemental composition information, which thereby substantiated the 

existence of the mentioned HMs on the treated biomass substrates, as shown in (Figures 9a-d). The 

intensity and the distribution of peaks of Co+2, Cd+2, Cr+6, and Zn+2 together reflected the level of 

metal bio-adsorption. Differences in spectral data between treatments were also evident and provided 

insight into metal uptake efficiency and possible binding mechanisms at the biomass surface. These 

findings underscore the significant impact of heavy metal exposure on each HMRBI.  
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Figure 9: Scanning electron micrographs (SEM) and Energy Dispersive X-ray (EDX) spectra of HMRBI 

grown in nutrient broth containing the following conditions: (A) control, (B) cobalt-treated, (HMRBI-1) 

(C) cadmium-treated, (HMRBI-5) (D) chromium-treated, (HMRBI-10). The EDX spectra peak shows 

the bioaccumulation of various heavy metals. The results were compared to a control sample with no 

heavy metals.  
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For Co+2, Cd+2, Cr+6, and Zn+2 treated biomass (Figure 9a-e), morphological deformations were noted 

for cell shape but were less significant than in untreated biomass (A). EDX imaging provides 

evidence of the existence of Co+2 Cd+2, Cr+3, and Zn+2 on the cell surface, as shown in (Figures 9a-e), 

contrasting with the untreated HMRBI isolates. Overall, the conclusions drawn in (Figures 9a-e) 

indicated that metal ions are responsible for the change in cell structure and deformation. Bacterial 

cell shape deformation may be the peptidoglycan layer containing various functional groups with 

binding affinity to HM ions. For this reason, the peptidoglycan layer is a complex molecule 

consisting of diverse functional groups such as amino groups, carboxyl groups, and hydroxyl groups. 

These groups can interact with HM ions through ionic bonds or coordinate covalent bonds. The 

sensitivity of this deformation is less pronounced in the untreated than in the treated biomass. Firincă 

et al. (2024) reported that exposure to lead ions (Pb+2) caused B. marisflavi cells to deform and 

become irregular in shape, which supports our study. A similar study revealed that the exposure of 

hexavalent chromium caused B. licheniformis, B. megaterium, Byssochlamys sp., (Itankar & Patil, 

2021) and Candida maltose were observed from shapes and irregularities during the removal of Cr+6 

(VI) from tannery waste in India (Aké et al., 2024). 

The SEM-EDX spectroscopic analysis of bacterial isolate biomass morphology is observed. The 

microbial cell biomass of the isolates, upon exposure to HMs, showed significant differences, 

indicating their structural diversity compared to untreated samples. The changes in microbial 

structure revealed by SEM indicate that the isolates have a high affinity for HM uptake into the cells, 

which might pave the way for the detoxification of contaminated sites. The peaks observed in the 

presence of heavy metals show the complex interactions between the cells and the contaminants, 

offering insight into the ecological toxicity and possible biotechnological uses of heavy metal 

exposure. A similar study observed HM removal in the contaminated environment using indigenous 

bacterial strains, as reported by Firincă et al. (2024). The detection of the peaks in the biomass treated 

with heavy metals suggests that the elements chromium (Cr+6), cadmium (Cd+2), and cobalt ions 

(Co+2) are certainly deposited onto the cell surface when one observes the peaks. This enrichment can 

be caused by surface binding metal ions to the surface of micro-organisms, forming surface 

complexes that could change the physical and chemical character of the cell surface. Thus, the 

present study confirms the findings of B. megaterium biomasses grown in the presence and absence 

of chromium, which binds to Cr+6 and Cr+3 ions (Elahi et al., 2019). 
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4.1.12. Bacterial DNA extraction and 16S rRNA gene sequencing 

To investigate the genetic mechanisms underlying bacterial heavy metal resistance, it is crucial to 

thoroughly profile and extract DNA from bacterial isolates known for their reduction abilities. 

Detailed analysis of these DNA samples enables scientists to identify specific genes responsible for 

heavy metal resistance. These genes are thought to play a key role in allowing bacteria to survive and 

actively break down toxic contaminants. In our study, two bacterial species were utilized to explore 

the potential for heavy metal bioremediation. P. benzoelyticum-HMRBI-1 and Citrobacter-HMRBI-5 

were selected for their resistance to cobalt and cadmium. Figure 10 is a picture of the bacteria 

highlighting their DNA bands. 

1 2 3 4 65 7 8M

 

Figure 10: This figure presents the results of 1.8% Agarose gel electrophoresis showing a single 1500 bp 

amplicon of the 16S rRNA gene from various HMRBIs. Lines 1, 2, 3, 4, 5, 6, 7, and 8 indicate different 

HMRBIs for PCR products, while the M line indicates a DNA ladder.  
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 4.4.7. Molecular characterization and phylogenetic tree against HMRBI 

HMRBIs that could not be identified based on protein profiles (MALDI-TOF-MS) were further 

characterized using 16S rRNA gene sequencing. As indicated in Figures 11a-c, the recent isolate 

exhibited the highest sequence similarity with P. benzoelyticum JC272T (LBBT01000182) (99.79%). 

Bacterial strains such as Pbifermentans PAGU 1678T (LC385716) (99.71%), Eubacterium tenue 

DSM 20695T (FR749984) (97.80%), Romboutsia lituseburensis ATCC 25759T (M59107) (96.66%), 

Intestinibacter bartlettii DSM 16795T (ABEZ02000021) (96.18%) Terrisporobacter hibernicus 

MCA3T MZ497377 (95.40%), Asaccharospora irregularis DSM 2635T (X73447) (95.02%) and 

others were displayed close related with P. benzoelyticum HMRBI-1 (Figures 11a-c) and (Table 15). 

Since the closest sequence similarity of the recent isolate is 99.78% with P. benzoelyticum JC272T 

(LBBT01000182), the recent isolate could be P. benzoelyticum type strain. The strain was designated 

as P. benzoelyticum HMRBI-1(PQ625990) (Figures 11a-c) and (Table 15).  

In a recent study, it was confirmed that HRBI-1 also showed sequence similarity with Clostridioides 

difficile DSM 1296T (CP011968) (94.90%) (Figures 11a-c) and (Table 15), a Gram-positive anaerobic 

rod-shaped bacterial strain. Table 15 indicates that the recent isolate, identified by 16S rRNA 

sequencing, shares sequence similarities of 99.71% and 99.65% with P. bifermentans subsp. 

muricolitidis PAGU 1678T (LC385716), and P. bifermentans subsp. bifermentans ATCC 638T 

(AB07576), respectively. The elucidation of this relationship could help unravel the adaptive 

strategies employed by HMRBI-1 & related bacteria in metal-polluted environments and could 

provide insight into bioremediation. The GC% contents of P. benzoelyticum-HMRBI-1 were 

predicted to be 53.14 % using a trustworthy online GC calculator, which is somewhat lower than the 

rest of the organism, as observed in Table 15. This indicates that bacteria with low GC content often 

have efficient genomes, which may enhance their ability to adapt to stressful environments, such as 

those contaminated with heavy metals. It also correlates with higher mutation rates, facilitating rapid 

evolution and the acquisition of resistance or degradation pathways. 
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 HMRBI-5 (Newly isolated) 

 HMRBI-19 (Newly isolated) 

Citrobacter farmeri CCRI-24236T(CP081314) 

Citrobacter amalonaticus FDAARGOS 122T(CP081314)  

Citrobacter amalonaticus Y19T(CP011132) 

Citrobacter amalonaticus DCT(CP118440)  

Citrobacter amalonaticus RSHH22T(CP096905) 

Citrobacter amalonaticus 2023CK-01304T(CP140489) 

HMRBI-11 (Newly isolated) 

Citrobacter sp. ANG330T(OR512202) 

Citrobacter sp. RHB20-C15T(CP057632)  

Citrobacter farmeri AFS006815T(OP986118)  

Citrobacter farmeri AUSMDU00008141T(CP022695) 

Citrobacter farmeri FDAARGOS 1423T(CP077291) 

Citrobacter farmeri AFS026603T(OP986241) 

                                 Pseudomonas aeruginosa PAO1CEC20 54T (NZ QZFW01000054.1) 

74 

97 

57 

38 

 

48 

53 
100 

100 
65 

33 

25 

39 

(a)
0.50

 

                        
Klebsiella michiganensis VITSW4T(KP100328)  

Klebsiella michiganensis CZ598T(CP073305)  

Klebsiella michiganensis MIN-086T(CP086124) 

HMRBI-13 (Newly isolated) 

HMRBI-14 (Newly isolated) 

Klebsiella michiganensis 2023CK-00457T (CP166239) 

Klebsiella michiganensis FDAARGOS 647T(CP044109) 

HMRBI-20 (Newly isolated) 

Klebsiella michiganensis VITSW4T(KP100328)(2) 

Klebsiella michiganensis F107T(CP024643) 

Klebsiella michiganensis THO-011T(AP022547) 

Klebsiella oxytoca GZC140T(MW898652) 

Klebsiella michiganensis KO 408T(CP091470)  

Klebsiella oxytoca MBTC3T(MT98272) 

Klebsiella michiganensis BSI-KPN166T(CP102103) 

                                     Pseudomonas aeruginosa PAO1CEC20 54T(NZ QZFW01000054.1) 

37 

44 

39 

16 

12 

55 

100 

39 

39 

26 

26 

(b)
0.50
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  Romboutsia faecis NSJ-18T (MT905214) 

 Romboutsia ilealis CRIBT (JN381505) 

 Romboutsia sedimentorum LAM201T(KF443808) 

 Romboutsia lituseburensis ATCC 25759T (M59107) 

 Romboutsia hominis FRIFIT(KT372679) 

 Intestinibacter bartlettii DSM 16795T (ABEZ02000021) 

 Terrisporobacter mayombei DSM 6539T(FR733682) 

 Terrisporobacter glycolicus DSM 1288T (X76750) 

 Terrisporobacter hibernicus MCA3T (MZ497377) 

 Terrisporobacter petrolearius LAM0A37T (KJ000015) 

 Sporacetigenium mesophilum ZLJ115T(AY682207) 

 Bacillus subtilis DSM 10T (LN681568) 

 Paraclostridium benzoelyticum JC272T (LBBT01000182) 

 Paraclostridium bifermentans subsp. muricolitidis PAGU 1678T (LC385716) 

 Paraclostridium bifermentans subsp. bifermentans ATCC 638T (AB075769) 

 Paeniclostridium sordellii ATCC 9714T(AB075771) 

 Eubacterium tenue DSM 20695T (FR749984) 

 Paeniclostridium ghonii NCIMB 10636T (X73451) 

 Asaccharospora irregularis DSM 2635T (X73447) 

 Clostridioides difficile DSM 1296T(CP011968) 

 Clostridioides mangenotii DSM 1289T(FR733662) 

 HMRBI-1 (PQ625990) 

66 

99 

31 
99 

89 

48 

48 

54 

28 

38 

24 

80 

23 

0.50 
 

Figures 11: A phylogenetic tree for identified bacteria isolates. The evolutionary history was inferred by 

using the Maximum Likelihood method and the Jukes-Cantor (Jukes et al., 1969). The tree with the 

highest log likelihood (-8030.41) is shown. The percentage of trees in which the associated taxa clustered 

together is shown above the branches. Initial tree (s) for the heuristic search were obtained 

automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances 

estimated using the Jukes-Cantor model and then selecting the topology with the superior log likelihood 

value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. 

This analysis involved 22 nucleotide sequences. Codon positions included were 1st +2nd +3rd Noncoding. 

There were a total of 1543 positions in the final dataset. Evolutionary analyses were conducted by 

(Tamura et al., 2021). 

The comprehensive analysis of these DNA samples enables scientists to detect specific genes 

associated with HMRB. In this study, isolates HMRBI-5 and HMRBI-14 were identified as 

Citrobacter and Klebsiella spp., respectively, based on 16S rRNA gene sequence analysis. These 

isolates were found to resist Co2+ and Cr6+, making them valuable for applications during HM 
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bioremediation. These bacteria have distinctive DNA banding patterns that indicate differences in 

their genetic structure. For instance, studies have identified heavy metal-resistant bacterial species 

such as Pseudomonas, Bacillus, and Citrobacter in the contaminated areas (Nnaji et al., 2024; Hassan 

et al., 2008). 

As indicated in (Figure 11a & b), the recent isolate exhibited the highest sequence similarity with C. 

fermerii (99.93%). Bacterial strains such as C. fermerii AUSMDU006815 (99.87%), C. fermerii 

CCRI24236 (99.80%), C. amalonaticus FDAARGOS-222 (99.77%), C. fermerii FDAAGOS-1423 

(99.20%) are very closely related to HMRBI-5 (This study). The findings of this study align with 

those of (Shan et al., 2022), who also demonstrated the effectiveness of microbial immobilization for 

heavy metal remediation. The C. amalonaticus Y-19 (99.0%), C. freundii CFNIH2 (99.01%), C. 

fermerii FS026603 (99.20%), C. amalonaticus 2023CK-01304 (98.94%), C. sp. cfnih20 (98.94%), C. 

sp. Y3 (98.87%), C. amalonaticus C3H (98.87%), Citrobacter sp. ANG330 (98.87%), C. 

amalonaticus C71 (98.87%), Citrobacter sp. RHB20-C15 (98.81%), Citrobacter sp. RHB-C16 

(98.81%), C. amalonaticus RSHH22 (98.81%), and others displayed a close relation to HMRBI-5 but 

below 99.20% (Gomaa & El-Meihy, 2019).  

On the other hand, HMRBI-14 display close similarity with K. oxytoca MBTC3 (99.85%), K. 

michiganensis MINI (99.85%), K. michiganensis 2023CK-00457 (99.85%), K. michiganensis X2 

(99.77%), and close similarity with other (Edet et al., 2023). Both isolates were extremely successful 

agents for the bioremediation of HMs, dramatically reducing the concentration levels. That indicates 

how useful they can be in environmental restoration.  

In this study, we investigated the species diversity within the genera Citrobacter and Klebsiella 

species using comparative genomics and phylogenetic tree approaches. The inclusion of P. 

aeruginosa strain PAO1CEC20 54T (GenBank accession no: NZ_QZFW01000054.1) as an outgroup 

provided a robust external reference point for tree rooting and evolutionary inference. The use of P. 

aeruginosa as an outgroup is justified by its placement in its phylogenetic tree outside of the 

Enterobacteriaceae family, which Citrobacter and Klebsiella, the newly isolated HMRBI, belong to, 

while remaining within the Gammaproteobacteria class. This taxonomic distance allows for effective 

polarization of branching patterns, thereby enabling clear distinction of evolutionary relationships 

among the Citrobacter and Klebsiella taxa. 
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Table 15: 16S rRNA gene sequence for HMRBI-1 and other stains with sequence similarities  

S.N. The closest strain to the recent 

isolate 

Strain Accession 

Number 

Pairwise 

Similarity (%) 

Completeness 

(%) 

GC% 

Contents 

1.  P. benzoelyticum HMRBI-1 PQ625990 The recent recent 53.14 

2.  P. benzoelyticum JC272T LBBT01000182 99.78 100 53.51 

3.  P. bifermentans subsp. 

muricolitidis 

PAGU 1678T LC385716 99.71 98.52 53.39 

4.  P. bifermentans subsp. 

bifermentans 

ATCC 638T AB075769 99.65 100 53.23 

5.  Paeniclostridium sordellii ATCC 9714T AB075771 97.94 100 53.81 

6.  E. tenue DSM 20695T FR749984 97.80 100 53.40 

7.  P. ghonii NCIMB 10636T X73451 97.79 100 53.80 

8.  R. lituseburensis ATCC 25759T M59107 96.66 99.86 52.88 

9.  I. bartlettii DSM 16795T ABEZ02000021 96.18 100 53.75 

10.  R.   faecis NSJ-18T MT905214 95.94 95.37 52.50 

11.  R. sedimentorum LAM201 T KF443808 95.73 93.96 52.88 

12.  R. hominis FRIFIT KT372679 95.47 100 52.70 

13.  T. hibernicus MCA3T MZ497377 95.40 100 52.28 

14.  T.  mayombei DSM 6539T FR733682 95.26 100 52.84 

15.  R.  ilealis CRIBT JN381505 95.12 100 52.90 

16.  A. irregular DSM 2635T X73447 95.02 100 53.11 

17.  C. difficile DSM 1296T CP011968 94.90 100 52.42 

18.  T.  glycolicus DSM 1288T X76750 94.83 99.72 52.78 

19.  T.  petrolearius LAM0A37T KJ000015 94.44 97.48 52.20 

20.  C. mangenotii DSM 1289T FR733662 93.32 100 53.02 

21.  Sporacetigenium mesophilum ZLJ115T AY682207 92.71 100 53.44 
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4.1.13. PCR amplification for certain heavy metal resistance genes (HMRGs) 

HMRBI-14 is a bacterium selected for its capacity to grow in the presence of HMs. This property 

makes it useful for potential bioremediation applications. The HMRGs frequently code for 

resistance to specific metals, allowing the bacteria to thrive in toxic environments. Thus, in the 

HMRBI-14 genotype, the study aimed to determine the presence of the following HMRGs: pcoC 

(Cu), cadD (Cd), and cnrA (Co and Ni). The amplified genes were found to be 333, 155, and 422 

bp (Figure 12). The PCR was used to amplify DNA sequences specific to these genes, as shown 

in Figure 12. This suggests that this isolate has a novel complement of copper, cadmium, cobalt, 

and nickel-resistance genes. The genes pcoC, cadD, and cnrA indicate adaptation to multiple 

heavy metal-contaminated environments against HMRBI-14. This suggests that the bacterium 

must have developed a means of detoxifying or extruding these metals. The strain HMRBI-5 

appears to be a highly effective candidate for cleaning up environments, which contaminated by 

Cu+2, Cd+2, Co+2, and Ni+2. Its gene amplification indicates that it can tolerate and possibly 

detoxify these metals, indicating that the organisms likely employ a mechanism to increase the 

detoxification, efflux pump (extracellular and intracellular sequestration), enabling it to survive 

in an environment contaminated with HMs. It is a powerful genetic adaptation that provides a 

quantitative advantage in a contaminated setting. By having these genes, the bacteria can 

synthesize a superabundance of protective mechanisms such as detoxification, efflux pumps, and 

transporters Gaurav et al., (2023). This survival strategy in a hostile environment ultimately 

enables the organism to tolerate HM concentrations that would be lethal to non-adaptive 

counterparts. The amplified genes are, therefore, a direct molecular signature of the organism’s 

evolved to HM contamination. Ojo et al. (2023) reported that the P. aryabhattai B8W22 strain is 

known for its ability to thrive in challenging environments and possesses several HMRGs. For 

example, a study noted the presence of genes such as cadD, which is a key component of the 

cadmium operon that detoxifies cadmium toxicity (Jebril et al., 2022; Zhu et al., 2024; 

Monsieurs et al., 2011), whereas cnrA, is a part of the cobalt-nickel resistance gene found in 

many bacterial species (Siunova et al., 2025). On the other hand, the pocC gene is directly 

related to functionally heavy metal resistance to copper. Therefore, these findings demonstrate 

that the key genes that can resist the presence of copper, cobalt, mercury, and nickel were 

investigated. These recent results confirm the essential nature of these genes for increasing the 
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capacity of bacteria (particularly isolated from heavy metal-polluted environments) for 

bioremediation. The genes allow bacteria to survive and even consume these toxins, and such 

abilities make them ideal candidates for bioremediation. A similar study was conducted, which 

corroborated the current findings, demonstrating that multiple resistance genes (czcA, czcC, 

and czcS) confer resistance to Cd+2, Zn+2, and Co+2 as the bacterium Bradyrhizobium contained 

related genes isolated from Slag contaminated soils in Mexico (Montes-Montes et al., 2025). 

 

 

 

 

 

 

 

 

Figure 12: Amplified HMRGs in HMRBI-1, HMRBI-5, and HMRBI-14. Key: A (amplified cadD, 

copC, and chrR genes). CadD amplicon of P. benzoelyticum, copC, amplicon Citrobacter spp., and 

chrR amplicon Klebsiella spp. 

The capacity of HM to inhibit bacterial isolates likely stems from its significant toxicity. This 

high level of toxicity can disrupt essential cellular processes within the bacteria, rendering them 

unable to thrive or reproduce effectively. As a result, the presence of HM acts as a potent 

inhibitor of bacterial growth and potentially affects the overall microbial community in the 

environment (Ojo et al., 2023; Zeyaullah et al., 2010). Most of the bacteria isolated in this study 

exhibited significant resistance to high concentrations of cadmium, Co+2, Cu+2, Cd+2, Cr+6, and 

Zn+2. This observation aligns with the findings of Terzi & Civelek, (2021), who similarly 

reported that their bacterial isolates were capable of tolerating elevated levels of mercury. These 
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results suggest that certain bacterial strains possess inherent or adaptive mechanisms that allow 

them to thrive even in environments contaminated with HMs, potentially pointing to their utility 

in bioremediation efforts. The consistency of these findings across studies underscores the 

robustness of these bacterial species in withstanding heavy metal stress.  

4.1.14. Transcriptional start site and promoter determination 

Pinpointing the transcriptional start sites (TSS) is essential for interpreting the intricacies of gene 

expression. The TSS marks the precise nucleotide where transcription begins, and understanding 

this location is fundamental to understanding how a gene is turned on and off. Conceptually, the 

TSS is situated downstream of the promoter region, which is the specific stretch of DNA where 

the RNA polymerase enzyme initially binds. This binding event is a prerequisite for transcription 

initiation, effectively positioning the enzyme to begin synthesis of RNA at the TSS. Knowing the 

TSS allows investigators to study regulator elements that control gene expression, such as 

promoters and enhancers, to understand how these elements can affect gene expression.  To 

accurately predict promoter regions and interpret patterns of gene expression, as well as build 

and understand genetic regulatory networks, a correct prediction of promoter sites has become a 

necessary element (Lai et al., 2019).  

NNPP version 2.20 databases were utilized to work out the TSS, which is often used in HMRGs. 

In this investigation, the promoter region focuses on the 1kb stretch of DNA immediately 

upstream of the TSS, under the assumption that this region contains the key regulatory elements 

controlling gene activities. As presented in (Table 16), the predicted TSS locations for each of the 

HMR gene coding sequences. This analysis revealed that individual HMR genes can have 

multiple TSSs ranging from 1 to 38. Interestingly, the minimum and maximum of the TSS values 

identified correspond to the specific genes CzcA/CzcB and CadD respectively as shown in (Table 

16. The CzcD and CadA genes exhibited identical TSS, located at the positions -323 and 303 on 

their respective strands. These TSS were situated at a considerable distance away from the 

protein-coding regions (codons) of these genes. 

The position of the start codon plays a significant role in both the initiation of transcription and 

the regulation of gene expression. Its locations can either enhance or inhibit gene regulation. 
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Analysis of the current study revealed that approximately 36.67% of TSS were located on the 

negative DNA strands, while 73.33% were found on the positive strands, as presented in (Table 

16). For genes on the negative strand, the TSS positions ranged from 38 (CutC) gene to 550 

(ChrB gene). On the positive strand, the TSS position varied from 30 (CadC) gene to 2994 

(CzcA) gene. Specifically, CzcA and CzcB exhibited the highest predicted TSS values (2944 and 

1415, respectively), identified using the NNPP tool. The CadC gene, conversely, displayed the 

minimum predicted TSS values of 30.  

A deeper analysis revealed that all the identified genes play a crucial role in HM bioremediation. 

The genes encode proteins involved in a variety of processes related to HM detoxification and 

resistance. Specifically, the identified genes contribute to functions such as chromate efflux 

(pumping chromate out of the cell), chromate transport (moving chromate across a membrane), 

zinc efflux (removing excess zinc), cadmium translocation (moving cadmium with the cell), 

cadmium resistance (a mechanism that protects the cell from cadmium toxicity), cadmium 

transport (moving cadmium across cell membrane), copper resistance (mechanisms that protect 

the cell from copper toxicity), copper bioremediation and arsenate pumping and reduction 

(removing arsenate from the cell and converting it into a less toxic form) (Table 16) provides a 

summary of these gene functions. 
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Table 16: TSS, its promoter predictive score values, and distance from the 5′UTR region of the corresponding gene predicted  

The NNPP tool prediction findings are considered reliable at 0.8 cutoff values for the prokaryotic organism. 

S. N Gene ID Gene 

Symbol 

No TSS 

identified 

The predictive score cut-off value of 0.80 L. of TSS from 

the start codon 

Gene Function 

1.  66323649 ChrA 5 0.97, 0.90, 0.81, 0.98, 0.81 -45 Chromate efflux 

2.  66323648 ChrB 3 0.81, 0.98, 0.97 -550 Chromate transporter 

3.  60820444 CzcA 1  0.88 2994 Zinc efflux pump 

4.  60820445 CzcB 1  0.88 1415 Zinc efflux pump 

5.  50136911 CzcD 19 1.00,0.94,0.99,0.85,0.83,0.99,0.98,0.89,0.83,0.87,0.98

,1.00,0.99,1.00,0.99,1.00,0.99,0.90,0.96 

-323 Zinc transporter 

6.  72447367 CadA 19 0.92,0.95,0.97,0.83,0.97,0.87,0.94,0.99,0.94,0.99,0.93

,0.93,1.00,0.87,0.83,0.96,0.97,0.98,0.90 

303 Cadmium translocating 

7.  69569638 CadC 16 0.95,0.84,0.97,0.98,0.88,0.92,0.95,0.87,0.83,0.97,0.87

,0.94,0.99,0.94,0.99,0.99 

30 sensing metalloregulator 

transcriptional repressor 

8.  66840924 cadD 38 0.88,0.91,0.99,0.95,0.91,0.91,0.95,0.98,0.99,0.97,0.87

,0.86,0.99,1.00,0.96,0.96,0.82,1.00,0.91,0.99,100,1.00

,0.97,1.00,0.89,0.92,0.93,0.81,0.99,0.85,0.90,0 

379 Cadmium resistance and 

transporter 

9.  67467524 CutC 20 0.93,0.98,0.82.0.93,0.90,0.86,0.94,0.93,0.98,0.84,0.85

,0.96,0.99,0.87,0.81,1.00,0.97,0.92,0.98,1.00 

.94,0.99,0.97,0.95,0.99,0.97 

-38 Copper resistance 

10.  67451619 CopC/D 4 0.83, 0.99, 0.89, 0.90 688 copper resistance 

11.  75085266 ZnuA 12 0.99,0.98,0.85,0.86,0.93,0.95,0.92.0.81,0.86,0.89,1.00

,0.98 

99 Zinc transporter 

substrate binding  

12.  75088734 ArsA 10 0.95,0.90,0.84,0.90,0.95,0.84,0.95,0.81,0.82,0.83 423 arsenate pump 

13.  68608930 ArsB 21 0.90,0.83,0.93,0.96,0.81,0.88,0.97,0.82,0.95,0.83,0.91

,0.85,0.92,0.81,0.92,0.99,1.00,0.86,0.98,0.95,0.84 

440 arsenate efflux 

transporter 

14.  68608929 ArsC 17 0.85,1.00,0.92,0.90,0.98,0.83,1.00,0.94,0.99,0.81,0.90

,0.92,0.89,0.87,0.96,0.95,0.95 

607 arsenate reduction 

15.  68610477 ArsR 24 1.00,0.89,0.92,0.99,0.85,0.99,0.98,0.93,0.92,0.99,0.99

,1.00,0.99,0.97,0.92,0.96.0.82,0.93,0.94,0.82,0.94,0.8

3,0.93,0.97 

537 arsenate regulation 

https://www.ncbi.nlm.nih.gov/gene/69569638
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4.1.15. Prediction of common Motif and TFs 

Gene expression is influenced by multiple factors, with sequence motifs playing a critical role. In 

this study, five essential common motifs were predicted and analyzed using the MEME Suite 

algorithm (version 5.5.2, available at https://memesuite.org/meme/). The analysis identified 

CMFs_3 as the top candidate motif. With an e-value of 1.3e-009, CMF_3 was found in seven 

promoter regions and had a motif width of 50 (Table 17). Compared to 84 motifs in the MEME 

database, CMFs_3 exhibited the lowest e-values, indicating a high degree of statistical 

significance, and possessed 63.64% of binding sites. Table 17 further showed that the number of 

promoter binding sites ranged from 6 to 8, with corresponding e-values between 3.0e-010 and 

3.8e-010/3.0e-009. Interestingly, the CMFs-4 candidate motif had a similar number of binding 

sites as the top candidate motif CMFs_3, as presented in (Table 17). 

Table 17: List of predicted motifs and the number and proportion of promoter-containing 

motifs 

 S. N Searched candidates 

Motifs 

The number of 

promoters % for 

each motif 

e- value a Motifs 

width 

No binding 

sites 

1.  CMFs_1 8 (72.73%) 3.0e-010 40 8 

2.  CMFs_2 6 (54.55%) 3.8e-010 50 6 

3.  CMFs_3  7 (63.64%) 1.3e-009 50 7 

4.  CMFs_4 7 (63.64%) 1.6e-010 50 7 

5.  CMFs_5 6 (54.55%) 3.0e-009 50 6 

a Possibility of discovery of a similarly well-conserved motif in random sequences. 

A motif with a very e-value of 1.3e-009 was discovered, indicating a high degree of statistical 

significance and strongly suggesting that this motif plays a distinct and important biological role. 

This highly significant motif was subsequently subjected to analysis using the TOMTOM 

database version 5.5.2, a freely accessible and widely used software tool. The analysis was used 

to compare the identified motif against a database of known regulatory elements such as 

transcriptional factors, and binding sites, and thereby which transcriptional factors might be 

bound to this novel motif, This comparison allows us to infer the potential regulatory element 

https://memesuite.org/meme/
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function of the motif and understand how it might influence gene expression (Bailey & Elkan, 

1994; Bailey et al., 2015).  

TOMOTM, a tool that was used in the LOGOSS algorithm, compares discovered sequence 

motifs against known transcriptional factor binding sites. TOMTOM output provides information 

about potential interactions with known transcriptional factors, including whether the interaction 

involves activation, repression, or dual regulatory functions. Additional details regarding the 

conformation of these transcriptional factors (monomers, dimers, tetramers, etc.) were predicted 

and summarized in Tables 19 and 20. In this analysis, the motif CMFs_3 showed a high degree 

of similarity to known transcriptional factor binding sites, exhibiting very low e-values of 1.3e-

009, indicating strong statistical significance. Nine transcriptional factors from the database 

matched this motif with an e-value of 14 or lower. Figure 13 shows a visual representation of the 

forward and reverse strands of these statistically significant matches of the strands. 

 

Figure 13: The Sequence logos for HMR predicted common motifs. MEME suite version 5.5.2 was 

utilized for the prediction. A sequence logo is a graphical representation of the consensus sequence 

of a set of aligned nucleotide (DNA) sequences. It provides a visual summary of the conservation 

and variability of each position within the sequence motif. 

Transcription factors regulate gene transcription, their copying into RNA, on the way to protein 

making. A TF is a sequence-specific DNA-binding protein that controls the transcription of a set 

of genes and thus regulates gene expression in a cell (Kim et al., 2021). Thus, for this study 

about nine transcriptional factors were identified from TOMTOM databases that handle the 

regulation of gene expression in the bacterium of HMR. AmrZ, ArgR, CcpA, Fur, HexR, HrpX, 
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IhfA, Lrp, PhhR, PvdS, RpoN, and VqsM, are transcriptional factors with diverse functions in 

gene regulation and expression. The primary functions of these transcriptional factors were 

activation and repression as seen in (Table 18). P. aeruginosa PAO1, Streptococcus pneumoniae, 

P. putida KT2440, Xanthomonas oryzae, Vibrio cholerae, Shewanella oneidensis, Salmonella 

enterica, Helicobacter pylori, Lactococcus lactis, and E. coli as revealed in (Table 18). The 

sequences of all motif-binding sites were obtained from prokaryotic organisms. 

Table 18: Lists of matching candidates from EXPREG transcription factor (TF) 

S. N Candid

ate of 

TF 

Strains that show motif 

sequence binding 

GC 

(%) 

Regulatory Elements Statistical 

Significance 

A
ct

iv
at

io
n
 

(%
) 

R
ep

re
ss

io
n

 

(%
) 

D
u
al

 (
%

) 

N
o
t 

sp
ec

if
ie

d
 

(%
) 

1.  HrpX X. oryzae  53.20 100 00 0 0 6.42e-02 

2.  AmrZ P. aeruginosa PAO1 60.21 16 31 0 51 4.11e-01 

3.  RpoN V.cholarae 47.75 10 0 0 0 9.60e-01 

4.  HexR S. oneidensis 21.72 30 69 0 0 1.69e+00 

5.  VqsM P. aeruginosa PAO1 59.33 7 0 0 92 2.02e+00 

6.  PvdS P. aeruginosa PAO1 48.33 100 0 0 0 2.23e+00 

7.  Lrp E. coli 40.00 1 1 0 97 5.34e+00 

8.  IhfA P. putida 10.00 100 0 0 0 5.82e+00 

9.  Fur P. pylori 14.52 13 78 0 8 7.33e+00 

10.  ArgR P. aeruginosa PAO1 50.20 61 27 0 11 7.57e+00 

11.  Fur S. enterica 28.33 26 73 0 0 8.08e+00 

12.  CcpA L. lactis 33.46 69 30 0 0 8.20e+00 

13.  PhhR P. putida 44.67 90 10 0 0 8.27e+00 

14.  CcpA S. pneumoniae 32.21 68 31 0 0 9.28e+00 

HrpX: transcriptional regulator, AmrZ: Transcriptional activation and biofilm formation, RpoN: 

gene expression, HexR: regulation of glucose metabolism, PvdS: encodes putative sigma factor, 

Lrp: Leucine-responsive regulatory protein; IhfA: Integration host factor subunit alpha; CcpA: 

Catabolite control protein A; ArgR: arginine biosynthesis, Fur is Ferric uptake regulation protein; 

PhhR is phenylalanine hydroxylase regulator, and VqsM is virulence and QS modulator. 
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Analysis of (Table 18 reveals key insights into the roles of transcriptional factors (TF). Ten 

specific TFs, HrpX, AmrZ, RpoN, HexR, PvdS, Lrp, CcpA, ArgR, PhhR, and IhfA, were predicted 

to function exclusively as transcriptional activators, each exhibiting 100% activation. While 

these and other TF were identified, the precise mechanism and target genes of many remain to be 

elucidated. A significant portion of identified TFs, including Lrp and VqsM, currently have 

unknown functions, highlighting a gap in our understanding of the regulatory landscape.  

 

Further investigation, employing a combination of computational and experimental approaches, 

is crucial to decipher the roles of these uncharacterized TFs. However, none of the identified TFs 

were observed to possess dual functionality, acting as both activation and repression. This 

suggests that, at least within this dataset, TFs tend to specialize in both activation and repression. 

While most identified TFs appear to be activators, the two most potent repressors identified were 

Fur and HexR. These TFs demonstrated a strong repressive influence affecting 78% and 69% TF 

gene expression, respectively. This substantial repressive activity suggests that Fur and HexR 

play critical roles in controlling gene expression under specific conditions. However, despite Fur 

and HexR, the overall trend observed in the data indicates a greater prevalence of TF activation 

compared to repression. 

Furthermore, the characterized TF PhhR stands out due to its versatility and broad applicability 

in biotechnological applications, particularly in the environmental domain. PhhR demonstrated 

potential in different fields, including agriculture, bioremediation in bioplastic degradation. 

Specifically, PhhR has been successfully employed in conjunction with various organic 

pollutants. This capability underscores a significant potential of PhhR in addressing pressing 

environmental challenges and promoting sustainable practice (Nelson et al., 2003). Furthermore, 

the conformational assessment presented in (Table 19) details the application of a TF 

conformational approach to the identified transcriptional factors, considering their existence as 

monomers, dimers, and tetramers. For instance, 35.71% of the identified TFs’ conformational 

modes were not known while 7.14 and 21.43% were identified as monomer and dimer TF 

conformation mode applications. As shown in (Table 19), no transcriptional factors were 

associated with the tetramer TF conformational mode. 
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Table 19: Lists of matching candidates from EXPREG transcription Confirmation Factor  

S. N Candi

date 

of TF 

Strains that show 

motif sequence 

binding 

GC 

(%) 

TF Confirmation Mode  Not 

Specified 

(%) 

Statistical 

Significanc

e 

M
o

n
o
m

er
 (

%
) 

D
im

er
 (

%
) 

T
et

ra
m

er
 (

%
) 

O
th

er
 (

%
) 

1.  HrpX X. oryzae  53.20 80 20 0 0 0 6.42e-02 

2.  AmrZ P. aeruginosa PAO1 60.21 0 0 0 0 99 4.11e-01 

3.  RpoN V.cholarae 47.75 100 0 0 0 0 9.60e-01 

4.  HexR S. oneidensis 21.72 0 0 0 0 100 1.69e+00 

5.  VqsM P. aeruginosa PAO1 59.33 0 0 0 0 100 2.02e+00 

6.  PvdS P. aeruginosa PAO1 48.33 0 0 0 0 100 2.23e+00 

7.  Lrp E. coli 40.00 0 96 0 0 3 5.34e+00 

8.  IhfA P. putida 10.00 0 50 0 0 50 5.82e+00 

9.  Fur P.pylori 14.52 0 82 0 0 17 7.33e+00 

10.  ArgR P. aeruginosa PAO1 50.20 0 16 0 0 83 7.57e+00 

11.  Fur S. enterica 28.33 0 100 0 0 0 8.08e+00 

12.  CcpA L. lactis 33.46 0 0 0 0 100 8.20e+00 

13.  PhhR P. putida 44.67 0 100 0 0 0 8.27e+00 

14.  CcpA S. pneumoniae 32.21 0 100 0 0 0 9.28e+00 

HrpX: transcriptional regulator, AmrZ: Transcriptional activation and biofilm formation, RpoN: 

gene expression, HexR: regulation of glucose metabolism, PvdS: encodes putative sigma factor, Lrp: 

Leucine-responsive regulatory protein; IhfA: Integration host factor subunit alpha; CcpA: 

Catabolite control protein A; ArgR: arginine biosynthesis, Fur is Ferric uptake regulation protein; 

PhhR is phenylalanine hydroxylase regulator, and VqsM is virulence and QS modulator. 

4.1.16. Genome re-annotation & genome mapping of C. gilardii CR3 genome 

 Circular genome mapping for C. gilardii CR3 genomic DNA was performed using a Prokka 

online server that can be accessed at https://proksee.ca/which replaced CGView. GC content, 

open reading frame (ORF), GC skew (+/-), rRNA, starting codon, stop codon, regulatory 

elements, and CDS were predicted on the genome mapping (Figures 4a, b, and c). The sequence 

of C. gilardii CR3 was obtained via the NCBI database and re-annotated utilizing subsystem 

category distribution technology. An analysis was performed on the circular genome for C. 
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gilardii CR3 which showed the position of GC content, sequence length, and/or contigs, stop, 

start, ORF, GC skew +, and GC skew (Figures 14a-c). Several genes have been thought to be 

associated with HMR mechanisms in environments with contamination, following the current 

investigation. Genes such as chrA, chrB, chrR, arsA, arsB, copC/D, czcA, czcB, czcD, czc ABC, 

cadiC, and cadiC play a significant role in the polluted environment to clean or decrease 

pollutant levels after it had been expressed (Figures 14a-c).  

Similar investigation of circular genome analysis for the trehalase gene from the complete 

genome of Shigella sp. PAMC28760 from Antarctica was predicted with CDS, GC contents, 

rRNA, tRNA, GC skew+, and GC skew-, and ORFs have been predicted (Shrestha et al., 2022). 

The RAST server identified genes with their functions, locations, and levels of protein 

expression for C. gilardii CR3 (CP010516.1), and other related strains shown (Figure 14a-c). For 

the current study, the number of coding sequences (3399), GC contents (67.7), contigs (1), 

shortest contig size (3539530), media sequence sizes (3539530), mean sequence sizes 

(3539530.0), longest contig sizes (3539530), the sequence length in base pairs (N50 values) (not 

predicted) and the smallest number of contigs (L50) (1) whose length sum makes up half of 

genome size were predicted.  
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Figure 14: (a) Graphic circular genome mapping for C. gilardii CR3 and a sequence obtained from 

the NCBI database with accession number CP010516.1. (b) Zoomed circular genome map for C. 

gilardii CR3 obtained from NCBI. (C) Zoomed circular genome map with the location of sequence 

length and/or contigs, stop, start, ORF, GC skew +, and GC skew – 

The prediction revealed that the genome contains multiple genes involved in co-factor 

production, chromosomal replication initiator protein DnaA, vitamin biosynthesis, protein 

metabolism, nitrogen metabolism, RNA metabolism, nucleosides and nucleotide biosynthesis, 

stress response and aromatic compound metabolism, copper-sensing two-component system 

response regulator, mercuric resistance operon regulatory protein, lead, cadmium, zinc and 

mercury transporting ATPase, and chromate transport protein in (Figure 15a.)  
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(a)

(b)

0.1

Comparative genome analysis, primarily by using OrthoANI provide definite evidence for 

classifying different bacterial isolates. The highest degree of similarity is directly correlated to 

taxonomic rank, allowing to accurately place an unknown isolate within the phylogenetic tree.  

For 95−96%, the isolates are considered to belong to the same species. This is the standard 

threshold for species classification in modern prokaryotic taxonomy. For 99−100%, the isolates 

are very closely related strains of the same species. The minimal difference is likely minor strain-

level variation. 70−95%, the isolates belong to the same genus, but are clearly different species. 

And <70%, the isolates are likely from different genera or even higher taxonomic ranks (Chun et 

al., 2018). 
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Figure 15: (a) Sequence similarity of OrthoANI and the other closely related strains, (b). 

Phylogenetic tree and evolutionary relationships of taxa for Cupriavidus gilardii CR3, (c). A circular 

phylogenetic analysis of the complete genomes of C. gilardii CR3. The phylogenetic tree shows 

various heavy metal resistance gene locations in the complete genomes. 

  

   0.1 (c) 
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4.1.17.  Comparative genome analysis by using OAT Software tools  

The 16S rRNA sequences were obtained from WGS of C. gilardii CR3 (CP010516.1) and related 

other strains such as C. metallidurans CH34 (NC_007973.1), C. nantongensis X1 (CP014844.1), 

Cupriavidus sp. ISTL7 (CP066227.10156), and Cupriavidus sp. MP-37 (NZ_CP085344). The 

phylogenetic tree was constructed using the OAT offline server. The sequences were aligned with 

ClustalW. P. putida PD584 (CP115665.1) was used as an out-group in (Figure 15a-b). 

The neighbor-joining method was used to infer evolutionary history (Saitou et al., 1987). The 

investigation connected eight nucleotide sequences as one nucleotide sequence was used as an 

out-group. All locations having gaps & missing data were eliminated. Finally, the evolutionary 

relationship investigation was performed with the OAT offline server (Felsenstein, 1985). P. 

putida PD584 (CP115665.1) was selected and used as an outgroup in the evaluation; other 

related sequences were obtained from the EzTaxon-e server and annotated with the RAST server 

before tree construction. (b) UPGMA dendrogram, Heatmap for OrthoANI (Lee et al., 2016). 

OrthoANI values of ≥ 96% show grouped genomes originating from strains of the same species 

in (Figures 15a and b). 

A circular phylogenetic analysis of the complete genome of C. gilardii CR3 (CP010516.1) was 

studied. The phylogenetic tree shows the location of HM resistance genes in the complete 

genome of the organism in (Figure 15c). The data also shows that C. gilardii CR3 is 99.41% 

related to Cupriavidus sp. ISTL7. A (Figures 15a-b) shows that C. gilardii CR3 (CP010516.1) 

has a close relationship to Cupriavidus sp. ISTL7 (CP066227.10156) and C. gilardii MW02 

(CP104386.1) and less related to that of C. nantongensis X1 (CP014844.1) and C. metallidurans 

CH34 (NC_007973.1. The 16S rRNA gene sequence results of C. gilardii CR3 (CP010516.1) 

were highly evolutionarily related to Cupriavidus sp. ISTL7 (CP066227.10156), C. gilardii, C. 

gilardii WM02 (CP104386.1), and Cupriavidus sp MP-37 (NZ_CP085344.1) as seen in (Table 

22).  

The data also revealed that less evolution was related to that of C. metallidurans CH34 

(NC_007973.1). Thus, the evolutionary relationship between the organisms was 99.41, 98.85, 

98.41, and 94.39%, respectively (Table 22). OrthoANI again revealed a weak correlation among 
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C. metallidurans CH34 (NC_007973.1) compared with the C. gilardii CR3 (Figures 15a-b). As 

shown in (Figure 15a and b), the sequence similarity of OrthoANI between C. gilardii CR3 

(CP010516.1) & Cupriavidus sp. ISTL7 (CP066227.10156), C. gilardii CR3 (CP010516.1) C. 

gilardii, C. gilardii CR3 (CP010516.1) & C. gilardii WM02 (CP104386.1),  C. gilardii CR3 

(CP010516.1) & C. nantongensis X1 (CP014844.1), C. gilardii CR3 (CP010516.1) & 

Cupriavidus sp. MP-37 (NZ_CP0 85344.1), C. gilardii CR3 (CP010516.1), and C. metallidurans 

CH34 (NC_007973.1) were 99.41, 98.85, 98.41, 84.10, 84.21, and 80.85% (Figures 15a-b).  

The larger sequence similarities among the current genome annotated sequences of our strains 

were calculated between Cupriavidus gilardii CR3 (CP010516.1) and Cupriavidus sp. ISTL7 

(CP066227.10156), OrthoANI is a genomic similarity measuring technique. It was utilized to 

evaluate the same species of the organism with a demarcation cut-off value of 95-96%, and 

massive comparison tests showed that both algorithms produced identical reciprocal similarities 

(Figures 15a-b) which confirm our phylogenetic tree. Accordingly, the OrthoANI obtained 

between C. metallidurans CH34 (NC_007973.1) and P. putida PD584 (CP115665.1) as well as 

other related genera in the present investigation were lower than the demarcation cut-off values.
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Table 20: Features of re-annotated genomic DNA for C. gilardii CR3 genome, its allied reference strains, and out-group 

The data were predicted and generated by RAST and SEED technologies. 

 

S. N Part of genomic 

information 

As uploaded and after splitting into scaffolds 

C. gilardii 

CR3 

C. 

metallidurans 

CH34 

C. 

nantongensi

s X1 

C. sp. ISTL7 C. MP-37 C. gilardii 

WM02 

P. putida PD584 

1.  Accession No CP010516.1 NC_007973.1 CP014844.1 CP066227.1 NZ_CP085344.1 CP104386.1 NZ_CP115665.1 

2.  Taxonomy ID 82541 266264 1796606 2771360 2884455 82541 303 

3.  Sequence size 3539530 6913352 4619400 3314946 3615976 3511514 5913415 

4.  No coding sequ. 3399 6603 4525 3221 3354 3323 5375 

5.  Number of 

contigs 

1 4 3 207 1 1 1 

6.  GC content (%) 67.4 63.5 66.2 67.7 67.5 67.4 61.6 

7.  Shortest cont. size 3539530 171459 1150655 19 3615976 3511514 5913415 

8.  Media seq. size 3539530 2580084 1728946 564 3615976 3411514 5913415 

9.  Mean seq. size 3539530 172833.0 1539800.0 16014.2 3615976.0 3511514.0 5913415.0 

10.  Longest cont. size 3539530 3928089 1739799 169580 3615976 3511514 5913415 

11.  N50 values Not 

predicted 

3928089 17289946 71905 Not predicted Not predicted Not predicted 

12.  L50 values 1 1 1 16 1 1 1 

13.  Number of RNA 61 74 63 60 67 61 96 

14.  No of subsystems 285 366 316 275 302 289 364 
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Figure 16: Block diagrams illustrate the relative location of potential motif + scanned sites in the 

promoter region relative to TSSs (Transcription Start Sites). The bottom of the graph indicates the 

locations of nucleotides in the promoter region of heavy metal resistance genes. The locations range 

from the beginning of the TSS (+1) to upwards of 1 kb (-1 kb) of the MEME suite outcome. 

The objective of this work was regulatory elements analysis and comparative genome analysis of 

HMR bacteria extracted from Cupriavidus gilardii CR3 as a means of HM bioremediation. 

Sequence-specific DNA-binding, TFs are usually revealed as "main regulators" because they 

bind to DNA and either activate or suppress gene expression. The identification of a gene's TSS 

precedes the identification of the upstream promoter region, making gene expression analysis 

easier. Most of the sequences in this study showed multiple transcriptional start sites, which 

accounted for about 86.67% (Table 17). As a result, the gene sequence in consideration may have 
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alternate transcription possibilities. However, TSS with a higher threshold value was evaluated 

for better prediction, that related to earlier studies reported by (Dibbisa & Wagari, 2022). Genes 

that have multiple TSS enhance transcription initiation and are more likely to respond to 

environmental changes, which agrees with the findings of (Dai et al., 2016).  

Common motif identification was a core element of TF identification processes. Motifs recruit 

transcriptional factors, or regulatory elements, to properly target genes in gene expression 

processes (Alberts et al., 2002). MEME tools were utilized to identify a conserved candidate 

motif where these 14 transcription factors bind, and motif sites were discovered as shown in 

(Figure 16). In this study, common candidate motifs with different information content were 

identified. The densely populated motifs with their locations were found upstream between -100 

and -600 (Figure 16). These motifs might take part in the regulation of recognized promoters 

with contributors to gene expression. In the present investigation, several binding sites were 

discovered in the promoter region of candidate motifs. These locations might enhance binding 

interactions and produce different regulatory effects (Aman Beshir & Kebede, 2021; Bantihun & 

Kebede, 2021).  

The data also show that the gene arsB at locus_tag=CR3_1877 with CDS located at complement 

(2282267…2283709) was a membrane protein extracted from Cupriavidus gilardii CR3. In 

addition, the arsC and arsH genes at locus_tag=CR3_2746 and locus_tag = CR3_1262 were 

used as arsenate reductase and arsenical resistance functions, respectively. Moreover, the arsR 

gene with CDS complement (1487862...1488218) is in the genome of C. gilardii CR3, a family 

transcriptional regulator protein widely used for arsenate bioremediation capacities. Similar 

studies were performed in the complete genome of C. metallidurans CH34 as a model bacterium 

of HMR. Resisting heavy metals by tri-component efflux systems was identified in pMOL30, 

with czcCBA present with resistance to Cd2+, Zn2+, and Co2+ (Mergeay & Van Hroudt, 2021). 

Environmental components such as soil and water-contaminated areas with heavy metals are 

potential sources of HMR bacteria. These microbes could reduce, oxidize, bio-accumulate, and 

efflux heavy metals through the cell membrane and are widely used in bioremediation processes 

(Razzak et al., 2022). According to the comparative analysis, the genome of Cupriavidus sp. 

ISTL37 is 99.41% identical to the genomes of C. gilardii CR3, as shown in (Figure 14a). A 
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similar finding was observed on the C. metallidurans MSR33 (Rojas et al., 2011), however, it 

was less related to C. gilardii CR3 as seen (Figure 14a). 

 MerR families include merP, the MerT protein that is widely distributed in the bacterium of the 

C. gilardii CR3, and mercury resistance has also been investigated in this study (Figure 14a). The 

findings are similar to those identified in the studies that identified the genes from Eubacteria 

(Permina et al., 2006). C. gilardii CR3 regulates heavy metals through transcriptional factors 

controlled by the MerR, CopR, CadR, and ChrR protein families. We also studied the cadmium, 

copper, arsenate, zinc, and chromium resistance genes of CopB, CopC, CopCD, CopR CadA, 

CadB, CadR, ArsA, ArsB, ArsC, ArsH, ArsR, CzcA, CzcB, ChrA, ChrB in (Figure 14c) resistant 

systems and demonstrated that the combined protein sequence analysis and analysis of DNA 

regulatory elements was possible to differentiate the genes involved in the metal resistance, in 

particular, mercury, copper, cadmium, zinc, and arsenate (Haque et al., 2022; Mutiat et al., 2018; 

and Saha et al., 2022). Many enzymes contribute to the efficient functions of the genes, including 

a multicopper oxidase, a cadmium transporter, a zinc transporter, and a copper/zinc/cadmium 

efflux system (Learman et al., 2019). 

The RAST server identified gene calls based on their function, location, and degree of protein 

expression as presented in (Table 19). Additionally, sequence size, number of coding sequences, 

number of contigs, GC content percentage, and shortest contig. The RAST server predicted the 

sequence, mean sequence size, longest contig size, No50 values, L50 values, number of RNA, 

and several subsystems. The GC content percentage of C. gilardii CR3 is like that of C. gilardii 

WM02, which is (67.4%). However, the highest GC% % is documented for Cupriavidus sp. 

ISTL7 (67.7%), while the lowest GC% % is observed for P. putida PD584 (61.6%). Similar 

findings were found in the study on B. cereus (Zeng et al., 2020). Following C. Gilardii CR3 

genomic DNA re-annotation with the RAST online server, subsystem category distribution and 

subsystem feature counts were anticipated.  

These subsystems are supposed to support cellular activity and metabolism. Strengthening our 

suggestion, it was projected that these subsystems would provide broad metabolic information, 

increase annotation quality, and provide a framework for determining the statistical qualities 

required to exploit these tendencies properly. Our results anticipate carbohydrates and other 
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chemical molecules. OrthoANI, a tool that predicts sequence similarity between C. gilardii CR3 

and related strains, is an example of an orthologous average nucleotide identity (OAT) tool 

offline server (Lee et al., 2016). When tested against OrthoANI, C. gilardii CR3 (CP010516.1) 

displayed a genome sequence similarity of 99.16%. Cupriavidus gilardii CR3 genomic DNA was 

found to be most like Cupriavidus ISTL7 with 98.85% OrthoANI (Figure 14a), using the OAT 

tool (Lee et al., 2016). Followed by Cupriavidus gilardii MW5 (98.80% OrthoANI), Cupriavidus 

gilardii strain WM02 (98.32% OrthoANI), Cupriavidus sp. MP, 37 (94.39% OrthoANI), C. 

nantongensis X1 (CP014844.1) (83.51% OrthoANI) and C. metallidurans CH4. 
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5.  SUMMARY, CONCLUSION, AND RECOMMENDATION 

Heavy metal pollution poses considerable environmental and health hazards, primarily caused by 

industrial activities, mining, and inadequate waste management. Bioremediation, especially 

bacteria-based, has become a promising and eco-friendly method to alleviate HM pollution 

worldwide. Bacteria have the ability, through biosorption, bioaccumulation, oxidation-reduction, 

extracellular and intracellular sequestration, and biotransformation, to tolerate and detoxify HMs. 

Cobalt, copper, cadmium, chromium, zinc, arsenic, mercury, etc., are the most toxic heavy metal 

ions that are taken up by microbial and plant cells either through cell membranes or by 

complexing with intracellular molecules, which decreases the bioavailability and toxicity of 

these metals.  

A variety of bacteria were studied for their potential in bioremediation applications. Enhancing 

the growth conditions of these bacteria can greatly improve their efficiency, allowing them to 

thrive and function effectively in a wider range of environments. Their ease of adaptation can 

broaden their use in pollution reduction initiatives, such as contaminated soil and water. By 

adjusting factors such as temperature, pH, and nutrient levels, one can optimize bacterial 

performance and potentially increase their utilization in bioremediation across various ecological 

and industrial situations. 

This study investigated HM pollution in soil and wastewater samples from industrial effluents in 

Bishoftu and Mojo, Eastern Shewa, Ethiopia. The results revealed the following decreasing order 

of HM concentrations in soil samples: Mn+2 > Fe+2 > Zn+2 > Ni+2 > Cu+2 > Co+2 > Cd, and in 

wastewater: Cr+6 > Fe+2 > Zn+2 > Mn+2 > Cd+2. Several bacteria were isolated, and their potential 

role in HM removal was evaluated. Specifically, isolates HMRMI-1, HMRMI-5, HMRBI-7, and 

HMRBI-14 demonstrated significant HM reduction abilities. E. aurantiacum effectively 

degraded 65.21% of cadmium and 65.13% of copper. Citrobacter and Klebsiella isolates using 

16S rRNA gene sequencing for species identification. Both Citrobacter and Klebsiella isolates 

showed promising effects in removing chromium (Cr+6) and cadmium (Cd+2), achieving 89.74% 

and 85.21% respectively. SEM-EDX analysis confirmed that the heavy metal (HM) poisoning 

caused a deformed structure in the bacterial isolates, providing evidence of a biosorption 

mechanism within their cellular structure. The study concludes that these bacterial isolates hold 
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significant promise for future research and can be effectively employed for bioremediation 

applications to address environmental heavy metal pollution within the industrial zones.  

This study investigated heavy metal contamination in soil and wastewater from the Bishoftu 

Eastern Industrial Zone and Mojo Tannery, identifying high concentrations of Fe2+, Cd2+, Co2+, 

Cr6+, Cu2+, Mn2+, and Zn2+, which are attributed to significant industrial discharge. Recognizing 

the serious environmental and health risks posed by these pollutants, the research focused on 

bioremediation as a cost-effective and eco-friendly solution. Specifically, bacterial isolates 

naturally resistant to high levels of heavy metals were collected from the effluents of these sites 

in the East Shewa Zone of Oromia. The presence and adaptability of these bacteria, which can 

integrate both passive and active mechanisms to take up toxic metals like cadmium, cobalt, 

copper, zinc, and chromium from wastewater, indicate their strong potential as candidates for 

bioremediation in heavily contaminated industrial areas. 

This study also successfully isolated a promising HMRBI candidate from industrial discharge 

sites heavily polluted with Co+2, Cu+2, Zn+2, Cd+2, and Cr+6, from the study area of the eastern 

Shewa zone. The MALD-TOFSM and 16S rRNA gene sequence identified the promising isolates 

such as P. putida, E. aurontiacum, Citrobacter spp., and a potentially new strain related to P. 

benzoelyticum. The bacteria demonstrated significant HM degradation efficiency with Klebsiella 

spp., Citrobacter spp., achieving 89.74% and 85.21% reduction, respectively, attributed to 

resistance mechanisms like biosorption or intracellular sequestration.  

The findings suggest that this isolate holds great promise for bioremediation processes. Further 

research is needed to optimize conditions for their large-scale production in real-world 

applications. Bacterial bioremediation offers a potentially effective and environmentally friendly 

technology for reducing HM pollution. These inherent abilities form the foundation of natural 

remediation and can be further enhanced through biotechnological applications. While laboratory 

studies have shown great promise, translating these findings to real-world applications remains 

challenging. In actual environments, bacterial efficiency can be affected by a range of complex 

factors, including fluctuations in metal and contaminant concentrations or variations in pH and 

temperature. 
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The conclusion highlights essential recommendations for further evaluation and action 

 

1. Implement trials using the most promising bacteria isolates using lab-scale reactors. To 

evaluate their performance, adaptability, and efficacy under real-world environmental 

conditions. 

2. Compare the performance of selected isolates with internationally recognized reference 

strains. To benchmark efficacy, validate results, and enhance global competitiveness. 

3. Scale up successful laboratory techniques to large-scale bioremediation formulation. To 

require a systematic approach that addresses technical and economic changes. 

4. Integrating bacterial bioremediation with other techniques represents a sophisticated and 

environmentally responsible approach to tackling environmental contamination.  

5. Effective environmental remediation and management strategies must be meticulously 

tailored to the unique characteristics of each site. This necessitates a comprehensive 

assessment and subsequent adaptation of approaches based on a thorough understanding 

of site-specific environmental conditions.  

6. Investigate the genetic and molecular basis of the observed resistance mechanisms, 

potentially identifying targets to increase metal tolerance in other bacterial strains. 

Understanding which characteristics confer this resistance to pollution will enable us to 

construct more stable microbial communities in polluted environments. 
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2.  TABLE IN THE APPENDIX 

Appendix Table 1: Analysis of variance demonstrating differences in HM concentrations among soil 

samples from contaminated areas of the Bishoftu Eastern Industrial Zone 

ANOVA TABLE 

 Sum of Squares df Mean Square F Sig. 

Co Between Groups 0.000 2 0.000 0.163 0.851 

Within Groups 0.016 15 0.001   

Total 0.016 17    

Cu Between Groups 0.004 2 0.002 0.048 0.953 

Within Groups 0.621 15 0.041   

Total 0.625 17    

Cd Between Groups 0.000 2 0.000 .113 0.894 

Within Groups 0.003 15 0.000   

Total 0.003 17    

Ni Between Groups 0.066 2 0.033 0.787 0.473 

Within Groups 0.627 15 0.042   

Total 0.693 17    

Mn Between Groups 0.016 2 0.008 0.004 0.996 

Within Groups 29.276 15 1.952   

Total 29.291 17    

Zn Between Groups 0.003 2 0.001 0.032 0.969 

Within Groups 0.646 15 0.043   

Total .649 17    

Fe Between Groups 0.110 2 0.055 0.041 0.960 

Within Groups 20.247 15 1.350   

Total 20.356 17    
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Appendix Table 2: Analysis of variance demonstrating differences in HM concentrations among 

wastewater samples from contaminated areas of Mojo industrial effluents 

ANOVA 

 Sum of Squares df Mean Square F Sig. 

Cd Between Groups 0.000 2 0.000 0.071 0.931 

Within Groups 0.006 15 0.000   

Total 0.006 17    

Cr Between Groups 0.282 2 0.141 0.853 0.446 

Within Groups 2.477 15 0.165   

Total 2.759 17    

Mn Between Groups 0.018 2 0.009 0.124 0.884 

Within Groups 1.062 15 0.071   

Total 1.079 17    

Zn Between Groups 0.001 2 0.001 0.005 0.995 

Within Groups 1.989 15 0.133   

Total 1.990 17    

Fe Between Groups 00.009 2 0.004 0.006 0.994 

Within Groups 12.141 15 0.809   

Total 12.150 17    
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Appendix Table 3: Analysis of variance demonstrating differences in HM reduction  

ANOVA 

 Sum of Squares df Mean Square F Sig. 

Co Between Groups 106.343 2 53.171 0.205 0.816 

Within Groups 6998.328 27 259.197   

Total 7104.671 29    

Cu Between Groups 2.166 2 1.083 0.030 0.970 

Within Groups 974.575 27 36.095   

Total 976.741 29    

Cd Between Groups 9.341 2 4.670 0.072 0.931 

Within Groups 1746.214 27 64.675   

Total 1755.555 29    

Cr Between Groups 197.737 2 98.869 1.818 0.182 

Within Groups 1468.387 27 54.385   

Total 1666.124 29    

Zn Between Groups 7.885 2 3.943 0.058 0.944 

Within Groups 1835.371 27 67.977   

Total 1843.257 29    
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Appendix Table 4: Analysis of variance of the effects of cobalt on the Growth inhibition of bacterial 

isolates  

ANOVA 

 Sum of Squares df Mean Square F Sig. 

HMRBI-1 Between Groups 153500401.725 2 76750200.862 1.001 0.381 

Within Groups 2070272933.532 27 76676775.316   

Total 2223773335.257 29    

HMRBI-3 Between Groups 3.548 2 1.774 0.010 0.990 

Within Groups 4615.082 27 170.929   

Total 4618.631 29    

HMRBI-5 Between Groups 0.866 2 0.433 0.003 0.997 

Within Groups 4508.176 27 166.969   

Total 4509.043 29    

HMRMI-7 Between Groups 0.099 2 0.049 0.000 1.000 

Within Groups 4920.832 27 182.253   

Total 4920.931 29    

HMRMI-8 Between Groups 1.106 2 0.553 0.003 0.997 

Within Groups 4549.520 27 168.501   

Total 4550.626 29    

HMRMI-9 Between Groups 0.331 2 0.166 0.001 0.999 

Within Groups 3380.228 27 125.194   

Total 3380.559 29    

HMRMI-10 Between Groups 0.842 2 0.421 0.004 0.996 

Within Groups 2788.964 27 103.295   

Total 2789.806 29    
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Appendix Table 5: Analysis of variance of the effects of copper on the Growth inhibition of bacterial 

isolates  

ANOVA 

 Sum of Squares df Mean Square F Sig. 

HMRBI-1 Between Groups 13.037 2 6.518 0.023 0.977 

Within Groups 6772.567 24 282.190   

Total 6785.603 26    

HMRBI-3 Between Groups 0.794 2 .397 0.003 0.997 

Within Groups 3712.394 24 154.683   

Total 3713.188 26    

HMRBI-5 Between Groups 0.097 2 0.048 0.000 1.000 

Within Groups 8325.507 24 346.896   

Total 8325.603 26    

HMRBI-7 Between Groups 0.853 2 0.426 0.006 0.994 

Within Groups 1820.347 24 75.848   

Total 1821.199 26    

HMRBI-8 Between Groups 0.402 2 0.201 0.001 0.999 

Within Groups 3487.337 24 145.306   

Total 3487.739 26    

HMRBI-9 Between Groups 1.828 2 0.914 0.002 0.998 

Within Groups 9479.498 24 394.979   

Total 9481.326 26    

HMRBI-10 Between Groups 1.052 2 0.526 0.003 0.997 

Within Groups 3723.517 24 155.147   

Total 3724.569 26    
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Appendix Table 6: Analysis of variance of the effects of cadmium on the Growth inhibition of 

bacterial isolates  

ANOVA 

 Sum of Squares df Mean Square F Sig. 

HMRBI-1 Between Groups 4.514 2 2.257 0.010 0.990 

Within Groups 6290.080 27 232.966   

Total 6294.594 29    

HMRBI-3 Between Groups 35.401 2 17.700 0.087 0.917 

Within Groups 5481.324 27 203.012   

Total 5516.725 29    

HMRBI-5 Between Groups 14.597 2 7.299 0.041 0.960 

Within Groups 4793.665 27 177.543   

Total 4808.263 29    

HMRBI-7 Between Groups 15.056 2 7.528 0.087 0.917 

Within Groups 2344.407 27 86.830   

Total 2359.463 29    

HMRBI-8 Between Groups 0.268 2 0.134 0.000 1.000 

Within Groups 7943.183 27 294.192   

Total 7943.451 29    

HMRBI-9 Between Groups 1.122 2 0.561 0.002 0.998 

Within Groups 6941.422 27 257.090   

Total 6942.543 29    

HMRBI-10 Between Groups 0.882 2 0.441 0.001 0.999 

Within Groups 8294.590 27 307.207   

Total 8295.472 29    
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Appendix Table 7: Analysis of variance of the effects of Zinc on the Growth inhibition of bacterial 

isolates  

ANOVA 

 Sum of Squares df Mean Square F Sig. 

HMRBI-1 Between Groups 4.714 2 2.357 0.007 0.993 

Within Groups 8723.797 27 323.104   

Total 8728.511 29    

HMRBI-3 Between Groups 8.643 2 4.322 0.029 0.972 

Within Groups 4039.503 27 149.611   

Total 4048.147 29    

HMRBI-5 Between Groups .142 2 0.071 0.000 1.000 

Within Groups 8904.853 27 329.809   

Total 8904.996 29    

HMRBI-7 Between Groups 235.143 2 117.572 0.375 0.691 

Within Groups 8473.594 27 313.837   

Total 8708.737 29    

HMRBI-8 Between Groups 0.293 2 0.146 0.001 0.999 

Within Groups 5237.350 27 193.976   

Total 5237.643 29    

HMRBI-9 Between Groups 3.119 2 1.559 0.002 0.998 

Within Groups 17018.142 27 630.302   

Total 17021.260 29    

HMRBI-10 Between Groups 1.123 2 0.562 0.001 0.999 

Within Groups 14658.668 27 542.914   

Total 14659.791 29    
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Appendix Table 8: Analysis of variance of the effects chromium on the Growth inhibition of 

bacterial isolates  

ANOVA 

 Sum of Squares df Mean Square F Sig. 

HMRBI-1 Between Groups 0.368 2 0.184 0.003 0.997 

Within Groups 1512.927 27 56.034   

Total 1513.295 29    

HMRBI-3 Between Groups 1.737 2 0.868 0.021 0.979 

Within Groups 1106.482 27 40.981   

Total 1108.219 29    

HMRBI-5 Between Groups 1.369 2 0.685 0.017 0.983 

Within Groups 1084.458 27 40.165   

Total 1085.828 29    

HMRBI-7 Between Groups 1.920 2 0.960 0.014 0.986 

Within Groups 1818.583 27 67.355   

Total 1820.503 29    

HMRBI-8 Between Groups 2.454 2 1.227 0.027 0.973 

Within Groups 1215.064 27 45.002   

Total 1217.518 29    

HMRBI-9 Between Groups 0.101 2 0.051 0.001 0.999 

Within Groups 2668.339 27 98.827   

Total 2668.441 29    

HMRBI-10 Between Groups 2.012 2 1.006 0.007 0.993 

Within Groups 3635.814 27 134.660   

Total 3637.825 29    

 

 

 

 

 



 

162 

 

Appendix Table 9: Analysis of variance of DNA quantification results of HMRBI samples 

Well No Isolate Name 260 280 260/280 Comment 

1.  HMR1_01 0.155 0.084 1.845 QC PASS 

2.  HMR1_03 0.145 0.091 1.593 QC PASS 

3.  HMR1_05 0.15 0.081 1.851 QC PASS 

4.  HMR1_11 0.125 0.068 1.838 QC PASS 

5.  HMR1_13 0.184 0.102 1.803 QC PASS 

6.  HMR1_14 0.168 0.095 1.768 QC PASS 

7.  HMR1_19 0.088 0.047 1.872 QC PASS 

8.  HMR1_20 0.144 0.078 1.846 QC PASS 
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 Appendix Table 10: Biochemical Tests for HMRBI Obtained from Bishoftu  

Keywords: Gst -Gram staining, Ind- Indole test Mer- Methylene red, Str-starch hydrolysis, Glu- Glucose, 

Lac- Lactose, Suc- Sucrose, Ur- urease, Gel- Gelatin hydrolysis, Cat- Catalase, Mot-Motile, Cit-Citrate 

utilization, HMRBI- Heavy metal resistant bacteria isolates 

Biochemical Tests  

Isolates 

code 

G

st 

Ind Me

r 

St

r 

Triple sugar Ur VP

K 

Gel Cat

. 

Mot. Cit. 

Gl

u 

La

c 

Su

c 

H2S 

HMRBI-1 - - + + + - - - + - + + motile + 

HMRBI-2 - - - - + - - - + - + + motile - 

HMRBI-3 - - - - - + + + - - + + motile + 

HMRBI-4 - - - - - + + + - - + + motile + 

HMRBI-5 - - - + + - - + + - + + motile + 

HMRBI-6 - - + - - - - - + - + + motile - 

HMRBI-7 - - + + - - - - + - + + motile + 

HMRBI-8 - - - - - - - + + - - + motile + 

HMRBI-9 - - + + + - - - + - + + motile + 

HMRBI-10 + - - + - - - + + - - + motile + 

HMRBI-11 + - - - - - - + + - + + motile + 

HMRBI-12 - + + + + - + + - + + + motile + 

HMRBI-13 - - - - - + + + - - - + motile + 

HMRBI-14 - - - - - - - + - - + + motile + 

HMRBI-15 - + - - - - - + - - + + motile + 

HMRBI-16 - + - + + - + - - + - + motile + 

HMRBI-17 - - - + + - + + - + - + motile + 

HMRBI-18 - - - + + - + + - + - + motile + 

HMRBI-19 - - - + - - + + - + - + motile + 

HMRBI-20 - + - - + - + + - - - + motile + 

HMRBI-21 + + + - + - + - - - - + motile + 

HMRBI-22 + + + - + - + - - - - + motile + 

HMRBI-23 + + + - + - + - - - - + motile + 

HMRBI-24 + + + - + - + - - - - + motile + 

HMRBI-25 - + - - + - + - - - - + motile + 

HMRBI-26 - + + - + - - + - + - + motile + 

HMRBI-27 - + + - + - - + - + - + motile + 

HMRBI-28 - + + - + - - + - + - + motile + 

HMRBI-29 - + + - + - - + - + - + motile + 

HMRBI-30 - + + - + - - + - + - + motile + 
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Appendix Table 11: Biochemical Tests for HMRBIs Obtained from Mojo Tannery 

Wastewater 

 

Biochemical Tests 

Bacteria 

Isolates code 
G

st
 

In
d
 

M
er

 

S
tr

 

Triple sugar 

U
r 

V
P

K
 

G
el

 

C
at

 

M
o

t.
 

Cit. 

G
lu

 

L
ac

t.
 

S
u

c 

H
2
S

 

HMRBI-31 - - - - + - - - - - - + motile + 

HMRBI-32 - + - - + + - - + - + + motile + 

HMRBI-33 - - - - - + + + - - + + motile + 

HMRBI-34 - - - - - + + + - - + + motile + 

HMRBI-35 - - - + + - - + + - + + motile + 

HMRBI-36 - - + - - - - - + - + + motile + 

HMRBI-37 + - + + - - - - + - + + motile + 

HMRBI-38 - - - - - - - + + - - + motile + 

HMRBI-39 - - + + + - - - + - + + motile + 

HMRBI-40 + - - + - + - + + - - + motile + 

HMRBI-41 + - - - - - - + + - - + motile + 

HMRBI-42 + + - + - - + + - + - + motile + 

HMRBI-43 - - - - - - - + - - - + motile + 

HMRBI-44 - - - - - - - + - - + + motile + 

HMRBI-45 - + - - - - - + - - + + motile + 

HMRBI-46 - + + + + + + + + + + + motile - 

HMRBI-47 - + + - + - - + + + - + motile - 

HMRBI-48 - + + - + + - + + + - + motile - 

HMRBI-49 - + + - + - - + + + - + motile - 

HMRBI-50 - + + - + + - + + + - + motile + 

HMRBI-51 - + + - + + - + + + - + motile - 

HMRBI-52 - + + - + - - + + + - + motile - 

HMRBI-53 - + + - + + - + + + - + motile - 

HMRBI-54 - + + - + - - + + + - + motile  

HMRBI-55 + - + + + + - -  + - + motile + 

HMRBI-56 + - + + + + - -  + - + motile + 

HMRBI-57 + - + + + + - -  + - + motile + 

HMRBI-58 + - + + + + - -  + - + motile + 

HMRBI-59 + - + + + + - -  + - + motile + 

HMRBI-60 + - + + + + - -  + - + motile + 
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3.  APPENDIX IN FIGURES 
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Appendix Figure 1: Cobalt. Copper, Cadmium, Nickel, Manganese, Zinc, and Iron determination 

form the Bishoftu Eastern Industrial Zone soil waste calibration curve. 
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Appendix Figure 2: Graphical Sketch Representation of Cadmium, Chromium, Manganese, Zinc, 

and Iron determination form the Mojo waste water calibration curve. 
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Appendix Figure 3: Graphical Sketch Representation of Cobalt. Copper, Cadmium, and Zinc 

determination form the Bishoftu Eastern Industrial Zone and Mojo calibration curve. 
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Appendix Figure 4: Effects of HM Concentration on the Growth of Bacterial Isolates a Graphical 

Representation 
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Appendix Figure 5: Graphical Sketch Representation of P. mosselii and P. oleovorans by 

MALDTOF-MS respectively 
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Appendix Figure 6: Graphical Sketch Representation of E. aurantiacum and Delftia acidovorans by 

MALDTOF-MS respectively 
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Appendix Figure 7: Graphical Sketch Representation of P. plecoglossicida and B. pumilus Using 

MALDI-TOF MS respectively 
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Appendix Figure 8: The Sequences producing significant alignments for HMRBI-1   

 

Appendix Figure 9:  The  Sequences producing significant alignments for HMRBI-3  
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Appendix Figure 10: The Sequences producing significant alignments for HMRBI-13  

  

 

Appendix Figure 11:The Sequences producing significant alignments for HMRBI-14  
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Appendix Figure 12: The Sequences producing significant alignments for HMRBI-20  

 

 

Appendix Figure 13: The Sequences producing significant alignments for HMRBI-5   
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Appendix Figure 14: The Sequences producing significant alignments for HMRBI-11  

 

 

Appendix Figure 15: The Sequences producing significant alignments for HMRBI-19  

 



Adama Science and Technology University

Quick Submit

Quick Submit

Bioremediation Potential and Molecular Characterization of 
Heavy Metal-Resistance profiles of Bacterial Isolates from Ind…

Seid Mohammed Ebu

Document Details

Submission ID

trn:oid:::1:3389015335

Submission Date

Oct 27, 2025, 10:40 PM GMT

Download Date

Oct 28, 2025, 5:08 AM GMT

File Name

Duguma_Dibbisa_28-10-2025.pdf

File Size

6.7 MB

199 Pages

60,871 Words

320,254 Characters

Page 1 of 213 - Cover Page Submission ID trn:oid:::1:3389015335

Page 1 of 213 - Cover Page Submission ID trn:oid:::1:3389015335



13% Overall Similarity
The combined total of all matches, including overlapping sources, for each database.

Filtered from the Report

Bibliography

Cited Text

Small Matches (less than 8 words)

Exclusions
303 Excluded Matches

Match Groups

402Not Cited or Quoted 13%
Matches with neither in-text citation nor quotation marks

0 Missing Quotations 0%
Matches that are still very similar to source material

0 Missing Citation 0%
Matches that have quotation marks, but no in-text citation

0 Cited and Quoted 0%
Matches with in-text citation present, but no quotation marks

Top Sources

9% Internet sources

6% Publications

2% Submitted works (Student Papers)

Integrity Flags
2 Integrity Flags for Review

Replaced Characters
231 suspect characters on 22 pages 
Letters are swapped with similar characters from another alphabet.

Hidden Text
40 suspect characters on 1 page 
Text is altered to blend into the white background of the document.

Our system's algorithms look deeply at a document for any inconsistencies that 
would set it apart from a normal submission. If we notice something strange, we flag 
it for you to review.

A Flag is not necessarily an indicator of a problem. However, we'd recommend you 
focus your attention there for further review.

Page 2 of 213 - Integrity Overview Submission ID trn:oid:::1:3389015335

Page 2 of 213 - Integrity Overview Submission ID trn:oid:::1:3389015335


