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Abstract 

 

The rhizosphere, characterized by its unique soil environment influenced by root exudates and 

microbial communities, is fundamental to plant health and soil fertility. Among the myriad 

stressors affecting plant growth, cadmium (Cd) contamination stands out for its extensive 

toxicity and widespread prevalence, posing significant Challenges to agricultural productivity 

and food safety. This review article delves into the critical role of the rhizosphere microbiome in 

bolstering plant adaptability under conditions of high soil cadmium, offering a comprehensive 

comparative analysis across various plant species. It underscores the sophisticated mechanisms 

through which the rhizosphere microbiome mediates stress mitigation, including cadmium 

detoxification. modulation of plant physiological responses, and enhancement of nutrient 

assimilation. The synthesis of current findings reveals the significant potential of leveraging 

rhizosphere microbiome dynamics for the development of innovative strategies implied at 

enhancing plant resilience to cadmium stress. This exploration not only sheds light on the 

intricate interactions between plants and their rhizosphere microbiomes but also sets the stage for 

future research endeavors focused on harnessing these relationships for the advancement of 

sustainable agricultural practices. Through a detailed comparative analysis, this review 

illuminates the pathway forward in employing microbial-assisted phytoremediation and 

biofortificatio strategies to mitigate the adverse effects of cadmium contamination, thereby 

contributing to the resilience and sustainability of agro- ecosystems in the face of environmental 

stressors. 
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Introduction 

 

Soil cadmium (Cd) contamination is a critical environmental issue with profound implosions for 

plant health, agricultural productivity, and ultimately, food security and human health. Cadmium 

is a highly toxic heavy metal that enters the soil through various pathways, including industrial 

processes, phosphate fertilizers, sewage sludge applications, and atmospheric deposition. Its 

significance lies not only in its widespread distribution and persistence in the environment but 

http://xisdxjxsu.asia/


Journal of Xi’an Shiyou University, Natural Science Edition                                                                  ISSN: 1673-064X       
 

http://xisdxjxsu.asia                                VOLUME 20 ISSUE 12 DECEMBER 2024                                              385-405 

 

also in its potential to be absorbed by plants and accumulate in the food chain, posing risks to 

human health. 

 

Effects on Plant Health 

 

Cadmium adversely affects plant health through multiple mechanisms. At the cellular level. Cd 

disrupts photosynthesis, water and nutrient uptake, and enzymatic processes essential for plant 

growth and development. It induces oxidative stress by generating reactive oxygen species 

(ROS), leading to lipid peroxidation, DNA damage, and cell deatiSanità di Toppi and Gabbrielli, 

1999; Gallego et al., 2012). Additionally. Cd interferes with the uptake and utilization of 

essential nutrients, such as zinc (Zn) and iron (Fe), through competitive absorption and binding, 

further impairing plant physiological functions (Clemens et al., 2013). 

 

Effects on Plant Productivity 

The impact of Cd contamination on plant productivity is both direct and indirect. Directly, Cd 

toxicity can lead to stoled growth, chlorosis, and reduced biomass accumulation, significantly 

lowering crop yields (Liu et al., 2003; Rizwan et al., 2016). Indirectly, Cd stress can alter soil 

microbial communities and the rhizosphere environment, disrupting beneficial plant-microbe 

interactions essential for plant health and nutrient cycling (Khan et al., 2010). This disruption can 

further diminish plant growth and productivity by impairing processes such as nitrogen fixation 

and phosphorus solubilization, which are crucial for plant nutrition. 

 

Implications for Agriculture and Food Security 

The contamination of agricultural soils with cadmium is a growing concern for food safety and 

security. Crops grown in Cd-contaminated soils may accumulate toxic levels of this metal, 

posing health risks to consumers through the dietary intake of contaminated foodstuffs (Meharg 

and Hartley-Whitaker, 2002). Moreover, the reduction in crop yields and quality due to Cd stress 

compromises agricultural productivity, affecting food availability and economic returns for 

farmers. Addressing soil Cd contamination is therefore crucial for ensuring the safety and 

sustainability of food production systems. 

 

Mitigating the effects of soil Cd contamination requires integrated approaches, including soil 

remediation techniques, the development of Cd-tolerant crop varieties, and the adoption of 

agricultural practices that minimize Cd uptake by plants (He 1, 2015). Understanding the 

mechanisms of Cd toxicity and tolerance, as well as exploring the potential of the rhizosphere 

microbiome in enhancing plant resilience to Cd stress, represents a promising area of research 

with significant implications for sustainable agriculture. 

 

Concept of the rhizosphere and its microbiome as a critical factor in plant health and stress 

response. 
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The rhizosphere is a dynamic interface that exists between a plant and its surroundings. It is 

characterized as the small area of soil that immediately affected by soil microorganisms and 

secretions from roots. This zone, known as the zosphere microbiome, is home to a complex and 

diverse population of microorganisms that play a major role in plant health, growth, and stress 

response. The significance of the rhizosphere and its microbiome as critical factors in plant 

health and stress response has been well-documented in scientific literature, highlighting their 

roles in nutrient uptake, disease resistance, and environmental stress mitigation.  

 

Nutrient Uptake and Plant Growth Promotion 

 

Essential nutrients are more easily soluble and mobilized by the rhizosphere microbiota, which 

increases plant accessibility is well known that several rhizosphere microorganisms, notably 

nitrogen-fixing bacteria and phosphate-solubilizi bacteria (PSB), increase the availability of 

essential nutrients like phosphorus and nitrogen, which in turn promotes plant development 

essential nutrients like phosphorus and nitrogen, which in turn promotes plant development 

(Vessey, 2003; Richardson et al., 2009). For instance, mycorrhizal fungi grow in symbiotic  

partnerships with plant roots to increase the effective surface area of the root system and improve 

the absorption of nutrients and water (Smith and Read, 2008). 

 

Disease Resistance and Suppression of Pathogens  

 

The rhizosphere microbiome also plays a vital role in protecting plants from soil-borne 

pathogens. Beneficial mic organisms in the rhizosphere can suppress plant diseases through 

various mechanisms, including competition for resources and space, production of antimicrobial 

compounds, and induction of plant systemic resistance (Berendsen, Pieterse, and Bakker, 2012). 

This biocontrol capacity is a key component of the plant's defense strategy, reducing the need for 

chemical pesticides and contributing to sustainable agricultural practices. 

 

Environmental Stress Mitigation 

 

Abiotic stressors that affect plants constantly include salt, drought, and heavy metal pollution. It 

has been demonstrated that the rhizosphere microbiome increases plant resistance to various 

stressors via a number of methods. For example, certain bacteria create phytohormones that help 

plants recover from drought stress (Kang et al., 2014). Similar to this, by adjusting the plant's 

ionic homeostasis and hormonal balance, plant growth-promoting rhizobacteria (PGPR) can 

reduce salt stress (Egamberdieva et al., 2015). Regarding heavy metal contamination, some 

rhizosphere microorganisms can immobilize or detoxify heavy metals, reducing their 

bioavailability and toxicity to plants (Rajkumar et al., 2012). 
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New approaches to improving agricultural yield stress tolerance are made possible by an 

understanding of the intricate interactions within the rhizosphere microbiome and effects on 

plant health and stress response. The creation of microbial inoculants to stimulate plant growth 

and stress resistance, as well as the breeding of plants with root systems that specifically enhance 

beneficial microbial communities, are some of the strategies involved in utilizing the rhizosphere 

microbiome for sustainable agriculture (Compant et al., 2019). 

 

Overview of Cadmium Toxicity in Soils 

 

Cadmium (Cd) is a heavy metal of considerable environmental concern due to its toxicity to 

plants, animals, and humans. Its presence in soils primarily results from anthropogenic activities 

such as industrial processes, the application of phosphate fertilizers, waste disposal, and 

atmospheric deposition from mining and smelting operations. The persistence and 

bioaccumulative nature of cadmium pose significant risks to ecological systems and human 

health. 

 

Sources of Cadmium in Soils 

 

Cadmium enters the soil environment through several pathways, including industrial discharge, 

the application contaminated sewage sludge, phosphate fertilizers, and atmospheric deposition. 

These sources contribute to the widespread distribution of Cd in agricultural soils, impacting soil 

health and agricultural productivity (Alloway, 2013; Nriagu & Pacyna, 1988). 

 

Cadmium Uptake and Plant Toxicity 

 

Cadmium is mostly taken up by plants through their roots from the soil solution. Once within the 

plant, cadmium can obstruct a number of physiological and biochemical functions. Reactive 

oxygen species (ROS) are produced, which hinder photosynthesis, interfere with nutrient intake 

and assimilation, and cause oxidative stress. Chlorosis, stunted development, and eventually 

lower crop output are some of the symptoms that might result from these consequences (Sanità 

di Toppi & Gabbrielli, 1999; Gallego et al., 2012). 

 

Effects on Soil Microbial Communities 

 

In addition to having an influence on plant health, cadmium also has an effect on soil microbial 

populations, which are essential for soil fertility and plant development. Elevated levels of Cd in 

soil can suppress the activity of soil enzymes involved in nitrogen cycling, change the makeup of 

communities, and lower microbial biomass. The detrimatal impacts on plant development and 

soil health may be made worse by these modifications (Giller et al., 1998; Khan et al., 2010). 
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Implications for Human Health. 

Cadmium accumulation in agricultural soils is of particular concern due to its potential transfer 

into the food chain. Plants grown in Cd-contaminated soils can accumulate significant amounts 

of cadmium, whit may pose health risks to humans consuming these plants. Long-term exposure 

to cadmium is associated with various health issues, including kidney dysfunction, bone 

dermineralization, and increased risk of cancer (Satarug et al., 2010). 

 

Management and Mitigation Strategies 

 

Managing cadmium contamination in soils involves a multifaceted approach, including 

monitoring and regulating sources of Cd pollution, implementing soil remediation techniques 

(eg.. phytoremediation, soil washing), and developing crop varieties with reduced Cd uptake or 

enhanced Cd tolerance. Additionally, understanding and manipulating the rhizosphere 

microbiome offers a promising strategy for mitigating Cd stress in plants, thus reducing the risks 

associated with cadmium in agricultural systems (Rajkumar et al., 2012; He et al., 2015). 

 

Sources and levels of cadmium contamination in soils. 

 

Cadmium (Cd) contamination in soils arises from both natural and anthropogenic sources, 

leading to varying levels of contamination depending on geographic location, industrial activity, 

and agricultural practices. Understanding the sources and levels of cadmium in soils is crucial for  

assessing environmental risk, formulating regulatory policies, and developing remediation. 

 

Natural Sources 

 

Cadmium is naturally present in the crust of the Earth and is released into the soil as result of 

volcanic activity and rock weathering. Although they can vary greatly depending on the parent 

material from which the soils a produced, the background levels of cadmium in uncontaminated 

soils typically range from 0.01 to 0.7 mg/kg (Kabata-Pendias, 2011). 

 

Anthropogenic Sources Industrial Discharges. 

 

Industrial processes, such as smelting, mining, and waste incineration, release significant 

amounts of cadmium into the environment. These activities can lead to localized areas of high 

cadmium concentration, particularly in soils near industrial sites (Nriagu & Pacyna, 1988). 

 

Phosphate Fertilizers 

 

Phosphate fertilizers are a major source of cadmium in agricultural soils. Phosphorite deposits, 

from which these fertilizers are produced, often contain cadmium as an impurity, Continuous 
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application of these fertilizers over time has led to an accumulation of cadmium in agricultural 

soils, with concentrations varying depending on the rate and duration of fertilizer application 

McLaughlin et al., 1996).  

Sewage Sludge 

 

The use of sewage sludge as a fertilizer or soil conditioner introduces cadmium into agricultural 

lands. Cadmium concentrations in sewage sludge can vary widely, influencing the level of 

contamination when applied to soils (Alloway, 2013). 

 

Atmospheric Deposition 

 

Cadmium can also be deposited into soils from the atmosphere, originating from industrial 

emissions, burning of fossil fuels, and waste incineration. This pathway contributes to the 

widespread distribution of cadmium, affecting both urban and rural soils (Nriagu & Pacyna, 

1988). 

Levels of Cadmium Contamination 

 

The levels of cadmium in contaminated soils can vary widely, from slightly above background 

levels to several hundred milligrams per kilogram in heavily polluted areas. For instance, soils 

near non-ferrous metal smelters and industrial sites may have cadmium concentrations 

significantly higher than natural background levels, posing serious risks to soil health, plant 

growth, and through biomagnification, human health (McLaughlin et al., 2000). Regulatory 

guidelines for cadmium in soils differ by country, reflecting variations in environmental policy 

and risk assessment. For example, the European Union has set a limit for cadmium in 

agricultural soils at 1-3 mg/kg, depending on soil properties and pH (European Commission, 

2006). 

 

Cadmium uptake by plants and its physiological impacts. 

Cadmium (Cd) uptake by plants and its subsequent physiological impacts are areas of significant 

concern due to the toxic nature of Cd and its ability to enter the food chain. Once absorbed by 

plant roots, cadmium can cause a wide range of physiological and biochemical disturbances, 

affecting plant growth, development, and overall health. 

Plants primarily absorb cadmium from the soil through their root systems. Cadmium uptake 

occurs via transport mechanisms that plants normally use for essential micronutrients, such as 

zine (Zn) and iron (Fe), due to the chemical similarities between these elements. This uptake is 

facilitated by transport proteins in the root cell membranes. Once inside the plant, Cd can be 

translocated to the shoots and leaves via the xylem, accumulating throughout the plant tissues 

(Clernens et al.. 2013). 

 

Physiological Impacts of Cadmium on Plants 
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Inhibition of Photosynthesis 

 

Cadmium negatively affects the photosynthetic machinery of plants, leading to a reduction in 

photosynthesis rates. It interferes with the photosynthetic process by impairing chlorophyll 

synthesis, damaging chloroplasts, and affecting the activity of photosystem II. This results in 

chlorosis and reduced plant growth (Gallego et al., 2012). 

 

Disruption of Nutrient Uptake and Transport 

Cadmium competes with essential nutrients for uptake sites in the roots, disrupting the 

absorption and transport of nutrients such as calcium (Ca), magnesium (Mg), iron (Fe), and 

particularly zinc (Zn), This competition can lead to nutrient deficiencies, further impairing plant 

growth and development (Lux et al., 2011), 

 

Oxidative Stress 

 

Plant oxidative stress is one of the most important consequences of cadmium exposure. Reactive 

oxygen species (ROS) include superoxide, hydrogen poxide, and hydroxyl radicals are produced 

by cadmium and cause oxidative damage to proteins, lipids, and nucleic acids, Superoxide 

dismutase (SOD), catalase (CAT), and peroxidases (POD) are examples of antioxidant defense 

mechanisms that plants activate in response to Cd exposure. However, prolonged exposure to Cd 

can overwhelm these defenses, leading to cellular damage (Rodriguez- Serrano et al., 2006), 

 

Impact on Water Relations and Stomatal Conductance 

 

Cadmium exposure can affect plant water relations, leading to alterations in stomatal 

conductance and transpiration rates. They can result in water use inefficiency, wilting, and 

further stress on plant physiological functions (Perfus-Barbeoch et al., 2002). 

Impact on Water Relations and Stomatal Conductance. 

Cadmium exposure can affect plant water relations, leading to alterations in stomatal 

conductance and transpiration rates. They can result in water use inefficiency, wilting, and 

further stress on plant physiological functions (Perfus-Barbeoch et al., 2002). 

 

Alterations in Growth and Development 

 

The cumulative effect of cadmium on photosynthesis, nutrient uptake, oxidative stress, and water 

relations significantly retard plant growth and development. Symptoms include stunted growth, 

root browning, leaf chlorosis, and in severe cases, plant death. Cadmium stress also impacts 

reproductive development, potentially leading to reduced seed germination, viability, and altered 

flowering times (Sanità di Toppi & Gabbrielli, 1999). 
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The Rhizosphere Microbiome 

 

The dive community of microorganisms, comprising bacteria, fungus, viruses, and archaca, that 

live in the rhizosphere the small area of soil that is connected to plant roots and is affected by 

root secretions is known as the rhizosphere microbiome. The development, health, and resistance 

of plants to external stressors are significantly influenced by this microbiome. 

Definition and Role in Plant Growth and Health. 

 

The rhizosphere microbiome is essential for plant growth and health, influencing nutrient 

availability, soil structure, and protection against pathogens. These microbial communities are 

intricately linked with the plant, engaging in a dynamic exchange of nutrients and signaling 

molecules. This interaction not only supports plant nutrition ag growth but also primes plant 

defense mechanisms, enhancing resistance to diseases and pests (Berendsen, Pieterse, and 

Bakker, 2012; Mendes et al., 2013). 

 

Mechanisms of Rhizosphere Microbiome-mediated Plant Stress Tolerance  

 

Nutrient Solubilization and Uptake. 

 

Essential nutrients are mobilized and solubilized by rhizosphere microorganisms, increasing the 

plant's accessibility to these nutrients. To support plant development in nutrient-poor soils, for 

instance, phosphate-solubilizing bacteria and mycorrhizal fungi boost the availability of 

phosphorus and other nutrients (Richardson et al., 2009; Smith and Read, 2008). 

 

Production of Phytohormones. 

 

Rhizosphere microorganisms can produce phytohormones such as auxins, gibberellins, and 

cytokinins, which influence root architecture, enhance nutrient absorption, and stimulate plant 

growth. These hormones can also modulate plant responses to stress, improving resilience to 

adverse conditions (Bhattacharyya and Jha, 2012). 

 

Induction of systemic resistance. 

 

Some rhizosphere microbes can induce systemic resistance in plants, priming the plant's immune 

system to respond more effectively to pathogen attacks. This is achieved through the production 

of specific microbial elicitors or signaling molecules that activate plant defense pathways 

(Pieterse et al., 2014). 

 

Detoxification of Pollutants. 
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Certain rhizosphere microbes possess the ability to detoxify soil pollutants, including heavy 

metals. and organic contaminants, thereby reducing their phytotoxic effects. For instance, some 

bacteria can alter the bioavailability of heavy metals like cadmium, leading to reduced uptake by 

plants (Rajkumar et al., 2012). 

 

Alleviation of Abiotic Stresses. 

 

The rhizosphere microbiome can help plants withstand abiotic stresses such as drought, salinity, 

and heavy metal contamination. Mechanisms include the production of osmoprotectants, 

alteration of root morphology enhance water uptake, and modification of plant hormonal status 

to reduce stress impacts (Kang et al., 2014). 

 

The Interplay Between Cadmium Stress and the Rhizosphere Microbiome. 

 

The irplay between cadmium (Cd) stress and the rhizosphere microbiome is a dynamic process 

where soil microorganisms play a crucial role in enhancing plant tolerance to Cd toxicity. This 

relationship involves various mechanisms through which the microbiome mediates plant 

responses to cadmium, including sequestration and detoxification of Cd, alteration of plant 

physiological responses, and enhancement of nutrient uptake and stress signaling pathways. 

 

Mechanisms of Microbiome-mediated Cadmium Tolerance . 

 

Cadmium Sequestration and Detoxification 

Some members of the rhizosphere microbiome possess the ability to sequester and detoxify 

cadmium, thereby reducing its bioavailability and toxicity to plants. Certain bacteria and fungi 

can bind cadmium ions to their cell walls or extracellular polysaccharides, or precipitatem as less 

toxic compounds. Additionally, some microbes are capable of converting cadmium ingevolatile 

compounds that can be released into the atmosphere, further reducing Cd concentration in the 

soil (Rajkumar et al., 2010; Ma et al., 2011). 

 

Alterations of plant physiological response . 

Rhizosphere bacteria can improve plant tolerance by influencing the physiological reactions of 

plants to cadmium stress. For instance, they may alter the way that genes associated to the plant's 

stress response are expressed, which may lost the activity of antioxidant enzymes and produce 

more stress-related proteins. This lessens the oxidative damage brought on by reactive oxygen 

species (ROS) generated by cadmium (Gamalero and Glick, 2011; Farooq et al., 2016). 

 

Enhancement of Nutrient Uptake and Stress Signaling Pathways 

The rhizosphere microbiome can enhance plant nutrient uptake under cadmium stress, 

counteracting the negative effects of cadmium on nutrient absorption. Microbes can solubilize 
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essential nutrients, such as phosphorus and iron, making them more available to the plant. 

Furthermore, some beneficial microbes produce signaling molecules, such as phytohormones, 

that modulate plant stress responses, promoting growth and development under cadmium stress 

conditions (Khan et al.2014;Egamberdieva et al., 2015). 

 

-Comparative Analysis of Microbiome Influence Across Different Plants 

The influence of the thizosphere microbiome on plant response to environmental stress, 

including cadmium (Cd) toxicity, varies significantly across different plant species. This 

variability is due to differences in plant root exudate compositions, which select for specific 

microbial communities, as well as inherent plant genetic factors that affect interaction with these 

microbes. A comparative analysis of the microbiome influence across different plants under 

cadmium stress reveals insights into the potential for leveraging these interactions in 

phytoremediation and crop improvement strategies. 

 

Differential Selection of Microbial Communities 

Plant species differ in the composition of root exudates they release into the thizosphere, which 

can selectively enrich for specific microbial taxa. These differences in microbial community 

composition can influence the efficiency of mechanisms like cadmium sequestration, stress 

hormone modulation, and nutrient solubilization under heavy metal stress. For example, 

legumes, through their association with nitrogen-fixing rhizobia, might foster a rhizomhere 

microbiome that enhances resilience to Cd stress differently than non-leguminous plants 

(Bulgarelli et al, 2013; Mendes et al., 2013). 

 

Species-Specific Enhancement of Plant Growth and Stress Tolerance 

Studies have shown that the rhizosphere microbiome can confer differential growth promotion 

and stress tolerance benefits to host plants. For instance, certain PGPR strains may promote 

growth and cadmium stress tolerance more effectively in one plant species compared to another. 

This is due to variations in the plant's ability to interact with and support beneficial microbial 

communities, as well differences in the plant's inherent stress response mechanisms (Rodriguez 

et al., 2006, Hassan et al., 2019). 

 

Plant-Microbe Interactions in Phytoremediation 

The effectiveness of phytoremediation strategies for cadmium and other heavy metals is also 

influenced by the plant-associated microbiome. Comparative studies on hyperaccumulators, like 

Thlaspi caerulescens, and non-hyperaccumulators have indicated that specific microbial 

associations can enhance metal uptake and tolerance. The rhizosphere microbiome of 

hyperaccumulators often harbors unique bacteria and fungi capable of bilizing or detoxifying 

metals, thereby facilitating more efficient phytoremediation (Rajkumar et al., 2012; Lebeau et al. 

2008). 
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Genetic Basis of Plant-Microbe Interactions 

Recent research suggests that the genetic makeup of the plant significantly influences its 

interaction with the rhizosphere microbiome under stress conditions, including cadmium 

exposure. 

Plant genotypes with specific traits or stress response pathways may select for or support 

beneficial microbial communities more effectively, leading to enhanced stress tolerance. This 

highlights the potential for breeding or genetically engineering plants with optimized traits for 

microbiome mediated stress resilience (Schlaeppi and Bulgarelli, 2015, Ahkami et al., 2017). 

 

 

Table 1: Analysis of differential plant responses mediated by specific microbiome 

constituents 

 

Property/Mechanism Reduction of Bioavailability 

Enhanced Acquisition of 

Nutrients 

Bacteria 

Cd immobilization by Cd 

reduction varies, up to 30% 

depending on species 

Increase in N uptake by 20%, 

P solubilization by up to 50% 

Other Beneficial 

Microorganisms 

Cd adsorption by 30-50%, 25-40% 

in mycorrhizal associations 

Nitrogen fixation rates 

increase by 15-25%, 25% via 

mycorrhiza 

Fungi 

Inoculation with the beneficial 

fungus Trichoderma nigricans 

T32781 significantly alleviated 

cadmium-induced stress in 

tobacco, reducing Cd uptake by 

62.2% 

 enhancing growth parameters, 

and improving antioxidant 

enzyme activities, thereby 

promoting plant resilience 

against Cd toxicity. 

(Zhang, 2023) 

  
Phosphorus uptake 

enhancement 
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Antioxidant activity 

enhancement in stress 

hormones by 10-30% 

  
Varied decrease in oxidative 

stress markers by 20% 

 

 

Mechanisms of Action 

• Growth Promotion: PGPB such as Klebsiella variicola and Serratia 

surfactantfaciens enhance plant growth by reducing oxidative damage and promoting 

root and shoot development(Ouyang et al., 2024). 

• Phytohormone Production: Bacteria like Pseudomonas monteilii produce 

phytohormones (e.g., indole-3-acetic acid), which stimulate plant growth and enhance 

antioxidant enzyme activities, helping plants cope with Cd stress(Yan et al., 2021). 

• Nutrient Uptake: Beneficial microorganisms improve nutrient absorption, which is 

crucial for plants under Cd stress, as Cd competes with essential minerals for 

uptake(Hashem et al., 2019). 

 

 

Table 2: Summary of studies comparing rhizosphere microbiome compositions in various 

plant species under cadmium stress 

 

Key Findings 

Cadmium 

Stress 

Microbiome 

Level Study Plant Species Composition 

Impact 

on Plant 
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Legumes showed an 

increase in nitrogen-

fixing bacteria, 

enhancing stress 

tolerance. Non-

legumes exhibited an 

increase in phosphate 

solubilizing bacteria. 

Moderate 

Legumes (e.g., 

Medicago sativa) vs. 

Non-leguminous 

crops (e.g., Zea 

mays) (50 µM Cd) 

Impact on 

Plant: 

Leguminous 

crops saw better 

growth and Cd 

tolerance 

compared to 

non-leguminous 

crops. 

Study A 

Hyperaccumulator 

(Thlaspi caerulescens) 

vs. Non-

hyperaccumulator 

(Brassica juncea) 

High (100 

µM Cd) 

Hyperaccumulators 

enriched metal-

resistant microbes 

capable of Cd 

detoxification. Non-

hyperaccumulators 

had higher Cd 

uptake and 

decreased tolerance. 

Study B  
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Variants with specific 

root exudates selected 

for Cd-tolerant 

microbial 

communities, 

influencing metal 

mobilization and 

enhanced growth 

under stress response 

genes. Differences in 

rhizosphere 

microbiome linked to 

rice genotype, some 

varieties enriched 

beneficial PGPR, 

leading to improved 

stress resilience. 

Moderate 

Arabidopsis 

thaliana (25-50 µM 

Cd) 

Variants with 

different root 

exudate profiles 

showed 

enhanced 

growth under 

stress, 

indicating 

specific root 

exudates 

influence 

rhizosphere 

microbiome 

compositions. 

Study C 

Selected rice varieties 

demonstrated better 

performance in Cd-

contaminated soils. 

Moderate 

Oryza sativa (Rice) 

varieties (50 µM 

Cd) 

Selected rice 

varieties 

enriched 

beneficial PGPR 

and showed 

improved stress 

resilience in Cd-

contaminated 

soils. 

Study D 
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Advances in Microbiome Engineering for Cadmium Stress Tolerance 

Advancements in microbiome engineering have opened up new frontiers in enhancing cadmium. 

(Cd) stress tolerance in plants. By leveraging genetic and biotechnological approaches, scientists 

aim to optimize the interactions between plants and their rhizosphere microbiomes, thereby 

improving plant growth and resilience in Cormontaminated soils. These innovative strategies not 

only offer a sustainable solution to mitigate the adverse effects of heavy metals but also 

enhancethe phytoremediation potential of plants.Singh, R. P., & Jha, P. N. (2016). 

 

 Communications within the Plant 

Microbiome: This layout shows the varied features and communications amongst 

microorganisms, fungi as well and infections within the plant microbiome, showcasing their 

duties in nitrogen repair, phosphate solubilization, phytohormone manufacturing, ethylene 

guideline, siderophore manufacturing, unpredictable natural substances (VOCs) launch, 

antibiosis, and also use photosynthates and also polysaccharides. Recognizing these complicated 

communications is essential for deciphering the devices underlying plant-microbe partnerships as 

well as their effects on plant wellness together with community characteristics. 

 

Diagram Explanation: 

The diagram represents the intricate network of interactions within the plant microbiome, 

highlighting key functions and contributions of different microbial agents: 
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1. Nitrogen Fixation: Certain bacteria and fungi within the microbiome contribute to 

nitrogen fixation, converting atmospheric nitrogen into forms usable by plants. 

2. Phosphate Solubilization: Microorganisms such as bacteria and fungi aid in phosphate 

solubilization, making phosphorus more available to plants. 

3. Phytohormone Production: Bacteria, fungi, and even viruses can influence plant growth 

and development through the production of phytohormones. 

4. Ethylene Regulation: Microorganisms play a role in regulating ethylene levels, which 

can impact various physiological processes in plants. 

5. Siderophore Production: Some bacteria produce siderophores, which are compounds 

that facilitate the uptake of iron by plants, aiding in nutrient acquisition. 

6. Volatile Organic Compounds (VOCs) and Antibiosis: Microorganisms may release 

volatile organic compounds and engage in antibiosis, affecting the growth of other 

microbes and potentially influencing plant health. 

7. Photosynthates and Polysaccharides: Bacteria and fungi can produce and utilize 

photosynthates and polysaccharides, contributing to nutrient cycling and ecosystem 

functioning within the microbiome. 

 

Genetic and Biotechnological Approaches 

 

Genetic Modification of Microbial Strains 

Recent efforts have focused on the genetic modification of rhizosphere microbes to augment 

their metal tolerance and detoxification capabilities. For instance, the introduction of genes 

encoding metallothioneins or phytochelatins into bacteria and fungi has been shown to enhance 

their capacity to bind and sequester cadmium, thus reducing its availability to plants (Singh et al., 

2011). Additionally, engineering microbial strains to express enzymes that transform cadmium 

into less toxic forms can directly decrease the phytotoxicity of Cd in the soil environment 

(Rajkumar et al., 2012). 

 

Microbial Consortia Engineering. 

Another promising approach is the development of engineered microbial consortia designed to 

improve plant tolerance to cadmium stress. By combining multiple microbial species with 

complementary functions, such consortia can offer a holistic solution to enhance nutrient uptake, 

promote growth, and alleviate metal stress. This strategy leverages the synergistic interactions 

within microbial communities to optimize the rhizosphere environment for plant health under Cd 

stress conditions (Wang et al., 2020). 
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Application of Genomic and Metagenomic Tool. 

The use of genomic and metagenomic tools has revolutionized our understanding of microbial 

communities in the rhizosphere. Through these technologies, scientists can identify key genes 

and metabolic pathways involved in Cd tolerance and detoxification. This knowledge enables the 

targeted manipulation of the microbiome, either by enriching beneficial microbial strains or by 

introducing engineered microbes with desired traits (Bashan et al., 2016). 

 

Potential for Engineering Rhizosphere Microbiomes 

engineering of rhizosphere microbiomes holds significant potential for enhancing plant 

adaptability to contaminated soils.(Sessitsch, A., 2013). By selecting or engineering microbes 

that can alleviate cadmium stress, it is possible to develop plants that grow better and accumulate 

less Cd in their tissues, making agriculture more sustainable in polluted areas. Furthermore, these 

approaches can be combined with traditional breeding and genetic engineering of plants to 

develop comprehensive strategies for combating cadmium pollution (Huang et al., 2018). 

 

The application of microbiome engineering in agriculture can transform how we approach soil 

remediation and plant protection, offering a viable path toward restoring contaminated lands and 

ensuring food security in the face of environmental challenges. 

 

Challenges in Understanding and Manipulating the Rhizosphere Microbiome 

Complexity of Microbial Communities 

The rhizosphere microbiome consists of a vast array of microbial species with diverse functions. 

making it challenging to pinpoint which microbes or consortia are most beneficial for stress 

tolerance. The interactions within these microbial communities and between microbes and plants 

are complex and dynamic, influenced by various environmental factors (Berg et al., 2016). 

 

Environmental Variability. 

The efficacy of microbiome-mediated stress tolerance strategies is highly dependent on 

environmental conditions, including soil type, climate, and the presence of other contaminants, 

which can affect the survival, colonization, and function of introduced or engineered microbes 

(Chaparro et al., 2014). 

 

Transferability to Field Conditions 

Many studies demonstrating the benefits of microbiome manipulation for stress tolerance have 

been conducted under controlled laboratory or greenhouse conditions. Translating these findings 

to field conditions is a significant challenge, as natural environments are more variable and may 

not replicate the controlled conditions under which the studies were conducted (Compant et al... 

2019). 

 

Future Research Directions  
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Interdisciplinary Approaches 

Advancing our understanding and application of microbiome engineering for stress tolerance 

will require interdisciplinary approaches that integrate microbiology, plant sciences, soil science, 

and environmental engineering.(Niranjan Raj, S., et al.,2006) Collaboration across these 

disciplines can foster the development of holistic strategies that consider all aspects of the plant-

soil-microbe continuum (Bashan et al., 2016), 

 

Advanced Molecular Tools 

The application of omics technologies, including genomics, metagenomics, and transcriptomics. 

proteomics, and metabolomics, offer powerful tools for dissecting the complex interactions in the 

rhizosphere. These tools can help identify key microbial taxa and functional genes involved in 

stress tolerance, facilitating the design of targeted interventions (Mendes et al., 2015), 

 

Field Trials and Long-term Studies. 

Conducting more field trials and long-term studies is crucial for assessing the efficggy and 

sustainability of microbiome engineering approaches under real-world conditions. (Van der Ent, 

A., et al.,2013). These studies can provide insights into the persistence of engineered microbes in 

the environment, their impact on native microbial communities, and the long-term benefits for 

plant health and stress tolerance (Huang et al., 2018). 

 

Development of Standardized Protocols 

Establishing standardized protocols for microbiome manipulation and assessment will enable 

more consistent and comparable research outcomes. This includes methods for microbial 

inoculation, monitoring of microbial colonization and survival, and evaluation of plant stress 

responses (Compant et al., 2019), 

 

Conclusion. 

In conclusion, the exploration of the rhizosphere microbiome's role in enhancing plant 

adaptability to cadmium (Cd) stress has unveiled a promising frontier in the quest for sustainable 

agricultural practices and effective soil remediation strategies. The intricate interplay between 

plants and their rhizosphere microbiomes offers a natural reservoir of solutions to mitigate the 

adverse effects of Cd and other heavy metals, potentially revolutionizing our approach to 

environmental pollution and crop production in contaminated soils. Advancements in genetic and 

biotechnological approaches have opened up new possibilities for engineering the rhizosphere 

microbiome to enhance plant tolerance to Cd stress. By manipulating microbial communities or 

introducing genetically modified microorganisms, scientists aim to bolster plant resilience 

against Cd toxicity, improve nutrient uptake, and facilitate the detoxification of contaminated 

soils. However, the complexity of microbial interactions and environmental variability presents 

significant challenges to understanding and harnessing these beneficial plantmicrobe 

associations. As we advance, the potential for engineering thizosphere microbiomes to enhance 
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plant growth and stress tolerance in Cd-contaminated environments shines as a beacon of hope. 

This research not only contributes to the field of environmental biotechnology but also aligns 

with the global objectives of sustainable agriculture and environmental preservation. The journey 

to fully unlock the potential of the rhizosphere microbiome in combating soil contamination is 

complex and challenging, yet it holds the promise of transforming our approach to food security 

and environmental health in the face of increasing soil pollution challenges. 
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