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Abstract

Heavy metal contamination from both natural and anthropogenic sources poses a significant environmental challenge, impacting human
and animal health, as well as microbial populations. Microbes exposed to elevated metal concentrations develop resistance mechanisms,
involving both physiological and genetic adaptations, to detoxify and transform metals. Recent advancements have elucidated the roles
of metal-metabolizing bacteria and transport proteins during metal detoxification. Microbial inoculation with phytoremediation is termed
as rhizoremediation, which enhances degradation of toxic compounds in soil, offering a promising solution to contamination issues. The
synergistic relations between plants and microbes in the rhizosphere highlight the importance of root exudates in mediating microbial
communities for plant nutrition and metal biotransformation. It is for these reasons that it is imperative to better understand these
interactions in order to design more effective convention for the detoxification of metals for enhanced soil quality. The potential
application of plant-microbe synergism in the remediation of metal pollutants using environmentally friendly and economically viable

methods in soil remain scarce.
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Introduction

Technological advances in the fields of food production, health,
infrastructure, transportation and communications have been
made possible by human beings since the beginning of the
twentieth century. These endeavours demand a large number of
novel resources and energy, which destroy natural environmental
components and produce massive amounts of waste that
degrades the environment (1). Severe harm to the ecosystem and
related life is caused by the presence of toxic metals as well as
metalloids in wastes produced by the industrial, residential and
agricultural sectors (2). Because of their high mobility and
solubility, the pollutants have the potential to bioaccumulate in
thefood chain and cause significant harm when their levels rise (3).

These toxins can cause several serious illnesses that can be
fatal when they enter the body, viz, atherosclerosis, cancer, kidney
and bone diseases, cardiovascular disorders, hypertension, low
birth weight, Alzheimer's disease etc (4). The release of these
hazardous elements poses a significant threat to human health,
living organisms and ecosystems. Because metal does not
biodegrade, it accumulates in biological tissues and is difficult to
eliminate, which pose a serious threat to world health (5).

A decrease in soil fertility and water-holding capacity,
microbial diversity and soil enzyme activity, as well as an increase

in bulk density and pH, are all consequences of metal contamination
on the physicochemical and biological properties of soil (6). They are
also responsible for changing microbial populations, which sheds
light on the ecosystem equilibrium and interferes with the
biogeochemical cycles (7). Some of the indirect and direct impacts
on plant growth are chlorosis, necrosis, root damage, decreased
carotenoids content, oxidative stress, moderated enzyme activity,
osmotic stress, reduced photosynthesis and nutritional status
affected by heavy metals (HM’s) like Arsenic (As), Mercury (Hg), Nickel
(Ni), Chromium (Cr), Lead (Pb) and Copper (Cu) (8). Additionally, due
to the adverse effects that metals have on the environment,
constant efforts are made to remove surplus and toxic metals
responsibly to stabilize the ecosystem.

Microbes can improve phytoremediation in several ways,
including by accelerating plant biomass, enhancing or decreasing
the availability of metals in the soil (phytoextraction or
phytostabilization) and facilitating the translocation of metals from
the soil to the roots (bioaccumulation) or from the roots to the
shoot tissues (9). Microbes can develop resistance mechanisms
and withstand relatively high metal concentrations in both
naturally occurring (serpentine soil) and artificially contaminated
(mine waste, fly ash) environments (10). Because the microbial
metabolites produced in the rhizosphere insitu are less toxic and
biodegradable, employing plant growth promoting microorganisms
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(PGPMs) in phytoremediation has various advantages over applying
chemical amendments (11). In phytoremediation, the relationships
between root exudates and rhizosphere microorganisms have been
identified as a crucial element of plant growth (12). The mechanisms
underlying the interactions between plants, microbes and metals
are yet unknown, though. This article aims to review recent
progress and applications in understanding the biochemical and
molecular mechanisms underlying plant-microbe interactions,
with a focus on their role in metal transformation processes.

Dynamics of rhizosphere region

The soil compartment that is impacted by plant growth is known
as the rhizosphere. This effect arises from the plant's discharge of
organic materials, known as rhizodeposition, which is primarily
made up of plant waste and metabolites, or exudates (13). Fig.1.
gives the schematic diagram of the rhizosphere microenvironment.
Asignificant portion of the photosynthetically fixed carbon (between
20 % and 40 %) allotted to the underground root system is lost due
to this carbon loss (14). Consequently, rhizosphere soils are
characterized as mesotrophic, favouring the growth of populations
of bacteria, archaea, microbial viruses and fungus, whereas most
bare soils are considered oligotrophic settings (15). The selected
microorganisms have a variety of effects on the plant and the
general functioning of the rhizosphere. They either recycle carbon
molecules or serve as prey for larger organisms like nematodes or
amoebae. They also play a role in the carbon cycle. They can
promote plant growth and protect plants from infections and
some of them can even be plant pathogens. Microbial activity can
alter plant rhizodeposition both quantitatively and qualitatively,
which in turn impacts the microbial component. This may be
referred to as the natural feedback loop of the rhizosphere that
helps sustain its activity at a stable level. Such an intertwined
connection leads to ask whether the rhizosphere, which meets at
the interface between plant root and soil, can be manage to
promote plant growth, or to minimize the impact of different types
of biotic or abiotic stresses - a fact of high interest in the current
scenario of global change and necessity of more sustainable

agricultural production (16). In essence, it is possible to modify all
three rhizosphere components. The microbial populations can be
selected to support plant development and health. The plant can be
modified to select or introduce a novel trait of interest and the soil
can be altered to modify its physicochemical characteristics or
enhanceits overall quality.

Role of root exudates

For water, nutrients and mechanical support, plants depend on
their roots (17). From previous studies (18), organic matter (5-21
%), proteins, amino acids, fatty acids, carbohydrates, vitamins,
nucleotides, phenolic compounds and polysaccharides are
among the metabolites released by plant roots. The compounds
that are discharged are referred to as root exudates and the
process is known as root exudation. In order to influence the
phytoremediation process, root exudates might change the
rhizosphere's physical and chemical properties or increase the
pollutants' bioavailability there (18).

Exudates from roots help microorganisms with their
metabolic processes by providing a carbon source. Root exudates
facilitate microbial biodegradation through physical processes
such as nutrient assimilation, pollutant biotransformation and
breakdown, microbial attachment sites and soil aeration. It can
improve rhizosphere activity by using ectoenzymes to break down
organic molecules. Root exudates can change the chemical
presence of contaminants by increasing the bioavailability of
pollutants, promoting soil microorganisms and reducing
environmental concems (19).

Heavy metal - soil’s silent threat

Environmental pollution is regarded as one of the major issues
facing the modern world and is one of the most important
environmental concerns. The most dangerous pollutants in the
environment are heavy metals (around 65 metals) (20). Chemical
elements with an atomic mass of more than 20 u and a density
greater than 5 g/cm?® or specific gravity at least five times that of
water are referred to as heavy metals (HMs) (21). HMs could be
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Fig.1. Schematic diagram of the rhizosphere microenvironment.
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divided into necessary and harmful constituents from a biological
standpoint. Several plant and animal micronutrients, including Zn,
Fe, Ni and Cu, are referred to as essential metals (or metalloids in
some situations), yet they turn poisonous at specific levels (22).
Conversely, non-essential metals that are extremely harmful even
at low quantities are known as toxic elements (23). Despite being
ubiquitous trace elements in all environmental compartments,
these metals-both essential and non-essential-accumulate in a
specific location because of human activities including mining,
smelting, urbanization, industrialization and agriculture (24). Due
to their ubiquity, lack of biodegradability, toxicity, accumulation
and persistence, increased heavy metals (HMs) in soil and the
environment have garnered significant attention globally (25). It is
commonly known that HMs have detrimental impacts on the
physicochemical, biological and biochemical characteristics of soil
(26). Table 1 gives a comparative study of major heavy metals and
they’re on the environment. Furthermore, hazardous metals enter
the food chain due to the cohabitation and permanence of heavy
metals in the soil, which poses serious health risks to living things
(27). By removing the current soil vegetation and establishing new
vegetal cover, HMs significantly disrupt soil horizons, soil structure,
soil fertility, nutrient biogeochemical cycles and soil microbial
communities (28). By changing the size, makeup and activity of the
microbial population, HMs has an indirect impact on soil enzymatic
activities (29). Fig. 2. gives the diagrammatic representation of
sources and effects of heavy metal in soil. By interfering with
important microbial metabolic functions, such as respiration,
denitrification and enzymatic activity, HMs has harmful impacts on
the microbial population (30). Additionally, HMs alters the
organization of microbial communities and decreases the
abundance of particular microbial populations (29).

Moreover, HMs negatively impacts the distribution of cell
membranes and prevents microbial cell division, transcription
and protein denaturation (31). Several variables, such as soil
texture, clay and organic matter levels, pH, inorganic anions and
cations and the metal's chemical forms and speciation, affect how
much of an impact metals have on soil biological characteristics
(32). Plant quality and yield, as well as soil fertility, are all
significantly impacted by HM contamination. HMs significantly
impair several physiological and biochemical functions in plants,
including stomatal conductance, water balance, photosynthesis,
electron transport, CO, assimilation, antioxidant scavenging
enzymes, solute accumulation, mineral nutrition and stunted
growth. In the end, these conditions may result in plant death
(28). Furthermore, high metal toxicity inhibits plant cells'
cytoplasmic enzymes and damages cell structures through
oxidative stress, which in turn impacts plant growth and
metabolism (33). Food insecurity results from the ongoing
reduction in plant development, which lowers yield. Because
they can penetrate other environmental compartments like
groundwater, rivers and crops, heavy metals (HMs) that have
accumulated widely in soils pose a threat to human health (34).
Researchers have demonstrated that HMs that surpass the
permissible limits deteriorate water quality and make it unfit for
drinking and irrigation purposes (35). By direct ingestion or
contact with a polluted environment, the food chain, or drinking
contaminated water, HMs can enter the human body (36).
Humans are negatively impacted by prolonged consumption of
certain metals and the associated harmful effects become
apparent after many years of exposure (37).

Table 1. Comparative table of major heavy metals and their effects on the environment
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Fig. 2. Sources and impacts of heavy metals in soil.
Microbial techniques for heavy metal detoxification

Detoxification, degradation, mineralization and the conversion of
harmful contaminants into less toxic forms are some of the
methods used in bioremediation. The bioremediation technique
we choose is dependent on several variables, including cost, site
features, pollutant type and concentration and it can be carried
out either in situ or ex-situ (43). In situ bioremediation involves
treating contaminated materials at the source of contamination.
Since this method doesn't require excavation, there is minimal to
no soil disturbance. This method is inexpensive because there is
no need to excavate (44). In contaminated areas, this method has
successfully treated hydrocarbons, dyes, HMs and chlorinated
solvents (45). In situ technology employs two distinct methods:
intrinsic and artificial bioremediations. Because it involves
stimulating native or naturally occurring microbial populations,
intrinsic bioremediation is less costly and involves cleaning up
contaminated soils without the use of external forces. Improved
physicochemical conditions and modified microorganisms are
used in engineered bioremediation to speed up the rate at which
contaminants degrade (46).

Ex-situ digging up contaminants and moving them from
contaminated places to another location for treatment is known
as bioremediation. Ex-situ bioremediation strategies have been
carried out according to the polluted site's location, treatment
cost, pollutant type, degree of pollution and depth of
contamination. This technique involves excavating pollutants and
then relocating them to a separate treatment site (47). Ex-situ
technology includes slurry-phase bioremediation and solid-phase
treatment. In solid-phase bioremediation, HMs are remedied by
releasing a bacterial inoculum into soil piles via pipes following

soil removal (48). Polluted soils are mixed with water, nutrients
and oxygen in a bioreactor during slurry-phase bioremediation to
provide an ideal environment for the microorganisms to
effectively break down the soil pollutant. Fig. 3. provides the
diagrammatic representation of the types of exsitu technology.

Countries are becoming more industrialized, which
causes toxins to reach the environment more quickly. Since these
pollutants are detrimental to living things, we should regulate
those using natural means that have a good impact on living
things. Regeneration of polluted sites using bioremediation is eco-
friendly and (microbial process and beneficial microorganisms)
has been proven effective (49). Using PGPRs for bioremediation is
a natural technique that can be used to reduce the adverse efects
of environmental pollutants(50). Previous researchers (50)
isolated endophytic bacterial strains were surface sterilized
before S. nigrum, a cadmium hyperaccumulator, was collected
from a sewage discharge canal bank. The ability of bacterial
strains to reduce the impacts of heavy metals (HMs) (Cd(ll), Pb(l1),
Cu(l1), Cr(V1) and Zn(I1)) in soils was assessed after they were kept
and activated in Lactose Broth (LB) medium. The 16S rDNA gene
sequences were used to identify the chosen strains. The EB L14
strain, one of the 96 strains obtained in this study, was a member
of the Bacillus species. The morphological, physiological and
chemical traits of this strain performed exceptionally well in
removing Pb (Il) and Cd (II).

Microbial process in metal transformation
Heavy metal pollution poses serious problems for all due to its
long-term, harmful impacts on the environment. Because

contaminants and organic metals are durable, they can remain in
the environment for a long time and, even at low quantities, have
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an adverse effect on species' food chains. Remediating the soil in
contaminated regions using physical and chemical approaches is
not cost-effective and generates a lot of chemical waste (51). Fig. 4.
gives the schematic representation of microbial process in metal
transformation. Both native and non-native microorganisms can
be introduced to contaminated locations in a variety of methods
when utilized in bioremediation. The most crucial strategy for
resolving issues with the biodegradation and bioremediation of
contaminants is the wuse of native microorganisms in
contaminated areas (52). Bacteria's flexibility and biologically
active processes make them ideal for the cleanup procedure.
Achromobacter sp, Alcaligenes sp, Corynebacterium  sp,
Flavobacterium sp, Mycobacterium sp, Nitrosomonas sp,
Xanthobacter sp, Pseudomonas sp, Bacillus sp, Enterobacter sp

and Micrococcus sp. are many bacterial species that have been
studied for bioremediation. Their remarkable capacity for
biosorption is explained by their high surface-to-volume ratio and
perhaps active chemisorption sites (teichoic acid) on their cell wall
(53). It has been reported that if the number of native
microorganisms that can degrade the target contaminant is less
than 105 CFU/g of soil, bioremediation will not proceed at a
meaningful rate (54).

As a great soil conditioner, corncob powder is used as the
carrier material for the carrier-based inocula. This carrier material
has accelerated the pace of degradation by forming air pockets in
the soil, which makes the soil porous and facilitates aeration for
the introduced bacterial consortium's development and survival
as well as bioremediation. The type of substrate (the treatment
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d
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Fig. 4. Microbial process in metal transformation.
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containing the selected bacterial consortia and nutrients) and the
inoculum concentration determine the maximum bioremediation
response(55). The saprophytic survival of Phytophthora drechsleri
was assessed using an experiment. Samples of the soils
surrounding pistachio trees were taken at various locations in
Rafsanjan, Iran. The results showed that fungal survival was
significantly influenced by the kind of substrate (pistachio leaf and
wheat straw), the duration of the incubation period and the
inoculation density; hence, larger inoculum densities would result
in longer P. drechsleri survivability (56).

Metal - microbe interaction in soil

Microorganisms' ability to break down pollutants is dependent on
their metabolic system, which uses the redox process to change
the pollutants into harmless forms (57). By sequestering metals in
cell wall components, changing the metabolic pathway to prevent
metal uptake, lowering the intercellular metal concentration
through a precise efflux system and converting toxic metals into
less hazardous forms, they assist plants in reducing metal toxicity
(58). Microorganisms (such as bacteria and fungj) play a vital role in
metal transformation process. Furthermore, several genes that
encode heavy metal-resistant proteins and transporters are found
on transposons and plasmids in microorganisms. Recently, the
remediation of Cd, Pb and Cu from polluted soil was enhanced by
the synergistic impacts of four bacterial strains: Viridibacillus arenosi
B-21, Sporosarcina soli B-22, Enterobacter cloacae KJ-46 and E.
cloacae KJ-47 was discovered (59). Furthermore, following 48 hrs of
testing, the combination of bacterial strains demonstrated higher
resistance and efficacy for metal transformation than a single strain.
The bioremediation of contaminated environments depends on a
variety of metabolites released by microorganisms (60).
Siderophores produced by bacteria can reduce the bioavailability of
metals and they are subsequently removed from polluted ground
(61). It has been observed that bacteria can change their shape to
produce more siderophores, which encourage the buildup of
metals between cells (62). Cell wall biomolecules contain
negatively charged functional groups such as carbonyl, hydroxyl
and phosphate. These groups facilitate bioremediation by quickly
bonding with hazardous metal ions (63). Moreover, bacteria are an
ideal bioremediation agent since they can be cultivated and
endure in harsh environmental circumstances (64).

Similarly, fungi may be cultivated in challenging
environments and use accumulation, valence transformation and
extracellular and intracellular precipitations to detoxify metal ions
(65). In addition to the transformation process, fungi function as a
promising biocatalyst by absorbing harmful substances into their
mycelium and spores. Recently, Previous studies (66) shown the
Ascomycota and Basidiomycota fungal consortia's capacity for
bioremediation, indicating that fungal bioaugmentation aids in
the removal of heavy metals from contaminated land. Numerous
studies have been conducted to explore the potential of
microorganisms for bioaccumulation and biosorption as effective
strategies for remediating metal-contaminated environments.
Numerous heavy metal-resistant microbes have recently been
isolated by researchers from contaminated soils, abandoned and
mining sites, industrial waste dumping yards and the rhizosphere
of plants growing in metal-affected environments (67). The metal
transformation process is significantly influenced by the isolated
bacterial genera (Arthrobacter, Enterobacter, Corynebacterium,
Stenotrophomonas, Bacillus and Pseudomonas) and fungi

(Aspergillus flavus, Aspegillus awamori, Saccharomyces cerevisiae,
Phanerochaete  chrysosporium,  Penicillium  oxalicum  and
Trichoderma viride). The metal transformation process is
significantly influenced by the isolated bacterial genera
(Arthrobacter, Enterobacter, Corynebacterium, Stenotrophomonas,
Bacillus and Pseudomonas) and fungi (Aspergillus flavus, Aspegillus
awamori, Saccharomyces cerevisiae, Phanerochaete chrysosporium,
Penicillium oxalicum and Trichoderma viride).

Plant - microbe interaction in phytoremediation

Both the detoxification of pollutants and the resilience of plants to
heavy metal stress are significantly influenced by microorganisms.
Complex communities that facilitate beneficial species'
colonization of plants are made possible by free-living
microorganisms, organisms that are more firmly attached to roots
and endosymbionts that invade the tissues inside plants (58).
These animals may limit infections, encourage vegetative growth
and aid in the removal of heavy metals (68). Certain plant species
may have a unique microbial community that varies based on the
stage of growth and location of the roots and plants help to form
their own rhizobiomes (69). Under stressful conditions, such as the
presence of heavy metals, or in contaminated soils, plants can
form a special rhizobiome that makes them more resilient (70). For
instance, previous researchers identified metal-microbe
interactions that were specific to rice, soybeans, or maize, as well
as crop-specific rhizosphere populations in HM-contaminated soils
(71) . In contaminated soils, plants change microbial communities
by increasing their biomass, diversity and activity and by
promoting bacterial heavy metal detoxification (72).

Root exudates are one of the many materials that metal-
reducing bacteria can use as electron donors to aid in the
detoxification of heavy metals (73). The advantageous "rhizosphere
effect" can influence microbial populations in the bulk soil near
roots, enhancing the soil's overall quality (74). Exudates increase the
pH of the soil, which promotes bacterial detoxification and metal
mobilization, enabling hyper accumulative plants to take up heavy
metals (75). Compared to their non-accumulative counterparts,
plants with hyper-accumulative ecotypes, such as Sedum alfredi,
display different microbial community compositions. Additionally,
the rhizospheres of these ecotypes show a decrease in soil HM
content and an increase in enzymatic activity (76). In particular,
bacteria that benefit plants are commonly characterized by their
plant growth-promoting rhizobacteria (PGPR) (77). By producing
secondary metabolites (such as siderophores, 3-indoleacetic acid:
IAA and 1-aminocyclopropane-1-carboxylic acid: ACC), deaminase
activity and the ability to solubilize phosphates, PGPR are directly
linked to metal detoxification (78) Several metal-tolerant PGPR are
employed in phytoremediation because they alter metal mobility,
lessen plant metal toxicity and stress and encourage plant growth.
In the PGPR, roots are associated with several species, such as
Bacillus, Pseudomonas, Enterobacter, Acinetobacter, Burkholderia,
Arthrobacter, Paenibacillus, Agrobacterium, Lysinibacillus and
Flavobacterium and new genera are constantly being found (79).

Plant- microbe - metal interaction in contaminated soil

Plant-microbe remediation is becoming more and more common
since it has a greater removal efficiency than plant-based
remediation. These microorganisms have a variety of roles in
biochemical processes, including the mineralization of carbon
and nitrogen, the fixation of nitrogen and the breakdown of
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organic matter, all of which support the creation of soil, the
cycling of nutrients and the transmission of energy. In
contaminated environments, HMs also have an impact on soil
microbes. On the other hand, they often adapt to the constant
exposure and acquire distinct characteristics with a limited
number of particular microbial populations. Toxic metals from
contaminated areas can be removed using these particular kinds
of bacteria. Furthermore, the most productive species in the soil
reclamation process are soil microbes that partner symbiotically
with host plants. Various bioremediation techniques have made
use of the close symbiotic relationship that mycorrhizal fungi have
with their host plants (80). The most well-known symbiotic
fungus, Arbuscular mycorrhizae, is widely employed in
phytoremediation because of their widespread occurrence in soil.

Plant growth-promoting bacteria (PGPB) can increase plant
development and assist plants in adjusting to the contaminated
environment. The plant-microbe-based bioremediation approach
has two components. First and foremost, by supplying nutrients,
microbes aid the host plant in surviving in the hostile
environment. Second, the plant is essential to the reclamation
process because it sustains favourable environmental conditions
that improve soil organic matter, accessible P, K and N and foster
the growth of soil microorganisms that aid in the process. The
benefits of the plant-microbe-based bioremediation approach
have been emphasized in several recent studies. According to a
study, Trifolium repens plant increases the soil enzymatic activity
in areas contaminated with heavy metals (81). The planting of
Salix in Cd-contaminated soil enhanced the diversity of beneficial
microbes, including bacteria from the genera Arthrobacter,
Bacillus, Flavobacterium, Niastella, Novosphingobium, Niabella,
Anaeromyxobacter, Rmlibacter and Solitalea, as demonstrated by

(82). Fig. 5. Gives schematic overview of mechanism of plant -
metal - microbe interactions

Root exudates interaction in contaminated soil

One of the most important elements that might influence the
diversity and microbiological proliferation of microorganisms
living in harmony in the rhizosphere is root exudates. Compared
to non-rhizospheric soil, the microbial communities found in
rhizospheric soil are more varied, dynamic and cooperative.
Exudates from plant roots serve a variety of purposes, including
promoting plant development and accelerating the breakdown
or elimination of soil pollutants. Root exudates alter the physical
and chemical characteristics of rhizospheric soil. They either raise
the bioavailability of pollutants in the rhizosphere or acidify the
rhizospheric soil by lowering the pH, which promotes the
desorption of heavy metals from insoluble complexes to free ion
form, which is preferable for improved heavy metal uptake (83).

The bioavailability of heavy metals can be improved for
better plant uptake from the soil by using specific chemicals or
metabolites of root exudates as metal chelators (84). The fact that
plants use metal chelator chemicals to mobilize soil nutrients to
promote plant development is well known. For instance,
compared to other types of iron, phytosiderophores convert
ferrous (Fe*") iron to ferric (Fe*) iron, which plants more readily
absorb (85). In a similar vein, it has been observed that root
exudates are essential for boosting the availability of phosphorus-
solubilizing bacteria (PSB) so that soil may absorb more
phosphorus. In order to modify the rhizospheric microbial diversity
of soil, the rhizospheric microbial communities also exhibit a
chemotactic response to root exudates and form a synergistic
relationship.

_ Plant mineral and metal uptake
Improve root gt’{]'.'u’lh Vvia s 7 <
production of various metabolites 4
: : Chemotaxis Release
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Fig. 5. Schematic overview of mechanism of plant metal microbe interactions.
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Effect of root exudates on rhizosphere microbiology

By simulating the signals of quorum sensing metabolites, root
exudates can change the diversity of microbes in the rhizosphere.
By attracting advantageous specific microorganisms as PGPRs,
mycorrhizal fungi, or nitrogen-fixing bacteria, root exudates
mediate rhizosphere interactions. Using beneficial bacteria, plant
roots and microorganisms in the rhizosphere communicate
chemically, which promotes the growth of biofilm. Their chances
of surviving even in hazardous situations with contaminants in
the soil are increased by this film (86). Plants employ exudates to
protect themselves against diseases and root exudates accelerate
the process of converting carbon and nitrogen, thereby aiding in
maintaining the rhizosphere's carbon-to-nitrogen ratio. In the
rhizosphere, they serve as the microbial communities' ecological
driver (87). Another method for improved phytoremediation is
artificial root exudates, which sequester inorganic metal ions or
alter their bioavailability in the soil to make them simpler for plant
roots to absorb.

It is well known that root exudates acidify the rhizospheric
zone, changing the pH of the soil and eventually causing heavy
metals to release their free ions from insoluble complexes in the
soil. Therefore, it is important to note that root exudates contribute
significantly to soil concentration and bioavailability of heavy
metals (88). Root exudate components and their roles in
rhizosphere microbial interactions and heavy metal dynamics is
noted in Table 2. Similar to this, it is also widely known that in
rhizospheric soil, plants can release certain metabolites that help
to dissolve metals, which can impact the chelation of heavy metals
in the soil. These plant chemicals, which can influence the
physiochemical characteristics of the soil as well as the
bioavailability of heavy metals in the soil, include organic acids,
carboxylates and certain phytosiderophores (89).

Rhizosphere engineering strategies

One of the limiting factors that restricts phytoremediation is the
accessibility of contaminants to plant roots. Numerous factors
affect this availability, such as the type of soil, the interactions
between the pollutant and soil particles, the quantity of organic

matter present, pH, water content, temperature (96). The rate of
action of phytoremediation is limited by low availability. Certain
materials can be added to soils to alter the availability of
pollutants. When phytostabilization is the best course of action for
metal-polluted soils, organic amendments are often used. Organic
amendments serve as a microbial inoculum, a slow-releasing
nutrient that encourages plant growth and an immediate decrease
in metal bioavailability, moreover, organic matter increases
infiltration, reduces erosion and fortifies the soil's structure. The
carbon-to-nitrogen (C: N) ratio of the organic amendment must be
between 12:1 and 20:1. As organic additions, a variety of materials
have been used, including wood chips, straw, charcoal, humic
acids, agricultural or municipal compost, or manure. To improve
plant development and immobilize metals, liming was also used
as aninorganic amendment (96).

Because the biochemical environment in the rhizosphere
is a combination of soil type, soil moisture level, associated
microbial communities, plant physiology and their synergy
altogether, farmers typically apply soil amendments and irrigate
the soil well near the roots of the plants in order to modify the
rhizospheric region (97). Plant development can be enhanced,
nutrient uptake can be aided, tolerance to specific pollutants and
heavy metals can be increased and other abiotic/biotic stressors
can be resisted or infections suppressed by propagating beneficial
microorganisms that are either native to that type of soil or
exogenously given. Since the rhizosphere is the vital interface
between the soil and the plant root system, it is home to a variety of
microorganisms that are ultimately sensitive to changes in the
rhizospheric  zone's  microenvironment  (98). Thus, in
phytoremediation operations, this zone is especially important. The
rhizospheric microbiome plays a critical role in maintaining the
phytoremediation process, which is directly related to plant-
associated bacteria and plant tolerance to metals, according to
numerous researchers working in this area. Therefore, better
designs for phytoremediation strategies must be created and
implemented in field experiments to increase the remediation
efficiency of plants (99).

Table 2. Root Exudate Components and their Roles in Rhizosphere Microbial Interactions and Heavy Metal Dynamics

S.No Component Microbial Role

Heavy Metal Interaction Reference

Organic acids (e.g., citric, malic,

Acidify rhizosphere, mobilize

Chelate & mobilize Cd in soil, enhancing

1. : - > - phytoremediation efficiency by 66 % with (90)
oxalic) nutrients, attract beneficial microbes citric acid application
- Synergy with citric acid enhances Cd
2. Amino acids (e.g., glycine) Sgr\;;laiicafg?%rgggrc%glggiszggigcﬁ’ uptake in plants (increased (91)
g g phytoremediation by ~35 %)
Fuel growth of rhizosphere Support metal-tolerant microbial
3. Soluble sugars (e.g., fructose) microbes, help biofilm formation populations, aiding soil detoxification (92)
: . Antimicrobial action; signal with Affect microbial metal tolerance &
4. Phenolics/flavonoids mycorrhizae & beneficial microbes rhizosphere signaling (93)
Enhance microbial adhesion & Bind metals, buffer pH, improve
5. Polysaccharides/mucilage biofilm formation; support soil rhizosphere stability under heavy-metal (94)
aggregation stress
6 Phytosiderophores (e.g., mugineic ~ Mobilize Fe & shape microbial Chelate Fe, Cd, Zn, Ni, facilitating metal (95)

acids) community

uptake in grasses
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Conclusion

The rhizosphere is a dynamic and biologically active zone where
plant roots, soil microorganisms and heavy metals interact in a
complex yet coordinated manner. This review emphasizes that
root exudates-such as organic acids, amino acids, sugars,
phenolics and secondary metabolites serve as essential regulators
of rhizospheric ecology, rather than being mere metabolic waste
products. They play a dual role: nurturing beneficial microbial
communities and modulating the mobility and speciation of heavy
metals. Microorganisms respond to these exudates by engaging in
biochemical processes such as biosorption, redox transformation,
chelation and bioprecipitation, thereby altering the bioavailability
and toxicity of heavy metals. Moreover, microbial consortia,
especially plant growth-promoting rhizobacteria (PGPR) and
mycorrhizal fungi, enhance plant tolerance by improving nutrient
uptake, hormone regulation and antioxidant activity, all of which
are essential under heavy metal stress. The synergy among plant-
microbe-metal systems contribute not only to phytoremediation
but also to the restoration of soil health, fertility and microbial
biodiversity in degraded ecosystems. Root exudates act as
ecological gatekeepers in this synergy, selecting for metal-tolerant
and functionally specialized microbial communities that drive soil
detoxification and nutrient cycling. Thus, understanding and
manipulating root exudation patterns can be a key strategy for
improving the efficacy of bioremediation efforts. As metal
contamination continues to threaten agroecosystems and food
security globally, this integrated, nature-based approach offers a
sustainable, cost-effective and environmentally friendly alternative
to conventional remediation methods. The rhizosphere, when
managed intelligently, can transform from a contamination site
into a centre of biological resilience and recovery.

Way Forward

Future research should aim to deepen our understanding of the
molecular and metabolic pathways through which root exudates
interact with specific microbial taxa and heavy metals. Identifying
key exudate compounds and engineering plants to selectively
enhance the secretion of these metabolites could significantly
improve phytoremediation efficiency. Similarly, isolating and
applying custom microbial consortia that are well-adapted to
root exudate profiles in contaminated soils can increase microbial
resilience and metal-transforming activity. Moreover, integrating
omics-based tools (metagenomics, metabolomics and
transcriptomics) can unravel the underlying mechanisms of
rhizosphere modulation. Field-scale studies, rather than confined
pot trials, are essential to validate laboratory findings under real
environmental conditions. Ultimately, a multidisciplinary
approach combining soil science, plant physiology, microbiology
and environmental biotechnology is vital to engineer rhizosphere
systems that are robust, adaptive and capable of long-term
remediation of heavy metal-polluted soils.

Acknowledgements

I would like to sincerely thank the Department of Environmental
Sciences, Tamil Nadu Agricultural University for their support
and guidance throughout my work. | express my heartfelt
gratitude to my parents and my brother for their unwavering
love and encouragement.

Authors' contributions

SK carried out literature collection, conceptualization and
writing original draft. BA carried outsupervision, visualization
and critical revision. KT, DP and MP carried out supervision and
reviewing. All authors read and approved the final manuscript.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of
interest to declare

Ethical issues: None

References

1. ManiD, Kumar C. Biotechnological advances in bioremediation of
heavy metals contaminated ecosystems: An overview with special
reference to phytoremediation. Int J Environ Sci Technol.
2014;11:843-72. https://doi.org/10.1007/s13762-013-0299-8

2. Leong YK, Chang JS. Bioremediation of heavy metals using
microalgae: Recent advances and mechanisms. Bioresour Technol.
2020;303:122886. https://doi.org/10.1016/j.biortech.2020.122886

3. Zerizghi T, Yang Y, Wang W, Zhou Y, Zhang J, Yi Y. Ecological risk
assessment of heavy metal concentrations in sediment and fish of
a shallow lake: A case study of Baiyangdian Lake, North China.
Environ Monit Assess. 2020;192:110. https://doi.org/10.1007/
510661-020-8078-8

4. Leong KY, Ho LY, Tan KH, Tan YY, Lee SP, Qamar AM, et al.
Environmental and occupational health impact of bauxite mining
in Malaysia: A review. IlUM Med J Malaysia. 2017;16(2):1-7.
https://doi.org/10.31436/imjm.v16i2.346

5. Ayangbenro AS, Babalola 0O0. A new strategy for heavy metal
polluted environments: A review of microbial biosorbents. Int J
Environ Res Public Health. 2017;14:94. https://doi.org/10.3390/
ijerph14010094

6. Saha L, Tiwari J, Bauddh K, Ma Y. Recent developments in
microbe-plant-based bioremediation for tackling heavy metal-
polluted soils. Front Microbiol. 2021;12:665058. https://
doi.org/10.3389/fmicb.2021.731723

7. Feng, Wang J, Bai Z, Reading L. Effects of surface coal mining
and land reclamation on soil properties: A review. Earth Sci Rev.
2019;191:12-25. https://doi.org/10.1016/j.earscirev.2019.02.015

8. Hasan MK, Cheng Y, Kanwar MK, Chu XY, Ahammed GJ, Qi ZV.
Responses of plant proteins to heavy metal stress-a review.
Front Plant Sci. 2017;8:761. https://doi.org/10.3389/
fpls.2017.00761

9. Ma Y, Rajkumar M, Rocha I, Oliveira RS, Freitas H. Serpentine
bacteria influence metal translocation and bioconcentration of
Brassica juncea and Ricinus communis grown in multi-metal
polluted soils. Front Plant Sci. 2015;5:757. https://doi.org/10.3389/
fpls.2014.00757

10. Ma Y, Rajkumar M, Vicente JAF, Freitas H. Inoculation of Ni-
resistant plant growth promoting bacterium Psychrobacter sp.
strain SRS8 for the improvement of nickel phytoextraction by
energy crops. Int J Phytoremediation. 2011;13(2):126-39. https://
doi.org/10.1080/15226511003671403

11. Rajkumar M, Sandhya S, Prasad MNV, Freitas H. Perspectives of
plant-associated microbes in heavy metal phytoremediation.
Biotechnol Adv. 2012;30(6):1562-74. https://doi.org/10.1016/
j.biotechadv.2012.04.011

12. Badri DV, Weir TL, van der Lelie D, Vivanco JM. Rhizosphere
chemical dialogues: plant-microbe interactions. Curr Opin
Biotechnol. 2009;20(6):642-50. https://doi.org/10.1016/
j.copbio.2009.09.014

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1007/s13762-013-0299-8
https://doi.org/10.1016/j.biortech.2020.122886
https://doi.org/10.1007/s10661-020-8078-8
https://doi.org/10.1007/s10661-020-8078-8
https://doi.org/10.31436/imjm.v16i2.346
https://doi.org/10.3390/ijerph14010094
https://doi.org/10.3390/ijerph14010094
https://doi.org/10.3389/fmicb.2021.731723
https://doi.org/10.3389/fmicb.2021.731723
https://doi.org/10.1016/j.earscirev.2019.02.015
https://doi.org/10.3389/fpls.2017.00761
https://doi.org/10.3389/fpls.2017.00761
https://doi.org/10.3389/fpls.2014.00757
https://doi.org/10.3389/fpls.2014.00757
https://doi.org/10.1080/15226511003671403
https://doi.org/10.1080/15226511003671403
https://doi.org/10.1016/j.biotechadv.2012.04.011
https://doi.org/10.1016/j.biotechadv.2012.04.011
https://doi.org/10.1016/j.copbio.2009.09.014
https://doi.org/10.1016/j.copbio.2009.09.014

SUPARNAET AL

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Hartmann A, Schmid M, van Tuinen D, Berg G. Plant-driven
selection of microbes. Plant Soil. 2009;321(1-2):235-57. https://
doi.org/10.1007/s11104-008-9814-y

Jones DL, Nguyen C, Finlay RD. Carbon flow in the rhizosphere:
carbon trading at the soil-root interface. Plant Soil. 2009;321(1-
2):5-33. https://doi.org/10.1007/s11104-009-9925-0

Buée M, De Boer W, Martin F, van Overbeek L, Jurkevitch E. The
rhizosphere zoo: an overview of plant-associated communities of
microorganisms, including phages, bacteria, archaea and fungi
and of some of their structuring factors. Plant Soil. 2009;321(1-
2):189-212. https://doi.org/10.1007/s11104-009-9991-3

Dessaux Y, Grandclément C, Faure D. Engineering the rhizosphere.
Trends Plant Sci. 2016;21:266-78. https://doi.org/10.1016/
j.tplants.2016.01.002

Weston LA, Ryan PR, Watt M. Mechanisms for cellular transport
and release of allelochemicals from plant roots into the
rhizosphere. J Exp Bot. 2012;63(9):3445-54.  https://
doi.org/10.1093/jxb/ers054

Rohrbacher F, St-Arnaud M. Root exudation: the ecologicaldriver
of hydrocarbon rhizoremediation. Agronomy. 2016;6(1):19.
https://doi.org/10.3390/agronomy6010019

GaoY, Yang, Ling W, Kong H, Zhu X. Gradient distribution of root
exudates and polycyclic aromatic hydrocarbons in rhizosphere
soil. Soil Sci Soc Am J. 2011;75(5):1694-703. https://
doi.org/10.2136/s552j2010.0428

Gustin MS, Hou D, Tack FMG. The term "heavy metal(s)": history,
current debate and future wuse. Sci Total Environ.
2021;789:147951. https://doi.org/10.1016/].scitotenv.2021.147951

Asad SA, Farooq M, Afzal A, West H. Integrated phytobial heavy
metal remediation strategies for a sustainable clean environment -
a review. Chemosphere. 2019;217:925-41. https://doi.org/10.1016/
j.chemosphere.2018.11.010

Garcia-Garcia JD, Sanchez-Thomas R, Moreno-Sanchez R. Bio-
recovery of non-essential heavy metals by intra- and extracellular
mechanisms in free-living microorganisms. Biotechnol Adv. 2016;34
(5):859-73. https://doi.org/10.1016/j.biotechadv.2016.05.003

Ashraf S, Ali Q, Zahir ZA, Ashraf S, Asghar HN. Phytoremediation:
environmentally sustainable way for reclamation of heavy metal
polluted soils. Ecotoxicol Environ Saf. 2019;174:714-27. https://
doi.org/10.1016/j.ecoenv.2019.02.068

Dhaliwal SS, Singh J, Taneja PK, Mandal A. Remediation
techniques for removal of heavy metals from the soil
contaminated through different sources: a review. Environ Sci
Pollut Res. 2020;27(2):1319-33. https://doi.org/10.1007/s11356-
019-06967-1

Kandziora-Ciupa M, Nadgdrska-Socha A, Barczyk G. The influence
of heavy metals on biological soil quality assessments in the
Vaccinium muyrtillus L. rhizosphere under different field
conditions. Ecotoxicology. 2021;30(2):292-310. https://
doi.org/10.1007/s10646-021-02345-1

Sharma R, Singh NS, Singh DK. Impact of heavy metal
contamination and seasonal variations on enzyme's activity of
Yamuna river soil in Delhi and NCR. Appl Water Sci. 2020;10(3):83.
https://doi.org/10.1007/s13201-020-1166-7

Mensah AK, Marschner B, Antoniadis V, Stemn E, Shaheen SM,
Rinklebe J. Human health risk via soil ingestion of potentially
toxic elements and remediation potential of native plants near an
abandoned mine spoil in  Ghana. Sci Total Environ.
2021;798:149272. https://doi.org/10.1016/].scitotenv.2021.149272

Raklami A, Meddich A, Oufdou K, Baslam M. Plants-
microorganisms-based bioremediation for heavy metal cleanup:
recent developments, phytoremediation techniques, regulation
mechanisms and molecular responses. Int J Mol Sci. 2022;23
(9):5031. https://doi.org/10.3390/ijms23095031

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

10

Li C, Quan Q, Gan Y, Dong J, Fang J, Wang L, et al. Effects of heavy
metals on microbial communities in sediments and
establishment of bioindicators based on microbial taxa and
function for environmental monitoring and management. Sci
Total  Environ.  2020;749:141555.  https://doi.org/10.1016/
j.scitotenv.2020.141555

Shuaib M, Azam N, Bahadur S, Romman M, Yu Q, Chen X. Variation
and succession of microbial communities under the conditions of
persistent heavy metal and their survival mechanism. Microb
Pathog. 2021;150:104713. https://doi.org/10.1016/
j.micpath.2020.104713

Jacob JM, Karthik C, Saratale RG, Kumar SS, Prabakar D,
Kadirvelu K, et al. Biological approaches to tackle heavy metal
pollution: A survey of literature. J Environ Manage. 2018;217:56-
70. https://doi.org/10.1016/j.jenvman.2018.03.077

Aponte H, Meli P, Butler B, Paolini J, Matus F, Merino C, et al.
Meta-analysis of heavy metal effects on soil enzyme activities.
Sci Total Environ. 2020;737:139744. https://doi.org/10.1016/
j.scitotenv.2020.139744

El-Mahdy OM, Mohamed HI, Mogazy AM. Biosorption effect of
Aspergillus niger and Penicillium chrysosporium for Cd- and Pb-
contaminated soil and their physiological effects on Vicia faba L.
Environ Sci  Pollut Res. 2021;28(47):67608-31. https://
doi.org/10.1007/s11356-021-15382-4

Jia Z, Li S, Wang L. Assessment of soil heavy metals for eco-
environment and human health in a rapidly urbanization area of
the upper Yangtze Basin. Sci Rep. 2018;8(1):3256. https://
doi.org/10.1038/s41598-018-21569-6

Edokpayi JN, Enitan AM, Mutileni N, Odiyo JO. Evaluation of water
quality and human risk assessment due to heavy metals in
groundwater around Muledane area of Vhembe District, Limpopo
Province, South Africa. Chem Cent J. 2018;12(1):2. https://
doi.org/10.1186/s13065-017-0369-y

Njoga EO, Ezenduka EV, Ogbodo CG, Ogbonna CU, Jaja IF,
Ofomatah AC, et al. Detection, distribution and health risk
assessment of toxic heavy metals/metalloids, arsenic, cadmium
and lead in goat carcasses processed for human consumption in
South-Eastern  Nigeria.  Foods.  2021;10(4):798.  https://
doi.org/10.3390/foods10040798

Kumar S, Prasad S, Yadav KK, Shrivastava M, Gupta N, Nagar S,
et al. Hazardous heavy metals contamination of vegetables and
food chain: Role of sustainable remediation approaches - A
review. Environ Res. 2019;179:108792. https://doi.org/10.1016/
j.envres.2019.108792

Sharma I. Bioremediation techniques for polluted environment:
Concept, advantages, limitations and prospects. In: Trace
metals in the environment - new approaches and recent
advances. IntechOpen;  2021.  https://doi.org/10.5772/
intechopen.90453

Folch A, Vilaplana M, Amado L, Vicent T, Caminal G. Fungal
permeable reactive barrier to remediate groundwater in an
artificial aquifer. J Hazard Mater. 2013;262:554-60.https://
doi.org/10.1016/j.jhazmat.2013.09.004

Frascari D, Zanaroli G, Danko AS. In situ aerobic cometabolism of
chlorinated solvents: A review. J Hazard Mater. 2015;283:382-99.
https://doi.org/10.1016/j.jhazmat.2014.09.041

Kulshreshtha A, Agrawal R, Barar M, Saxena S. A review on
bioremediation of heavy metals in contaminated water . IOSR J
Environ Sci.2014;8. https://doi.org/10.9790/2402-08714450

Guo H, Luo S, Chen L, Xiao X, Xi Q, Wei W, et al. Bioremediation of
heavy metals by growing hyperaccumulator endophytic
bacterium Bacillus sp. L14. Bioresour Technol. 2010;101(22):8599-
605. https://doi.org/10.1016/j.biortech.2010.06.085

Medfu Tarekegn M, Zewdu Salilih F, Ishetu Al. Microbes used as a

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1007/s11104-008-9814-y
https://doi.org/10.1007/s11104-008-9814-y
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1007/s11104-009-9991-3
https://doi.org/10.1016/j.tplants.2016.01.002
https://doi.org/10.1016/j.tplants.2016.01.002
https://doi.org/10.1093/jxb/ers054
https://doi.org/10.1093/jxb/ers054
https://doi.org/10.3390/agronomy6010019
https://doi.org/10.2136/sssaj2010.0428
https://doi.org/10.2136/sssaj2010.0428
https://doi.org/10.1016/j.scitotenv.2021.147951
https://doi.org/10.1016/j.chemosphere.2018.11.010
https://doi.org/10.1016/j.chemosphere.2018.11.010
https://doi.org/10.1016/j.biotechadv.2016.05.003
https://doi.org/10.1016/j.ecoenv.2019.02.068
https://doi.org/10.1016/j.ecoenv.2019.02.068
https://doi.org/10.1007/s11356-019-06967-1
https://doi.org/10.1007/s11356-019-06967-1
https://doi.org/10.1007/s10646-021-02345-1
https://doi.org/10.1007/s10646-021-02345-1
https://doi.org/10.1007/s13201-020-1166-7
https://doi.org/10.1016/j.scitotenv.2021.149272
https://doi.org/10.3390/ijms23095031
https://doi.org/10.1016/j.scitotenv.2020.141555
https://doi.org/10.1016/j.scitotenv.2020.141555
https://doi.org/10.1016/j.micpath.2020.104713
https://doi.org/10.1016/j.micpath.2020.104713
https://doi.org/10.1016/j.jenvman.2018.03.077
https://doi.org/10.1016/j.scitotenv.2020.139744
https://doi.org/10.1016/j.scitotenv.2020.139744
https://doi.org/10.1007/s11356-021-15382-4
https://doi.org/10.1007/s11356-021-15382-4
https://doi.org/10.1038/s41598-018-21569-6
https://doi.org/10.1038/s41598-018-21569-6
https://doi.org/10.1186/s13065-017-0369-y
https://doi.org/10.1186/s13065-017-0369-y
https://doi.org/10.3390/foods10040798
https://doi.org/10.3390/foods10040798
https://doi.org/10.1016/j.envres.2019.108792
https://doi.org/10.1016/j.envres.2019.108792
https://doi.org/10.5772/intechopen.90453
https://doi.org/10.5772/intechopen.90453
https://doi.org/10.1016/j.jhazmat.2013.09.004
https://doi.org/10.1016/j.jhazmat.2013.09.004
https://doi.org/10.1016/j.jhazmat.2014.09.041
https://doi.org/10.9790/2402-08714450
https://doi.org/10.1016/j.biortech.2010.06.085

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

tool for bioremediation of heavy metal from the environment.
Cogent Food Agric. 2020;6. https://
doi.org/10.1080/23311932.2020.1783174

Verma JP, Jaiswal DK. Book review: Advances in biodegradation
and bioremediation of industrial waste. Front Microbiol. 2016;6.
https://doi.org/10.3389/fmicb.2015.01555

Mosa KA, Saadoun I, Kumar K, Helmy M, Dhankher OP. Potential
biotechnological strategies for the cleanup of heavy metals and
metalloids. Front Plant Sci. 2016;7. https://doi.org/10.3389/
fpls.2016.00303

Forsyth JV, Tym T, Brd B. Bioremediation: When is
bioaugmentation needed? In: Hinchee RE, Fredrickson J, Alleman
BC, editors. Bioaugmentation for site remediation. 1995.

Mishra S, Jyot J, Kuhad RC, Lal B. Evaluation of inoculum addition
to stimulate in situ bioremediation of oily-sludge-contaminated
soil. Appl Environ Microbiol. 2001;67(4):1675-81. https://
doi.org/10.1128/AEM.67.4.1675-1681.2001

Saberi-Riseh R, Hajieghrari B, Rouhani H, Sharifi-Tehrani A. Effects
of inoculum density and substrate type on saprophytic survival of
Phytophthora drechsleri, the causal agent of gummosis (crown
and root rot) on pistachio in Rafsanjan, Iran. Commun Agric Appl
Biol Sci. 2004;69(4):653-6.

Jan AT, Azam M, Ali A, Hag QM. Prospects for exploiting bacteria for
bioremediation of metal pollution. Crit Rev Environ Sci Technol.
2014;44(5):519-60. https://doi.org/10.1080/10643389.2012.728811

Ojuederie 0O, Babalola O. Microbial and plant-assisted
bioremediation of heavy metal polluted environments: A review.
Int J Environ Res Public Health. 2017;14(12):1504. https://
doi.org/10.3390/ijerph14121504

Kang CH, Kwon YJ, So JS. Bioremediation of heavy metals by
using  bacterial  mixtures. Ecol Eng.  2016;89:64-9.
https://doi.org/10.1016/j.ecoleng.2016.01.023

Ahemad M. Remediation of metalliferous soils through the heavy
metal resistant plant growth promoting bacteria: Paradigms and
prospects. Arab J Chem. 2019;12:1365-77. https://doi.org/10.1016/
j.arabjc.2014.11.020

Manoj SR, Karthik C, Kadirvelu K, Arulselvi Pl, Shanmugasundaram
T, Bruno B, et al. Understanding the molecular mechanisms for the
enhanced phytoremediation of heavy metals through plant growth
promoting rhizobacteria: A review. J Environ Manage. 2020;254.
https://doi.org/10.1016/j.jenvman.2019.109779

Dixit R, Wasiullah, Malaviya D, Pandiyan K, Singh UB, Sahu A, et al.
Bioremediation of heavy metals from soil and aquatic
environment: An overview of principles and criteria of
fundamental processes. Sustainability. 2015;7:2189-212. https://
doi.org/10.3390/su7022189

Srivastava S, Agrawal SB, Mondal MK. A review on progress of
heavy metal removal using adsorbents of microbial and plant
origin. Environ Sci Pollut Res. 2015;22(20):15386-415. https://
doi.org/10.1007/s11356-015-5278-9

Hassan A, Periathamby A, Ahmed A, Innocent O, Hamid FS.
Effective bioremediation of heavy metal-contaminated landfill
soil through bioaugmentation using consortia of fungi. J Soils
Sediments. 2020;20(1):66-80. https://doi.org/10.1007/s11368-019-
02394-4

Din G, Hassan A, Dunlap J, Ripp S, Shah AA. Cadmium tolerance
and bioremediation potential of filamentous fungus Penicillium
chrysogenum FMS2 isolated from soil. Int J Environ Sci Technol.
2022;19(4):2761-70. https://doi.org/10.1007/s13762-021-03211-7

Barra Caracciolo A, Grenni P, Garbini GL, Rolando L, Campanale C,
Aimola G, et al. Characterization of the belowground microbial
community in a poplar-phytoremediation strategy of a multi-
contaminated  soil.  Front  Microbiol.  2020;11.  https://
doi.org/10.3389/fmicb.2020.02073

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

T1.

T2.

73.

4.

11

Ancona V, Caracciolo AB, Campanale C, Rascio |, Grenni P, Di Lenola
M, et al. Heavy metal phytoremediation of a poplar clone in a
contaminated soil in southern Italy. J Chem Technol Biotechnol.
2020;95(4):940-9. https://doi.org/10.1002/jctb.6145

Sasse J, Martinoia E, Northen T. Feed your friends: Do plant
exudates shape the root microbiome? Trends Plant Sci.
2018;23:25-41. https://doi.org/10.1016/j.tplants.2017.09.003

Sun W, Xiao E, Krumins V, Haggblom MM, Dong Y, Pu Z, et al.
Rhizosphere microbial response to multiple metal(loid)s in
different contaminated arable soils indicates crop-specific metal-
microbe interactions. Appl Environ Microbiol. 2018;84(24). https://
doi.org/10.1128/AEM.00701-18

Sun L, Cao X, Tan C, Deng Y, Cai R, Peng X, et al. Analysis of the
effect of cadmium stress on root exudates of Sedum
plumbizincicola based on metabolomics. Ecotoxicol Environ Saf.
2020;205. https://doi.org/10.1016/j.ecoenv.2020.111152

Simdn Sola MZ, Lovaisa N, Davila Costa JS, Benimeli CS, Polti
MA, Alvarez A. Multi-resistant plant growth-promoting
actinobacteria and plant root exudates influence Cr(VI) and
lindane dissipation. Chemosphere. 2019;222:679-87. https://
doi.org/10.1016/j.chemosphere.2019.01.197

Barra Caracciolo A, Grenni P, Garbini GL, Rolando L, Campanale C,
Aimola G, et al. Characterization of the belowground microbial
community in a poplar-phytoremediation strategy of a multi-
contaminated soil.  Front Microbiol. 2020;11. https://
doi.org/10.3389/fmicb.2020.02073

Das S, Chou ML, Jean JS, Yang HJ, Kim PJ. Arsenic-enrichment
enhanced root exudates and altered rhizosphere microbial
communities and activities in hyperaccumulator Pteris vittata. J
Hazard Mater. 2017;325:279-87. https://doi.org/10.1016/
j.jhazmat.2016.12.006

Hou D, Wang K, Liu T, Wang H, Lin Z, Qian J, et al. Unique
rhizosphere micro-characteristics facilitate phytoextraction of
multiple metals in soil by the hyperaccumulating plant Sedum
alfredii. 2017. https://doi.org/10.1021/acs.est.6b06531

Guarino F, Miranda A, Castiglione S, Cicatelli A. Arsenic
phytovolatilization and epigenetic modifications in Arundo donax
L. assisted by a PGPR consortium. Chemosphere. 2020;251.
https://doi.org/10.1016/j.chemosphere.2020.126310

Vigliotta G, Matrella S, Cicatelli A, Guarino F, Castiglione S. Effects
of heavy metals and chelants on phytoremediation capacity and
on rhizobacterial communities of maize. J Environ Manage.
2016;179:93-102. https://doi.org/10.1016/j.jenvman.2016.04.055

Rubin JA, Gorres JH. Potential for mycorrhizae-assisted
phytoremediation of phosphorus for improved water quality. Int J
Environ Res Public Health. 2021;18:1-24. https://doi.org/10.3390/
ijerph18010007

Lin H, Liu C, Li B, Dong Y. Trifolium repens L. regulated
phytoremediation of heavy metal contaminated soil by
promoting soil enzyme activities and beneficial rhizosphere
associated microorganisms. J Hazard Mater. 2021;402. https://
doi.org/10.1016/j.jhazmat.2020.123829

Wang G, Zhang Q, Du W, Ai F, Yin Y, Ji R, et al. Microbial
communities in the rhizosphere of different willow genotypes
affect phytoremediation potential in Cd contaminated soil. Sci
Total Environ. 2021;769. https://doi.org/10.1016/
j.scitotenv.2021.145224

Uren NC. Types, amounts and possible functions of compounds
released into the rhizosphere by soil grown plants. In: The
rhizosphere. 2000.

Shotyk W, LRG. Metal ions in biological systems, volume 43 -
biogeochemical cycles of elements. In: Sigel H, Sigel R, editors.
CRC Press; 2005.

Vishwakarma K, Sharma S, Kumar V, Upadhyay N, Kumar N,
Mishra R, et al. Current scenario of root exudate-mediated plant-

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1080/23311932.2020.1783174
https://doi.org/10.1080/23311932.2020.1783174
https://doi.org/10.3389/fmicb.2015.01555
https://doi.org/10.3389/fpls.2016.00303
https://doi.org/10.3389/fpls.2016.00303
https://doi.org/10.1128/AEM.67.4.1675-1681.2001
https://doi.org/10.1128/AEM.67.4.1675-1681.2001
https://doi.org/10.1080/10643389.2012.728811
https://doi.org/10.3390/ijerph14121504
https://doi.org/10.3390/ijerph14121504
https://doi.org/10.1016/j.ecoleng.2016.01.023
https://doi.org/10.1016/j.arabjc.2014.11.020
https://doi.org/10.1016/j.arabjc.2014.11.020
https://doi.org/10.1016/j.jenvman.2019.109779
https://doi.org/10.3390/su7022189
https://doi.org/10.3390/su7022189
https://doi.org/10.1007/s11356-015-5278-9
https://doi.org/10.1007/s11356-015-5278-9
https://doi.org/10.1007/s11368-019-02394-4
https://doi.org/10.1007/s11368-019-02394-4
https://doi.org/10.1007/s13762-021-03211-7
https://doi.org/10.3389/fmicb.2020.02073
https://doi.org/10.3389/fmicb.2020.02073
https://doi.org/10.1002/jctb.6145
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1128/AEM.00701-18
https://doi.org/10.1128/AEM.00701-18
https://doi.org/10.1016/j.ecoenv.2020.111152
https://doi.org/10.1016/j.chemosphere.2019.01.197
https://doi.org/10.1016/j.chemosphere.2019.01.197
https://doi.org/10.3389/fmicb.2020.02073
https://doi.org/10.3389/fmicb.2020.02073
https://doi.org/10.1016/j.jhazmat.2016.12.006
https://doi.org/10.1016/j.jhazmat.2016.12.006
https://doi.org/10.1021/acs.est.6b06531
https://doi.org/10.1016/j.chemosphere.2020.126310
https://doi.org/10.1016/j.jenvman.2016.04.055
https://doi.org/10.3390/ijerph18010007
https://doi.org/10.3390/ijerph18010007
https://doi.org/10.1016/j.jhazmat.2020.123829
https://doi.org/10.1016/j.jhazmat.2020.123829
https://doi.org/10.1016/j.scitotenv.2021.145224
https://doi.org/10.1016/j.scitotenv.2021.145224

SUPARNAET AL

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

microbe interaction and promotion of plant growth. In: Probiotics
in agroecosystem. Springer Singapore; 2017:349-69. https://
doi.org/10.1007/978-981-10-4059-7_18

Singh Mahatma R, Chitrakoot G, Vishwavidyalaya G, Singh P,
Sharma R, Singh R. Microorganism as a tool of bioremediation
technology for cleaning environment: A review. Proc Int Acad Ecol
Environ Sci. 2014;4.

Richardson AE, Simpson RJ. Soil microorganisms mediating
phosphorus availability update on microbial phosphorus. Plant
Physiol. 2011;156(3):989-96. https://doi.org/10.1104/pp.111.175448

Huang XF, Chaparro JM, Reardon KF, Zhang R, Shen Q, Vivanco
JM. Rhizosphere interactions: Root exudates, microbes and
microbial communities. Botany. 2014;92:267-75. https://
doi.org/10.1139/cjb-2013-0225

Agarwal P, Giri BS, Rani R. Unravelling the role of rhizospheric
plant-microbe synergy in phytoremediation: A genomic
perspective.  Curr  Genomics.  2020;21(5):334-42.  https://
doi.org/10.2174/1389202921999200623133240

van Dam NM, Bouwmeester HJ. Metabolomics in the
rhizosphere:  Tapping  into  belowground  chemical
communication. Trends Plant Sci. 2016;21:256-65. https://
doi.org/10.1016/j.tplants.2016.01.008

Lone MI, He ZL, Stoffella PJ, Yang XE. Phytoremediation of heavy
metal polluted soils and water: Progresses and perspectives. J
Zhejiang Univ Sci B. 2008;9(3):210-20. https://doi.org/10.1631/
jzus.B0710633

Padmavathiamma PK, Li LY. Rhizosphere influence and
seasonal impact on phytostabilisation of metals - A field study.
Water Air  Soil  Pollut.  2012;223(1):107-24.  https://
doi.org/10.1007/s11270-011-0843-4

Lasat MM. Phytoextraction of metals from contaminated soil: a
review of plant/soil/metal interaction and assessment of
pertinent agronomic issues. J Hazard Subst Res. 1999;2(1).
https://doi.org/10.4148/1090-7025.1015

Moreno-Jiménez E, Esteban E, Carpena-Ruiz RO, Lobo MC,
Pefialosa JM. Phytostabilisation with Mediterranean shrubs and
liming improved soil quality in a pot experiment with a pyrite
mine soil. J Hazard Mater. 2012;201-2:52-9. https://
doi.org/10.1016/j.jhazmat.2011.11.013

Mendez MO, Maier RM. Phytostabilization of mine tailings in arid
and semiarid environments - An emerging remediation
technology. Environ Health Perspect. 2008;116:278-83. https://
doi.org/10.1289/ehp.10608

Mahmud K, Missaoui A, Lee K, Ghimire B, Presley HW, Makaju S.
Rhizosphere microbiome manipulation for sustainable crop
production. Curr Plant Biol. 2021;27:100210. https://
doi.org/10.1016/j.cpb.2021.100210

Pathan SI, Ceccherini MT, Sunseri F, Lupini A. Rhizosphere as
hotspot for plant-soil-microbe interaction. In: Carbon and
nitrogen cycling in soil. Singapore: Springer; 2020:17-43.
https://doi.org/10.1007/978-981-13-7264-3_2

Hou J, Liu W, Wu L, Ge Y, Hu P, Li Z, et al. Rhodococcus sp. NSX2
modulates the phytoremediation efficiency of a trace metal-
contaminated soil by reshaping the rhizosphere microbiome.
Appl Soil Ecol. 2019;133:62-9. https://doi.org/10.1016/
j.apsoil.2018.09.009

Luo J, Yang G, Igalavithana AD, He W, Gao B, Tsang DCW, et al.
Effects of elevated CO2 on the phytoremediation efficiency of
Noccaea caerulescens.  Environ  Pollut. 2019;255:113169.
https://doi.org/10.1016/j.envpol.2019.113169

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

12

Adriano DC. Trace elements in terrestrial environments. New York:
Springer; 2001. https://doi.org/10.1007/978-0-387-21510-5

Zhao H, Wu Y, Lan X, Yang Y, Wu X, Du L. Comprehensive
assessment of harmful heavy metals in contaminated soil in order
to score pollution level. Sci Rep. 2022;12(1):3552. https://
doi.org/10.1038/541598-022-07602-9

Wuana RA, Okieimen FE. Heavy metals in contaminated soils: a
review of sources, chemistry, risks and best available strategies
for remediation. ISRN  Ecol. 2011;2011:1-20. https://
doi.org/10.5402/2011/402647

Angon PB, Islam MS, KC S, Das A, Anjum N, Poudel A, et al.
Sources, effects and present perspectives of heavy metals
contamination: soil, plants and human food chain. Heliyon.
2024;10(7):€28357. https://doi.org/10.1016/j.heliyon.2024.e28357

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ. Heavy metal
toxicity and the environment. In: 2012:133-64. https://
doi.org/10.1007/978-3-7643-8340-4_6

Xing Q, Cao X, Tan C, Sun L, Deng Y, Yang J, et al. Effects of single
and combined applications of three root exudates of Sedum
plumbizincicola on the phytoremediation efficiency of paddy soil
contaminated with Cd. Front Environ Sci. 2023;10. https://
doi.org/10.3389/fenvs.2022.1086753

Eze MO, Amuji CF. Elucidating the significant roles of root
exudates in organic pollutant biotransformation within the
rhizosphere. Sci Rep. 2024;14(1):2359. https://doi.org/10.1038/
$41598-024-53027-x

Joshi S, Gangola S, Bhandari G, Bhandari NS, Nainwal D, Rani A, et
al. Rhizospheric bacteria: the key to sustainable heavy metal
detoxification strategies. Front Microbiol. 2023;14. https://
doi.org/10.3389/fmicbh.2023.1229828

Seregin 1V, Kozhevnikova AD. The role of low-molecular-weight
organic acids in metal homeostasis in plants. Int J Mol Sci.
2024;25(17):9542. https://doi.org/10.3390/ijms25179542

Nazari M, Bickel S, Benard P, Mason-Jones K, Carminati A, Dippold
MA. Biogels in soils: plant mucilage as a biofilm matrix that shapes
the rhizosphere microbial habitat. Front Plant Sci. 2022;12.
https://doi.org/10.3389/fpls.2021.798992

Meda AR, Scheuermann EB, Prechsl UE, Erenoglu B, Schaaf G,
Hayen H, et al. Iron acquisition by phytosiderophores contributes
to cadmium tolerance. Plant Physiol. 2007;143(4):1761-73.
https://doi.org/10.1104/pp.106.094474

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1007/978-981-10-4059-7_18
https://doi.org/10.1007/978-981-10-4059-7_18
https://doi.org/10.1104/pp.111.175448
https://doi.org/10.1139/cjb-2013-0225
https://doi.org/10.1139/cjb-2013-0225
https://doi.org/10.2174/1389202921999200623133240
https://doi.org/10.2174/1389202921999200623133240
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1631/jzus.B0710633
https://doi.org/10.1631/jzus.B0710633
https://doi.org/10.1007/s11270-011-0843-4
https://doi.org/10.1007/s11270-011-0843-4
https://doi.org/10.4148/1090-7025.1015
https://doi.org/10.1016/j.jhazmat.2011.11.013
https://doi.org/10.1016/j.jhazmat.2011.11.013
https://doi.org/10.1289/ehp.10608
https://doi.org/10.1289/ehp.10608
https://doi.org/10.1016/j.cpb.2021.100210
https://doi.org/10.1016/j.cpb.2021.100210
https://doi.org/10.1007/978-981-13-7264-3_2
https://doi.org/10.1016/j.apsoil.2018.09.009
https://doi.org/10.1016/j.apsoil.2018.09.009
https://doi.org/10.1016/j.envpol.2019.113169
https://doi.org/10.1007/978-0-387-21510-5
https://doi.org/10.1038/s41598-022-07602-9
https://doi.org/10.1038/s41598-022-07602-9
https://doi.org/10.5402/2011/402647
https://doi.org/10.5402/2011/402647
https://doi.org/10.1016/j.heliyon.2024.e28357
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.3389/fenvs.2022.1086753
https://doi.org/10.3389/fenvs.2022.1086753
https://doi.org/10.1038/s41598-024-53027-x
https://doi.org/10.1038/s41598-024-53027-x
https://doi.org/10.3389/fmicb.2023.1229828
https://doi.org/10.3389/fmicb.2023.1229828
https://doi.org/10.3390/ijms25179542
https://doi.org/10.3389/fpls.2021.798992
https://doi.org/10.1104/pp.106.094474
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

