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• Soil is a non-renewable resource,
generated at a rate of a few centimetres
per thousand years.

• It plays a critical role in supporting
ecosystems and human society.
• However, anthropogenic activities are
causing widespread soil contamination
and degradation.
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• The growing issue of soil pollution
has caught the attention of national
and international bodies, both
governmental and nongovernmental.
• In 2017, the UNEA adopted a
resolution that requested a number
of bodies to report on global soil
pollution. These bodies, including
WHO and FAO, are required to
assess the extent of the problem,
monitor future trends and identify
associated risks and impacts by
2021.
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Occurrence of soil heavy metal(loid)s
• Despite increasing awareness of the harm caused by heavy metal(loid)s in
soils, their essential role in modern industry means that their production
and use continue to increase.
• Over the past 50 years, global production of chromium and lead has
increased by 514% to 37.5 Mt per year and by 232% to 11.3 Mt per year,
respectively.
• Heavy metal(loid)s are even required for renewable technologies in some
cases; cadmium and lead, for example, are used in lead–acid and nickel–
cadmium battery cells, lead is used in perovskite solar cells and nickel is
used in electric-car batteries.
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Sources of soil pollution
• Anthropogenic sources of heavy
metal(loid)s pollution are
associated with agriculture,
industry and mining.
• Heavy metal(loid)s present in
dusts and aerosols released during
mining and smelting activities,
fossil-fuel burning, vehicle use,
cement manufacture and
electronic-waste processing can
also enter the soil through
atmospheric deposition.

Sources of heavy metal(loid)s pollution in agricultural soil
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Heavy metal(loid)s distribution
• Both geogenic and anthropogenic
contaminants can accumulate over
large spatial areas.

• Spatial distribution can also occur at a
smaller scale, even within the same
field. The spatial distribution of heavy
metal(loid)s is dependent not only upon
their sources but also natural factors
that generate heterogeneity in soil
properties, such as wet–dry cycles and
anthropogenic processes such as soil
tilling.
Shen Z, Hou D, Zhao B, Xu W, Ok YS et al. (2018)
Science of the Total Environment 619-620:185-193

Heavy metal(loid)s bioavailability
• The bioavailability of a given metal(loid) can vary
widely depending on the soil type.
• Only a small fraction of the heavy metal(loid)s in soils
are freely available in soil pore water for plant uptake,
and dissolved heavy metal(loid)s often reach a
dynamic equilibrium with the bulk of heavy
metal(loid)s existing in the solid phase of the soil.

• The distribution equilibrium is affected by soil pH,
moisture, organic-carbon content, redox
conditions, carbonate content, sulfide content, clay
minerals and metal-oxide content, factors that can
be modified by anthropogenic pollution.

Heavy metal(loid)s bioavailability
• The inherent bioavailability of
different heavy metal(loid)s also
varies substantially.
• The oxidation state of the heavy
metal(loid)s can also change their
bioavailability to the plants.
• Soil pH

• Soil organic matter (SOM)

Ok YS* et al. (2022) Environmental Science and
Technology 56(7):4187-4198

Bioremediation
• The interactions between plants,
microbes and heavy metal(loid)s
are exploited in bioremediation
strategies, which use living
organisms for soil decontamination.
• Bioremediation tends to be more
sustainable than traditional
thermal or physico-chemical
techniques such as soil washing,
which can remove or destroy living
organisms and soil organic matter,
jeopardizing long-term soil health
and diminishing post-remediation
soil productivity.

Phytoremediation
• Phytoremediation for soil
decontamination employs
indigenous or imported species of
plants, including ones that are
genetically modified.
• Phytoremediation techniques
include phytostabilization, in
which root exudates reduce metal
bioavailability in the rhizosphere,
and phytovolatilization, which
exploits plant evapotranspiration
systems to transfer contaminants
from the soil to the atmosphere.

Soil–plant–metal
interactions
• Heavy metal(loid)s enter plant tissue
through various pathways.
• Heavy metal(loid)s concentrations, the
presence of chelating compounds, plant
characteristics and soil properties all
affect soil–plant–metal interactions
and plant uptake rates and, therefore,
the effectiveness of
phytoremediation.

Plant selection
• Plant selection is a critical step in
phytoremediation, as species vary widely in their
ability to uptake or immobilize different
contaminants.
• Regardless of origin, hyperaccumulators (plant
species that extract large amounts of heavy
metal(loid)s) are advantageous to use as they
can speed up remediation of sites contaminated
with high levels of heavy metal(loid)s.
• A wide variety of hyperaccumulator species
specific for a range of metal(loid)s species have
been identified, including the Cretan brake fern
Pteris cretica for arsenic, Sedum plumbizincicola
of the Crassulaceae family for cadmium and
zinc, the grass species Pogonatherum crinitum
for lead, Celosia argentea (the plumed
cockscomb or silver cock’s comb) for
manganese and Pronephrium simplex of the
Thelypteridaceae family for rare-earth elements.

Field successes and challenges
• In recent years, there has been an
increasing number of field trials to verify the
effectiveness of phytoremediation strategies
at more environmentally relevant
concentrations, as well as to determine
field-related factors influencing their
efficiency.
• The initial large-scale phytoremediation field
trials on heavy-metal(loid)s-contaminated
soils were conducted in the early 1990s,
when it was suggested that this approach
could reduce metal concentrations to
acceptable ranges on otherwise productive
land.
• Plant density, initial plant size, cropping
and harvesting strategies such as double
cropping, transplantation and double
harvesting have been identified as crucial
factors affecting success in these studies.

Microbial bioremediation
• Microorganisms exist at high
concentrations in agricultural soils
and possess genes enabling their
survival in contaminated soil
environments.
• Native microbes can facilitate the
reduction of soil pollution levels or
microbes (sometimes, ones that
have been genetically engineered)
can be introduced to polluted sites to
reduce soil metal(loid)s
concentrations in a process known
as microbial bioremediation.
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Soil–microorganism–metal interactions
• Biogeochemical processes facilitated by microbial activities form the basis
of microbial bioremediation.
• A crucial mediator of remediation is the bacterial secretion of
siderophores, which primarily transport iron from low-iron soils to cells
through specific receptor and transport systems.
• Bioleaching and bioprecipitation are mechanisms of microbial
bioremediation that rely on the presence of sulfur-oxidizing bacteria
(SOB) and sulfate-reducing bacteria, respectively, and play a crucial role
in determining the relative abundance of the common oxidation states of
sulfur in nature.
• Biological reduction provides another important route for microbially
assisted soil remediation because the toxicity of heavy metal(loid)s
depends on their oxidation state.

Monitored natural attenuation
• The risk posed by heavy metal(loid)s in soil
environments can naturally attenuate over time
without specific remedial treatment.
• Natural attenuation processes comprise biological,
physical and chemical mechanisms, but the
activities of indigenous microbes often drive
attenuation.
• Natural attenuation often takes years or decades
to reduce risk levels, although it remains a viable
option for remediation when coupled with an
appropriate and robust monitoring plan.
• In some cases, bioremediation based on
monitored natural attenuation may be the only
practicable option to lower risk, given the
difficulties and high costs inherent in treating
some agricultural sites, particularly in developing
countries.

Engineered microbial
bioremediation
• Two types of engineered microbial
bioremediation exist: biostimulation
and bioaugmentation.
• Biostimulation involves providing
indigenous soil microbes with additional
nutrients, electron donors or electron
acceptors in order to increase their
capacity for immobilizing or degrading
contaminants in the soil.
• Although indigenous microbes are often
excellent candidates for bioremediation
because they are acclimated to site
conditions, laboratory-grown microbial
strains can be added to soil, a process
known as bioaugmentation.

Integrated methods and phytomanagement
• Microbially mediated processes can enhance
the efficiency of phytoremediation by
transforming heavy metal(loid)s, rendering
metabolic nutrients and minerals more
bioavailable to aid plant growth, stimulating
systems that regulate plant heavy metal(loid)s
stress responses or aiding the production of
plant hormones that increase plant growth.
• The bacterial species Pseudomonas
aeruginosa, Pseudomonas fluorescens and
Ralstonia metallidurans produce siderophores
that increase contaminant bioavailability to
roots, leading to enhanced phytoextraction
efficiency.
• The most significant drawback to
bioremediation is the time required to complete
treatment, which is sometimes overcome
through its coupling with other remediation
technologies to shorten treatment length.

Integrated methods and phytomanagement
• The integration of remediation technologies provides a scenario where
ecosystem services such as nutrient cycling, carbon sequestration and
water storage are restored.
• Moreover, plants grown in contaminated agricultural fields undergoing
bioremediation can be sold as bioenergy products or other profitable
products.
• Moreover, in comparison with traditional remediation strategies,
phytomanagement focuses on both risk mitigation and commercial viability
by using plants to control contamination while producing marketable
biomass, and has been suggested as a viable strategy that can be carried
out in large-scale applications.

Summary and future perspectives
• The accumulation of heavy metal(loid)s in agricultural soils is an obstacle
to achieving global food safety and security. Bioremediation is a promising
nature-based solution for treating heavy metal(loid)s contamination;
however, several issues must be addressed before it can be more broadly
implemented.
• First, it will be beneficial to accelerate global soil mapping and establish
regional models that can adequately predict contaminant distributions and
identify pollution sources.
• Second, the measured effectiveness of bioremediation in the field has
been somewhat inconsistent, attributed to heterogeneity in field conditions
and artefacts caused by evaluating treatments on a spot-by-spot basis,
rather than employing field-wide assessment.

Summary and future perspectives
• Third, field stations are needed to provide valuable insights into the
mechanisms that render heavy-metal(loid)s-contaminated sites resistant to
treatment.
• Fourth, further research is required in order to decrease clean-up time and
expand the applicability of bioremediation techniques to include more sites.
• Global agricultural soil pollution by heavy metal(loid)s represents one of
the biggest challenges for sustainable development, and developing
countries are particularly vulnerable to this threat to food, health and
livelihoods.
• Policymakers should foster a bioremediation-enabling environment
through policy instruments and increased field-based research funding.
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