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As human population growth drives the demand for food, crop intensification has increased. However, urban-
ization, industrialization, and contamination of soil by heavy metals (HM) have become significant challenges to
agricultural production. Urbanization activities jeopardize and/or harm soil health, which is critical for the
environment, ecosystems, sustainable agriculture, and the global economy. Smelting, mining, and other indus-
trial activities that release toxic HMs into the environment significantly reduce soil health, with serious conse-
quences for both plants and humans. Furthermore, the presence of HM in the soil severely hinders sustainable
agriculture. Therefore, to counteract the subsequent decrease in crop yield due to HM contamination, we must
involve plants and appropriate microbes in eliminating these pollutants. This will lead to a more productive
agriculture, food safety, and food security realization. Therefore, this study explored the efficacy, advantages,
and limitations of current conventional methods of soil HM remediation as well as the potential of plants and
microbes like Pseudomonas aeruginosa, Vibrio parahaemolyticus, Alyxia rubricaulis, and Maytenus bureaviana in the
reclamation of HM polluted soil for sustainable agriculture. Employing natural and non-hazardous methods to
remove these contaminants, as highlighted in this review, would help to improve soil health and quality, increase
crop production, and promote sustainable agriculture, as outlined in the United Nations’ Sustainable Develop-

ment Goals.

1. Introduction

Pollution caused by heavy metals (HMs) - (metal elements with high
atomic density) has been of great concern over the years, due to the
continuous risks they pose to soil microbiota which further hampers
agricultural and livestock production (Singh et al., 2022). Owing to their
persistent nature, they accumulate in plants and soils, thus interfering
with the physiological activities of plants like the exchange of gases,
photosynthesis, and nutrient absorption, thereby disrupting agricultural
production (Zaynab et al., 2022). Another major challenge posed by
these environmental pollutants is their infiltration from the soil into
crops and foods, the consumption of which results in debilitating health
challenges and illnesses in humans and animals ranging from acute to
chronic (Sharma and Agrawal 2005; Singh et al., 2022).

Apart from their natural occurrence, smelting and mining are ex-
amples of anthropogenic activities through which HMs are released into
the environment, thus causing contamination (Cenova et al., 2022;
Mishra et al., 2023; Madhav et al., 2024). During the process of smelting,
mining, mineral processing, and metallurgical extraction, the tailings
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produced which contain large quantities of HMs, constitute health
hazards (de Souza Neto et al., 2020). To meet the economic demands of
nations, there is a continuous increase in these anthropogenic activities,
thus an increase in the presence of HMs in the environment (Kinuthia
et al., 2020). While some of these, such as iron, are non-toxic and
essential elements for human well-being (Raza’i et al., 2021), the
long-term effect of the intake and accumulation of the harmful types
would not only be detrimental to the soil microbiome but result in more
complications in the long run (Yang et al., 2022; Madhav et al., 2024).

Heavy metals can be considered potentially toxic elements (Ahamad
et al., 2021; Ghani et al., 2022a) and can be released as a result of
anthropogenic and industrial activities, domestic emissions, waste
discharge, or fuel and oil combustion. Infiltration into the skin, inhala-
tion, and ingestion are all potential routes of exposure to these toxic
substances. Even in trace amounts, these toxic elements are harmful to
health and may cause a variety of illnesses such as respiratory disease,
memory impairment, and cancer (Bhatti et al., 2022; Ghani et al., 2023;
Soltani et al., 2023). In addition to polluting the environment, HMs may
degrade the natural habitat and alter the soil microbiome.
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Cadmium (Cd), Lead (Pb), Mercury (Hg), Boron (B), and Chromium
(Cr) are examples of HMs that have been reported to be present in the
soil and sometimes in quantities that are large enough to harm the soil
environment and threaten crop production (Zaynab et al., 2022). Their
ability to interfere with the activity of beneficial soil microbes, which
aid the growth and yield of plants/crops, causes a decrease in expected
agricultural output (Pham et al., 2022). With the predicted increase in
the world population by 2030, there is a need to invest greatly in sus-
tainable agriculture and food production/supply (Wennersten and Qie
2018). To achieve this, all factors that might inhibit agricultural pro-
ductivity, including soil HMs, must be conquered, while strategies for
reclamation of HM-polluted agricultural soil must be enhanced.

Several studies have been carried out on the perilous effects of HMs
on the environment, as well as the control measures to mitigate the
menace caused by them, however, the impact of HMs on sustainable
agriculture and crop production cannot be overemphasized and more
studies are needed to provide effective strategies in combating the ef-
fects. This study hypothesizes that using microbes and plants as biore-
mediation strategies would greatly aid in the reclamation of heavy
metal-polluted soils for sustainable agriculture. The study identified
and reviewed the effects of HM pollution on agricultural soil, crop/
livestock production, and the impact of toxic HM on agriculture, human
health, food production, and sustainability. In addition, effective
remediation techniques for HM-contaminated soils were reviewed.

2. Materials and methods

A literature search was conducted between November 2021 and June
2023. Data on HMs, their impact on soil biodiversity and sustainable
agriculture, as well as bioremediation strategies, were retrieved from
various online databases such as PubMed, Scopus, JSTOR, Science
Direct, and Google Scholar. Additionally, books, theses, and disserta-
tions were recovered from the North-West University (NWU) library,
South Africa. Furthermore, terminologies and keywords such as HMs,
sustainable agriculture, reclamation, bioremediation, electrokinetics,
and environmental pollution were used for the search. We also saved the
bibliographies from the recovered articles in the Endnote reference
manager. Moreso, from each of the retrieved articles, information on
toxic HMs and their examples, bioremediation, hyperaccumulators, and
remediation strategies were obtained, while the scientific names of
plants (hyperaccumulators) were validated.

2.1. Literature search results

A systematic approach called the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA), as described by Page
et al. (2021), was adopted for the selection of articles. We obtained a
total of 548 relevant articles from various scientific databases. After the
removal of duplicate articles, 490 were retained, out of which 10 were
theses, dissertations, and books retrieved from the NWU library.
Following the screening of titles and abstracts, 108 articles were
excluded, leaving 382. The full text of the retained articles was reviewed
in detail thus leading to the exclusion of 254 articles. Finally, 136 studies
were considered appropriate and utilized for this review, constituting
about 25% of the retrieved articles.

3. Prevalence of heavy metals (HMs) in the environment

In 2019, over 8000 cases of single exposure to HMs were reported by
the American Association of Poison Control Centres (AAPCC), out of
which about 2500 were in children younger than 6 years, while more
than 3500 cases were reported in teenagers aged 19 years and older
(Gummin et al., 2020). However, in water bodies such as rivers, lakes,
and streams, studies have revealed the presence and high concentration
of HMs (Woitke et al., 2003; Mekonnen et al., 2014). In Ethiopia, Dir-
baba et al. (2018), among others, reported a high concentration of some
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HMs, such as cadmium, on the surface sediments of rivers and streams.
Likewise, toxic HMs like chromium and lead have been reported in
waters, sediments, and soil in Ghana and other countries (Khelifi et al.,
2022; Zakaria et al., 2022).

While HMs are major soil contaminants, they also abound in the air.
For example, cadmium, lead and mercury are air pollutants being
constantly released into the air by pharmaceutical, geogenic, agricul-
tural, and industrial activities (Kumar et al., 2021). Commonly found in
the air is cobalt, which has been reported in polluted air such as those
containing dust (Hengstler et al., 2003). Huang et al. (2022) and Wang
et al. (2020), reported the presence of cobalt, lead, arsenic, copper,
mercury, zinc and cadmium in environmental dust in China. Similarly,
Gangwar et al. (2019) found Lead, copper, zinc, Nickel and chromium to
be major air pollution from waste recycling activities. In the same vein,
food and beverages (alcoholic and non-alcoholic) produced locally are
not exempt from the effects of environmental pollution caused by HMs.
The study of Izah et al. (2016), is one of those that revealed the presence
of HMs in alcoholic and non-alcoholic beverages produced locally, im-
ported, and consumed in certain parts of Africa. These metals are cate-
gorized into classes that comprise of the highly toxic elements,
macro-nutrients, micro-nutrients, precious elements, and radionuclides
(Selvi et al., 2019), (Table 1).

3.1. Toxic heavy metals in the soil and their adverse impact on agriculture
and health

Due to proximity, soil closer to industrial areas is at higher risk of
pollution from dangerous HMs. When exposed to these hazardous ele-
ments, soil microbes react to changes in their environment, thereby
causing alteration in the physical and chemical properties of the soil and
consequently affecting the composition and functional capabilities of
the soil microbial communities (Wang et al., 2007). Thus, the soil
quality, structure, and plant growth processes carried out by these mi-
croorganisms are hampered (Setia et al., 2021). Furthermore, the soil
microbial diversity and activities are not exempted from both the
short-term and long-term adverse effects of HMs, these often manifest in
the form of degradation and loss of vital nutrients (Zaynab et al., 2022).
Examples of noxious HMs in the soil include:

3.1.1. Arsenic (as)

Is a ubiquitous element and notorious HM commonly referred to as
“the king of poisons and poison of kings” (Aposhian et al., 2006). It is a
naturally occurring chemical element that is widely distributed in the
earth crust, readily bioavailable in groundwater and released into the
environment in both inorganic (As>* and As°") and organic forms
through anthropogenic activities such as waste incineration, smelting,
glassware production, and mining (Khan et al., 2021; Biswas and
Ganesan 2024). Additionally, the occurrence of As in agricultural soil
can inhibit photosynthesis and growth of plants, while in humans, it has
been linked with metabolic abnormalities in mammalian cells, which
leads to growth inhibition and cell death (Bernstam and Nriagu 2000;
Khan et al., 2021). Furthermore, the bioavailability of this HM in water
sources in its inorganic form is a major concern as it could infiltrate into
crops and plants, subsequently getting into the food chain and being
consumed by humans. Due to its carcinogenic and bioaccumulative

Table 1
Classes of heavy metals (HMs).
Classes Examples
Highly toxic Cadmium, Zinc, Mercury, Tin, silver, Platinum, Selenium,
elements Lead, Arsenic

Cobalt

Copper, Iron, Manganese, Nickel, Chromium, Molybdenum
Gold, Silver, Platinum, Iridium, Osmium, Rhodium, Rhenium
Thorium, Strontium, Tritium, Cerium, Uranium, Radium,
Praseodymium

Macro-nutrients
Micro-elements
Precious elements
Radio nuclides
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nature, arsenic is one of the most harmful HMs on earth (Fashola et al.,
2016; Biswas and Ganesan 2024).

3.1.2. Boron (B)

This is an important element for higher plants, however, in greater
concentrations, it constitutes a menace to their growth and development
due to its adverse effects on soil microorganisms (Schoderboeck et al.,
2011). Boron toxicity occurs commonly in arid and semi-arid soils,
through irrigation and other anthropogenic activities (Demetriou and
Pashalidis 2012). In plants, the accumulation of B can inhibit functional,
physiological and biochemical processes such as intake of water, car-
bohydrate metabolism, and carbon dioxide assimilation, which can
further result in shoot necrosis as well as chlorosis (Vera et al., 2021). It
has also been reported to impede plant and soil microbial relationships,
thus inhibiting adequate growth/development and, in severe cases,
leading to losses in agriculture (Vera et al., 2021). Yaman et al. (2024),
observed from their study that, when the concentration of B increases in
the soil, shoot and root lengths/weights are inhibited. In humans, B
toxicity can lead to dermatitis, anorexia, hypothermia, and alopecia
(Lim et al., 2022). Stiirmer et al. (2024), examined the association of
plasma boron levels with all-cause mortality and observed that higher
levels of boron in the plasma were linked with a higher risk of all-cause
mortality, especially in women.

3.1.3. Cadmium (Cd)

It is a non-essential and carcinogenic trace element predominant in
the environment (water, air, and soil). Apart from anthropogenic ac-
tivities such as smelting, metal production, and mining, synthetic fer-
tilizers contribute to the concentration of Cd in the environment (Haider
et al., 2021). The burning of fossil fuels such as coal also contributes to
the release and presence of Cd in the air. It inhibits plant growth by
infiltrating and accumulating in plants/crops (Haider et al., 2021). The
presence of Cd in the environment alters the proper functioning of the
ecosystem, as it is unsafe for most organisms, including the plant
growth-promoting bacteria in the soil (Giacon and Boon 2021). More so,
an inverse relationship has been established between high concentra-
tions of Cd and nutrient uptake, plant water relations, seedling germi-
nation, photosynthetic activity, enzymatic activities, chlorophyll level,
carotenoid content, crop growth, development, and yield (Haider et al.,
2021; Hussain et al., 2024). Through the food chain, Cd can be ingested
by humans, resulting in organ damage, mitochondrial damage, an
increased risk of osteoporosis, and various diseases such as diabetes, and
cancer (Grioni et al., 2019; Zuhra et al., 2024).

3.1.4. Chromium (Cr)

It is an essential element and widely used in various industries,
including mining, and the manufacture of certain chemicals. When
disposed of in an unregulated manner, it finds its way into the envi-
ronment (aquatic and terrestrial), thus entering the food chain and
posing a severe threat to consumers (Jobby et al., 2018; Yang et al.,
2020). Chromium occurs mainly in the form of ferrous chromite
(FeCr204) and has been classified as a mutagen and Group A carcinogen.
Due to its high oxidation power, it is capable of causing damage to the
DNA of living organisms (Balali-Mood et al., 2021). Over time, it can
accumulate in cells of the brain, heart, kidney, testes, and liver due to its
low membrane permeability. It affects mitophagy and has been linked to
DNA damage, anaemia, immunosuppression, phagocytic activity, and
inflammation (Suljevi¢ et al., 2021; Alur et al., 2024). In plants, it is
known to inhibit the germination of seeds, growth, nitrogen metabolism,
chlorophyll synthesis, and photosynthesis, and also cause a reduction in
soil biomass (USEPA 1998; Del Real et al., 2020; Qin et al., 2024). Aside
from coal burning and drilling of oil wells, tanneries for metal plating
can lead to the occurrence of Cr in the environment (Sharma et al.,
2021).
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3.1.5. Cobalt (Co)

Co can exist both as sulphide and oxide ores, and at a moderate or
appropriate quantity, it is vital for plant health, growth, development,
and metabolism of root nodules in leguminous plants (Zhu et al., 2021a).
However, at higher concentrations in the soil, it exerts harmful effects on
crops, which manifest in the form of plant discoloration, falling leaves,
premature leaf closure, and reduced shoot weight (Mahey et al., 2020).
According to Azarakhsh et al. (2015), Salam et al. (2024) and Shih et al.
(2021), greater concentrations of Co may result in reduced uptake of
nutrients, oxidative stress, the production of reactive oxygen, the for-
mation of hydrogen peroxide, an increase in proline, and inhibition of
antioxidant enzyme activities. In addition, nitrogen metabolism is
affected while photosynthetic pigments are reduced by increased Co in
the soil (Azarakhsh et al., 2015). In humans, the infiltration of this HM
into food may result in cobalt poisoning, which has been linked with
severe cardiomyopathy and hypoxia in cardiomyocytes (Giacon and
Boon 2021; Zhu et al., 2021a).

3.1.6. Copper (Cu)

Cu exists in both oxidized and reduced states (Cu (II) and Cu (I)
respectively), and shares similar characteristics with cobalt, due to its
ability to exist as sulphide and oxide ores (Xu et al., 2021). Although
toxic at high concentrations, Cu is an essential micronutrient in mod-
erate quantities as it aids the flow of electrons and catalyzes redox re-
actions (Sandoval-Pauker et al., 2021). Extreme concentrations of Cu in
the soil have hazardous effects on soil microorganisms, resulting in
changes in soil equilibrium, consequently affecting soil health, soil
microflora, fauna, fertility, crop development, and production (Shaw
et al., 2020; Tu et al., 2024). In humans, it is an essential trace element
that is important for bone health and the proper functioning of the im-
mune system. It has been established to possess growth-promoting
importance, antibacterial, anti-parasitic, and antifungal characteristics
(Li et al., 2021). However, in high concentration, it is known to inflict
gastrointestinal problems such as diarrhoea and vomiting, it has also
been linked with renal failure, mitochondrial dysfunction, endoplasmic
reticulum stress, copper-mediated cell death, and intravascular hae-
molysis (Franchitto et al., 2008; Abdullah et al., 2024).

3.1.7. Lead (Pb)

Pb is a naturally non-degradable element that is harmful even at the
lowest concentration (Trujillo-Vazquez et al., 2023). Being commonly
found in soil and groundwater, lead penetrates bacteria cells, changes
the protein and nucleic acid conformation, disrupts cellular function,
inhibits enzyme activity, damages the DNA structure, and disturbs
several physiological processes in plants (Bruins et al., 2000; Pourrut
et al., 2011). Instability in the uptake of ion by plants is a major
consequence of lead toxicity, and this inhibits plant growth (Jaishankar
et al., 2014). According to Aslam et al. (2021) and Ilyas et al. (2024),
lead toxicity inhibits guard cells significantly and impedes cell wall
elasticity, seed germination, crop yield, leaf, and chlorophyll develop-
ment. House paint, gasoline, plumbing pipes, and lead batteries, are
sources of lead, hence, exposure to these might result in oxidative stress
and lead poisoning in humans (Charkiewicz and Backstrand 2020;
Carroll et al., 2021; Harshitha et al., 2024).

3.1.8. Mercury (Hg)

This is a major HM that penetrates and accumulates in the body
through the food chain. Apart from gold mining, mercury pollution
occurs from paper and pulp preservatives, activities of industries like
pharmaceuticals, chlorine, and caustic soda, as well as careless waste
disposal (Jaishankar et al., 2014). In plants, Hg toxicity does not only
impede growth but also causes long-term damage to the soil micro-
biome, consequently altering soil fertility, and impairing the physio-
logical and metabolic activities of plant (Magsood et al., 2024).
According to Gallego et al. (2002) and Malar et al. (2015), oxidative
stress is induced in plants as a result of high concentrations of mercury
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ions. This is done by increasing the formation of reactive oxygen species
such as hydroxyl radical and hydrogen peroxide in plant cells, which
creates a negative effect on fatty acids, chlorophyll contents, nucleic
acids, and proteins (Malar et al., 2015). Through the aid of microbes, the
mercury present in soil and water is converted to methylmercury, which
is a more poisonous form of mercury and has been categorized as highly
carcinogenic (USEPA 1998). Exposure to this form of mercury
commonly used as a preservative for animal grains and its accumulation
in the human body can cause adverse effects such as damage to kidney
and brain tissue, impairment of the immune system, and other forms of
ailment ranging from mild to severe (Guzzi et al., 2021; Zafar et al.,
2024).

3.1.9. Nickel (Ni)

It is an HM used immensely in industries, hence its wide occurrence
in the environment as a pollutant (Das et al., 2019). It’s mostly found at
low concentrations in the soil and the environment generally and bound
with sulfur or oxygen, therefore forming sulphides or oxides in the
earth’s crust (Yang and Ma 2021). In plants, nickel affects metabolic
activities, causing inhibition of growth, induction of necrosis, chlorosis,
wilting, impairing pigment concentration, and damaging the leaf
photosynthetic system (Bhalerao et al., 2015; Saqib et al., 2024). Some
Ni compounds, such as nickel (II) nitrate-Ni(NO3), and nickel (II)
chloride-NiCl; have been classified as human carcinogens by the Inter-
national Agency for Research on Cancer (IARC) (IARC 1990), hence, the
World Health Organization recommends a safe limits of 0.02 and 0.05
ppm Ni in wastewater and agricultural soils respectively (Boffetta 1993;
Kinuthia et al., 2020). Human exposure to Ni (which is capable of
harming the colon) occurs mainly through air, food, and water, although
it can also get into the bloodstream through inhalation and skin infil-
tration (Genchi et al., 2020; Zheng et al., 2024) (see Fig. 1).

3.1.10. Zinc (Zn)

This is an essential heavy metal needed for physiological activities in
the human body, it is vital for the repair of tissues in the human body as
well as for proper growth and development. Although nontoxic at
moderate concentrations, exposure to high concentrations of this heavy
metal could result in intoxication, manifesting in the form of breathing
difficulty, coughing, and nausea in humans. Being found generally in
soil and water, an extreme concentration of zinc in these ecosystems can
tamper with the diversity of microbes, thus affecting the absorption and
bioavailability of other metals (Hussain et al., 2022). By affecting the
soil microbial diversity, high concentrations of zinc may impact soil
fertility, crop quality, yield plant growth, and crop production (Raza’i
etal., 2021; Kaur et al., 2024). Reversing the alteration caused by HM in
the soil can be demanding, likewise, the ravaging effects of their infil-
tration into the food chain can be overwhelming. Table 2 summarizes
the sources of various HMs, their action mechanisms, and the adverse
effects of these elements on sustainable agriculture, while Fig. 2 illus-
trates how air, water, and soil pollution by HMs contaminates the at-
mosphere, poses threats to life, and also affects plant growth and
production by causing ecotoxicity in the soil microbiome as well as in
aquatic habitats.

4. Strategies for heavy metal remediation and their challenges

Owing to the urgency of achieving sustainable agriculture, driven by
the ever-increasing global population, the revamping and remediation
of soil microbial communities is crucial. This will prevent the over-
whelming occurrence of HM in the environment and the infiltration of
lethal HM into the food chain. Examples of techniques being used with
respect to this include, chlorination/thermal treatment, chemical
extraction, and adsorption. However, these methods have not been
without negative consequences.
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4.1. Chlorination and thermal treatment

This chemical/technological approach has been recognized as an
effective method for significantly reducing the Pb, Cu, Zn, and Cd levels
in HM contaminated soil, consequently minimizing the threat posed by
these HMs on the soil microbiome and plants (Nowak et al., 2012; Li
et al., 2019; Xia et al., 2020). For this process, which is carried out in a
cylindrical rotary kiln, CaCl, and MgCly are the metal chlorides
frequently utilized due to their high-chlorination efficiency. Based on
the average target temperature of about 950 °C, this procedure favours
the immobilization of HMs in the soil and yields remediated soil free
from Pb and Cd while significantly reducing the concentrations of Cu
and Zn (Nowak et al., 2012; Li et al., 2019; Xia et al., 2020). Despite the
applicability of this method in HM remediation, some drawbacks have
been recorded, which are highlighted below.

4.1.1. Limitations

Regardless of its suitability, this method may elicit potential long-
term effects due to the by-products of chlorination, such as tri-
halomethanes, which have been identified as carcinogenic (Nagai et al.,
2012). It can also lead to the accumulation of chlorine in the soil, thus
resulting into excessive deposit of the micronutrient, which injures
mature leaves and plant roots and alters the activity of beneficial soil
microbes, especially bacteria (Gryndler et al., 2008; Sun et al., 2022).
Also, when chlorine deposits in the soil are washed into waters or rivers,
it can pose a major threat to aquatic organisms (Organization 1996).

4.2. Adsorption

This technique is commonly utilized for the removal of HMs such as
Pb, Zn, Cu as well as metal ions, from several industrial effluents. It is
considered suitable due to its cost, economic effectiveness, and ease of
operation (Lakherwal 2014). Adsorbents such as activated carbon,
kaolinite, polymeric materials, zeolites, lignin, and clay are employed
for the removal of HM. Most of these adsorbents are easily and locally
available in large quantities, however, there are several limitations to
these techniques, which are highlighted below.

4.2.1. Limitations

Weak specificity and high cost of adsorbent are major drawbacks of
this procedure. The adsorbents mentioned above suffer from low
adsorption capacities and separation inconvenience. Therefore, efforts
are still needed to exploit new, promising adsorbents.

4.3. Ion exchange

In addition to iron, zeolites, and activated carbon, ion-exchange
resins show efficiency in HM remediation. The results from the study
of Feng et al. (2010) showed that Duolite Gt-73 and Amberlite
IRC-748-Rohm and Haas, have the capability to significantly reduce the
concentration of cadmium, copper, and lead from 1000 pg/L to below 5
pg/L. The study of Budak (2013) and Sikora et al. (2021) confirms the
potency of ion-exchange resin beads in the remediation of lead, nickel,
cadmium, and mostly copper. Apart from its reduced cost, this proced-
ure has been considered to possess high processing capacity.

4.3.1. Limitations

According to the study of Esmaeili and Foroutan (2015); Dosuna-R-
odriguez and Gaigneaux (2012), low thermal stability, deactivation by
cations (Na) and metals such as iron, and pollution of larger quantities of
resins in the presence of organic materials are the challenges of this
technique. Moreover, ion-exchange resins may not be effective in cases
of high contamination.
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Table 2
Effects of soil heavy metals (HMs).

Heavy Sources Action mechanism Effects on agricultural soil, Effects on human health EU Reference

metals soil microbes and crop standard
production in soils
(18/8)

Arsenic Waste incineration, Generates Reactive Oxygen Affect soil health, fertility, Growth inhibition, cell 20 (Rahaman et al., 2013;
smelting, natural Species (ROS) crop development and death, cancer Engwa et al., 2019;
processes, mining, Damages the dynamic DNA production, Balali-Mood et al.,
pesticides, glassware maintenance system 2021)
operations Inhibits formation of ATP

Damages capillary
endothelium
Epigenetic alterations

Boron Naturally occurring, Generates ROS Causes chlorosis and Weight loss, respiratory 1 (Parks and Edwards
mining and other necrosis, Induces brown distress, irritation 2005; Brdar-Jokanovic¢
anthropogenic processes lesions at leaf sheaths, 2020; Hadrup et al.,

spikes and stems, Delayed 2021)
emergence, reduction in the
height of stem

Cadmium Industrial discharge and Apoptosis, altered Inhibits root growth, affect Kidney dysfunction, bone 3 (Wang et al., 2018;
waste, incineration, fuel phosphorylation cascades, germination of plant seeds disease, disorders in the Balali-Mood et al., 2021;
combustion, mining, and  unbalanced Ca, Zn and Fe and seedling growth, affects gastrointestinal tract, liver Zhu et al., 2021b)
smelting homeostasis. chloroplasts morphology, damage, High blood pressure

Inhibition of cell division biosynthesis of chlorophyll

Damage of Nucleic acid and activity of enzymes,
thus affecting
photosynthesis

Chromium Industrial coolants, Damages the DNA Suppresses biological Pulmonary sensitization, 150 (Wyszkowska 2002; Ray
metal plating, leather Causes genomic instability activities of soil microbes, cancer, DNA damage, affects and Ray 2009;
tanning modifies soil environment, the immune system Balali-Mood et al.,

influence enzymatic 2021)
activities in the soil by

affecting the soil

microorganisms.

Cobalt Batteries, surgical Cause disturbance of mitotic Affects soil basal Gastrointestinal problems, _ (Leyssens et al., 2017;
implants, coloured glass,  processes respiration, arylsulphatase vision impairment, Lozano et al., 2022)
paints, Co-containing and acid phosphatase dermatitis, thyroid damage,
sludge, deposits from Cardiomyopathy, rhinitis,
combustion, mining, asthma, and death
refineries and phosphate
fertilizers

Copper Mining, Industrial Competitive inhibition Higher concentration kg~ Apoptosis, damage to the 140 (De Lillo et al., 2018;
wastes, mineral Disruption of cell membrane  affects soil functionality DNA, reduced cell growth, Shaw et al., 2020;
leaching, metal plating and the community Sharma et al., 2021)

structure of microbes in the
soil

Lead Fossil fuel burning, Induces cellular damage Causes soil microbial DNA Respiratory and 300 (Tchounwou et al.,
mining, cosmetics, and through the formation of damage, inhibits cardiovascular disorders, 2012; Toth et al., 2016;
battery manufacturing ROS, Inhibits the actions of chlorophyll production, anaemia, brain, and kidney Zulfiqar et al., 2019)
industries calcium/calcium dependent root elongation and damage

processes, alters the development of seedlings
configuration of sulfhydryl

and amide groups of

enzymes, and reduces their

ability

Mercury Pesticides, industrial/ Generation of free radicals Affect soil microbial Affects the liver and the 0.02 (Hyun et al., 2021;
hospital waste that damages biomolecules community structure, central nervous system. Seydi and Pourahmad
incineration, mining, by inducing oxidative stress. reduced nitrogen-fixation Gastrointestinal ulceration, 2023)
coal combustion, Production of reactive rate, inhibition of plant renal failures, redness of
volcanic eruptions, oxygen species growth hands and feet,
emission from oceans, Inhibition of Glutathione cardiovascular and hormonal
geologic deposits peroxidase problems

Inhibition of vital enzymes

Nickel Emission from industries =~ Regulation of transcription Affects soil health, crop Impairment of cell 75 (Genchi et al., 2020;
(such as the battery factors, controlled quality, membrane function, Yang and Ma 2021)
industry), forest fires, expression of certain genes neuronal degeneration of the
volcanic eruptions, and generation of free hypothalamus, significant
combustion of coal/ radicals which aids decrease in the level of
diesel/fuel, certain food/  carcinogenic processes androgen and estrogen,
cooking utensils oxidative stress and

apoptosis
Zinc Smelting, industrial Inhibition of enzyme Inhibits growth and root Hepatic DNA damage, 300 (Yang et al., 2015; Wang

wastes, electro-plating,
plumbing.

activities
Inhibition of cell division.

elongation, reduces
chlorophyll content in leaf,
reduce root and shoot
biomass.

nausea, diarrhoea, vomiting,
abdominal cramps and
death.

et al., 2016;
Charkiewicz and
Backstrand 2020;
Eldidamony et al., 2021;
Elleuch et al., 2021).
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Fig. 1. Flow diagram for the inclusion and exclusion of articles.
l Heavy metal I
s \
Water pollution Soil pollution Air pollution
\ J
. . ( )
Causes aquatic Causes terrestrial ecotoxicity: Contaminates tha
ecotoxicity affects soil microbiome, plant " h
growth and production atmosphere
\. J
X Death of aquatic animals (
Infiltration and Respicatorvd
contamination of crops espiratory damage

Threat to human
health/Death

Fig. 2. A schematic illustration for the effects of HMs on the environment.

4.4. Electro-kinetics

This procedure is applied to remove HM contaminants from low
permeable, contaminated soil by applying direct current. A direct cur-
rent of low voltage is applied to electrodes in the soil, thus creating an
electric field in the soil. Through the electric field created, HM is
mobilized and then extracted from the soil (AEC 2000). With a removal
rate of about 24-84 %, this method is significantly potent in dislodging
HMs (Wang and Tam 2019). The ability to engage this procedure in
removing contaminants from zones with low permeability (which is

difficult to carry out with some other existing methods) and the possi-
bility of conducting this procedure within the remediation site (in-situ)
is a main advantage (Brusseau 2019).

4.4.1. Limitations

Alteration of the soil’s pH especially when current is induced for a
longer period, is a major challenge of this technique. Also, it’s been
noted as a time-demanding process, and metals buried in the soil could
change the voltage gradient, cause a decrease or diversion of current
flow, or stop the flow altogether. While low-permeable soils can be
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easily remediated with this method, soils with high permeability reduce
the efficiency of electro-kinetics (Cauwenberghe 1987).

4.5. Chemical precipitation of heavy metals

Due to its simplicity and cheap cost, chemical precipitation is one of
the most frequently used techniques for the removal of HMs. Through
the use of hydroxides (calcium hydroxide or sodium hydroxide) or sul-
phides (such as sodium sulphide, calcium sulphide, hydrogen sulphide,
the metals are transformed into insoluble form as a result of the chemical
reaction between the precipitating reagent and the HM compounds
(Dahman 2017; Pohl 2020).

4.5.1. Limitations
Extremely low solubility of metal sulphides and release of hazardous
hydrogen sulphide (Pohl 2020).

4.6. Bioleaching

This process is aimed at recovering HMs especially from sludge by
microorganisms such as Thiobacillus. Being a cost-effective and eco-
friendly natural process, it doesn’t cause a release of hazardous gases,
which could result in secondary pollution (Nguyen 2003). Being
eco-friendly and cheaper, this procedure has made up for the drawbacks
of physicochemical remediation. It is a more sustainable technique for
reclaiming soil environments polluted with HMs, thus making them
more suitable for agricultural practices. The bioleaching process is
facilitated by certain acidophilic bacteria, which have the ability to
oxidize reduced sulfur or ferrous iron so as to produce acidity (Tichy
1998). The major types of bacteria optimized in this process are Thio-
bacillus ferrooxidans and Thiobacillus thiooxidans (Marchioretto et al.,
2003).

4.6.1. Limitations

In contrast to other methods of HM remediation, the bioleaching
process is a slow procedure that would also need follow-up treatment as
the filter residue may retain some HMs that cannot be leached (Gao
et al., 2021). Long-term exposure to toxic HMs can result in severe ef-
fects that could be life-threatening (e.g cancer) due to the debilitating
effects of these pollutants (Dhane et al., 2024). According to Witkowska
etal. (2021), an excellent approach to limiting HM pollution is to control
their concentration and influx into the environment. Identifying and
understanding the sources and routes of pollutant exposure is a crucial
step in reducing the risks posed by toxic HMs. Targeting the source of
exposure with interventions to control HMs is crucial to identify,
determine, examine, manage, and potentially eradicate the pollution
source, particularly in industries. We should consider the acute and
long-term effects of the pollutant on health.

It is important to monitor the populations exposed to HM pollution,
both physically and biologically. Frequent monitoring and evaluation
can assist in identifying risks or threats posed by HMs and guide them in
taking the right remedial steps. While it may not be regarded as a major
control measure, industrial or environmental exposure may be pre-
vented by industrial hygiene or environmental control approaches.
Moreover, adequate training and education of personnel in the indus-
trial and research areas, as well as health professionals, policymakers,
and the general public, about the risks and threats posed by toxic HM
pollution and strategies for minimizing these risks, would be of great
help in the prevention and control of exposure to HMs. Adequate edu-
cation and awareness of the effects of toxic HMs by health policymakers
would guide them in taking the precautions needed to take decisions on
permitting further circulation of HMs into the environment (Lucchini
et al, 2015). We further recommended implementing increased
awareness and campaigns on the potential acute and chronic health
effects of HMs.
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5. Bioremediation

Being a more sustainable and less expensive technique, bioremedi-
ation has been a recommended method in the treatment of heavy metal-
polluted soil (Pearce et al., 1995). This process degrades HM and causes
it to change from one oxidation state to another, making it less
poisonous, leachable, and bioavailable. Although plants are commonly
used for this purpose (phytoremediation), utilization of suitable mi-
crobes has been proven to be a productive strategy for the reclamation of
HM-polluted soil (Wang and Tam, 2019; Saha et al., 2021). Microbes,
including bacteria, fungi, and algae such as pseudomonas putida, chlorella
vulgaris, and arbuscular mycorrhizal fungi, are used for the immobili-
zation, detoxification, and removal of various pollutants from the
environment through biostimulation, bioaugmentation, and intrinsic
bioremediation (Chekroun et al., 2014; Ayangbenro and Babalola, 2017;
Tomer et al., 2021; Omotayo and Babalola, 2023). We introduce these
microbes into the soil, providing them with a conducive environment
and nutrients to multiply and thrive, thereby carrying out the remedi-
ation process.

In addition, this method optimizes the metabolizing potentials of
certain microorganisms to modify contaminants such as HMs into non-
toxic or less hazardous forms. The microorganisms degrade contami-
nants by utilizing them as an energy source (Ayangbenro and Babalola
2017). Bioremediation can be aerobic, involving microbial reactions
that make use of oxygen. It can also be anaerobic, involving microbial
reactions that occur without oxygen, and this involves processes like
methanogenesis, fermentation, and reductive dichlorination (Elyamine
et al., 2021).

5.1. Phytoremediation

This strategy is applicable when the HM pollutants are within the
plant root zone and cover a larger area. It involves the use of plants in
the removal/clean-up, transfer, stabilization, and destruction of HM in
polluted soils. Being powered by solar energy, and due to plants’ ability
to absorb ion compounds from the soil, phytoremediation is a produc-
tive and environmentally friendly approach (Yan et al., 2020b). In their
study, Jacob et al. (2018) and DalCorso et al. (2019), made it known that
through the root systems of certain plants, they can establish a rhizo-
sphere ecosystem to accumulate and modulate the bioavailability of
HMs, thereby redeeming the polluted soil. To achieve phytor-
emediation, plants may be engaged to either reduce the bioavailability
of HM in the soil or extract HM from the soil through a process called
phytoextraction. There are several soil phytoremediation mechanisms.

e Rhizodegradation and phytodegradation

Rhizodegradation, also regarded as phytostimulation, involves the
release of nutrients through the root exudates into the rhizosphere,
thereby supplying the microbes in this region with vital nutrients to
carry out the degradation process (Dowling and Doty 2009). The
rhizosphere microbiome, which receives sugars, amino acids, and other
nutrients through root exudate discharge as well as phytohormones,
assists in the degradation of toxic HMs. In phytodegradation, plants can
directly absorb and break down contaminants into less toxic compounds
and distribute them within plant tissue; that is; it entails the degenera-
tion of HM through metabolic activities that occur in plant tissues
(Greipsson 2011; Omotayo et al., 2021; Omotayo 2022).

e Phytofiltration

This entails the absorption and adsorption of toxic HMs by plant
roots (rhizofiltration), shoots (caulofiltration), and seedlings (blastofil-
tration). The pollutants are removed from the contaminated soil through
precipitation, absorption, and accumulation into plant biomass (Maha-
jan and Kaushal 2018). Plant roots are used to absorb/concentrate and
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precipitate toxic HMs following the acclimatization of the hyper-
accumulators to contaminated environments (Yan et al., 2020a). These
hyperaccumulators are then transferred to contaminated soil and har-
vested when their roots are saturated with the contaminants.

e Phytostabilization

This entails the release of chemical compounds by plants into the soil
which causes the immobilization of HM leading to a change in their
redox state and consequently a decrease in their bioavailability (Li-qun
etal., 2009). This technique is targeted towards minimizing the mobility
of these toxic compounds by establishing plant cover on toxic
HM-contaminated sites (Kafle et al., 2022). The contaminants are taken
up and sequestrated in the root system (in the root cell vacuole through
cellular processes), precipitated, and immobilized by root exudates
(Kafle et al., 2022). Plant roots limit the mobility and bioavailability of
the pollutants through their stabilizing ability, thus reducing the toxic
effects of the HMs.

e Phyto-accumulation/phytoextraction

This process involves the absorption of toxic HMs by plant roots
(hyperaccumulators) and their transfer to the shoots followed by its
deposit at the aboveground part of plant tissues (leaves and shoots),
which are not active metabolically (Greipsson 2011). Through chelation
with metals and their metabolites, hyperaccumulators absorb toxic HMs
from the soil, thus reducing HM toxicity (Yaqoob et al., 2019; Kafle
et al., 2022; Khan et al., 2023).

e Phytovolatilization

HMs are taken up by plant roots, modified and converted into gases,
and released into the atmosphere (Khan et al., 2023). This occurs when
plants take up water and contaminants like HMs. The water and con-
taminants that move from the roots to the leaves change and get
modified as they travel to the leaves and finally evaporate into the at-
mosphere (Kafle et al., 2022; Khan et al., 2023).

5.1.1. Plants capable of phytoremediation

There are about 500 plant species known as hyperaccumulators,
capable of storing up and tolerating high levels of HMs in their roots and
shoots (Muszynska and Hanus-Fajerska 2015). In the phytoremediation
process, hyperaccumulators absorb the toxic metals from soils at high
concentrations. Table 3 shows examples of these valuable plants and the
metals they commonly absorb.

5.1.2. Potentials of phytoremediation

The use of natural resources in the prevention and control of pol-
lutants and toxins has been highly recommended and noted to be
effective, mostly without any significant hazardous consequences. The
ability of hyperaccumulators to absorb and tolerate high levels of HMs
makes them suitable for the reclamation of contaminated soil. Plants
such as those listed above (Table 3) can return the soil to a less toxic state
suitable for sustainable agriculture. However, to achieve optimal success
with phytoremediation, proper plant selection needs to be done, as most
of the identified hyperaccumulators grow slowly and have small sizes
(Comis 1996). The ability of some hyperaccumulators, such as Alyssum
murale, to tolerate extreme environmental and climatic conditions, like
drought, makes them stable and capable of accumulating HM pollutants.
Therefore, intercropping with hyperaccumulator plants such as this
would significantly enhance the uptake of heavy metal from the soil
environment, thus reducing the risk of contamination of the cultivated
plants drastically (Hu et al., 2019). Crop rotation techniques involving
hyperaccumulators are also viable means of getting rid of HMs. In their
study, Saad et al. (2018) found that rotating legumes with Alyssum
murale, helped in the reduction of Nickel from the soil and a high
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Table 3
Plants with phytoaccumulation capability.

Plant species Heavy metal References

Arsenic,
Chromium,
Copper

Aeolanthus biformifolius, Cicer
arietinum, Eleocharis
acicularis, Ipomoea alpine,
Pteris biaurita, Pteris cretica,
Pteris longifolia, Pteris
Umbrosa, Pteris vittata,
Pityrogramma calomelanos,
Pteris multifidi, Pteris
quadriaurita, Pteris
ryukyuensis

Azolla pinnata, Arabidopsis
halleri, Betula occidentalis,
Brassica nigra, Brassica
juncea, Betula occidentalis,
Cicer arietinum, Deschampsia
cespitosa, Eleocharis
acicularis, Euphorbia
cheiradenia, Helianthus
annuus, Medicago sativa,
Noccaea rotondifolia,
Phytolacca americana, Sedum
alfredi, Salsola kali, Thlaspi
rotundifolium, Thlaspi
calaminare, Thlaspi
caerulescens, Turnip
landraces

Haumaniastrum robertii,
Haumaniastrum katangense,
Haumaniastrum robertii,
Haumaniastrum villosum

Astragalus racemosus, (Alford et al., 2012; Lindblom
Astragalus bisulcatus, et al., 2013; Statwick et al.,
Astragalus convallarius, 2016)

Lecythis ollaria,

Alyssum caricum, Alyssum
bertolonii, Alyssu corsicum,
Alyssu markgrafii, Alyssum
murale, Alyssum
serpyllifolium, Alyssum
pterocarpum, Alyssum
heldreichii, Alyxia rubricaulis,
Berkheya coddii, Isatis
pinnatiloba, Maytenus
bureaviana, Macadamia
neurophylla, Phyllanthus
serpentinus, Psychotria
douarrei,

Achillea millefolium, Armoracia
lapathifolia, Cicer arietinum,
Festuca rubra, Helianthus
tuberosus, Juncus maritimus,
Marrubium vulgare, Poa
pratensis, Rumex induratus,
Silene vulgaris.

(Koller et al., 2008; Dasgupta
etal., 2011; Yang and He 2016;
Nurfitri et al., 2017)

Cadmium,
Lead, Zinc

(Reeves et al., 2018; Jahromi
et al., 2019; McBride and Zhou
2019; Kumar et al., 2020;
Muro-Gonzélez et al., 2020;
Rezaeian et al., 2020; Cenova
et al., 2022)

Cobalt (Kabeya et al., 2018; van der

Ent et al., 2019)

Selenium

Nickel,
Manganese

(Brooks et al., 2001; Broadhurst
and Chaney 2016; Bani et al.,
2018; Nkrumah et al., 2018;
Dao et al., 2020)

(Moreno-Jiménez et al., 2007;
Antonkiewicz et al., 2018;
Pacwa-Plociniczak et al., 2018).

Mercury

concentration of this HM was found in the root and leaves of the
hyperaccumulator plant. Similarly, Yang et al. (2011) found that
rotating Noccaea caerulescens with Brassica rapa L. spp. Chinenesis cv
(pakchoi) helped in a significant reduction of Cd from the soil and shoot
of pakchoi.

5.2. Microbe assisted bioremediation

Engaging suitable microorganisms in redeeming HM-polluted soil
has been proven to be efficient and less expensive. The process of
remediation by microbes can either be ‘in-situ’ or ‘ex-situ’ as illustrated
in Fig. 3 (Lombi and Hamon 2005). Both methods engage microorgan-
isms, and with the aid of enzymes such as oxidoreductases and dioxy-
genases, toxic HMs are converted into less harmful forms in a process
called bioattenuation (Saha et al., 2021). Other approaches involves
biostimulation and bioaugmentation (Saha et al., 2021). In the process
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Fig. 3. In-situ and Ex-situ bioremediation processes.

Fig. 4. Soil bioremediation, reclaim of polluted soil for agriculture, and the SDG’s.

of microbial remediation, microorganisms such as Pseudomonas, Rho-
dococcus, and other aerobic bacteria utilize the HM contaminants to
obtain carbon and energy while cleaning up the ecosystem (Table 4) -
(Liu et al., 2020) (see Fig. 4).

Moreover, anaerobic bacteria, such as those belonging to the Deha-
lobacter, Desulfuromonas, and Dehalococcoides, degrade Heavy metal
compounds (Omotayo et al., 2021). The methylotrophs such as

Methylocapsa, Methylovirgula, and Methylosinus helps utilize methanol
produced during carbon cycling and by the decomposition of plants
pectin and lignin (Mathé et al., 2019). Fungi are not exempt from
remediation activities, through biosorption process, Aspergillus,
Saccharomyces, Rhizopus reduce heavy metal contamination. Mycor-
rhizal fungi associated with plant roots also help in the reduction of soil
HM through the accumulation of these pollutants in their hyphae or
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Table 4
Microorganisms capable of bioremediation.

Microbial species Heavy metal Reference

Arthrobacter viscosus, Aeribacillus Lead (Pb) (Rebello et al., 2021;
pallidus, Baciillus badius Pham et al., 2022)
Bacillus badius AK, Klebsiellap Cadmium (Rebello et al., 2021;
enumoniae, Pseudomonas putida, (Gunsalus Pham et al., 2022)

Pseudomonas aeruginosa, et al.)
Saccharomyces cerevisiae
Desulfovibrio desulfuricans, Zinc (Zn) (Afzal et al., 2017;

Oceanbacillus profundus,
Pseudomonas putida, Staphylococcus
epidermidis

Pseudomonas alcaliphila, Pseudomonas
aeruginosa, Stenotrophomonas

Singh et al., 2022)

Chromium (Cr) (Ray and Ray 2009;

Sharma et al., 2021)

maltophilia

Pseudomonas aeruginosa, Vibrio Mercury (Hg) Rebello et al. (2021)
parahaemolyticus

Micrococcus luteus, Pseudomonas Copper (Cu) Selvi et al. (2019)
azotoformans

Klebsiella variicola, Pseudomonas Nickel (Ni) (Abdel-Monem et al.,
cepacia 2010; Afzal et al.,

2017).

roots (Mathé et al., 2019).

5.3. Organic manures and soil remediation

The use of organic materials such as bioachar and peat moss in the
reclamation of soil contaminated with HM has been reported. The
former has been observed to reduce the bioaccumulation of toxic HMs
within food crops, aside from their benefits in enhancing crop growth.
Nawab et al. (2018), utilized and studied the ability of biochar, farmyard
manure, and peat moss on agricultural soil that has been impacted by
mining activities. Their study focused on utilizing these organic manures
to immobilize toxic HMs specifically Ni, Cr, As, Zn, Cd and Pb and to
reduce the bioaccumulation of these in chilli and pea. It was found that
the use of these organic amendments significantly decreased the
bioavailability of toxic HMs in the soil. Also, it was observed that the
application of these organic substances minimized the intake of toxic
HMs and the risk involved. However, bioachar was found to have the
most effect in immobilizing toxic HMs.

Ghani et al. (2022b), compared the prospects of orange peel-derived
bioachar and poultry manure in reducing the bioavailability of toxic
HMs when applied to degraded agricultural soil and to the okra plant. It
was observed that these organic substances reduced Cd and Ni avail-
ability and uptake in the plant and increased the plant biomass. How-
ever, when compared with poultry manure, it was found that the use of
orange peel bioachar is a more feasible method with prospects of
immobilizing toxic HMs. From the study of Nawab et al. (2019), which
focused on determining the influence of different organic geo-sorbents
on Spinacia oleracea grown in chromite mine-degraded soil, it was
observed that organic substances like bioachar, farmyard manure, and
peat moss immobilized the concentrations of the Potentially Toxic Ele-
ments (PTE) in mine-degraded soil, caused a significant decrease in the
bioaccumulation of Cr, As, Ni, Cd, Zn, and Pb, and also increased the
major nutrient contents in spinach.

6. Prospects of soil bioremediation and the reclaim of polluted
soil for agriculture

The soil remediation process involves the detoxification of hazardous
substances in the soil; hence, healthy soil is obtained after a successful
restoration of contaminated soil from HMs. This in turn results in an
increase in crop production, crop yield, and consequently, food security
and safety. The non-invasive, eco-friendly, and sustainable advantages
of bioremediation make it applicable and suitable for the elimination of
contaminants such as HMs. Bioremediation has the prospect of
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effectively reclaiming contaminated soil environments inexpensively.
Nevertheless, a lack of adequate skills and proficiency on the conse-
quences of divers’ environmental factors on biotransformation and
biodegradation questions the certainty of this remediation technique.

Several microbes with biotransformation potentials are waiting to be
explored, but insufficient information about these microorganisms and
the natural role they play in the environment can hinder their utiliza-
tion. For example, deciphering the diversity and functional attributes of
the microbial community in an HM contaminated soil environment is
vital to understanding microbial degraders and their attributes (bio-
logically and chemically) that can be optimized in the development of
suitable bioremediation techniques, thereby preserving the lifelong
sustainability of natural habitats (Babalola et al., 2021; Abboud 2022;
Omotayo et al., 2022).

6.1. Reclaimed polluted soil, agriculture and the sustainable development
goals (SDG’s)

The role of soil and the rhizosphere microbiome in contributing to
the UN Sustainable Development Goals cannot be overemphasized as
soils play a vital role in delivering the SDGs (Keesstra et al., 2018;
Bouma 2019; Bouma et al., 2019; Omotayo and Babalola 2021). In their
study, Keesstra et al. (2016), explored the role of soils in delivering the
SDGs through a series of short essays focusing on the SDGs related to
food security, water scarcity, climate change, biodiversity loss, and
health threats. They used an approach that mapped the functions pro-
vided by soils to five SDGs. Using a similar approach, Smith et al. (2019)
examined how soil carbon sequestration as a climate mitigation strategy
provides co-benefits and trade-offs to the delivery of all SDGs.

Like Keesstra et al. (2016), Smith et al. (2019), first considered the
functions provided by the soils and mapped these to Nature’s Contri-
butions to People (NCP), with the delivery of these NCP then mapped
onto the delivery of the SDGs. The role of soils in contributing, positively
to the UN SDGs is described herein. The seven soil functions as defined
by the European Commission (Paleari 2017; Heuser 2022) are; (1)
biomass production, including agriculture and forestry; (2) storing,
filtering, and transforming nutrients, substances, and water; (3) biodi-
versity pool, such as habitats, species, and genes; (4) physical and cul-
tural environment for humans and human activities; (5) source of raw
material ;(6) acting as carbon pool; and (7) archive of geological and
archaeological heritage.

Interestingly, good and healthy soil has the potential to deliver sus-
tainable agriculture in key areas of the SDGs. For example, to end hunger
and poverty according to the Sustainable Development Goals (SDG) 1-
No poverty and 2- Zero hunger of the United Nations, agriculture in all
spheres, including crop production, is a major strategy. Agriculture does
not only create a positive impact on the economies of households but
also strengthens those of nations and assists in the eradication of hunger.
However, to achieve sustainable crop production, agricultural soil must
be free from pollutants and contaminants such as HM.

Additionally, the redemption of agricultural soil from these pollut-
ants also helps in reversing their damaging effects on soil biodiversity,
thus reversing land degradation, while protecting, and promoting sus-
tainable use of terrestrial ecosystems in line with SDG 15-Life on the
Land of the United Nations. Furthermore, the achievement of SDG 3
(Good health and wellbeing), which is focused on health, cannot be
achieved if life on land is not redeemed from toxic metals, as this
poisonous substance infiltrates into the food chain, thus causing various
health challenges for consumers. Likewise, remediation of the soil from
HM has the potential to help prevent life in water from jeopardy (since it
stops toxic metals from leaching into the water bodies from the soil) and
assist in the achievement of clean water and sanitation (SDG 6- Clean
water and sanitation).
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7. Adverse impact of HMs on agriculture and food productivity
and sustainability

Apart from the impact of HMs on food safety, these pollutants affect
sustainable agriculture and crop production.

e Disturbing the soil microbiome thus negatively affecting soil health
and quality:

Certain HMs, such as mercury (Hg) are hazardous to the soil mi-
crobial communities. According to Salam et al. (2019), mercury
contamination causes selective pressure on the soil microbial commu-
nities, thereby affecting their population as well as the physicochemical
properties of the soil. The unfavourable impact of cadmium on the
population of bacteria and fungi in the soil consequently affects the
soil’s health and quality (Alsabhan et al., 2022). According to Singh and
Kalamdhad (2011), high concentrations of HM are harmful to plants and
soil as they exhibit toxic effects on soil microorganisms by tampering
with major microbial and metabolic processes, thus hampering the di-
versity of soil microbes. Yan et al. (2020a), reported an alteration of the
composition of soil microbial communities as well as the activity of these
microbes because of HM contamination. In their study, Singh and
Kalamdhad (2011) emphasized that the soil ecology is jeopardized by
HM consequently impacting the health of organisms within the
ecosystem. Indirectly, HM inhibits the activities of soil enzymes, by
hindering the activities of microbes synthesizing enzymes thus resulting
in the loss of soil organic matter and an alteration of the nutrient cycle
(Wang et al., 2007). Because of HM, degrading soil health eventually
leads to quality loss.

e By impacting plant/crop growth and development thus jeopardizing
crop yield:

Cr, Pb, Cd, and As are examples of HMs that are most known for
inhibiting plant growth and subsequently affecting its yield. In their
study, Dotaniya et al. (2014), found Cr to negatively affect root elon-
gation and germination of wheat, thus resulting in a drastic reduction in
crop yield. Pb is a threat to early seedling growth, germination, and total
protein content (Hussain et al., 2013). In barley, Cd is a known threat to
proper growth and development, thus affecting its productivity, this is
evident from the study of Gubrelay et al. (2013), Kintlova et al. (2021)
and Ermoshin et al. (2021), where root shortening, decreased length of
shoot, inhibition of barley seedlings, and overall growth retardation
were observed.

8. Conclusion and recommendations

In this review, the ubiquity and prevalence of HM in the environment
were discussed in addition to the identification of the sources, and the
various effects of these on the environment and health. The impact of
these pollutants on agricultural production, ranging from the negative
consequences on the soil microbiome, soil quality, and plant growth
process to their long-term impact on soil microbial diversity and human
health due to their infiltration into the food chain, cannot be overlooked.
The significant contribution of anthropogenic activities such as mining
to the presence of HMs in the environment and soil was identified and
highlighted. To achieve the Sustainable Development Goals of the
United Nations targeted at ending poverty, hunger, preservation of life
on land, and achieving clean water (SDG 1, 2, 3, 6, and 15), the menace
posed by soil HMs must be tackled. This study evaluated bioremediation
strategies that use natural products such as plants and microorganisms
to remove HM-contaminated soils due to their eco-friendly nature.
Practical and environmentally friendly phytoremediation techniques
can accomplish the removal of HM from soil. The risk of HM pollution
could also be reduced via “in-situ" and “ex-situ" bioremediation, which
converts poisonous HMs into less hazardous forms. Phytoremediation is
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a widely accepted method of recovering HM-contaminated soil, phy-
toremediation offers numerous advantages over alternative physical or
chemical approaches. It is impossible to ignore the possibility of biore-
mediation as a less costly method of cleansing contaminated soil. Our
review’s findings necessitate further research to understand the func-
tional traits and diversity of microbes in HM-contaminated soil, which
will facilitate the identification and understanding of microbial de-
graders for the development of suitable bioremediation inoculants,
thereby promoting the sustainability of natural habitats. Additionally,
further research to determine whether hyperaccumulators or microor-
ganisms are better suited for the removal of particular hazardous HMs is
strongly advised.
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