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Abstract: Rapid industrialization, mine tailings runoff, and agricultural activities are often detrimen-
tal to soil health and can distribute hazardous metal(loid)s into the soil environment, with harmful
effects on human and ecosystem health. Plants and their associated microbes can be deployed to
clean up and prevent environmental pollution. This green technology has emerged as one of the most
attractive and acceptable practices for using natural processes to break down organic contaminants
or accumulate and stabilize metal pollutants by acting as filters or traps. This review explores the
interactions between plants, their associated microbiomes, and the environment, and discusses how
they shape the assembly of plant-associated microbial communities and modulate metal(loid)s re-
mediation. Here, we also overview microbe-heavy-metal(loid)s interactions and discuss microbial
bioremediation and plants with advanced phytoremediation properties approaches that have been
successfully used, as well as their associated biological processes. We conclude by providing insights
into the underlying remediation strategies’ mechanisms, key challenges, and future directions for the
remediation of metal(loid)s-polluted agricultural soils with environmentally friendly techniques.

Keywords: bioremediation; decontamination; mechanisms; phytoremediation techniques; plant-
microbe association; contaminants; heavy metals; uptake and translocation

1. Introduction

The accelerated population growth and the rapid urbanization, along with flourishing
industrialization, have improved the living standards; however, as a consequence, an array
of harmful pollutants (e.g., pesticides, hydrocarbon, heavy metals (HMs), microplastics)
have been released and compromised the environmental quality (soil, air, and water) [1,2].
Due to their physicochemical properties, such as ubiquity, non-biodegradability, toxicity,
accumulation, and persistence, HMs pollution has attracted much attention worldwide
and has led to the recognition and understanding of the bond between HM contamination
and public health [3]. Human socioeconomic and development activities, such as mining,
smelting, fuel and energy use, long-term use of mineral fertilizers and pesticides, sewage
sludge, and wastewater disposal, are the primary sources of HM contamination [3,4].
HM soil pollution has led to: (i) damage to soil quality and fertility, (ii) loss of microbial
biodiversity, (iii) destruction of the vegetal cover, and (iv) a reduction of crop production
and quality [5,6]. However, microorganisms and plants have developed morphological,
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physiological, metabolic, and molecular traits to cope with HM toxicity, and these traits
could be used to remediate soil contaminated with HMs [7,8].

Several techniques have been deployed to remediate HMs in soils and restore soil
characteristics as close as possible to pre-pollution conditions, including physical, chem-
ical, and biological strategies [3]. The appropriate remediation strategies depend on the
site characteristics, contamination degree, type of contaminants, and the final use of the
contaminated soil. In general, the physicochemical techniques unduly focus on removing
and stabilizing HMs in the soil [3]. Metal remediation through standard physicochemical
techniques is simple, fast, efficient, and operative; however, these techniques are expensive,
unsuitable for large contaminated areas, energy requirements, generate significant amounts
of toxic sludge, and are not practical with a low metals content nor are they environmentally
friendly [7,8]. In addition, these techniques may deteriorate the soil’s physicochemical
characteristics and hamper its microbial biodiversity, which renders the soil unsuitable
for agriculture and other uses [3,8]. To tackle these issues and efficiently remediate soils
contaminated with HMs, scientists have established alternative biological-based strategies
encompassing techniques that use microorganisms and techniques that exploit the plant
properties [3,8,9]. Microbial remediation involves using microorganisms (e.g., bacteria,
microalgae, yeast) to remove/immobilize, transform, or detoxify HMs from the environ-
ment [10-13]. While in phytoremediation, the use of plants and associated soil microbes
involves the extraction, stabilization, and volatilization of HMs from the contaminated
substrates [14-16]. The biological strategies exploit the mechanisms used by endogenous or
exogenous microorganisms or plants to cope with HMs, such as extracellular/intracellular
sequestration, production of metal chelators, precipitation, enzymatic detoxification, and
volatilization, to remediate HM-contaminated environments [12,13,17-19]. These biological-
based strategies are preferred over physicochemical ones because they are simple, easy to
implement, could be adopted for large areas, reliable, cost-effective, less or non-destructive,
and ecofriendly [3,8,9,20]. Nevertheless, there are still several bottlenecks in their wide
application. Biological-based strategies depend on the type of microorganisms and plants
used, their resistance, the level of contamination, and their soil physicochemical character-
istics [3,8,9]. However, these limitations could be surpassed by designing new microbial
and plant species that express specific genes of interest or combining microbial and/or
phytoremediation with physicochemical strategies. Accordingly, this review addresses the
accomplishment of plants’ uses and microorganisms’ application as tools for bioremedia-
tion of HM-contaminated environments. We also examine the recent developments and
prospects for microbial remediation and phytoremediation of toxic pollutants.

2. Heavy Metals: An Alarming Threat to Soil and Environment

Environmental pollution is among the most critical environmental concerns and is
considered to be one of the significant challenges in the modern era. Heavy metals (approxi-
mately 65 metals) are becoming the most threatening contaminants in the environment [21].
The term HMs refers to chemical elements with a density greater than 5 g/cm3 or spe-
cific gravity of at least five times greater than that of water and an atomic mass of over
20 u [21-23]. From a biological perspective, HMs could be classified into essential and toxic
elements. Essential metals (in some cases metalloids) describe a series of plant and animal
micronutrients, such as Zn, Fe, Ni, and Cu, but above certain thresholds, they become
toxic [24]. In contrast, toxic elements are non-essential metals that are highly toxic even
at low concentrations [20,23]. These metals (essential and non-essential) are omnipresent-
trace elements in all the environmental compartments, but due to anthropogenic activities
(i.e., urbanization, industrialization, mining, agriculture, and smelting), they accumulate in
a particular site [25,26].

Due to their ubiquitous nature, not being biodegradable, toxicity, accumulation, and
persistence, elevated HMs in soil and environment have been attracting much attention
worldwide [27]. The adverse effects of HMs on soil physicochemical, biological, and
biochemical properties are well-documented [5,27,28]. Moreover, the coexistence and
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persistence of HMs in the soil are also responsible for the entrance of toxic metals into
the food chain, and thus lead to severe health hazards in living beings [25,29,30]. HMs
drastically disorder soil horizons, soil structure, soil fertility, nutrient biogeochemical
cycles, and soil microbial populations, destroying the existing soil vegetation and installing
subsequent vegetal cover [6,31]. HMs indirectly affect soil enzymatic activities by altering
the microbial community’s size, composition, and activity [32]. HMs exhibit toxic effects on
the microbial community by affecting key microbial metabolic processes such as respiration,
denitrification, and enzymatic activity [32-34]. HMs also cause a reduction in the number
of specific microbial populations and a shift in the microbial community structure [32].
Furthermore, HMs inhibit microbial cell division, transcription, and protein denaturation
and adversely affect cell membrane distribution [35]. The magnitude of the effects of
metals on soil biological properties depends on several factors, including soil texture, clay
contents, organic matter content, pH, inorganic anions and cations, and chemical forms
and speciation of the metal [36].

HM pollution drastically affects soil quality and fertility and plant quality and yield.
HMs severely hamper several biochemical and physiological processes in plants, such
as seed germination, water balance, photosynthesis, electron transport system, stomatal
conductance, as well as CO, assimilation, antioxidant scavenging enzymes, solute accumu-
lation, mineral nutrition, and stunted growth, and ultimately, these disorders could lead
to plant death [31,37-40]. Moreover, high metal toxicity obstructs cytoplasmic enzymes
in plant cells and causes damage to cell structures owing to oxidative stress, which con-
sequently affects plant growth and metabolism [41,42]. The continued decline in plant
growth reduces yield, leading to food insecurity.

HMs that have been extensively accumulated in soils could be infiltrated into other
environmental compartments, such as groundwater, rivers, and crops, and therefore are
menacing to human beings [43]. Researchers have demonstrated that HMs that surpass the
permissible limits deteriorate water quality and make it unfit for drinking and irrigation
purposes [44,45]. HMs enter the human body through direct ingestion or contact with
a contaminated environment, the food chain, and drinking contaminated water [29,46].
Enduring levels of ingestion of these metals has a deleterious influence on humans, and
the related dangerous impacts become noticeable after several years of exposure [29]. The
toxicity degree of each metal is determined by the exposure duration and the absorbed dose.

The toxic effect of HMs and their permissible limits are listed below (Table 1).

Table 1. Maximum permissible limits of heavy metals and other pollutants in irrigation water, soils,
and vegetables [47].

Chemical Element

Maximum Permissible Level

Maximum Permissible Level in

Maximum Permissible Level

(Contaminants) in Irrigation Water (ug/mL) the Soil (ug/g) in Vegetables (ug/g)
As 0.001 20 -
Cd 0.0003 0.8 0.10
Co 0.05 50 50
Cr 0.55 100 -
Cu 0.017 36 -
Fe 0.02 50,000 425
Mn 0.04 2000 500
Ni 0.002 35 67
Pb 0.001 85 0.30
Se 0.02 10 -
Zn 0.20 50 100

3. Current Bioremediation Technologies: Status, Pitfalls, and Drawbacks

With the rapid urbanization and industrialization around the world, the cases of soil
contaminated by HMs have led to the recognition and understanding of the bond between
environmental contamination and public health [3,29,45]. Thus, the overall objective of
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any soil remediation strategy is to restore the contaminated sites to a condition as close
as possible to pre-pollution conditions, protect human health, and preserve a sustainable
environment for future generations [3,4]. Generally, remediation of heavy metal-polluted
soils is subjected to an array of regulatory requirements and could also be based on human
health assessment and ecological risks [30,48]. Due to their long-term consequences to
the environment, it is a worse scenario to leave HM-polluted soil un-remediated. The
appropriate soil remediation techniques depend on the site characteristics, contamination
degree, type of contaminants, and the final use of the contaminated soil [49]. The current
remediation techniques adopted to solve the problem of soil contamination are based, gen-
erally, on two principles. The first is the complete removal of contaminants, and the second
is the transformation of contaminants into less harmful forms using engineering technolo-
gies [4,8,50]. In situ and ex situ are the two approaches practiced for decontaminating soils
affected by HMs [3,8,51]. Numerous physical, chemical, and biological clean-up techniques
have been suggested, practiced, and evaluated for HMs’ remediation in contaminated
or polluted areas [3,8]. Typically, the physicochemical clean-up techniques are equitably
widespread. Although these techniques are seen as suitable for removing the HMs from
the environment, they are challenging to apply, very expensive, not specific, not efficient
in a particular situation, and can significantly alter the soil quality [7,8]. In this context,
scientists developed new methods for the remediation of contaminated soils. Biotechno-
logical methods are an emerging and innovative technology that demonstrates increasing
opportunities for removal and restoration of HM-contaminated soils, as they are reliable,
cheap, and feasible alternatives [3,8,9]. Hence, this review focuses on biotechnological
remediation techniques, especially phytoremediation and microbial remediation.

Bioremediation is an innovative and promising waste management technique that uses
living organisms to remove and neutralize contaminants [3,9,52]. Even though traditionally,
bioremediation refers to the bacterial use (benchmark organisms) in the bioremediation
process, nowadays, the bioremediation strategies are based on processes and the poten-
tial of almost all life forms. In addition to the ‘traditional” microorganisms’ remediation,
strategies including phytoremediation, mycoremediation, and zooremediation are emerg-
ing [8,9]. These organisms have developed and adopted different depolluting mechanisms
such as biosorption, bioaccumulation, biotransformation, and biomineralization for their
survival under HM-polluted soils, which could be used for ex situ or in situ bioremedi-
ation [9,13,19,32]. Ultimately, these organisms make the pollutant less toxic, immobilize
it, or extract it [13,53]. These bioremediation strategies are preferred over other methods
due to their cost-effectiveness and because they are less or non-destructive to the environ-
ment [8]. These bioremediation strategies are typically classified into two main categories:
bioremediation techniques that exploit the plant properties and bioremediation techniques
that use microorganisms.

3.1. Phytoremediation

A very promising solar-powered, low-cost, cost-effective, efficient, and green alterna-
tive technology is plant-based phytoremediation, which has already been used for years.
The concept of phytoremediation was first introduced in 1983 [54]. Phytoremediation, also
called agro-remediation, botano-remediation, or green remediation, is a generic term that
refers to the use of plants to extract, reduce, transform, or immobilize contaminants (organic
and inorganic) contained in soils, sediments, and groundwater [8,20,55]. Several plants
can accumulate large quantities of metals in their vegetative and reproductive parts [6].
Phytoremediation appears to be the best approach to treat soils contaminated with low
to medium metal levels and can be applied in combination with other traditional soil
restoration approaches for effective contaminant removal [20,23,51,56]. The use of plants
helps the concentration and/or degradation of soil pollutants and helps prevent erosion
through the root network, thus limiting dispersal in the environment. They also make it
possible to create a physicochemical environment favorable to developing the rhizospheric
microflora capable of detoxifying the pollutants present in the soils [20,56,57].



Int. ]. Mol. Sci. 2022, 23, 5031

5o0f 43

Unlike physicochemical techniques, phytoremediation is environmentally friendly,
inexpensive, and easier to implement. It can also be adopted in addition to physicochemical
methods [31,58]. Phytoremediation technology of HM-contaminated soils is grouped into
five sub-classes: phytoextraction, phytostabilization, phytovolatilization, phytotransforma-
tion, and phytofiltration [55,59] (Figure 1).

Phytoextraction

Phytovolatilization

ey
o ]
—— Phytotransformation
Phytostabilization

Figure 1. Main phytoremediation techniques for the remediation of contaminated environments.
HM: Heavy metal.

3.1.1. Different Phytoremediation Technologies Involving Contaminants’ Removal
Phytoextraction

Phytoextraction, also known as phytoaccumulation or phytoabsorption, one of the in
situ strategies, refers to using hyperaccumulating plants that could uptake metals from the
soil by their roots and accumulate them in their aerial parts (stems and leaves) [35,55,56].
Phytoextraction is considered an efficient approach to removing HMs from contaminated
soils without altering soil fertility (Figure 1). Plants used for phytoextraction are expected
to have fast growth, high biomass, extensive root network, easy cultivation, repulsion to
herbivores, and support and store HMs at high levels [20,35,56]. After harvest, metals
can also be recovered and reused for economic benefits (phytomining) by thermal, chemi-
cal, or microbiological processes [20,60]. Practically, most hyper-accumulative plants are
identified to belong to the Brassicaceae [23,57]. Several plants, such as Brassica juncea,
Thlaspi caerulescens, Pteris vittata, Haumaniastrum robertii, Aeolanthus biformifolius, Astragalus
bisulcatus, and Arabis paniculate, are identified as hyperaccumulator plants based on their
maximum level of HM accumulation [61].

Phytostabilization

Phytostabilization (or phytoimmobilization) is an emerging alternative strategy in-
volving establishing a plant cover on contaminated media [20,55,56]. Phytostabilization
refers to the use of plants to immobilize contaminants in the soil through accumulation
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by the roots, adsorption on the roots, or precipitation in the root zone (due to binding
by organic compounds), rendering HMs less soluble, less available, and less harmful to
the environment [16,55,59] (Figure 1). Notably, this strategy is not a clean-up technique,
but instead, it reduces the mobility of the contaminants and avoids the risk of further
environmental contamination. Plants employed in phytostabilization require (i) tolerance
to high levels of toxic contaminants, (ii) an extensive root system, and (iii) low translo-
cation of toxic contaminants from the roots to the shoots [20,62]. The plants accumulate
small amounts of HMs in the above-ground parts to avoid their transfer into the food
chain. Metal-tolerant plant species can also be used to restore the vegetal cover to these
sites and decrease the spread of toxic contaminants by wind, soil surface erosion, and
leaching to the groundwater [38,62,63]. Therefore, this technique ensures better landscape
integration of the contaminated sites. Recently, several leguminous plant species have
been successfully used in phytostabilization owing to their rapid growth, high biomass,
high metal tolerance, high metal accumulation in the root system, and their capacity to
form a symbiosis with rhizobacteria [38,58,64]. Seminal works demonstrated the phytosta-
bilization strategies in several plants, including Medicago sativa, Vicia faba, Lens culinaris,
Sulla coronaria, Trifolium repens, Acacia pycnantha, Mimosa caesalpiniaefolia, Erythrina speciose,
and Schizolobium parahyba [38,65-68]. Medicago sativa shows potential for stabilizing mine
tailings contaminated with Cu, Zn, and Pb [31,58]. However, this strategy allows only the
unavailability of HMs to organisms, but HMs remain in the soil. This technique aims to
contain HMs in the soil when the site is heavily contaminated and the phytoextraction
method seems inefficient [20].

Phytovolatilization

Phytovolatilization refers to the plant uptake of toxic contaminants from soil, their
transformation into volatile products, and their subsequent discharge into the atmo-
sphere [16,56,60] (Figure 1). It relies on the use of specific plants which uptake toxic
contaminants such as mercury, selenium, and arsenic, transforming them into volatile
elements with little or no toxicity and releasing them into the atmosphere by evapotran-
spiration via the stomata, leaves, or stems [16,20,59]. Generally, the released compounds
are less toxic than the soil compounds taken up by the roots [16]. The main advantage
of this strategy is removing the contaminants from the soil, without harvesting the plant,
compared to other cases [69]. In contrast, this strategy allows the complete clean-up of the
toxic compounds from soil, but they are released into the atmosphere, where they might be
redeposited [59,70]. Sakakibara et al. [71] demonstrated that the vapor released from the
frond of P. vittata included arsenic, arsenite, and arsenate compounds. Their results suggest
that P. vittata efficiently volatilizes As by eliminating ca. 90% of the accumulated As.

Phytotransformation

Phytotransformation or phytodegradation is limited to eliminating organic contami-
nants since HMs are not biodegradable [60,69]. Phytotransformation breaks down organic
pollutants by using plants enzymes, and it does not depend on rhizospheric microorgan-
isms [60,72] (Figure 1). Recently, Oladoye et al. [56] revealed plants’ capacity to degrade
various organic pollutants, including pesticides, hydrocarbons, and chlorinated solvents.
Enzymes suitable for phytodegradation are: (i) dehalogenase (transformation of chlorinated
compounds), (ii) peroxidase (conversion of phenolic compounds), (iii) nitrilase (transfor-
mation of cyanated aromatic compounds), (iv) nitroreductase (conversion of explosives,
e.g., 2,4,6-Trinitrotoluene (TNT), and other compounds), and (v) phosphating (transforma-
tion of organophosphate pesticides) [16,69]. Cyperus alternifolius has been found to degrade
and remove ethanolamines from wastewater [73], while Armoracia rusticana can degrade
benzophenone [74].
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Phytofiltration

Phytofiltration refers to the approach that exploits plant biomass to remove contami-
nants, mainly HMs, from polluted water, effluent, and aqueous waste streams with a low
level of contaminants [69,75,76]. Phytofiltration permits the removal of organic and inor-
ganic pollutants from water by using plant roots (rhizofiltration), seedlings (blastofiltration),
or plant shoots (caulofiltration) [76]. The ideal plant for phytofiltration should: (i) produce
a substantial amount of root or shoot biomass, (ii) be able to accumulate and tolerate signif-
icant amounts of metals, (iii) have easy handling, (iv) grow under submerged conditions,
and (v) have a minimum of secondary wastes that further require disposal [75,76]. In
rhizofiltration, fast-growing terrestrial and aquatic plants can be used for the extraction
of Pb, Cd, Ni, Cu, Cr, V, and radionuclides (uranium (U), caesium (Cs), and strontium
(Sr)) [75,76]. Based on the pollutants’ nature, the rhizofiltration process may occur with
phytoextraction, phytostabilization, or phytovolatilization processes [69]. Phytofiltration
offers an economical and ecologic solution for the purification of wastewater.

3.1.2. Plant Mechanisms for Metal Detoxification

The plasma membrane, antioxidant system, intracellular chelation, and compart-
mentalization are the main mechanisms of plant tolerance and detoxification to HM
stress [7,77,78] (Figure 2). The plasma membrane could play an essential role in the plant
tolerance to HMs’ toxicity by limiting/reducing their uptake or modifying the ionic ef-
flux [77,78]. HM homeostasis is mainly maintained by heavy metal ATPases (P;B-ATPase),
natural resistance-associated macrophage protein (NRAMP), cation diffusion facilitator
(CDF), and zinc-regulated transporters, iron-regulated transporter-like protein (ZIP) gene
families’ transporters that are present on the plasma membrane [79] (Figure 2). Once in the
cell, the HM accumulation at a particular stage of exposure leads to cell homeostasis disor-
der, affects DNA structure and function, causes damage to the chloroplast and pigments,
and ultimately destroys the cell by producing reactive oxygen species (ROS) (e.g., Oy,
OH, RO,, and H,0,) [77]. The production of ROS can damage biomolecules such as lipids,
proteins, and nucleic acids. Plants, in turn, use antioxidant enzymes, such as superoxide
dismutases (SOD), catalases (CAT), peroxidases (POD), ascorbate peroxidase (APX), and
glutathione reductase (GR), to scavenge ROS and reduce the oxidative damage caused dur-
ing HMs’ oxidative stress [38,80]. One of the fundamental mechanisms of plant tolerance
and detoxification of HMs is their chelation in the cytosol by specific ligands (Figure 2).
Ligands such as organic acids, amino acids, phytochelatins, and metallothionein reduce
HMs’ intracellular content and consequently their phytotoxicity [31,81]. Organic acids
(fumaric, malic, oxalic, and citric acids) have been associated with HM tolerance in many
plant species and have been recognized as critical cellular ligands for Zn, Cd, and Ni [81].
Indeed, these ligands are involved in the vacuole’s HM tolerance process, transport, and
sequestration. Guo et al. [82] proved that the overproduction of organic acids (e.g., malate
and succinate) is a response to excess cadmium uptake, and they act as a potential ligand
of Cd, thereby reducing further damages. Amino acids (e.g., histidine, nicotianamine,
and proline) have been described as HMs’ potential ligands in maize roots [77,79,83]. For
instance, Kanwal et al. [83] showed an overproduction of proline by M. sativa during Zn
and Cd exposure. As for microorganisms, the production of cytosolic polyphosphates
and cysteine-rich proteins, including metallothionein, glutathione, and phytochelatins,
which form insoluble metal precipitates, have been documented as a sequestration strat-
egy in plants [79,84,85]. Talukder [85] has investigated the role of metallothionein and
phytochelatins against Cu-induced oxidative stress in Solanum melongena. The results
clearly showed that metallothionein and phytochelatins coordinate to detoxify HMs such
as copper. Moreover, this study demonstrated that phytochelatins are more efficient HM
chelators and detoxifiers than metallothionein and bind more HMs per cysteine residue.
Cellular compartmentalization provides an effective strategy for HM tolerance and detoxi-
fication by removing HMs from the cell-sensitive sites (where cell division and respiration
occur) to metabolically inactive cellular compartments, thus avoiding damage to the cell
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functions [77,79,86]. The vacuole represents the main inactive cellular compartment for
HMs’ sequestration. Similarly, HMs can be sequestrated and compartmentalized into other
locations, such as leaf petioles, sheaths, and trichomes [84,86].
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3.1.3. Phytoremediation: Drawbacks and Future Application

Phytoremediation is an effective biological technique for removing HMs from the soil,
having the advantage of being an in situ approach. The installation of the vegetal cover
conserves the topsoil and soil structure, and therefore protects the soil integrity [20,57,87].
In addition, it is recognized as an economical choice compared to conventional options
since it requires less excavation, less equipment, and less labor. Phytoremediation is an
eco-friendly approach owing to its benign role in ecosystem restoration and naturally
preserving the environment. The public widely accepts this strategy [20,57,87]. Several
other advantages are attributed to this remediation technique, including (i) improvement
of soil fertility, (ii) amount of residue generated, (iii) it could be used for a wide range
of organic and inorganic contaminants, and (iv) its effectiveness under soil and water
contamination. The installation of the vegetal cover on the contaminated environment
reduces or prevents the contamination of the surrounding area or groundwater and could
improve and maintain the landscape aesthetics [31,62].

Phytoremediation is a viable remediation technology by using plants, and associated
soil microbes, to reduce the content, or toxic effects, of contaminants in the environment,
but it is not a ‘silver bullet” and is still developing. The major downside to this technology
is its slow process, which takes months to years to completely clean up the contaminated
site [51,62]. Another limitation of this technology is that the depth of the root system
dictates the extent of remediation possible, making this technology efficient only for the
area covered by the depth reached by the roots [87]. Moreover, plant biomass plays an
essential role in the extent of metals extracted [51]. Practically, low-biomass plants are not
efficient for stabilizing and extracting toxic contaminants. Besides, climatic conditions,
soil physicochemical characteristics, and biotic stresses may restrict plant growth and thus
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the bioremediation process. Absorbed contaminants can also present a potential risk to
animal and human health since they can enter the food network (thus, the biomass needs
proper handling and disposal) [3,60,62,87]. Therefore, the phytoremediation areas must
be protected to prevent animal access. The plant age also determines the success of the
overall process. As young plants tend to take up more metals than older ones, it is crucial
to maintain a healthy plant population in the target site throughout the process [51,88].
The presence of high levels of HMs in the soil can induce phytotoxicity, so the level of
contaminants plays an essential role in the applicability of this technology [31]. In the
phytoremediation process, it is preferred to use native plants since introduced plants might
affect biodiversity. Additionally, phytoremediation depends on many factors, such as the
bioavailability of metals in the soil, soil properties, metal speciation, and the plant species
involved [31,51,87].

3.2. Plant-Associated Microbe’s Affair for Environmental Clean-Up

The plant-microorganisms’ interaction is another approach for the remediation of
HM-contaminated soils. At the ground level, the rhizosphere and microorganisms from
particular microbial communities establish a mutual relationship, thus helping plants
cope with contaminants, including HMs, to remedy the environment [55,84,86]. Several
microorganisms, including rhizobacteria, mycorrhizae, and yeast, have been proposed
as target inoculants to improve plant growth, fitness, tolerance, performance, and the
phytoremediation process [31,38,89] (Table 2).

Among microorganisms, plant growth-promoting rhizobacteria (PGPR) have consid-
erable potential to improve phytoremediation efficiency. PGPR can promote plant growth
and fitness, improve plant nutrient uptake, protect plants against various abiotic and biotic
stresses, and improve soil fertility and structure [84,86,90,91]. This is achieved through
various direct and indirect mechanisms, including atmospheric N fixation, P and K sol-
ubilization, phytohormone production, and 1-aminocyclopropane-1-carboxylate (ACC)
deaminase (Figure 3) [92-94]. Phytohormones such as auxin and cytokinin can stimulate
cell division, cell enlargement, apical dominance, lateral root initiation, root hair devel-
opment, and plant growth [95]. PGPR can produce ACC deaminase, which cleaves ACC
(ethylene precursor in plants). The production of the ACC deaminase decreases the level of
ethylene in the plant, its inhibitory effect (especially root elongation and plant growth in
general), and thus improves plant growth under HM-stressed conditions. PGPR with P
solubilizing activity could withstand as a strategy to mitigate HM stress (Figure 3). Through
these mechanisms, plants” health, fitness, and robustness are improved, facilitating the
adaptation of plants under HMs' stressful conditions [86,92,95]. PGPR can contribute to the
phytoremediation process through metals” solubilization, siderophores, organic and bio-
surfactants production, reduction/oxidation, methylation, precipitation, and biosorption
(see Section 3.4.2: Mechanism of heavy metal remediation by microorganisms) that affect
the bioavailability of metals in soils and sediments [7,96]. Inoculation of M. sativa with a
bacterial consortium composed of four bacterial strains: Proteus sp. DSP1, Pseudomonas sp.
DSP17, and two Ensifer meliloti RhOL6 and RhOLS strains, improved seed germination,
plant early growth, physiology, and attenuated HM stress by reducing the antioxidant
enzymes and HMs’ accumulation content, ultimately improving the phytostabilization
process efficiency [38,39].
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Figure 3. Microbial-assisted phytoremediation for heavy metal decontamination of polluted soils.

Mycorrhizae can facilitate the phytoremediation process by making metals more
bio-available or reducing their uptake [63,97]. However, improving phytoremediation is
highly variable depending on the fungal species and the ecotype [97,98]. Mycorrhizae
contribute to phytoremediation by retaining HMs on fungal mycelium (as a physical
barrier) and their immobilization in the soil by gloaming, reducing their bioavailability,
translocation, and bioaccumulation in the plant tissues (Figure 3) [97,98]. The immobi-
lization of metals in the fungal hyphae (by chelation and sequestration) is probably the
primary protective mechanism conferred on plants by mycorrhizae [63,98]. Liu et al. [99]
demonstrated that inoculation of maize culture with Glomus intraradices improves plant
growth and reduces the amount of Cd transferred to the aerial part. In Nicotiana tabacum
roots, Janouskova et al. [100] demonstrated that AMF extraradical mycelium could ac-
cumulate 10 to 20 times more Cd per biomass unit than non-mycorrhizal plants. Some
studies have shown that fungal spores, arbuscules, and vesicles could be involved in the
HMs'’ storage, thereby constituting additional protective mechanisms against metal toxic-
ity [101]. However, mycorrhizae can also contribute to phytoextraction by increasing metal
bioavailability, transfer from soil to roots, and translocation from roots to shoots [98,101].
Extraradical mycelium provides an uptake pathway for the different metals through its
plasma membrane [102]. Handa et al. [103] have demonstrated that 3641 genes were dif-
ferentially expressed, of which ca. 80% were upregulated, during arbuscular mycorrhizal
development in Lotus japonicus. The upregulated genes included secreted proteins, trans-
porters, proteins involved in lipid and amino acid metabolism, ribosomes, and histones.
Production of chelating agents and metal transformation, passive or active transport from
fungal cells to plant cells, are the major mechanisms involved in mycorrhizae-assisted
phytoextraction [101].
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Table 2. Microorganism-assisted phytoremediation of heavy metal (HM)-contaminated media.

Microbial Species

PGP Features

Plant

HMs

Main Results

Reference

Proteus sp., Pseudomonas sp.,
E. meliloti, Glomus sp.,

Sclerocystis sp., Acaulospora sp.

TAA, Biofilm,
P solubilization, K solubilization

M. sativa

Cu, Zn, Pb

Inoculation improved plant growth and proline
content
Microbial inoculation decreased HM uptake.

Streptomyces sp.

TAA, ACCD, Zeatin, GA, P
solubilization

Zea mays

As, Cr

Inoculation increased germination traits,
photosynthetic pigments, shoot and root tolerance
indexes, FW and DM, leaf length, root and cob

Proteus sp., Pseudomonas sp.,
E. meliloti

IAA, Biofilm,
P solubilization, K solubilization

M. sativa

Cu, Zn, Pb

Inoculation alleviated metal stress, improved
growth, lowered antioxidant enzymes’ levels, and
increased physiological parameters.

Inoculation reduced the above-ground HMs.

[38]

Aspergillus niger, Penicillium
chrysosporium

ACCD, IAA, Gibberellins
P solubilization, siderophores

V. faba

Cd, Pb

Inoculated plants modulated metal-induced
oxidative stress by inhibiting metal transport and
decreasing electrolyte leakage and lipid
peroxidation.

Inoculation actively absorbed HMs and decreased
their content in soil and plants.

Glomus mosseae, Sinorhizobium
meliloti

n/s

M. sativa

Cd

Single and combined inoculation improved alfalfa
resistance to Cd stress.

Inoculation improved Cd tolerance via
antioxidant enzyme activity increases

Streptomyces pactum

n/s

Sorghum bicolor

Zn,Pb, Cd, Cu

Shoot and root DM and Chl content were
improved after inoculation

Inoculation improved (3-glucosidase, alkaline
phosphatase, and urease activity in the soil and
decreased antioxidant activity (POD, PAL, PPO)
in plants.

Uptake of Zn (45%) and Cd (22%) was reduced,
while that of Pb (17%) and Cu (47%) was
increased.

[80]

Bacillus sp.

IAA, hydrolytic and ligninolytic
enzymes, Siderophores

Phragmites
communis

Fe, Cu, Zn, Cd,
Mn, Ni, Pb, As

In situ phytoremediation assisted by bacterial
inoculation reduced HMs’ contents

P. communis showed higher potential for enriching
Fe, Cu, Zn, and Cd in its rhizomes, roots, and
shoots vs. leaves.

[96]
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Table 2. Cont.

Microbial Species

PGP Features Plant

HMs

Main Results Reference

Acinetobacter lwoffii

IAA, ACCD, EPS, siderophore,

P solubilization Vigna radiata

Inoculation increased growth, plant number per

pot, and Chl and Caros content.

Inoculation decreased ROS production. [104]
As uptake in plant tissues was reduced by

inoculation.

Aliinostoc sp.

phosphatase production,

N fixation Oryza sativa

Cd

Aliinostoc sp. promoted rice growth and yield
through N input and P activation

Aliinostoc sp. immobilized Cd and decreased its
uptake and grain translocation

Aliinostoc sp. binds with Cd through hydroxyl,
carboxyl, and amino groups.

[105]

Arthrobacter sp.,
Bacillus altitudinis, Bacillus
megatherium, Sphingomonas sp.

ACCD, TAA,
Siderophore, Brassica napus
P solubilization

Cd

The four PGPBs enhanced shoot biomass
production, soil and plant analyzer development
value, and Cd uptake and translocation to the
leaves.

[106]

Arthrobacter sp., Microbacterium
oxydans

Noccaea
IAA, ACCD, siderophores caerulescens and
Arabidopsis

Ni, Cu, Co, Mn,
Fe

Single or dual inoculation was efficient in

promoting N. caerulescens plant growth and

biomass, soil Ni removal and phytoextraction,

and Fe, Co, and Cu. [107]
Inoculation stimulated root length, shoot biomass,

and Ni uptake in Arabidopsis.

Bacillus cereus, Pseudomonas
moraviensis

n/s Triticum aestivum

Cd, Co, Cr, Cu,
Mn, Ni, Pb

Inoculation improved seed germination, FW,

plant height, chlorophyll, flag leaf area, and tiller

number per plant. [108]
Inoculation decreased Cd, Co, Cr, Cu, Mn, Ni, and

Pb accumulation in wheat

B. cereus

IAA, siderophores Zea mays

Cd, Cu, Ni, Pb,
n

Inoculation enhanced the biomass, pigments,
phenols, protein, and antioxidants.

Inoculation increased the translocation of HMs,
except for Ni.

[109]
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Table 2. Cont.

Microbial Species PGP Features Plant HMs Main Results Reference

- M. luteus increased plant biomass, protein content,
and POX activity.
Vitis vinifera As - B. licheniformis increased plant biomass and APX. [110]
- P fluorescens did not affect As but augmented POX
activity.

Bacillus licheniformis, Micrococcus P solubilization, N fixation,
luteus, Pseudomonas fluorescens siderophores

- Inoculation increased biomass, soluble proteins,
. and vitamin C content.
TAA, arginine decarboxylase, Bras sica d cd - Inoculation decreased the edible tissue Cd and Pb
siderophores carnp esfrzs an content
Brassica rapa - Strain increased the OM content and invertase
activity of the rhizospheric soils.

Bacillus megaterium [111]

- Single or combined inoculation enhanced plant
growth.
- Inoculation increased Fe, Zn, and Cd uptake by
Bacillus safensis Helianthus plants.
Kocuria rosea n/s annuus Cd, Fe, Zn - Bacterial inoculation increased Cd uptake in the
shoot by 30%
- Bacterial inoculation increased the total biomass

by 25%.

[112]

- Bacterial strains increased plant growth and
Bacillus sp., Klebsiella sp., P solubilization, biomass in Cd-contaminated soil.

Leifsonia sp., Enterobacter sp. IAA and EPS production Z. mays Ccd - Cd uptake increased in plant tissues upon
bacterial inoculation.

[113]

- Inoculation improved plant growth traits (shoot
DM, height, and leaf area).
Cd - Bacterial inoculation increased Cd uptake by 90%. [114]
- Myecorrhizal inoculation increased Cd uptake by
24%.

Bacillus sp., Pseudomonas sp., IAA, HCN, siderophores, Eucalyptus
G. mosseae P solubilization camaldulensis

- Inoculation reduced Zn and Pb uptake by plant

B. safensis, P. fluorescens ACCD, IAA Siderophore H. annuus Zn, Pb tissues.

[115]
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Table 2. Cont.

Microbial Species

PGP Features

Plant

HMs

Main Results

Reference

Brevibacterium casei

NH;, HCN, IAA, ACCD

Sinapis alba

Cd, Zn, Cu

B. casei promoted plant growth and enhanced Cd,
Zn, and Cu phytoextraction

[116]

Chaetomium cupreum

Siderophore

Miscanthus
sinensis

Al, Cu, Fe, Pb,
Zn

Inoculation reduced HM uptake and promoted
seedling growth and Al tolerance via inducing
chlorogenic-acid and oosporein production.

[117]

Chlorella vulgaris, Pseudomonas
putida

n/s

O. sativa

Microbial consortium of P. putida and C. vulgaris
improved growth and reduced As-induced
oxidative stress in rice

Consortium reduced As accumulation and
improved the mineral nutrient in rice.

[118]

Debaryomyces hansenti

TIAA,
P and Zn solubilization,
Siderophores

O. sativa

Yeast inoculation improved plant growth, total
Chl, sugar, and proline.

Inoculation improved plant detoxification
through ROS scavenging,

Rice-D. hansenii interaction reduced As in grain
(40%).

[119]

Funneliformis mosseae

n/s

Glycine max

Cu, Pb, Zn

AMF inoculum promoted soybean growth and
seed yield.

Inoculation increased HMs' retention in roots, and
reduced shoot translocation of Cu (22%), Pb
(58%), and Zn (67%).

[120]

F. mosseae, Diversispora spurcum

n/s

Cynodon dactylon

Pb, Zn, Cd

D. spurcum inoculation increased Bermuda grass
growth.

AMF inoculation increased soil pH and P, S, and
HMs’ uptake by Bermuda grass, and decreased
available Pb and Zn in soils and Pb in shoots.

[121]

Glomus aggregatum, G. intraradices,
Glomus elunicatum, Glomus
versiforme

n/s

M. sativa

Cd

AMF inoculation promoted plant growth and
contents of N and P in plant shoots
AMF reduced Cd uptake in plant tissues.

[122]
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Table 2. Cont.

Microbial Species

PGP Features

Plant

HMs

Main Results

Reference

G. versiforme

n/s

Solanum nigrum

Cd

Colonization enhanced soil acid phosphatase
activity, P uptake, and growth.

G. versiforme increased Cd phytoavailability.
Inoculation improved the total Cd uptake in all
plant tissues.

[123]

Klebsiella oxytoca

P solubilization

H. annuus

Co, Pb, Zn

Inoculation enhanced plant growth under
HM-contaminated soils.

Improvement of Co, Pb, and Zn phytoextraction
by inoculation.

Inoculation improved Co (51%), Pb (20%), and Zn
(76%) bioavailability.

[124]

Klebsiella sp.

IAA, EPS, NH;
P solubilization,

V. radiata

Cd, Cu, Pb

Inoculation promoted plant growth under HM
stress.

[125]

Kocuria flava,
Bacillus vietnamensis

IAA, EPS siderophores

O. sativa

As

Inoculation promoted plant growth (shoot and
root length and weight).
As uptake by shoot and root was decreased.

[126]

Oscillatoria sp.

n/s

Portulaca oleracea

Cr, Fe, Al, Zn

Cyanobacteria increased plant growth, Chl a, and
N content.

- Decreased the HMs’ extractable fraction and their

accumulation in plant tissues.

[127]

Oscillatoria sp., Leptolyngbya sp.

n/s

Lactuca sativa
and Raphanus
sativus

Fe, As, Pb, Cr, Ni

Inoculation into polluted soil increased root and
hypocotyl lengths and vigor index due to high
nutrient content and less HMs’ bioavailability.

[128]

Paecilomyces formosus, Penicillium
funiculosum

IAA, gibberellins,
P solubilization

G. max

Al, Ni, and Cd

Inoculation promoted plant growth attributes,
photosynthetic activity, macronutrient uptake,
glutathione, CAT, and SOD activities, and
decreased MDA.

Inoculation reduced metal accumulation and
translocation in plants by downregulating HMs’
ATPase gene expression.

[129]
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Microbial Species PGP Features Plant HMs Main Results Reference
Inoculation decreased antioxidant enzymes vs.
Pantoea agglomerans, Bacillus ACCD, N fixation, Spartina As, Cu, Pb, Zn, non-exposed plants. [130]
aryabhattai P solubilization, siderophores densiflora Ccd Inoculation induced the expression of
phenylalanine ammonium lyase.
Pt ; vi Microbactert Cr Cu. Fe. Ni Bacteria enhanced L. fusca growth and helped in
antoea stewartii, Microbacterium IAA, ACCD, siderophores Leptochloa fusca LU, e, INL inorganic pollutants’ removal from the tannery [131]
arborescens, Enterobacter sp. Pb, Ba, Cd, Co effluent.
Inoculation facilitated plant growth in the
e . presence of Cd.
Penicillium janthinellum IAA adsorption C. dactylon Cd Inoculation increased Cd uptake in the stem and [132]
root of Bermuda grass.
. Lo L Fungal colonization accumulated and
Piriformospora indica n/s Artemisia annua As immobilized As in the roots vs. aerial parts. [133]
L Cenchrus Colonized roots promoted plant growth.
P.indica n/s purpureus Cd Inoculation increased Cd accumulation in plants. [134]
PGPR increased the maize plant’s root and shoot
Planomicrobium chinense, Ni Cd. Pb. C weight, root length, shoot height, leaf area,
B. cereus, P solubilization Z. mays 1(’: 1’: Z, O proline, chlorophyll, and carotenoid content. [135]
P. fluorescens u, te, £n PGPR induced Ni, Pb, Co, Fe, Cu, and Zn
accumulation in maize shoot.
Inoculated wheat had better growth and yields
under Cu, Cd, and Cr stresses.
) IAA, HCN' NH;, ACCD ) Bioinoculant enhanced spikes, grain, and straw by
P. aeruginosa siderophore, T. aestivum Cu, Cr, Cd 25%, 17%, and 12%, respectively. [136]
P solubilization Inoculation declined antioxidants and HMs’
uptake.
Pseudomonas and Azotobacter inoculation to E.
) ) crassipes enhanced As removal.
P. aeruginosa, ACtmomy, ces sp., Eichhornia Co-inoculation with Pseudomonas, Azotobacter,
Azotobacter sp., Azospirillum n/s As . . . . [137]
P/ P crassipes Azospirillum, Actinomyces, and Bacillus consortium

brasilense., Bacillus subtilis

resulted in higher As phytoaccumulation
efficiency.
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Table 2. Cont.

Microbial Species PGP Features

Plant

HMs

Main Results

Reference

P. fluorescens IAA, ACCD, siderophore

Sedum alfredii

Cd

Inoculation increased plant biomass, Cd,
chlorophyll, and enzymes’ activity.

Inoculation improved the relative expression of
ZRT/IRT-like protein gene family, natural
resistance-associated macrophage protein, and HMs’
ATPase.

P. fluorescens stimulated SaHMAs (SaHMA?2, 3, and
4) expression, which enhanced Cd root-to-shoot
translocation

P. fluorescens upregulated SaZIP and SaIRT1 to
increase Cd uptake.

[138]

P. fluorescens n/s

Pisum sativum

Pb

Inoculation with Pb-tolerant PGPR strain
immobilized Pb in soil and alleviated its harmful
impacts on plant growth

Inoculation reduced Pb concentration in the roots
and shoots.

[139]

Pseudomonas libanensis, ACCD, TAA,
Claroideoglomus claroideum P solubilization Siderophores

H. annuus

Single inoculation or combined enhanced plant
growth, physiological status (e.g., electrolyte
leakage, chlorophyll, proline, and MDA), and Ni
accumulation.

[140]

TIAA, EPS, HCN P solubilization, N

Pseudomonas sp. - .
P fixation, siderophores

M. sativa

Inoculation improved shoot (98%) and root (95%)
DM.

Inoculation increased Chl content and decreased
stress markers.

Inoculation decreased Cr content in the root.

[141]

Pseudomonas sp., Organic acids, ACCD, IAA,
Serratia sp. Acetoin, P solubilization, N fixation

Helianthus
tuberosus

Cd and Zn

Inoculation significantly enhanced the growth of
H. tuberosus.

Inoculation decreased the content of Zn and Cd in
the shoot and the root.

[142]
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Microbial Species PGP Features Plant HMs Main Results Reference
Microbial inoculation increased shoot DM and Pb
accumulation.

Pseudomonas sp., Bacterial inoculation enhanced shoot Pb
Glomus sp. n/s Centaurea cyanus Pb concentration. [143]
AMF increased plant biomass and plant Pb
accumulation.
Pseudomonas sp., Azotobacter sp. L Pennisetum Bacterial and/or AMF inoculation enhanced plant
o ’ ’ P solubilization . d ¢ b .
Paenibacillus sp., Streptomyces sp. Sid h IAA producti glaucum Fe growth and increased the extent of Fe absorption [144]
Glomus sp. raerophores, production S. bicolor and phytoremediation efficiency.
Mycorrhizal plants displayed better growth and
less oxidative stress.
Rhizoglomus intraradices, Glomus ) AMF increased As accumulation and reduced As
etunicatum n/s T. aestioum As translocation to grain. [145]
Colonization of AMF resulted in higher
antioxidant enzymes’ activities.
AMF significantly influenced plant growth and
phytoremediation potential.
Rhizophagus fasciculatus ) - AMF improved proline, chlorophyll content, and
. . . ! Cd, Cr, Nl, Pb, f sh
Rhizophagus intraradices, F. mosseae n/s Z. mays Fo. 7n. Cr. M P content of shoot and root. [146]
G. aggregatum € £n, L1, VN - AMF inoculation improved the soil enzymes’
activity (dehydrogenase, 3-Glucosidase, acid, and
alkaline phosphatase).
Inoculation enhanced biomass production and
. . ) reduced Cd in shoots and roots.
R. intraradices, G. versiforme n/s Z. mays cd AMF increased GSH and PCs contents in shoots [147]
and roots.
Inoculation improved plant growth, pigments,
R. irregularis n/s M. sativa Zn, Cd and gs [63]
AMEF reduced Zn and Cd uptake in plant tissues.
Inoculation reduced Cd (31%) and Zn (100%)
. . . exchangeable phases in soil.
Rhodobacter sphaeroides IAA production T. aestivum Cd, Zn [148]

Cd levels were reduced in wheat leaf (62%) and
root (47%).
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Table 2. Cont.

Microbial Species PGP Features

Plant

HMs

Main Results

Reference

IAA production,

Serratia sp. P solubilization, ACCD

H. annuus

Cu, Zn, Ni, Pb,
As

Inoculation promoted plant height (40%) and root
length (100%).

Inoculation enhanced Cu, Ni, Zn, Pb, and As
rhizoaccumulation.

[149]

Simplicillium chinense n/s

P. communis

Pb and Cd

Inoculation enhanced the phytoextraction of Cd
and Pb by P. communis.

[150]

IAA, HCN, ACCD

S. meliloti, P. fluorescence, P. indica P solubilization siderophores

M. sativa

Cd

Inoculated alfalfa showed higher biomass and
nutrient uptake.
Inoculation increased Cd uptake by alfalfa roots.

[151]

Spirulina platensis n/s

Z. mays

Cd

Microbial priming improved plant growth,
photosynthetic electron flows, and
non-photochemical quenching in Cd-exposed
maize plants.

Cd translocation from root to shoot was
significantly restricted.

[152]

S. pactum n/s

Lolium perenne

Pb

Inoculated plants had higher biomass, height, and
root and tiller number.

Higher CAT, SOD, and POX activities in
inoculated plants under Pb stress.

Inoculation increased Pb uptake and its
phytoremediation.

[153]

S. pactum, Bacillus sp. n/s

B. juncea

Cd, Pb, Cu, Zn

Applying S. pactum promoted plant growth and
metals” uptake, and Bacillus sp. improved enzyme
activity and metals” availability.

Co-inoculation improved microbial community,
enzymes’ activity, and growth.

Co-inoculation altered Cd, Cu, Pb, and Zn
fractions, bioavailability, and phytoextraction.

[154]
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Table 2. Cont.

Microbial Species PGP Features Plant HMs Main Results Reference

- Inoculation with T. pinophilus boosted plant
growth parameters, photosynthetic pigments,
) . . L . . osmolytes, enzymatic antioxidants, and minerals
Talaromyces pinophilus Gibberellic acid T. aestivum Cd, Ni, Cu, Zn (K, Ca, and Mg). [155]
- Inoculation reduced Cd, Ni, Cu, and Zn in the
growth media, shoot, and root.

- Fungal inoculation increased plant growth (+24%)

Trametes hirsuta n/s T. aestivum Pb and total chlorophyll (+18%). [156]
- Inoculation increased Pb uptake by plant tissues.

- T. asperellum promoted plant growth and
alleviated oxidative plant damage.

Trichoderma asperellum n/s Suaeda salsa Pb - Inoculation decreased Pb accumulation by plant [157]
tissues.
- Inoculation increased plant biomass.
. L - Inoculation decreased shoot Cd and increased
Variovorax p arqdoxus, Rhizobium P. sativum and seed Cd concentration of P.sativum, but had little
leguminosarum n/s B. juncea Cd, Zn, Fe, Mn effect on Cd concentration of B. juncea. [158]
Glomus sp.

- Inoculation increased Ca, Fe, K, Mg, Mn, N, P, S,
and Zn accumulation under Cd-treated pea plants.

n/s: not specified. ACCD: 1-Aminocyclopropane-1-carboxylic acid deaminase, APX: ascorbate peroxidase, caros: carotenoids, CAT: catalase, Chl: chlorophylls, DM: dry matter,
EPS: exopolysaccharides, FW: fresh weight, HCN: hydrogen cyanide, GA: Gibberellic acid, GPX: Glutathione peroxidase, GR: Glutathione reductase, gs: stomatal conductance,
IAA: Indole-3-acetic acid, n/s: not specified, GSH: glutathione, PCs: phytochelatins, MDA: Malondialdehyde, PAL: Phenylalanine ammonia-lyase, POX or POD: peroxidase,
PPO: polyphenol oxidase, RDM: root DM, RFW: root FW, ROS: Reactive oxygen species, RWC: relative water content, SDM: shoot DM, SFW: shoot FW, SOD: superoxide dismutase,
AME: arbuscular mycorrhizal fungi.
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3.3. Metaorganism as a Strategy to Improve Phytoremediation

Recently, attention has been devoted to the plant and microbiome interactions as
the “metaorganism approach” considering the close relationships between plants and
microorganisms (symbiotic, non-symbiotic-thizoephytic, and /or endophytic), which sup-
port tolerance to heavy metal stress and enhance the success of the phytoremediation
process [159-161]. The metaorganism approach gathers the techniques related to (i) plant
host selection, (ii) interference on root exudates, (iii) modification of the driving forces in the
plant-microbiome interaction, and (iv) using meta-omics to obtain adequate information
on the isolation and the application of microorganisms [160-163]. Plants are commonly pre-
selected for traits, such as exceptional contaminant tolerance, high biomass, rapid growth,
extensive root network, easy cultivation, repulsion to herbivores, and storage of HMs at
high levels [20,35,56]. Plant selection is far more important than previously thought, owing
to the association between plant phylogeny and microbial taxa, which can be altered under
contamination. Bell et al. [164] demonstrated that total zinc accumulation in three willow
cultivars was better explained by the fungal community structure, and concluded that the
microbiome has the greatest impact on plant function and Zn extraction. In comparison to
native plant species, non-native ones have been shown to form less beneficial associations
with soil microbiome, which may reduce phytoremediation activity [165]. In this respect,
other studies have established that the plant microbiome is important for plant growth,
nutrition, and health, and directly and/or indirectly affects the composition, biomass, and
functioning of plant communities, and should be considered in plant selection [166,167].
A better understanding of highly intimate plant-microbiome relationships could better
predict potential positive or negative interactions. Rhizo-engineering is another technique
that could ameliorate the phytoremediation process since root exudates play an impor-
tant role in selecting and shaping rhizosphere microbiota, and there has been a major
interest in changing the quality and quantity of root exudates via plant breeding and
genetic modification to selectively stimulate specific microbial colonization [168]. Root
exudates are composed of diverse compounds, which act as chemoattractant signals and/or
carbon and nitrogen sources for microbes, thereby creating a unique environment in the
rhizosphere. The rhizomicrobiome composition differs according to root exudate compo-
sition, as it changes along with the root system due to plant genotype and development
stages and hence the phytoremediation process [140,160]. Identifying, understanding,
and modifying the driving forces between the host and its microbiome are important to
optimize the metaorganism. Studies suggest that a contaminated rhizosphere is more
selective than a non-contaminated rhizosphere based on metatranscriptomic data [169-172].
Yergeau et al. [173] demonstrated that the combined selective pressure of contaminants
and rhizosphere resulted in a higher expression of genes related to competition (antibiotic
resistance and biofilm formation) in the contaminated rhizosphere, and thus genes related
to phytoremediation were generally more expressed. Accordingly, arsC and ereA genes
coding for resistance mechanisms to arsenic and macrolides, respectively, are the heaviest
metal resistance genes (MRGs) and antibiotic resistance genes (ARGs) in a copper tailings
dam area in northern China. The abundance of MRGs is positively correlated with Cd
concentration, indicating the importance of Cd in the selection of MRGs [174]. In addition,
phytoremediation systems can be optimized by focusing some energies at the metaorgan-
isms omics level instead of solely focusing on plants and microbes [175]. Characterizing
the plant-microbe metaorganism is considered the most powerful omics technology in
phytoremediation since it leads to a new understanding of how integrated biological com-
munities interact to adapt to contaminant stress and improve remediation [175]. Current
novel omics approaches (especially next-generation sequencing technologies) combined
with new bioinformatics techniques will provide intuitions on the microbe’s community
and the ecology of the entire meta-communities, offering a wide range of opportunities for
optimization and a better understanding of metaorganism-based approaches, that can be
used to study the hyperaccumulator plant-microbial rhizobiome interactions, to maximize
plant growth, for appropriate microbial community assembly, and ultimately, to enhance
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the phytoremediation process [175,176]. However, to advance further in the phytoreme-
diation process, coordinated efforts from microbiologists, plant physiologists, molecular
biologists, ecologists, soil scientists, environmental engineers, chemists, agronomists, and
government regulators are needed [177-180].

3.4. Microbial Remediation: Heavy-Metal Remediation by Microorganisms

Microbial remediation is a strategy that exploits the properties of endogenous (native)
or exogenous microorganisms’ application to transform environmental contaminants into
harmless forms [20,70,181]. The soil microbial community is widespread and highly diverse,
with unlimited, undiscovered, and unexplored potential for HMs’ remediation. The most
frequent microorganisms used for HMs’ remediation in contaminated soils are bacteria
and fungi, although yeast and microalgae are often beneficial [10,12,13,19]. The microbial
remediation for soil polluted with HMs depends on the active metabolizing capacities of mi-
croorganisms since metals do not readily undergo either chemically or biologically induced
degradation [70,181]. Notwithstanding, metal-tolerant microorganisms can depollute HMs
via several techniques (Figure 4), including extracellular complexation, intracellular accu-
mulation, redox reactions, volatilization, and precipitation [9,70]. Biosorption is the most
important mechanism of microbial remediation. Extracellular materials cause the immo-
bilization of HMs by binding to anionic functional groups on the cell surface [20,181,182].
Numerous microorganisms were reported owing to their capacities for HMs’ remediation,
such as Nostoc linckia [13], B. megaterium, Rhizopus stolonifer [183], B. subtilis, Lecythophora
sp. [19], and Saccharomyces cerevisiae [10]. Sporosarcina ginsengisoli was found to decrease the
exchangeable arsenic fraction of soil by producing a significant amount of urease (a precipi-
tating calcite enzyme) [184]. Imam et al. [185] demonstrated that B. subtilis absorbed 76%
of Cd?* and 30% of Hg?* from contaminated soil, while S. cerevisiae was able to take 70% of
Cd?* and 20% of Hg?*. Co-application of microorganisms has proved to be successful in
remediation programs rather than single inoculum since shortfalls in one of them may be
compensated. Kang et al. [186] confirmed that the bacterial mixtures (Viridibacillus arenosi,
Sporosarcina soli, and Enterobacter cloacae) exhibited greater resistance and a considerably
higher HM bioremediation capacity than single-strain cultures. It is worth mentioning
that microorganism selection should be carried out based on the mechanisms involved
to restore soil health. To improve microbial remediation, diverse approaches could be
employed depending on the type of metals and the contaminated environment.
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Figure 4. Schematic representation of various mechanisms involved in microbial remediation of HM-
contaminated soil. HMs: Heavy metals; SD: Siderophores; EPS: Extracellular polymeric substances;
BS: Biosurfactants.
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3.4.1. Different Microbial Remediation Techniques Involving Removal and Containment
of Contaminants

Bio-Stimulation

Bio-stimulation makes the soil auspicious for indigenous microorganisms by adding
nutrients to the contaminated sites [70,187,188]. The addition of nutrients as manure,
organic, and/or mineral amendments serves as a C source for the telluric microorgan-
isms [187,188]. Consequently, growth, abundance, and microorganisms” activities in-
volved in the remediation, and thus bioremediation’s rate and efficiency, would be ampli-
fied [70,187,188]. Compost and biochar are currently the most common organic materials
being exploited for their potential in the bio-stimulation processes. Raklami et al. [31]
reported a significant decrease in the HMs’ fraction when the polluted soil was amended
with 10% compost. Compost is a rich amendment with organic compounds (such as alco-
holic, phenolic, and exopolysaccharides) that could retain HMs and convert them to their
less-soluble form, and thus reduce their mobility [31,70,189]. Since the characteristics of
organic amendment vary widely depending on the feedstock used for their production,
their effects on the remediation and bio-stimulation processes could also differ. It is also
important to note that the concentration of the amendment could have a considerable effect
on the remediation process.

Bio-Augmentation

Bio-augmentation consists of the addition of pre-adapted, competent strains or con-
sortia of microorganisms, the introduction of genetically modified microorganisms, or
the addition of bioremediation-relevant gene packages in a vector to be transferred by
conjugation into indigenous microorganisms [70,190]. The rationale for this approach is
that the metabolic capacities of the indigenous microbial community may not be capable of
remediating the HM-contaminated soils, or they may not tolerate the HM stress [188]. An-
other condition under which bio-augmentation may be considered is when the indigenous
microbiota is low due to the recent exposure to HMs [70,190]. To succeed in this approach,
the inoculum must be tolerant to HMs, maintain genetic constancy, endure in the receptive
environment upon introduction, and successfully compete with the indigenous microbiota.
Several studies have demonstrated that bio-augmentation significantly reduced HMs’ con-
centration in polluted soils [70,77,191]. Fauziah et al. [191] revealed that remediation via
bio-augmentation with Bacillus sp., Lysinibacillus sp., or Rhodococcus sp. reduced the metal
concentration of the HM-induced contaminated soils.

Engineered Microbial Remediation

Generally, autochthonous microbial strains are less tolerant/less potent to eliminate
and remediate HM-polluted soils; therefore, bio-augmentation by genetically engineered
microbial strains can be adopted [192,193]. Engineered microbial remediation is an emerg-
ing technology that has received more scientists” attention as an efficient approach to
restoring HM-contaminated soils [7,194]. These genetic adjustments encompass the in-
sertion of the desired gene(s) in a single microorganism to improve metabolic pathways
involved in remediation features. For example, the study of genes responsible for HMs’
accumulation can help to transfer this trait to other beneficial microbes [8,195]. Genetically
engineered microbes have acted as robust bioremediation tools with significant capaci-
ties to remediate HM-contaminated soils. The commonly used genetically engineered
microorganisms employed are: Ralstonia eutropha, B. subtilis, Escherichia coli, P. putida, and
Sphingomonas desiccabilis [196-198]. Zhu et al. [197] reported that genetically engineered
E. coli could be used to efficiently treat Cd and Pb environmental pollution. The E. coli cells
were genetically engineered by introducing a de novo synthetic heavy-metal-capturing
gene (encoding a protein SynHMB containing a six-histidine tag, two cysteine-rich pep-
tides, and a metallothionein sequence) and a synthetic type VI secretory system (T6SS)
cluster of P. putida, endowing the synthetic cells (SynEc2) with a high ability to display the
heavy-metal-capturing SynHMB on the cell surface. Owing to the surface exposure of the
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six-histidine tag on the synthetic bacteria and carboxyl groups on the modified magnetic
nanoparticles (MNPs), the co-assembled synthetic bacterial cells and MNPs captured these
heavy metals with high removal efficiency (>90% even at 50 mg/L of Cd** and 50 mg/L of
Pb?*) and were conveniently recycled by artificial magnetic fields. Wang et al. [199] demon-
strated that the transcriptional activation mechanism of metalloprotein MerR in E. coli was
more efficient than the most current biosystems with limited adsorption capacities. The en-
gineered bioremediation system could continuously reduce mercury contamination in wide
concentrations by transforming highly toxic Hg?* to volatile and much less deleterious
Hg? with extraordinary selectivity.

3.4.2. Mechanism of Heavy Metal Remediation by Microorganisms

Microorganisms are essential in the remediation of HM-contaminated soils as they
use many mechanisms to endure and cope with metal toxicity. Such mechanisms include
extracellular/intracellular sequestration, production of metal chelators, precipitation, enzy-
matic detoxification, and volatilization [7,9] (Figure 4). Single or multiple detoxification
mechanisms could be used by any microbes to remediate contaminated media.

Extracellular sequestration accumulates metal ions by cellular components in the
periplasm or complexation of metal ions as insoluble compounds [200]. This strategy
is considered a “pre-defense” strategy as it occurs outside the bacterial cell [201]. Mi-
croorganisms possess a negative charge in their cell wall because of anionic structures
that facilitate microbes’” metal-binding through different interactions, including covalent
bonding, ionic interactions, or van der Wall forces of attraction, and consequently, the re-
mediation of contaminated media (Figure 4). These harmful sites are the hydroxyl, alcohol,
phosphoryl, amine, carboxyl, ester, sulfhydryl, sulfonate, thioether, and thiol groups [200].
Microbial communities can also produce extracellular polymeric substances (EPS) such
as polysaccharides, glycoproteins, lipopolysaccharides, and soluble peptides [9,202]. EPS
are constituted by nucleic acids, lipids, proteins, and complex carbohydrates, and possess
a substantial quantity of metal-binding sites (e.g., carboxyl, hydroxyl, amino, sulthydryl,
and phosphate) that enable the stabilization of HMs through biosorption [9,202,203]. For
instance, Dobrowolski et al. [17] demonstrated that the EPS obtained from bacterial strains
Rhodococcus opacus and Rhodococcus rhodochrous displayed very high adsorption affinity
toward Cu?* and Pb?*, Co?*, and Cr®", and they could be a successful strategy to remove
HMs. Additionally, some microorganisms have the ability to remediate HM-polluted soil
through the production of various chelating agents, such as siderophores, glomalin, and
biosurfactants, which play a crucial role in microorganisms’ tolerance against HM toxicity
and thus could be utilized as an essential microbial remediation tool [9,35] (Figure 4).
Siderophores such as hydroxamate are organic chelating ligands, excreted by bacteria
and fungi, can bind the HMs (besides iron), including copper, zinc, and nickel, and can
protect microorganisms from HM toxicity [204,205]. Similarly, glomalin, a glycoprotein
copiously produced by almost all AMF, can bind HMs and form a complex that cannot be
absorbed by the living cells, reducing the impact of toxic metals on other soil microorgan-
isms [101,206]. Gonzalez-Chavez et al. [206] demonstrated that the glomalin extracted from
two HM-polluted soils contained 1.6-4.3 mg Cu, 0.02-0.08 mg Cd, and 0.62-1.12 mg Pb/g
glomalin. The biosurfactants (multifunctional, amphiphilic, surface-active biomolecules)
are distinguished products that have been successfully utilized in the remediation of toxic
HMs [12,207] (Figure 4). Biosurfactants were widely used, as potential candidates, in the
bioremediation process for their ionic nature, small size, low toxicity, multi-functionality,
surface activity, and environmental compatibility [207-209]. Numerous microorganisms,
such as P. aeruginosa [12], B. cereus [210], Bacillus sp. [209], Candida bombicola [211], Citrobac-
ter freundii [212], and C. freundii [211], have been documented as potential biosurfactant
producers (such as rhamnolipid, lipopeptide, and sophorolipid), demonstrating remarkable
HMs’ removal (e.g., As, Cd, Zn, Pb, Cr, Hg, Mn, and Cu). Microbial remediation can also
occur via the production of hydrogen sulfide [187,213,214] (Figure 4). It has been demon-
strated that sulfate-reducing bacteria excrete a large amount of hydrogen sulfide in the
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extracellular environment and induce the precipitation of HMs, and thus the remediation
of contaminated soils [215,216]. Desulfovibrio desulfuricans, a sulfate-reducing bacterium,
can transform sulfate to hydrogen sulfate, which ultimately precipitates HMs (e.g., Cd and
Zn) [215].

Similar to extracellular sequestration, intracellular sequestration is also another ben-
eficial process referring to a slow metabolic-dependent removal mechanism, where the
sequestration of HMs takes place inside the cell [9,217] (Figure 4). In the intracellular
sequestration process, HMs are transported across the cell wall and enter the cell cytoplasm,
where they are sequestered and prevented from reaching toxic levels [3,200,218]. HMs
such as cadmium, zinc, copper, nickel, lead, and chromium are sequestered inside the
microorganism cell [32,217,218]. These metals are typically shifted inside the cell by ion
pumps, ion channels, endocytosis, and lipid permeation [3,219] (Figure 4). During intra-
cellular sequestration, the concentration of the internalized heavy-metal ions is regulated
by metal homeostasis, which involves an inactive complexation with high-affinity ligands
to avoid the toxicity of HMs [219]. Inactive complexation, or bio-precipitation, may result
from the excretion of special sulfide, cytosolic polyphosphates, and cysteine-rich proteins,
such as metallothionein, glutathione, and phytochelatins, which form insoluble metal
precipitates [24,220]. Some studies have demonstrated that the expression of metalloth-
ionein in bacterial cells induced a remarkable capacity for the removal and remediation of
HMs [221,222]. Genetically engineered E. coli expressing four rice metallothioneins confers
enhanced mercury tolerance, metal binding, and sequestration [221]. Previous studies have
elucidated the critical role of glutathione, as an alternative chelator, in HMs’ intracellular
sequestration [9,223]. As a result of the increasing exposition of As, the ectomycorrhizal
fungus Hebeloma cylindrosporum accumulated As intracellularly and thus induced the glu-
tathione biosynthesis pathway [224]. In the same way, Rehman and Anjum [223] have also
emphasized the role of glutathione as a detoxifying agent in Candida tropicalis in response
to Cd stress. In response to HM exposure, some microorganisms produce phytochelatins to
cope with their toxicity. Phytochelatins are metal-binding, cysteine-rich peptides consisting
of three amino acids: glutamate, cysteine, and glycine, and the sulfhydryl group in the
cysteine molecule is responsible for metal sequestration [24,220]. In an attempt to increase
microbial remediation, the phytochelatins synthase gene (SpPCS) from Schizosaccharomyces
pombe was cloned and expressed in P. putida KI12440. The recombined strain KT2440-SpPCS
exhibited enhanced Cd, Ag, and Hg resistance and Cd accumulation [225].

Microbial communities have demonstrated their transforming capabilities by changing
HMs to a less-toxic form, which has played an essential role in the microbial remediation
of HMs in polluted soils [22,226] (Figure 4). Microbial transformations of HMs include
oxidation, reduction, alkylation, and methylation. Numerous HMs exist in more than one
chemical oxidation form [70,182]. Theoretically, the toxicity and bioavailability of As largely
depend on the chemical form, and As>" is considerably more mobile and toxic than As>*
(As®* is 100 x more toxic than As>*) [182,227]. As** oxidation capacity has been seen in
many bacterial strains, including P. aeruginosa, P. resinovorans, Kocuria palustris, P. alcaligenes,
Vogesella indigofera, Micrococcus sp., and Acinetobacter sp. [182,228], which is essential from
the point of view of metal immobilization and bioremediation of contaminated areas. In
addition, microorganisms can remediate several HMs by reducing them to a lower redox
form [182,200] (Figure 4). This process is reversed as compared to the oxidation process.
HMs which have many oxidation states remained insoluble in their reduced state. The
microbial enzymatic reduction proved helpful in removing and remediating such elements
from the solution [229,230]. Many beneficial microorganisms have been characterized by
anaerobic or aerobic reduction of chromium and mercury as an effective means of Cr and
Hg detoxification. Ochrobactrum intermedium, an indigenous chromium-reducing bacterial
strain isolated from a tannery waste, can be an effective means of chromium detoxification
(leads to the reduction of highly toxic chromium (VI) to less-toxic chromium (III)) under a
wide range of environmental conditions [231]. Shewanella oneidensis, Geobacter sulfurreducens,
and Geobacter metallireducens can reduce ionic mercury to elemental mercury and decrease
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its toxicity [232]. In addition to oxidation and reduction reactions, microorganisms can
bioremediate contaminated soils by converting HMs (e.g., Pb, Hg, Se, As, Tn, and Sn)
to methyl derivatives that are subsequently removed by volatilization [55,182]. It has
been demonstrated that numerous microorganisms can transfer a methyl group to the
metals, which results in methylated derivatives that differ in volatility, solubility, and
toxicity [233-235]. For instance, Hu et al. [236] have demonstrated that D. desulphuricans
ND132 methylates elemental mercury. Likewise, Penicillium sp. and Aspergillus sp. could
volatilize arsenic mainly as trimethyl arsine, followed by mono- and di-methyl arsine [237].

Table 3 presents a list of microorganisms, their role in bioremediation, and their
removal efficiency.
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Table 3. List of some microorganisms used for microbial remediation.

Group Bioremediation Metal Metal Concentration (mg/L) Remediation Efficiency (%) Mechanism Reference
P. aeruginosa As, Cd, Zn 182,20, 983 53,90, 80 Biosurfactant production [12]
R. opacus Pb, Cd, Ni, Co, Cr 100, 100, 250, 200, 100 n/s Adsorption in exopolysaccharides [17]
R. rhodochrous Pb, Cd, Ni, Co, Cr 100, 250, 250, 150, 150 n/s Adsorption in exopolysaccharides [17]
B. cereeus Cr, Fe, Mn, Ni, Cu, Cd, Zn 100, 100, 50, 50, 30, 30, 50 82,92,97,43, 25,31, 36 Reduction (for Cr) [18]
S. ginsengisoli As 500 98 Precipitation [184]
B. subtilis Hg, Cd 500 30,76 Biosrption [185]
B. cereus Pb, Cd, Cr 100 69, 54, 43 Biosurfactant production [210]
Bacillus sp. Pb, Hg, Mn, Cd 1000 76,98, 90, 100 Biosurfactant production [209]
C. freundii Al, Cd, Cu, Fe, Pb, Mn, Zn n/s 87,40, 19, 34,57, 25,49 Biosurfactant production [212]
D. desulfuricans Cd, Ni, Cr 100 100, 98, 74 Sulfate-reduction [215]
Ensifer adhaerens Cr, Cu, Cd, Ni, Zn, Pb 150 80, 81, 80, 82, 80, 80 Bioaccumulation and biosorption [218]
Acinetobacter sp. Cr 16 87 Reduction [238]
Alcaligenes faecalis Cd 100 70 Adsorption and/or precipitation [239]
g Bacillus pumilus Pb 100 88 Adsorption and/or precipitation [239]
= Brevibacterium iodinium Pb 100 87 Adsorption and/or precipitation [239]
B P. aeruginosa Cd, Pb 100 76 Adsorption and/or precipitation [239]
B. cereus Pb 100 79.26 Bioaccumulation and biosorption [240]
Bacillus circulans Cr 1110 71 Reduction [241]
Bacillus firmus Pb, Cu, Zn 1000 98,75, 62 Adsorption in exopolysaccharides [242]
B. licheniformis Hg 100 73 - [243]
B. subtilis Cr 570 100 Reduction [244]
P. aeruginosa Cr 570 100 Reduction [244]
Bacillus xiamenensis Pb 100 99.19 Bioaccumulation and biosorption [245]
Cellulosimicrobium sp. Cr 300 63 Reduction [246]
D. desulfuricans Cr, Cu, Ni 200 56,79, 90 - [247]
Micrococcus sp. Cr, Ni 100, 50 90, 55 Biosrption [248]
P. aeruginosa Cd, Pb 435, 905 92, 88 Biosurfactant production [249]
Sporosarcina saromensis Cr 100 100 Reduction [250]
Streptomyces sp. Zn 65.38, 32.69 36 or 43 Bioaccumulation or biosorption [251]
S. cerevisiae Pb, Cd 25, 80 71,77 Biosorption [10]
S. cerevisiae Hg, Cd 500 19,70 Biosorption [185]
C. bombicola Cr, Pb, Zn, Cu, Cd 70 23,10,7,5,16 Biosurfactant production [211]
v C. tropicalis Cd 100 78 Biosorption [223]
g Candida parapsilosis Hg 100 80 - [243]
- S. cerevisiae Cr 570 96 Reduction [244]
Candida sphaerica Fe, Zn, Pb 1877, 1470, 3038 89, 87,70 Biosurfactant production [252]
Cryptococcus sp. Zn 100 85 Biosurfactant production [253]
Rhodotorula mucilaginosa Cr 200 27 Reduction [254]
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Group Bioremediation Metal Metal Concentration (mg/L) Remediation Efficiency (%) Mechanism Reference
A. niger Cd, Cr 0.6,0.4 79, 48 Bioaccumulation [11]
Aspergillus fumigatus Cd, Cr 0.6,0.4 76,35 Bioaccumulation [11]
Penicillium rubens Cd, Cr 0.6,0.4 75, 35 Bioaccumulation [11]
Lecythophora sp. As 10 32 Reduction and volatilization [19]
S. chinense Cd, Pb 400, 2000 88, 58 Biosorption [150]
Aspergillus sp. Cr, Ni 100, 50 92,9 Biosorption [248]
& Aspergillus flavus Cd, Cu, Fe, Mn, Pb, Zn 1000 87,83,96,92,87,70 Biosorption [255]
0% Aspergillus gracilis Cd, Cu, Fe, Mn, Pb, Zn 1000 66,57,90,77,82,7 Biosorption [255]
. Aspergillus penicillioides Cd, Cu, Fe, Mn, Pb, Zn 1000 53,32,90, 69,77, 84 Biosorption [255]
Aspergillus restrictus Cd, Cu, Fe, Mn, Pb, Zn 1000 61,77,64,72,44, 87 Biosorption [255]
Sterigmatomyces halophilus Cd, Cu, Fe, Mn, Pb, Zn 1000 95,90, 77, 89, 57, 93 Biosorption [255]
A. niger Ni 30 70.3 Biosorption [256]
Aspergillus versicolor Cr, Ni, Cu 50 100, 30, 29 Bioaccumulation [257]
Phanerochaete chrysosporium Cd, Ni 25,16 96, 89 Bioaccumulation [258]
N. linckia Cr, Fe, Ni, Zn, Cu 2.5,2,0.5,05,05 n/s Bioaccumulation [13]
Chlorella pyrenoidosa Cu 5 83 Biosorption [53]
Anabaena variabilis Pb 15 71.4 Biosorption and/or bioaccumulation [259]
@ Nostoc muscorum Pb 15 97.8 Biosorption and/or bioaccumulation [259]
§ Botryocossuss sp. Cr 5 94 Reduction and biosorption [260]
g C. pyrenoidosa Cd 15 45.45 Biosorption and bioaccumulation [261]
% Scenedesmus acutus Cd 1.5 57.14 Biosorption and bioaccumulation [261]
=S Scenedesmus sp. Cr 10 93 Biosorption [262]
Spirogyra sp. Cr, Cu, Fe, Mn, Se, Zn 5 98, 90, 100, 100, 98, 81 Biosorption and/or bioaccumulation [263]
S. platensis Cr, Fe, Ni, Zn 10,5,2,2 n/s Bioaccumulation [264]
Spirulina sp. Cr, Cu, Fe, Mn, Se, Zn 5 98, 81,99, 100, 99, 79 Biosorption and/or bioaccumulation [263]

n/s: Not specified.
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3.4.3. Soil Microbiota Evolution under HMs Contamination and
Phytoremediation Approach

HMs have been known to disrupt ecosystem structure and functioning by disordering
soil quality, substantial changes in microbial diversity, and biogeochemical cycles [265,266].
Invariably, all metals (single or in combination) created at least some change in the microbial
community [169]. Microbial soil diversity is extremely rich, but in moderate HM exposure,
the microbial diversity is reduced by more than 1000 x, while during chronic contamination,
it may account for only 1% of the initial community [5,170,171]. Several studies have
demonstrated that reduced diversity is a commonly observed effect since HMs target
specific pathways, resulting in disruption of definitive metabolic functions and selective
inhibition, causing a decline in both numbers and diversity of the microbial community
relying on those pathways and the proliferation of a few specific resistant groups [172]. For
instance, Fajardo et al. [266] demonstrated that after 55 days, HM (Pb, Cd, and Zn) exposure
had a strong effect on metabolic pathways, specifically, genetic information processing
(transcription factors), metabolism (glycan biosynthesis and energy metabolism), and
environmental processing (transporters and ABC transporters). Ecotoxicological tests
showed that HMs induced a selective pressure on the soil microbiome, and the bacterial
composition of the samples varied as the exposure time increased [266]. Firmicutes are the
most resistant phylum, while the abundance of other bacterial phyla, such as Proteobacteria,
Actinobacteria, Verrucomicrobia, and Bacteroidetes, decreased over time in the HM-spiked soil
samples [266]. On the contrary, Li et al. [267] revealed that Proteobacteria, Chloroflexi, and
Acidobacteria were the abundant phyla in the highly contaminated soils, and the abundance
of Proteobacteria increased with the increase of HMs” content, especially Cd, Ti, V, Cr, Co,
Zn, As, Rb, Sr, Zr, Pb, and Bi. Similarly, Qiao et al. [268] found that in the farmland
surrounding gold tailings (contaminated by HMs, mainly As, Pb, and Cd), Actinobacteria
and Proteobacteria were the most abundant phyla in the bacterial community, followed
by Acidobacteria, Chloroflexi, and Gemmatimonadetes. Actinobacteria content was reduced
by increasing the level of the contamination, while the abundance of Proteobacteria was
amplified. In this line, several other reports demonstrated that Proteobacteria tend to be
the dominant bacteria in soil with long-term HM contamination as they exhibit better
tolerance to HM pollution [269-273]. In other cases, microbial diversity may not be affected
and remain constant, even under high exposure levels [274,275]. These results could be
related to the strong resistance and resilience of the initial community and/or the capacity
to acquire new resistant genes.

The remediation approaches also contribute to the substantial change in the microbial
community. Huang et al. [276] demonstrated that the total concentration of HMs in two
contaminated areas was diluted, and soil physicochemical characteristics were changed
during the remediation approach of soil mixing. This change in soil has led to significant
alterations of microbial diversity of the remediated areas. Proteobacteria and Acidobacteria
were the phyla displaying a significant increase, while Chloroflexi was the only phylum that
appeared to significantly reduce. Similarly, Wu et al. [277] revealed that the abundance
of Proteobacteria and Actinobacteria was remarkably higher in revegetated tailings with
Lespedeza bicolor, while Chloroflexi showed the opposite. After 13 years of phytoremediating
an abandoned mine land in eastern China with white clover, ryegrass, and alfalfa, the soil
microbial diversity was higher than the control [278]. Several additional studies highlighted
the positive effect of the revegetation process and the phytoremediation approach in
restoring the microbial diversity and activity in contaminated areas with HMs [279-283].
This positive effect could be related to roots exudates favoring microbial communities’
development.

3.4.4. Microbial Remediation: Pitfalls, Drawbacks, and Future Application

Nowadays, microbial remediation has attracted scientists” attention owing to its out-
standing advantages, in contrast to the ‘traditional’ methods, as it exploits the natural
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ability of microorganisms to convert HMs into usually harmless forms [9,284]. Microbial
remediation is simple, eco-friendly, sustainable, and relatively easy to implement in the
waste treatment process for contaminated environments [285]. Additionally, this process
can be carried out in situ, does not require excavation of the contaminated soil, often no
residual treatment is required, and it proves to be cost-effective (vs. conventional clean-up
treatments) [69,284,286]. The site disruption is minimal, and instantaneous management of
soil and groundwater is possible [8,286]. Consequently, this strategy permits the chemical
stabilization of HMs, reduces their water leaching and transport, and has fewer secondary
effects on the surrounding environment, mainly when bio-stimulation, rather than bio-
augmentation, is used [8,188]. Another advantage is that native microorganisms can be
used in the clean-up process, for which no effort or manipulation in the environment for
microbial growth is needed [20]. Microbial remediation is a natural process and is perceived
positively by the public as a waste clean-up technique for contaminated soils [69].

However, there are still bottlenecks in its wide application. The process is slower and
more time-consuming than other remedial methods [9]. The effectiveness of microbial re-
mediation varies depending on the type of microorganism, its resistance, nature, level, and
the synergetic toxicity of HMs (the process is precise) [9,181]. For instance, the effectiveness
of this strategy depends on several factors, including the presence of microbial popula-
tions, suitable growth conditions, and appropriate levels of nutrients and pollutants [285].
Bioremediation is relatively sensitive to environmental factors (pH, humidity, temperature,
presence of other ions and humic colloidal substances), and other living organisms and
their competitors could play an essential role in the colonization of microorganisms of
interest and the biofilm formation [9,181,285]. When these conditions are not satisfactory,
the ability of the microbial population could be reduced [188,285]. A significant limitation
of microbial remediation is that the HMs are concentrated or converted to less-toxic forms,
but their presence is still in the soil [8]. Besides, the volatilization of some HMs causes
atmospheric pollution, and hence controlling this process may be complex [287]. Indeed,
hydrological and geochemical conditions may change over time, which could cause the
remobilization of contaminants previously stabilized, and the risk of contaminants leach-
ing into groundwater has to be tackled [288]. Another disadvantage faced by microbial
remediation is monitoring ambiguity regarding the acceptable performance criteria of the
level/definition of a ‘clean’ site, making the performance endpoint regulations uncertain
and thus the evaluation of microbial remediation complex [286]. So far, four significant
restrictions of using microbial remediation have been visualized, which hampers the spread
of microbial strategies: (i) complications in extrapolating the technique from laboratory
experiments and pilot-scale studies to full-scale field operations, (ii) insufficient under-
standing of the biological processes, the reaction involved to predict the output, and how
it would react in the field, (iii) its management and anomalies in stimulating the microbe,
and (iv) the struggle in ensuring proper contact or engagement between the microbe and
HMs [182,286].

Research is required to advance and engineer microbial remediation strategies ap-
propriate for sites with complex environmental stresses. The molecular mechanisms of
heavy-metal detoxification need to be further expounded to enhance microorganisms’
accumulation of HMs. With an advanced understanding of the microbial remediation
process and the mechanisms involved at the ecological and genetic levels, novel microbial
remediation methods for bioremediation of HM-contaminated soils could be available.

3.5. Conclusions and Future Perspectives

Environmental pollution is a vital issue and is considered one of the biggest challenges
of this century. Finding effective solutions to preserve the environment for the future gener-
ation is a time-demanding task. Environmental pollution, especially HM pollution, results
in drastic effects on soil quality, fertility, loss of microbial biodiversity, and destruction of the
vegetal cover. Scientists have developed several physicochemical strategies to remediate
soils contaminated with HMs. Although these strategies are equitably widespread and
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suitable for removing HMs, they are challenging to apply, very expensive, non-specific,
inefficient in a specific situation, and can significantly alter soil quality. As alternatives,
new biological-based methods for the remediation of contaminated soils have been estab-
lished. Biotechnological strategies, which exploit plants and microorganisms’ tolerance
and properties (bacteria, microalgae, yeast, and fungi) to detoxify and stabilize HMs, have
arisen as emerging and innovative technologies, and demonstrate increasing opportunities
to restore HM-contaminated soils. Microbial remediation and phytoremediation are reli-
able, cost-effective, efficient, eco-feasible alternatives. Microorganisms and plants possess
inherent mechanisms to tolerate toxic elements and remove metals from the environment.
The microbes use various mechanisms, including extracellular/intracellular sequestration,
metal chelators’ production, precipitation, enzymatic detoxification, and volatilization.
The microbial remediation strategy could be coupled with phytoremediation methods
(phytostabilization, phytoextraction, and phytovolatilization) for an effective reclamation.
Engineered microbes and plants could add a layer to the bioremediation effectiveness that
could surpass the limitations that each strategy suffers from.

A single strategy is neither effective nor sufficient for operational reclamation of
HM-contaminated soils. The combination of different approaches—physical, chemical,
and biological—is essential for highly effective and exhaustive phytoremediation in the
future, and should be promoted. Research must focus on evaluating the effect of combining
different microbes on phytoremediation efficiency, such as coupled microbial remediation
with organic and inorganic chelating amendments. Besides, metagenomics approaches
and microbial metabolic analysis need to be explored to select promising metal resistance
and detoxification genes that could be de-regulated in other species to improve their
specific performance. Metagenomics approaches should also focus on the evolution of
microbial communities during the bioremediation process and determine the best strategies
to enhance their survival because of the possible competitiveness with indigenous microbial
populations and because survivability when released into the environment during the
field trials is currently insufficient. Moreover, more genomic research is required to fully
understand the metabolic pathways and the mechanisms involved in microbes and plants’
tolerance and detoxification of HMs.
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