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• Bacteria play a pivotal role in
phytoremediation of metal-polluted soils.

• PGPB facilitate nutrient acquisition, sup-
ply phytohormones, and exert biocontrol.

• Different microbe-mediated processes re-
move and detoxify metals in soil.

• Microbes induce metal tolerance and the
uptake or immobilization ofmetals in soil.

• An increase in field-scale research on
PGPB-assisted phytoremediation is war-
ranted.
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 Soil metal contamination is a major concern due to the ever-rising number of areas afflicted worldwide and the detri-
mental effects ofmetals to the environment and human health. Due to their non-biodegradability and toxicity, it is par-
amount to prevent further metal contamination and remediate the thousands of contaminated sites across the planet.
Yet, conventional reclamation based on physical and chemical methods is often expensive, impractical, and triggers
secondary pollution issues. Hence, microbe-aided phytoremediation has been gaining significant traction due to its
environment-friendly character, cost-effectiveness, and the breakthroughs achieved during the past few decades.
Microorganisms are an essential part of natural ecosystems and play a crucial role in their restoration. Indeed, plant-
microbe associations in metal-polluted soils are pivotal for plants to tolerate metal toxicity and thrive in these harsh envi-
ronments. Therefore, improving theunderstanding of this intricate relationship is invaluable for boostingphytoremediation.
In this review, we focus on the potential of plant growth promoting bacteria (PGPB) for enhancing phytoremediation of
metal-polluted soils. We discuss the mechanisms employed by microbes to promote plant growth and assist the removal
or immobilization of metals in soil, thereby enhancing phytoextraction and phytostabilization, respectively. Microbe-
mediated metal removal and detoxification through processes entailing adsorption, chelation, transformation, and precip-
itation, to list but a few, are also critically examined.Moreover, thiswork covers the direct and indirectmechanisms used by
PGPB to facilitate plant acquisition of nutrients like nitrogen and phosphorus, supply and regulate phytohormones, and
exert control over antagonistic microorganisms. Lastly, we provide an outlook on the future directions of microbe-aided
phytoremediation and phytomining. Clearly, to fully validate and comprehend the potential of PGPB-aided
phytoremediation, a considerable shift from bench-scale to field research is necessary. What's more, it is envisaged that
recent advancements in genetic engineeringmay soon help furthering the efficiency of microbe-assisted phytoremediation.
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1. Introduction
Metal pollution is one of the most concerning environmental hazards of
our time. Growing urbanization and industrialization have led to ever-
increasing ore exploitation and processing of the extracted elements for nu-
merous applications (Ali et al., 2013). Consequently, the concentrations of
metal(loids) in soils also escalate from year to year, posing a great risk for
the environment and human health due to the high toxicity of some of
these elements (Briffa et al., 2020). Physical and chemical remediation
methods can be implemented to address soil metal pollution. However,
these strategies are expensive, demand intensive labor, alter soil properties,
and disturb the soil nativemicrobiome. Furthermore, chemical remediation
may also generate other deleterious side effects (Raffa et al., 2021). A more
sustainable and ecological approach for reclamation of metal-polluted soils
is phytoremediation. This strategy consists in the use of plants and associ-
ated soil microbes to reduce the toxic effects or concentrations of contami-
nants in the environment (Greipsson, 2011). Contrary to conventional
methods, phytoremediation is recognized as cost-effective, non-invasive
and environment-friendly (Beans, 2017; Bernardino et al., 2020). More-
over, as a plant-based technology, it is also aesthetically pleasant, solar
driven, and suitable for large-scale field application (Garbisu et al., 2020).
Despite the numerous breakthroughs achieved during the past three de-
cades, this phytotechnology is under continuous development (Ashraf
et al., 2019). The effective phytoremediation of metal-polluted soils entails
employing soil and plant management practices, such as the application of
organic amendments, chelating agents and microbial inoculants (Nkrumah
et al., 2016). The latter is a relatively new, interesting, and promising con-
cept since soil microorganisms are an essential component of the ecosystem
and play a crucial role in maintaining soil fertility (Kidd et al., 2018;
Srivastava et al., 2017). Thus, microorganisms are vital in reestablishing
function and biodiversity in ecosystem restoration (Harris, 2009). Besides,
there is a need for more studies to be conducted to better understand the
interactions among soil, microbes, metals, and plants (Caracciolo and
Terenzi, 2021).

The survival of plants in heavilymetal-polluted soils is often limited to a
selected group of plants known as metallophytes, and the overall plant
health is jeopardized. In this context, plant-microbe associations targeting
metal stress management supply another valuable dimension to standard
phytoremediation. Thus, understanding these plant-microbe associations
in phytoremediation is critical for the reclamation of metal contaminated
soils (Mishra et al., 2017). This article focuses on the importance of
phytoremediation of metal-polluted soils and the central role of microor-
ganisms in this endeavor. Based on the latest findings in the pertaining lit-
erature, bacteria contribution to plant health and growth in metal-polluted
soils, their interaction with metals, and advantages for phytoremediation
are reviewed.

2. Metal pollution sources and toxicity

Soil metal pollution is primarily related to agricultural, mining, and in-
dustrial activities (Edelstein and Ben-Hur, 2018). Major anthropogenic
sources include the application of agrochemicals such as fertilizers, herbi-
cides, and pesticides, runoff from mine spoils, sewage sludge, industrial
and domestic wastewater, and irrigation of agricultural land with polluted
water. Likewise, the atmospheric deposition of metal(loids) from dusts and
aerosols released by mining and smelting, cement production, e-waste pro-
cessing, fossil-fuel power plants, waste incineration, and vehicular use also
constitutes a major soil metal pollution pathway (Hou et al., 2020;
Marrugo-Negrete et al., 2017; Yan et al., 2018). In terrestrial ecosystems,
soils are the major sink for metals released into the environment, with
vast areas contaminated worldwide. In contrast to organic substances,
metals do not undergo degradation and, unless removed or mobilized,
will persist in the soil after their introduction (Adriano, 2001). Some of
the most commonly found metal(loid)s in contaminated areas are arsenic
(As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury
(Hg), nickel (Ni) and zinc (Zn) (Hou et al., 2020; Wuana and Okieimen,
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2011). These elements are known to enter the food chain, accumulate in
the body tissue of living organisms (bioaccumulation), and increase their
concentrations as they pass from lower to higher trophic levels
(biomagnification) (Ali and Khan, 2019). Metals can have concerning
toxic effects even at very low concentrations; consequently, their accumula-
tion in the environment poses a severe risk to plants, animals, and humans
(Kara, 2005; Kleckerová and Dočekalová, 2014; Srivastava et al., 2017).
Many metal-polluted soils completely lack vegetation, which ultimately
leads to severe soil erosion and off-site pollution, such as the contamination
of important water reservoirs (Kumar et al., 2019). Metal contamination is
also detrimental to soil microbes and changes soil nativemicrobial commu-
nities, decreasing their numbers and activity (Khan et al., 2010; Xia et al.,
2018). In humans, acute and chronic exposure to metal(loid)s can lead to
a wide range of deleterious health effects, such as skin lesions, cardiovascu-
lar disease, behavioral and attention deficit disorders, nervous and immune
system impairment, gastrointestinal and renal dysfunction, and cancer,
among many other complications (Briffa et al., 2020). Hence, remediation
ofmetal-polluted soils deserves due attention tominimize their devastating
impact on the ecosystems and ultimately human health (Sall et al., 2020).

3. Metallophytes and phytoremediation of metal-polluted soils

The establishment of vegetation on barrenmetal-polluted sites prevents
erosion andmetal leaching. Plants generally handle the contaminants with-
out affecting topsoil, thus conserving soil utility (Ali et al., 2013). They also
improve biodiversity, soil fertility with inputs of organic matter and con-
tribute to atmospheric CO2 fixation (Mench et al., 2009; Thijs et al.,
2017). As abovementioned, plants that are specially adapted to metal-rich
soils are designated by metallophytes. These plants developed biological
mechanisms due to natural selection over long periods of evolution exposed
to metal rich conditions, allowing them to tolerate and thrive in environ-
ments that are toxic to common plants (Whiting et al., 2002). However, it
should be noted that these mechanisms can fail if soil metal concentrations
surpass certain limits (Clemens and Ma, 2016). Metallophytes can be classi-
fied as obligate or facultative, if a species is restricted or not to metal-rich
soils, respectively (Pollard et al., 2014).Moreover,metallophytes also encom-
pass a rare and remarkable group of plants known as hyperaccumulators due
to their ability to accumulate astonishing amounts of metals in their shoots
(van der Ent et al., 2013).

Phytoremediation can be divided into different subsets according
to the type of contaminant and substrate. In the context of soil metal
pollution, two strategies are particularly effective: phytostabilization and
phytoextraction (Shah and Daverey, 2020) (Fig. 1). The former is centered
on the reduction of the mobility and bioavailability of metals, limiting their
leaching and entry to groundwaters and food chain, respectively (Ghosh
and Singh, 2005). Yet, phytostabilization is a management strategy and
not a permanent solution, sincemetals persist in the soil; thus, regular mon-
itoring is crucial when employing this technique (Ghosh and Singh, 2005;
Vangronsveld et al., 2009). Phytoextraction consists in the uptake of metals
from soils and their translocation and accumulation in plant shoots,
followed by harvesting and safe biomass disposal (Ali et al., 2013). It is
the preferred strategy to reduce soil metal concentrations without signifi-
cantly affecting soil properties (Ashraf et al., 2019). However, it should
be noted that depending on metal concentrations and the process efficiency,
phytoextraction may take a long period of time to meet the target remedia-
tion goal (Mahar et al., 2016). Furthermore, selected hyperaccumulators
can also be used asmetal-crops to retrieve valuable elements like gold, nickel,
and rhenium – a process dubbed as phytomining or agromining (Novo et al.,
2017; Tzvetkova et al., 2021). It is worth noting that the phytoextraction po-
tential of a plant is largely determined by the shoot metal concentrations and
biomass yield (Novo et al., 2015). As a result, the two main approaches
for metal phytoextraction are the use of hyperaccumulators and/or
metallophytes exhibiting high biomass production and relevant metal uptake
(Robinson et al., 1998; Zhuang et al., 2007). Thus, the efficiency of
phytoextraction can be improved by increasing both plant growth and
metal bioavailability in soil (Ashraf et al., 2019; Kabata-Pendias, 2004).



Fig. 1. The role of bacteria in plant growth promotion, soil metal complexation, and phytoremediation. LMW, low molecular weight; HMW, high molecular weight; MT,
metal-tolerant; CAX, cation exchanger transporters; ABC, ATP-binding cassette transporters. Adapted from Mishra et al. (2017) (CC BY 4.0).
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A third phytoremediation subgroup known as phytovolatilization can also be
employed to tackle metal pollutants like As and Hg. In this process, the plant
takes up the metal and transforms it into a volatile form for stomatal release
to the atmosphere (Shah and Daverey, 2020). However, it should be noted
that since the contaminant is merely shifted from the soil to the atmosphere,
it is likely to be redeposited in the original environmental compartment
(Gomes et al., 2016). Additionally, factors such as plant growth rate, root sys-
tem depth and distribution,metal toxicity tolerance, soil characteristics, resis-
tance to pathogens and pests, and adaptation to environmental and climatic
conditions must be taken into consideration in phytoremediation programs
(Gómez et al., 2019; Sakakibara et al., 2011).

4. Rhizosphere and plant beneficial microorganisms

There is an overwhelming number of microscopic life forms in soils,
with bacteria representing by far the most common type (approximately
95 %) (Glick, 2012). The rhizosphere is an important “hot spot” for these
microorganisms, showing a wide bacterial diversity and activity that
heavily contrasts with the one found in bulk soil, which is several orders
of magnitude lower (Badri and Vivanco, 2008; Baudoin et al., 2003). The
rhizosphere is defined as the narrow soil region adjacent to plant roots
that is physically and chemically influenced by root activity and growth
(Benizri and Kidd, 2018; Nguyen, 2003). It is a highly complexmicrosystem
in which plant roots, soil and microorganisms interact. This nutrient rich
zone is estimated to contain 1011 microbial cells per gram soil that include
bacteria, fungi, protists, nematodes, and invertebrates (Mendes et al., 2013;
Novo et al., 2018). This is a result of overall plant-microorganisms interac-
tion and of an array of factors such as soil pH, temperature, moisture, inor-
ganic nutrients, and root exudates (Baudoin et al., 2003; Khan, 2005). The
latter being of special importance since the large variety of root exudates
3

represents a constant source of nutrients and energy that drives microbial
activity, growth, and diversity (Bowen and Rovira, 1999; Goswami et al.,
2016).

Plant associated bacteria can be classified as deleterious, neutral, or
beneficial according to their effect on plants (Huang et al., 2014). Hence,
the continuous release of root exudates (known as rhizodeposition), serves
as a high carbon (C) and nitrogen (N) demanding mechanism and is a key
determinant of microbial communities (Chaparro et al., 2012). The type
and composition of rhizodeposits can attract advantageousmicroorganisms
and repel others that may be unfavorable (Novo et al., 2018; Venturi and
Keel, 2016). Root exudates found in the rhizosphere of different plant spe-
cies comprise, for instance, amino acids, sugars, organic acids, fatty acids,
flavonoids, growth factors, and enzymes (Badri and Vivanco, 2008; Novo
et al., 2018). They may account for up to a third of the C that is fixed by a
plant (Glick, 2012). Thus, plants provide vitamins, hormones, toxins, and
antagonistic compounds that favor the growth of plant beneficial bacteria
species (Alves et al., 2021; Warembourg, 1997). On the other hand,
bacteria can promote plant growth and development by supplying
phytoavailable nutrients, attenuating biotic and abiotic stress and
protecting the plant against pathogens (Novo et al., 2018; Rashid et al.,
2016). Bacteria play a vital role in nutrient uptake and transport in plants,
driving the cycle of important nutrients. They influence root patterns and
metabolize root exudates that are reabsorbed by plants (Benizri and Kidd,
2018).Metal-tolerant strains, selected by plants, are crucial formetal detox-
ification inmetalliferous soils since they help plants enduringmetal toxicity
and improving metal uptake (Ma et al., 2015c; Manoj et al., 2020; Mengoni
et al., 2001). These microorganisms have acquired an array of metabolic
capabilities that allows them to thrive under elevated soil metal con-
centrations, and they are known to accumulate, transform and detoxify
metals (Mishra et al., 2017). Given the paramount role of bacteria in
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metal-polluted soils, understanding their functions and devising strategies
to keep the soil microbiome healthy is crucial for improving and sustaining
phytoremediation systems.
5. Plant growth-promoting bacteria

Plant growth-promoting bacteria (PGPB) comprise species from a broad
number of genera, including those that are free-living, bacteria that estab-
lish specific symbiotic relationships with plants, bacterial endophytes that
can colonize plant interior tissues, and cyanobacteria (blue-green
algae) (Glick, 2012). Despite the differences between these groups of
bacteria, they all employ the same mechanisms for promoting plant
growth (Glick, 2012). According to their functional properties they
can be classified as: (1) biofertilizers (increasing the availability of pri-
mary nutrients to the plant); (2) phytostimulators (promoting plant
growth and development through the production of hormones);
(3) rhizoremediators (breaking down organic pollutants and modulate
metal solubilization); and (4) biopesticides (controlling diseases and
plant pathogens by synthetizing antibiotics and antifungal metabolites)
(Novo et al., 2018; Somers et al., 2004).

Plant growth-promoting bacteria affect plant growth through direct and
indirect mechanisms. The former comprises the facilitation of resource ac-
quisition and the synthesis of phytohormones that directly influence plant
growth (Novo et al., 2018). Indirect mechanisms entail biocontrol via the
production of antagonistic compounds and induction of systemic resistance
(Saraf et al., 2014) (Fig. 1).
5.1. Direct mechanisms

Bacteria can provide plants with mineral resources that they lack such
as N, phosphorus (P) and iron (Fe) (Glick, 2012). Nitrogen is a key nutrient
for plant growth and development, which is found in the atmosphere as N2

(unavailable to plants) (Novo et al., 2018). Nitrogen-fixingmicroorganisms
continuously convert atmospheric N2 into phytoavailable forms such as am-
monia and nitrate through the action of a complex enzyme called nitroge-
nase (Hoffman et al., 2014). The plant macronutrient P is often found in
an insoluble form, unavailable to plants (Glick, 2012). Phosphate-
solubilizing bacteria are vital for increasing the bioavailable levels of P
for plants. This process may occur due to the secretion of enzymes (such
as phosphatases, phytases, and C\\P lyases, among others) and low molec-
ular weight organic acids (such as acetic, malic, succinic, and citric acids, to
list but a few) (Goswami et al., 2016). Some microorganisms can also con-
vert Fe3+ into Fe2+, which becomes readily available for plants and plays a
central role in various metabolic functions (Manoj et al., 2020). This trans-
formation is handled by siderophores, bacteria-synthesized proteins that
can bind to a wide range of metals, thus enhancing their availability for
plant uptake (Sheoran et al., 2016).

Additionally, bacteria supply plants with phytohormones such as,
auxins, cytokinins and gibberellins, that are responsible for enhancing
plant growth and may also prevent metal phytotoxicity (Goswami et al.,
2016). These phytohormones, depending on the type, can be responsible
for stimulating seed germination, root growth, shoot growth and leaf
expansion by cell elongation, division, and differentiation, among other
beneficial effects (Bhattacharyya and Jha, 2012; Goswami et al., 2016;
Wang et al., 2015). The most important auxin synthetized by bacteria is
indole-3-acetic acid (IAA). Microbes are also known to produce the enzyme
1-aminocyclopropane-1-carboxylate (ACC) deaminase that regulates ethyl-
ene levels in plants (Ma et al., 2016a). Under adverse conditions plants
produce harmful amounts of ethylene, an important stress hormone that
in high concentrations becomes detrimental. Ethylene is considered as a
multi-role plant hormone that controls growth and senescence (Iqbal
et al., 2017). Thus, ACC deaminase is pivotal to normalize the levels of
this phytohormone (Ma et al., 2016a).
4

5.2. Indirect mechanisms

Bacteria can indirectly enhance plant growth by producing a range of
antibiotic compounds known as allelochemicals, which provide defense
against pathogens. Allelochemicals include antibiotics, hydrogen cyanide
(HCN), lytic enzymes and siderophores (Glick, 2012). PGPB-synthesized
antibiotics like pyrrolnitrin, phenazines, phloroglucinols, cyclic
lipopeptides, and lipopeptides have an important role in preventing the
growth of other bacteria and fungi (Saraf et al., 2014). Some PGPB also ex-
hibit cyanogenic activity (HCN release), which in addition to often operat-
ing as a biocontrol strategy, also enhances the action of bacterial antibiotics
(Beneduzi et al., 2012). Lytic enzymes are known to deter pathogenic fungi
propagation through the hydrolysis of cell wall components (Glick, 2012).
Besides biocontrol, these lytic enzymes like cellulases, chitinases,
glucanases, and proteases, also play a role in nutrient recycling through or-
ganic matter decomposition, increasing nutrient availability (Karthik et al.,
2017). Lastly, siderophores contribute for biocontrol by preventing patho-
gens from acquiring Fe, limiting their proliferation (Rajkumar et al., 2010).

Bacteria also prompt a process called induced systemic resistance that is
responsible for a more efficient and faster reaction against a great variety of
pathogens (Beneduzi et al., 2012; Novo et al., 2018). Furthermore, some
PGPB conduct biocontrol by simply outcompeting pathogens for resource
acquisition and rhizosphere colonization (Whipps, 2001).

5.3. Rhizospheric and endophytic bacteria

Plant growth-promoting bacteria are known to inhabit plant roots or
seed surfaces (rhizosphere), plant stem or leaf surfaces (phyllosphere), or
colonize the internal plant tissues (including root, stem, leaf, apoplast
spaces and transport vessels) forming an endophytic relationship
(Compant et al., 2010; Kong and Glick, 2017). Accordingly, bacteria that
exhibit plant growth-promoting traits (i.e., PGPB) can be either categorized
as plant growth-promoting rhizospheric bacteria (PGPR) or plant growth-
promoting endophytic bacteria (PGPE) (Santoyo et al., 2016). Both PGPB
types show very similar plant growth-promotion and biocontrol mecha-
nisms (Hardoim et al., 2008). Endophytic bacteria can be classified as sym-
biotic or nonsymbiotic, if they typically colonize root nodules or internal
plant tissues, respectively (Kong and Glick, 2017; Oldroyd et al., 2011).
Root nodules are structures formed by these microbes depending on spe-
cific plant and bacteria species (Kong and Glick, 2017). Furthermore,
PGPE enjoy a more advantageous environment and experience less compe-
tition in relation to PGPR (Kong and Glick, 2017). This happens since they
live inside plant tissues, exhibiting a closer interaction with the host and
thus the beneficial effects are more readily elicited (Kong and Glick,
2017). On the other hand, PGPR can be subjected to changing soil condi-
tions (such as soil type, pH, temperature, humidity, and nutrients content)
that may alter their proliferation and functioning – variations to which
PGPE are not exposed (Kong andGlick, 2017). Instead, PGPE are influenced
by plant conditions, such as plant health, growth stage and nutritional sta-
tus (Ma et al., 2016b). In addition, PGPR present broader metabolic activi-
ties compared to PGPE that display higher specificities for metabolic
properties (Kong and Glick, 2017). Besides showing identical plant-
growth promoting mechanisms, as previously stated, PGPE and PGPR also
show similar mechanisms in relation to metal resistance (Ma et al., 2011).
However, some species of PGPE that colonize transport vessels (xylem
and phloem) can be transmitted through seeds to next generations, which
is considered an important mechanism of microbe-mediated plant adapta-
tion to metal tolerance (Mastretta et al., 2009; Thijs et al., 2017).

6. Microbe remediation of metal-polluted soils

As aforementioned, many microorganisms are well adapted to metal
rich soils and can survive even under extreme metal stress (Hou et al.,
2020). Bacteria have resistance genes to many toxic elements such as,
Ag+, Cd2+, Co2+, Cu2+, Hg2+, Ni2+, Sb3+ and Zn2+ (Silver and Phung,
1996). They tolerate metal toxicity trough an array of mechanisms, and
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as a consequence of those processes, bacteria can be responsible for lower-
ing the solubility of metals for immobilization and/or improving metal sol-
ubility for removal (Gadd, 2000). Inmetal immobilization, microorganisms
may reduce plant metal uptake or translocation to shoots (metal bio-
availability) through precipitation, alkalinization and complexation
processes (Ma et al., 2016a). To increase metal bioavailability in soils,
which is a factor mainly influenced by soil pH (bioavailability increases
with decreasing pH), microbes use acidification, chelation, and proton-
ation (Ma et al., 2016a; Sheoran et al., 2009). Increasing bioavailability
of certain elements for metal uptake by plants is a particularly impor-
tant aspect in phytoextraction. Soil pH is highly influenced by plant-
microorganism interactions. Plant roots secret hydrogen ions (H+)
that can displace metal cations adsorbed in soil particles, enhancing
metal bioavailability (Ma et al., 2016a; Sheoran et al., 2009). Further-
more, microbes produce several compounds such as organic acids and
siderophores that increase metal availability (Sessitsch et al., 2013).
Organic acids such as gluconic, oxalic, acetic, and malic acid are mainly
reported as responsible for metal solubilization by microbes (Ullah
et al., 2015). In 2017, it was reported that the inoculation of certain
siderophore producing bacteria significantly increased the accumula-
tion of Pb and Zn in host plants (Ali et al., 2017). In a study from
2014, Solanum nigrum was inoculated with the bacterium Pseudomonas
sp. LK9 which led to an increase in Cd, Cu and Zn concentrations in
plant roots and shoots (Chen et al., 2014). This enhancement in plant
Cd, Cu and Zn extraction was attributed to the bacterial production of
organic acids, siderophores and biosurfactants. Microbial biopolymers,
more specifically exopolysaccharides and biosurfactants, are regarded
as effective metal-complexing agents that show great potential for
aiding phytoremediation. Exopolysaccharides exhibit strong metal-
binding characteristics, reducing their mobility and bioavailability,
and thereby favouring phytostabilization. On the other hand, microbial
biosurfactants promote phytoextraction by increasing the solubility of
metals and, subsequently, their mobility and bioavailability (Lal et al.,
2018).
Fig. 2. Bacteria interaction with metals – a collection of processes involved
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6.1. Bacteria-metal interaction processes

Bacteria survival and thriving in the presence of high metal concentra-
tions can be attributed to mechanisms such as restriction of metal intake
through changes in permeability, enzymatic detoxification, extracellular
metal binding, intracellular binding and detoxification, active release of
metals from the cell and decrease in metal sensitivity of cellular compo-
nents (Margaryan et al., 2021; Rajkumar et al., 2009) (Fig. 2). Microbe-
mediated biosurfactants, for instance, are surface-active amphiphilic
biomolecules (including glycolipids, phospholipids and fatty acids, lipopro-
teins and lipopeptides, and particulate and polymeric biosurfactants) that
act as complexing agents for a wide array of metals. These compounds
form metal complexes at the soil interface, which are then desorbed by
decreasing the soil-water interfacial tension (Rahman and Singh, 2020).
A study carried out by Babu et al. (2015) reported on the inoculation
of Miscanthus sinensis growing on polymetallic mine soil with the
biosurfactant-producing bacteria Pseudomonas koreensis AGB-1. The results
showed that the inoculation significantly increased metal solubilization
(As, Cd, Cu, Pb, and Zn), biomass yield (by 54%), andmetal concentrations
in roots and shoots. Bacteria can reduce or oxidize metal species and syn-
thesize or degrade metal containing-organic compounds through catalytic
reactions (Hou et al., 2020). Some strains are known to utilize methylation,
which involves the transfer of methyl groups to metals, as a strategy for
resistance/detoxification (biotransformation) (Ramasamy et al., 2007).
A study from 2009 showed that the bacterium Cellulosimicrobium cellulans
was responsible for the transformation of Cr6+ (toxic form) in Cr3+ (signif-
icantly less toxic) as well as the enhancement in Cr uptake in plant roots and
shoots (Chatterjee et al., 2009). In 2013, it was reported the biotransforma-
tion of toxic As3+ to less toxic As5+ by Bacillus sp. and Geobacillus sp.
(Majumder et al., 2013). Bioleaching consists in the release of organic
acids by bacteria that dissolve metal-containing compounds for leaching
of metals (Hou et al., 2020). For example, some microbes may produce sul-
furic acid that dissolves metals thus increasing sulfur (S) bioavailability
(Hou et al., 2020). Subsequently, sulfate-reducing bacteria can transform
in soil metal pollution bioremediation. Adapted from Ahemad (2019).
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bioavailable S in low-mobility sulfides, removing them from the reactive
metal-pool (bioprecipitation) (Hou et al., 2020). Bioprecipitation comprises
the binding of metals to anionic functional groups (such as sulfhydryl,
hydroxyl, carboxyl, amine, sulfonate, and amide groups) of extracellular
materials present on the cell surface (Margaryan et al., 2021). A study
showed that the inoculation of bacteria in a metal-polluted soil was respon-
sible for the efficient leaching of Cd, Co, Cr, Cu, Mn, Ni and Zn (White et al.,
1998). Metal bioleaching levels reached 74 % for Co, 69 % for Cu, 69% for
Mn and 68% for Ni, themajority of which bioprecipitated (80–98%) as sta-
ble sulfide species. Bacteria can also assimilate metals via Fe assimilating
pathways using siderophores, this process is called bioassimilation (Hou
et al., 2020). The uptake of metals by microorganisms can be classified as
metabolism-independent (biosorption) or asmetabolism-dependent (bioac-
cumulation) (Igiri et al., 2018). Biosorption mechanisms, which mostly
occur on the cell exterior, can be carried out by dead biomass or living
cells and may involve one or more processes including, complexation, che-
lation, ion exchange, microprecipitation, coordination and entrapment
(Pokethitiyook and Poolpak, 2016). Through biosorption bacteria accumu-
latemetals on cell surfaces. Cell walls and associated functional groups such
as -OH, -SH, and -COOH, have affinity for metals, assisting biosorption
(Mishra et al., 2017). Furthermore, this process also involves chelators
and metal-binding peptides such as glutathione-derived peptides and
metallothioneins (Mishra et al., 2017). Metallothioneins are known to
have high affinity for metals such as Cd, Cu and Hg, and a study showed an
increase in the production of these proteins by bacteria when exposed to in-
creasing Pb quantities (Ahemad, 2019; Murthy., 2011). A paper from 2015
demonstrated that Bacillus sp. SC2b adsorbed significant amounts of metals
such as Cd, Pb and Zn, and bacterial inoculation reduced metal toxicity
through biosorption, thus presenting a protective effect and increasing plant
growth (Ma et al., 2015b). Microbial biopolymers like exopolysaccharides
also facilitate metal biosorption, mainly via the electrostatic interaction be-
tween surface functional groups and the metal ions (Ayangbenro and
Babalola, 2018; Lal et al., 2018). Bioaccumulation refers to the accumulation
ofmetals by bacteria in the intracellular space (Hou et al., 2020). This process
comprises extracellular and intracellular mechanisms such as, sequestration,
redox reactions, and species-transformation (Fomina and Gadd, 2014;
Vijayaraghavan and Yun, 2008). Microbes then use active transport
mechanisms, specifically efflux transporters for expelling toxic and over-
concentrated metals from the cytoplasm (Haferburg and Kothe, 2007). The
main transport systems involved in the export of metals form the cell are
the transmembrane transporter capsule biogenesis/assembly (CBA) family
transporter, cation diffusion facilitator (CDF) and, P-type ATPase located in
the inner membrane that uses ATP energy to export metal ions from the
cytoplasm to the periplasm (Hynninen, 2010; Nies, 2003) (Fig. 2).

7. Microorganisms in phytoremediation of metal-polluted soils

Phytoremediation of metal-polluted soils can be challenging due to the
extreme conditions that plants might face in these environments. This has
impelled further research of this phytotechnology and supporting strategies
to improve phytoremediation yields. In this context, the beneficial effects of
bacteria (PGPR and PGPE) on plant growth, health, physiology and their
crucial role in plant metal tolerance and efficiency in phytoextraction
made them very promising candidates for application in phytoremediation
(Ma et al., 2011, 2016c; Rajkumar et al., 2009; Thijs et al., 2017). The char-
acterization of plant beneficial microorganisms, particularly metal tolerant
strains, and the understanding of their mechanisms to enhance plant
growth and metal tolerance (discussed in this review) is decisive to tackle
phytoremediation optimizing strategies. A great variety of studies have
been conducted in this context using PGPR and PGPE (Table 1).

In 2016, Variovorax strains were isolated from the rhizosphere of
the mixed cover of Bornmuellera tymphaea – Nocceae thymphaea and
B. tymphaea –Alyssummurale. The PGPR significantly increasedNi accumu-
lation in roots and shoots. This improvement in phytoextraction was associ-
ated to the bacterial production of IAA and ACC deaminase (Durand et al.,
2016). One year later, several As tolerant PGPR strains, isolated from
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grapevine rhizosphere were tested (Pinter et al., 2017). The species Bacillus
licheniformis and Micrococcus luteus both produced siderophores and the
later also displayed N fixation and P solubilization under harsh conditions.
The inoculation of these PGPR increased plant biomass yields andM. luteus
decreased the toxic effects of NaAsO2 in grapevines (Pinter et al., 2017).
Research found that Sinorhizobium saheli YH1 isolated from Leucaena
leucocephala root nodules increased plant nutrient (N, P and potassium)
contents (Kang et al., 2018). Furthermore, these inoculations enhanced bio-
mass production, plant height and root length and reduced plant metal up-
take, particularly Cd (reduced by up to 79.9 %) and Mn (by up to 67.6 %).
These findings highlighted the role of S. saheli YH1 in improving plant
health by decreasing metal uptake. A study from 2020, analyzed the
hyperaccumulator Sedum alfredii intercropped with Vicia fava in Cd and
Pb contaminated soils with application of a PGPE consortium (Tang et al.,
2020). The results showed that bacterial inoculations promoted biomass
production and increased Cd and Pb concentrations in individual parts of
both plants. Recently, a study analyzed the effect of PGPR (Bacillus
thuringiensis, Bacillus cereus, and Bacillus sp. EhS7) isolated from contami-
nated mines in two grass species (Lolium perenne and Festuca arundinacea)
(Ke et al., 2021). It was shown that strains were able to immobilize a max-
imum of 79.49 % Cu and 81.35 % Cd through biosorption and bioaccumu-
lation. Inoculations resulted in a significant increase in plant root and shoot
biomass and a decrease in metal uptake. This study shows that PGPR are
promising in enhancing phytostabilization of Cu and Cd polluted soils.

8. Future prospects

Phytoremediation of metal-polluted soils is a practice that has attracted
considerable attention. Even though it has been widely studied during the
past few decades, it is still considered a fairly recent alternative with a
small number of long-term field trials. Microorganisms greatly influence
plant growth and health and thus play amajor role in the phytoremediation
of metal-polluted soils. In particular, the study of bacteria adapted to high
concentrations of metals and their plant host associations can provide an-
other dimension to existing phytoremediation. Microorganisms are not
only responsible for enhancing plant growth through direct and indirect
mechanisms under metal stress but also accelerate the extraction of metals
from soils, for example by enhancing plant metal uptakes (Mishra et al.,
2017). However, more studies need to be conducted to understandmicrobe
relations with host plants in metal contaminated environments. The effec-
tiveness of microbe-assisted phytoremediation under abiotic stresses re-
lated to climate change, such as drought and salinity, also needs to be
further addressed (Ma et al., 2019). Field trials are of particular importance
for delivering “real” results and provide a deeper knowledge of the pro-
cesses involved, without tempered variables. Aspects such as compatibility
of the host plant species and inoculant and ability ofmicroorganisms to per-
form and proliferate in contaminated soils need to be analyzed under natu-
ral field conditions over longer periods of time (Alves et al., 2021; Kidd
et al., 2018). Furthermore, adopting the application of microorganisms as
a mainstream strategy will foster a more sustainable and green approach
in terms of plant management practices (Hou et al., 2020; Jansson and
Hofmockel, 2020). In this context, it is envisioned that microbe inocula-
tions may start to replace other practices used in phytoremediation, such
as inorganic fertilizers, phytohormones, and chelating substances, and con-
sequently reducing the corresponding costs (Thijs et al., 2017).

Phytomining (or agromining) may also greatly benefit from the incor-
poration of microorganisms. In general, inoculation with PGPB and
metal-solubilizingmicrobes heralds great potential for increasing the avail-
ability of target elements and enhancing the health, biomass yield, and
metal accumulation capacity of hyperaccumulators (Kidd et al., 2018). In-
deed, the ability of bacterial inoculates for boosting plant metal yields has
been reported in several phytomining-related studies (Alves et al., 2021;
Benizri and Kidd, 2018). Still, these findings stem from bench-scale re-
search and therefore field investigation is much needed to assess bacterial
inoculation under natural conditions and provide real-life evidence of
their value. What's more, since the vast majority of studies have been



Table 1
Summary of relevant studies with PGPR and PGPE for phytoremediation of metal-polluted soils.

Bacteria (PGPE and PGPR) Plant Mechanism Effect References

Plant growth-promoting rhizospheric bacteria
(PGPR)

Sinorhizobium meliloti
CCNWSX0020

Medicago lupulina root
nodules

IAA
production
ACC
deaminase
Siderophores

↑ Biomass
↑ Cu uptake
↓ Cu stress

(Kong et al., 2015)

Variovorax paradoxus] Intercropped:
Bornmuellera tymphaea
Noccaea tymphaea
Alyssum murale

IAA
production
ACC
deaminase
P
solubilization
Siderophores

↑ Biomass
↑ Ni uptake

(Durand et al.,
2016)

Chryseobacterium humi ECP37
Pseudomonas reactans EDP28
Pseudomonas fluorescens S3X

Zea mays ACC
deaminase
P
solubilization
Siderophores

↑ Root and shoot
growth
↑ Biomass
↑ Cd uptake

(Moreira et al.,
2016)

Ensifer adhaerens 91R IAA
production
Siderophores
ACC
deaminase

↑ Biomass
↑ As uptake

(Ma et al., 2015a)

Bacillus licheniformis
Micrococcus luteus

Vitis vinifera cv. Malbec N fixation
P
solubilization
Siderophores

↑ Biomass
↓ As toxic effects

(Pinter et al., 2017)

Kocuria sp. CRB15 Brassica nigra IAA
production
P
solubilization

↑ Root and shoot
growth

(Hansda et al.,
2017)

Sinorhizobium Saheli Leucaena leucocephala N fixation
P
solubilization
IAA
production

↑ Root and shoot
growth
↑ Biomass
↓ Cd uptake
↓ Mn uptake

(Kang et al., 2018)

Pseudomonas sp. Medicago sativa N fixation
P
solubilization
IAA
production
Siderophores

↑ Root and shoot
growth
↑ Biomass
↑ Chlorophyll levels
↓ Oxidative Stress
↑ Cr root
concentrations

(Tirry et al., 2021)

Bacillus sp. EhS7
Acinetobacter RA1
Bacillus RA2

Perennial ryegrass
Tall fescue

IAA
production
P
solubilization

↑ Biomass
↓ Oxidative stress
↓ Metal uptake

(Ke et al., 2021)

Plant growth-promoting endophytic bacteria
(PGPE)

Bacillus pumilus E2S2
Bacillus sp. E1S2

Sedum plumbizincicola IAA
production
ACC
deaminase
P
solubilization
Siderophores

↑ Root and shoot
growth
↑ Biomass
↑ Cd uptake
↑ Zn accumulation

(Ma et al., 2015a)

Variovorax paradoxus 28EY
Phyllobacterium myrsinacearum
28EW

Betula celtiberica IAA
production
Siderophores
ACC
deaminase

↑ Biomass
↑ As uptake

↑ Biomass
↑ As uptake

PGPE consortium Intercropped:
Sedum alfredii
Vicia fava

↑ Biomass
↑ Cd uptake
↑ Pb uptake

(Tang et al., 2020)

Jeotgalicoccus huakuii
Bacillus amyloliquefaciens

Cynodon dactylon
Eleusine indica

IAA
production

↓ Hg toxic effects
↑ Hg accumulation

(Ustiatik et al.,
2021)

Serratia sp. AI001
Klebsiella sp. AI002

Solanum nigrum IAA
production

↑ Biomass
↑ Chlorophyll content
↑ Cd translocation

(Ullah et al., 2022)

ACC, 1-Aminocyclopropane-1-carboxylate; IAA, indole-3-acetic acid.
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centered on nickel, further efforts should also consider evaluating the abil-
ity of microbial inoculation for enhancing the solubilization/uptake of
other valuable metals.

Lastly, it is worth noting that recent advances in genetic engineering
may also contribute to boost the potential of microorganisms and fast-
track their application in phytoremediation of metal-polluted soils. While
7

significant progress in transgenics have been achieved during the past de-
cades (Diep et al., 2018), the advent of the clustered regularly interspaced
short palindromic repeats (CRISPR) technology hints at imminent break-
throughs. The simplicity and effectiveness of this gene editing technique
could lead to tailor-made PGPBwith enhanced ability to synthesize organic
acids, biosurfactants, siderophores, phytohormones, and other key
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compounds in the context of microbe-assisted phytoremediation (Basharat
et al., 2018). Still, these and the abovementioned efforts must strictly
adhere to regulations to prevent biosafety issues.
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