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A B S T R A C T

Bioaugmentation, the addition of cultured microorganisms to enhance the currently existing microbial commu-
nity, is an option to remediate contaminated areas. Several studies reported the success of the bioaugmentation
method in treating heavy metal contaminated soil, but concerns related to the applicability of this method in real-
scale application were raised. A comprehensive analysis of the mechanisms of heavy metal treatment by microbes
(especially bacteria) and the concerns related to the possible application in the real scale were juxtaposed to show
the weakness of the claim. This review proposes the use of bioaugmentation-assisted phytoremediation in treating
heavy metal contaminated soil. The performance of bioaugmentation-assisted phytoremediation in treating heavy
metal contaminated soil as well as the mechanisms of removal and interactions between plants and microbes are
also discussed in detail. Bioaugmentation-assisted phytoremediation shows greater efficiencies and performs
complete metal removal from soil compared with only bioaugmentation. Research related to selection of
hyperaccumulator species, potential microbial species, analysis of interaction mechanisms, and potential usage of
treating plant biomass after treatment are suggested as future research directions to enhance this currently
proposed topic.
1. Introduction

Heavy metal is commonly found on Earth and is widely acknowl-
edged as metalloids and metals in the periodic table (Yadav et al., 2019).
The property of heavy metal with its high atomic weight and density
makes it a good candidate for conducting electricity (Jaishankar et al.,
2014; Shadman et al., 2019). Heavy metal processing industries are
increasing with the utilization of heavy metals in daily life (C. He et al.,
2020). The increment of heavy metal utilization leads to increasing cases
ron), rozaimah@ukm.edu.my (S.
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of heavy metal pollution that is very dangerous to the environment and
human life (Hejna et al., 2018).

Several heavy metals such as chromium in hexavalent form, Cr(VI),
lead (Pb), and arsenic, which is generated from anthropogenic activities,
are poisonous to living organisms (Oliveira, 2012; Kamaruzzaman et al.,
2019; Titah et al., 2018). Mercury (Hg) also poses several hazardous
characteristics such as neurotoxicity and immunotoxicity to living or-
ganisms, including humans (Bjørklund et al., 2017). Arsenic also causes
enzyme reaction inhibition, especially related to phosphate uptake and
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utilization (Titah et al., 2018). Cadmium (Cd), which is abundantly found
in soil, could reduce soil fertility due to its hazardous properties (Li et al.,
2019). Specifically, Cd in soil is directly transferred to most plants and
animals, inhibiting their actual growth and function (Chibuike and
Obiora, 2014; Scaccabarozzi et al., 2020). Humans may also be affected
and may possess health risks such as lung cancer and kidney problem
because food sources are contaminated with toxic heavy metals (Li et al.,
2019). Cd and Cr mining could also cause severe environmental pollution
and an ecological disaster as it involves large operating areas. Mining
activities, as one of the most reported sources of heavy metal in soil,
release heavy metals into the surrounding environment (Ighalo et al.,
2022). They cause most organisms to become exposed to hazardous
pollutants and lose their natural habitat, hence creating another alarming
issue of resistant bacteria in the environment (Oladipo et al., 2018;
Schippers et al., 2010). The abundance of toxic waste accumulated in the
environment has a remarkable effect on the entire ecosystem (Igwegbe
et al., 2022). Therefore, the effect of anthropogenic activities should be
reduced to minimize heavy metal pollutants in nature.

Bioaugmentation is a widely known approach to remediate heavy
metal from contaminated environment by adding indigenous and exog-
enous microorganisms that can resist and reduce the toxicity of heavy
metals (Hassan et al., 2019; Purwanti et al., 2020). Indigenous micro-
organisms are isolated from contaminated soil and reinoculated back into
the corresponding contaminated soil (Ipung Fitri Purwanti et al., 2018).
By contrast, exogenous microorganisms are isolated outside the
contaminated areas and introduced into the desired contaminated area
(Huang and Ye 2019). Several of the processes involved in remediating
heavy metals using microbes are biosorption, bioaccumulation, bio
chelation, bio digestion, biomineralization, and biotransformation
(Nwaehiri et al., 2020).

Several studies claimed the success of bioaugmentation in treating
heavy metal contaminated soil. Mahbub et al. (2017) reported the suc-
cessful removal of Hg from artificial contaminated soil using Sphingobium
SA2 with removal efficiency reaching 50%. Ibarrolaza et al. (2011) also
mentioned the removal of hexavalent chromium from artificial contam-
inated soil by Sphingomonas paucimobilis 20006FA with removal effi-
ciency of 90%. Polti et al. (2014) also reported removal of hexavalent
chromium from artificial contaminated soil by using consortium of
Streptomyces sp. M7, Streptomyces sp. MC1, Streptomyces sp. A5, and
Amycolatopsis tucumanensis with removal efficiency of 86%.

However, most of the treatments were conducted in laboratory scale
using artificial contaminated soil under controlled condition. Questions
related to the applicability of this method in real-scale contaminated soil,
especially in terms of the segregation of deposited metal from soil, to
obtain remediated clean medium free from toxic heavy metals were
elevated (Agnello et al., 2016; Purwanti et al., 2019a). Even if toxic
metals are deposited as stable complexed precipitates in soil, stable heavy
metals may turn back into mobilized phase due to uncontrolled climate
or weather changes. This review highlights several concerns related to
the applicability of bioaugmentation in treating contaminated soil,
focusing on the failure of separating soil with metal after treatment. This
review article identifies the mechanism of bacteria in detoxifying heavy
metal correlated with the removal mechanisms occurring during the
bioaugmentation in treating heavy metal contaminated soil. Phytor-
emediation is suggested as an alternative solution for the concerns,
whereas the introduction of plant growth promoting rhizobacteria inside
the heavy metal contaminated soil phytoremediation system will alle-
viate the removal processes. This review is expected to shed a light on the
low-real-scale applicability of bioaugmentation to treat heavy metal
contaminated soil while also providing the application of phytor-
emediation as a promising approach to treat heavy metal contaminated
soil.
2

2. Heavy metal contaminated soil and bioaugmentation
treatment

2.1. Sources of heavy metals in contaminated soil

Toxic heavy metals contaminate the soil largely due to anthropogenic
activities such as mining, electroplating, tanneries, textile dye industry,
automotive, electronics, batteries, and others, as shown in Table 1. Most
of the areas are contaminated with Cu, As, Cr, Cu, Ni, Zn, Pb, Fe, Mn, and
Cd at concentrations that are higher than maximum permissible addition
(MPA) values, defined on (Vodyanitskii, 2016).

2.2. Bioaugmentation of microorganisms in treating heavy metal
contaminated soil

Microorganisms are selected based on two main criteria: ability to
degrade targeted pollutants and ability to resist and survive in a wide
range of environments. Several microorganisms such as bacteria, fungi,
yeast, actinomycetes, and algae can resist and survive in a wide range of
environments, including the ability to remove heavy metals from
contaminated areas. This capability is mostly originated from microbial
cell walls made up of polysaccharides, lipids, and protein that play an
essential role in attaching metal ions with carboxylate, hydroxyl, and
amino and phosphate groups (Girma, 2015; Purwanti et al., 2018)
resulting in nontoxic complexed compounds.

Table 2 summarizes several types of heavy metal resistant microor-
ganisms and their removal percentage. Most of the microorganisms are
isolated from heavy metal contaminated sites (indigenous) because they
can easily adapt to the environment compared with exogenous micro-
organisms. By contrast, exogenous microorganisms face challenges for
colonizing and maintaining immobilized effects in contaminated soils
because they have to compete with indigenous microorganisms (Wang
et al., 2020). Heavy metal contamination using microorganisms (either
indigenous or exogenous) can be treated using either single or con-
sortium cultures (Agnello et al., 2016; Purwanti et al., 2018, 2019b).
Consortium of bacteria and actinomyces showed a higher reduction of
heavy metal in the range 50%–86 % compared with single cultures.
However, several single cultures are more effective than consortium
cultures in removing heavy metals from contaminated soils.
S. paucimobilis 20006FA (Ibarrolaza et al., 2011), Pannonibacter phrag-
mitetus BB (Wang et al., 2015), and Staphylococcus aureus (Giwa and
Ibitoye 2017) managed to reduce 90% of Cr(VI), 99% of Cr(VI), and
89.5% of Pb, respectively.

Each microbe has different potential and effectiveness in reducing
heavy metals from contaminated soil at various concentrations (Medfu
Tarekegn et al., 2020). Microorganisms used in remediating various
types of heavy metals are as follows: Cr by Aspergillus niger (Xu et al.,
2021) and Bacillus sp. MNU16 (Upadhyay et al., 2017), Hg by Pseudo-
monas aeruginosa (Imron et al., 2019) and Vibrio parahaemolyticus PG02
(Jafari et al., 2015), nickel (Ni) and Cd by Bacillus megaterium and
Rhizopus stolonifera (Njoku et al., 2020), and copper (Cu) and Pb by
Micrococcus luteus DE2008 (Puyen et al., 2012).

Recent technological advancement involved the utilization of micro-
algae (Leong and Chang, 2020) such as Chlorella vulgaris and Scenedesmus
almeriensis for treating arsenic, Parachlorella sp. and C. minutissima for Cd,
S. quadricauda and C. vulgaris for Cr, and Chaetoceros sp. and Phormidium
sp. for Pb. Microalgae are considered microplants with great capability of
metal adsorption and can perform complex enzymatic reactions such as
bacteria for metal transformation (Lee et al., 2022). However, application
ofmicroalgae for treatingmetal-contaminatedmedium is limited to only in
aqueous medium, due to the natural habitat of the used agents (Fern�andez
et al., 2018). Additionally, engineered gene emerged as one of the options



Table 1. Sources of heavy metals that contaminate soil and their concentration.

Source Locality Heavy metals**
and concentration
(mg/kg)*

References

Anthropogenic
activities
(nonspecific)

Australia Cr (41.5) Ghobadi
et al. (2021)Cu (185)

Mn (288.5)

Ni (12.5)

Pb (214.5)

Zn (311)

Anthropogenic
activities
(nonspecific)

Canada Cr (1.67) Dhiman
et al. (2020)Cu (7.11)

Fe (669)

Pb (0.04)

Zn (35)

Animal waste that
has not been treated,
metal industry, and
fertilizers

Indonesia As (67) Sindern
et al. (2016)Cr (85)

Cu (128)

Ni (29)

Pb (111)

Zn (595)

Electroplating
industries

India Cr (2,195) Sainger et al.
(2011)Cu (374)

Fe (2,228)

Ni (335)

Zn (3,112)

Landfills Malaysia As (163) Hussein
et al. (2021)Cd (1.88)

Cr (346.82)

Cu (61.63)

Fe (58.12)

Mn (693.13)

Ni (15.63)

Pb (171.72)

Zn (79.06)

Metal factories Egypt Cd (18.6) El-Saadony
et al. (2021)Ni (259)

Pb (254)

Metal factories Fiji Cd (2.62) Diarra et al.
(2021)Cr (47.45)

Cu (72.58)

Fe (22,856)

Mn (70.26)

Ni (40.25)

Pb (110.35)

Zn (34.8)

Metal factories Kazakhstan Cd (8.9) Ramazanova
et al. (2021)Cr (7.1)

Cu (137.9)

Pb (441.9)

Zn (178)

Mining area China Cd (0.6) Jin et al.
(2019)Cr (68.99)

Cu (138.92)

Ni (43.15)

Pb (2,021.71)

Zn (401.93)

Mining area Korea As (0.77) Kwon et al.
(2017)Cd (0.98)

Cu (29.6)

Pb (3.34)

Zn (38)

Table 1 (continued )

Source Locality Heavy metals**
and concentration
(mg/kg)*

References

Mining area Iran Cd (0.9) Shojaei et al.
(2021)Cr (0.87)

Mn (0.88)

Pb (0.94)

Mining area India Cd (5.16) Pradhan
et al., 2020Co (3,097.01)

Cr (3,012.45)

Cu (7.51)

Fe (5,485.01)

Mn (5,840.5)

Ni (2,281.01)

Zn (226.1)

Mining area Zambia Cd (0.45) Kaninga
et al. (2020)Cu (979)

Ni (44)

Pb (10.2)

Zn (32)

Mining area Morocco Cu (964.1) Raklami
et al. (2021)Pb (110.6)

Zn (519.6)

* Bold highlighted items are concentrations that exceed the maximum
permissible addition value.

** Maximum permissible addition in mg/kg: As (4.5), Cd (0.76), Co (24), Cr
(3.8), Cu (3.5), Ni (2.6), Pb (55), and Zn (16).

S.B. Kurniawan et al. Heliyon 8 (2022) e08995

3

to improve the capability of certain bacterial species (Jaiswal et al., 2019),
especially Actinobacteria (Mawang et al., 2021), to obtain faster metal
transformation, greater metal adsorption capacity, and modified pathways
for metal resistance. Utilization of engineered gene microorganisms re-
quires further concern, especially in terms of cost.

3. Analysis of bioaugmentation applicability in treating heavy
metal contaminated soil

3.1. Mechanisms of heavy metal removal by bacteria

Microorganisms, particularly bacteria, that live in harsh or toxic en-
vironments can combat contaminants by developing adaptation mecha-
nisms (Kapahi and Sachdeva, 2019). This process occurs due to natural
selection, in which the surrounding environment forces bacteria to alter
their phenotype and genotype to stay alive in the natural environment
(Lenski, 2017). Specifically, bacteria protect themselves by becoming
resistant to the environment contaminated by poisonous pollutants, such
as heavy metal, to maintain their population. Resistant bacteria can
withstand the exposure of hazardous heavy metals and eliminate them
biologically by developing mechanisms such as biotransformation,
bioreduction/bio-oxidation, biosorption, and bioaccumulation (Ahemad,
2019; Fern�andez et al., 2018; Juwarkar and Yadav, 2010), as illustrated
in Figure 1.

Biosorption and bioaccumulation mechanisms involve the uptake of
toxic chemicals but vary in a few processes and pathways (Timkov�a et al.,
2018). Biosorption is the process of metal attachment in the outer cell
wall or the transfer of metal from the medium into the cell (Kurniawan
et al., 2019). Biosorption and bioaccumulation are sequential processes
that result in the concentration of metal inside the cell (Titah et al.,
2018). Biosorption mechanisms can be demonstrated extracellularly by
animate and inanimate microorganism cells due to their metabolic in-
dependence, whereas bioaccumulation takes place intracellularly by
animate cells, which primarily determine this process as metabolic based



Table 2. Heavy metal removal from contaminated soil by microorganisms.

Microorganisms Source Type of soil Exposure
period (days)

Heavy
metal

Removal (%) Reference

Bacteria

Consortium of Serratia
marcescens, Pseudomonas
pyogenes, Erwnia amylovora,
and Enterobacter cloacae

Soil and effluent of paper mill Contaminated paper mill:
1.223 mg/L Pb, 0.093
mg/L Cd, 13.169 mg/L
Zn, 0.613 mg/L As, 0.358
mg/L Cr, 1.756 mg/L Cu,
and 0.059 mg/L Ni

180 Pb 74.7 Nwaehiri et al. (2020)

Cd 51.6

Zn 71.6

As 72.6

Cr 78.2

Cu 55.9

Ni 78.1

Consortium of Bacillus
subtilis and Staphylococcus
aureus

Soil and effluent of paper mill Contaminated paper mill:
1.223 mg/L Pb, 0.093
mg/L Cd, 13.169 mg/L
Zn, 0.613 mg/L As, 0.358
mg/L Cr, 1.756 mg/L Cu,
and 0.059 mg/L Ni

180 Pb 67.2

Cd 53.8

Zn 66.3

As 66.1

Cr 65.8

Cu 59.4

Ni 65.3

Brochothrix thermosphacta Aluminum contaminated site Artificial: 48 mg/kg of Al 5 Al 4.58 Purwanti et al. (2019a)

Vibrio alginolyticus 5.48

Sphingobium SA2 Mercury contaminated soil Artificial: 100 mg/kg Hg
Contaminated field: 200
mg/kg Hg

28 Hg 30–50 Mahbub et al. (2017)

Azotobacter S8 N/A Artificial: 19 mg/kg of Cr 14 Cr(III) 22.82 Purwanti et al. (2017)

Bacillus subtilis N/A Artificial: 29 mg/kg of Cr 14 Cr(III) 11 Purwanti et al. (2017)

Bacillus sp., Lysinibacillus sp.
and Rhodococcus sp.

Landfill soil Landfill and leachate: N/
A

100 Cu 86 Emenike et al. (2016)

Zn 73

Pb 71

Sphingomonas paucimobilis
20006FA

Uncontaminated soil Artificial: 100 mg/kg of
Cr(VI)

62 Cr(VI) 90 Ibarrolaza et al. (2011)

Pannonibacter phragmitetus
BB

Chromium containing slag Steel alloy factory:
518.84 mg/kg of Cr(VI)

2 Cr(VI) 99 Wang et al. (2015)

Micrococcus sp. Crude oil contaminated soil Crude oil contaminated
soil: N/A

60 Cd 36 Giwa and Ibitoye (2017)

Staphylococcus aureus Crude oil contaminated
soil: N/A

60 Pb 89.5

Actinomycetes

Streptomyces sp. M7 Pesticides and heavy metals
contaminated soil

Artificial: 50 mg/kg of
Cr(VI)

14 Cr (VI) 51 Polti et al. (2014)

Streptomyces sp. MC1 40

Streptomyces sp. A5 5

Amycolatopsis tucumanensis 5

Consortium of Streptomyces
sp. M7, Streptomyces sp.
MC1, Streptomyces sp. A5,
and Amycolatopsis
tucumanensis

86

Fungi

Consortium of Perenniporia
subtephropora, Daldinia
starbaeckii, Phanerochaete
concrescens,
Cerrena aurantiopora,
Fusarium equiseti,
Polyporales sp., Aspergillus
niger, Aspergillus fumigatus,
and Trametes versicolor

Landfill soil Landfill: N/A 100 As 62 Hassan et al. (2019)

Cr 42

Cu 49

Fe 38

Mn 59

Consortium of Paecilomyces
lilacinus, Antrodia serialis,
and Penicillium cataractum

Landfill soil Landfill: N/A 100 As 48

Cr 36

Cu 41

Fe 35

Mn 41

Yeast

Candida tropicalis Chromium contaminated soil Artificial: 40 mg/kg of
Cr(VI)

8 Cr (VI) 58.7–72.25 Bahafid et al. (2013)

*N/A: not available.
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Figure 1. Heavy metal removal mechanisms.

S.B. Kurniawan et al. Heliyon 8 (2022) e08995
(Jobby et al., 2018; Srinath et al., 2002). Specifically, in the biosorption
mechanism for heavy metal–bacteria interaction, heavy metals can be
bound to active and inactive bacteria cells without the use of adenosine
triphosphate (ATP) because this process does not require energy to
activate (Mohapatra et al., 2017; Timkov�a et al., 2018). In comparison,
bioaccumulation initiates quickly and proceeds to a moderate stage
allowing ion exchange or physical adsorption for metal attachment and
Figure 2. Issues related to bioaugme

5

transportation, based on metabolic activity involving ATP (Srinath et al.,
2002). Metal inside cells are generally accumulated in the form of
complex–metal compounds, as the result of their resistance mechanisms
through several enzymatic reactions (Imron et al., 2021).

Biotransformation pathways consist of two mechanisms, namely, bio-
oxidation and bioreduction. These mechanisms can occur extracellularly
or intracellularly. Bio-oxidation mechanisms change the toxic heavy
ntation in real-scale application.
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metal oxidation state into a nontoxic or less toxic oxidation state through
which usually occurs extracellularly (Ahemad, 2019), such as oxidizing
As(III) to a lesser toxic As(V) (Titah et al., 2018). Bioreduction, such as
from Cr(VI) to Cr(III), reduces the Cr oxidation state from 6 þ to 3 þ that
commonly happens inside the bacteria cell (Pradhan et al., 2017). Both
pathways typically involve enzymes to reduce or transform the toxic
heavy metal before releasing the less toxic heavy metal into the
ecosystem (Jobby et al., 2018). The bound between functional groups or
compounds in the bacterial cell wall may also occur as the resistance
mechanisms to heavy metals (Imron et al., 2021). The bounded metals
and the functional group formminerals surrounding the cell walls, which
also serve as further protection, commonly called as biomineralization
(Dhami et al., 2013; Zahoor et al., 2017). In general, bacteria use their
adaptation mechanisms to defend their cell from harm while indirectly
decontaminating the surrounding environment during heavy metal
removal.
3.2. Issues in real-scale application

Several issues related to the real-scale application of bioaugmentation
in treating heavy metal contaminated soil are summarized in Figure 2.

3.2.1. Impractical metal separation from soil
Understanding the mechanisms of heavy metal removal by bacteria,

several concerns are raised if bioaugmentation is applied to treat heavy
metal contaminated soil. Treated heavy metals in the form of nonionic/
nonsoluble/nonmobile compounds may be concentrated inside bacteria
cells, without going anywhere (Titah et al., 2018, 2019). The bacteria,
containing metals, will be still inside the soil matrix. Separation of the
bacteria and/or the stable metal after treatment need to be carried out
(Purwanti et al., 2019b), but sophisticated laboratory technology is often
required (discussed further in Section 3.2.2). Purwanti et al. (2019a)
reported that separation of aluminum (Al) from soil had a very low ef-
ficiency due to the difficulty in the distinguishing soil matrix, bacteria,
and the stable metal. After separation, stable metal still needs to be
excavated to obtain the free pollutant treated soil. In real-scale applica-
tion, creating saturated soil condition for solid/solid separation requires
a barrier to localize the contaminated area (Casasso et al., 2019); thus,
excavation is considered more applicable because the barrier should be
placed horizontally and vertically to prevent the leaching of heavy metals
into the surrounding area, especially groundwater (Fouad et al., 2017).

3.2.2. Requirement of sophisticated laboratory equipment
Several studies reported the separation of stable heavy metals (con-

verted from ionic to solid form) by centrifugation (Purwanti et al.,
2019b), magnetic separation (Feng et al., 2007), and electro separation
(Xu et al., 2019). The utilized sophisticated laboratory technology suc-
cessfully separated clean soil medium with heavy metal containing
bacteria from the stable heavy metal itself. Application of centrifugation
requires the soil medium in water saturated condition while conducted in
laboratory condition (Purwanti et al., 2019b). Moreover, centrifugation
of small mass in laboratory scale is applicable inside the centrifugation
tube, whereas centrifugation of real contaminated soil masses requires
large equipment (which is not available) or sequential/repeated pro-
cessing that requires high energy consumption and may takes time,
leading to impractical practice for field application for large contami-
nated areas. Separation efficiency of stable heavy metal and clean soil
medium report is currently scarce. Purwanti et al. (2019a) reported that
only 5.5% of stable metal can be recovered after bioaugmentation in Al
contaminated soil. Scale up of the centrifugation technique does not
guarantee a high efficiency due to the limitation in the utilized equip-
ment and the difficulties during real-scale application. Another method
of separation that can be used is electro-separation, but this option re-
quires abundant energy consumption if conducted in real scale (Xu et al.,
2019), as discussed further in Section 3.2.3.
6

3.2.3. High energy and chemical consumption
Utilization of electrochemical separation technology to separate sta-

ble metals after applying bioaugmentation is also considered feasible in
laboratory scale (Xu et al., 2019), whereas in real scale, the separated
layers of soil, bacteria, and stable metal need to be analyzed further.
Stable metal has a higher density than clean soil medium; thus, stable
metal layer forms at the bottom of the treated area after separation using
electrochemical separation. Separation using the electrochemical
method requires the soil to be soaked with certain solutions (commonly
solvent) as the medium to transfer the state of the pollutant from the soil
matrix, which is then treated further (Song et al., 2022). Utilization of
electric-related technology for large scale is highly not recommended due
to the high cost and hardly controlled operation. Song et al. (2022) re-
ported 200mL of solvents and 19.12Wh of electricity for treating only 40
g of contaminated soil in 48 h treatment period.

3.2.4. Potential of metal releaching
If metal particles remain in the soil matrix after being stabilized via

the bioaugmentation method, the changing environmental conditions,
especially in terms of pH and redox condition, may affect the stability of
the metals (Bourg and Loch, 1995; Jin and Kirk, 2018) and transform the
stable deposits back to mobile phase. The change of pH, especially into
more acidic levels, may transform the stable metal compounds back into
their ionic form, increasing their toxicity, mobility, and bioavailability
(Jin and Kirk, 2018). Chen et al. (2021) reported that the bioavailability
of Pb in soil was substantially reduced by up to 76.3% in neutral pH after
bioremediation, but the effect of pH changing was not assessed. The
change of redox condition may change the structure of stable
complex-heavy metal compounds, increasing its solubility that then in-
tensifies its potential toxicity (Bourg and Loch, 1995). Liu et al. (2021)
mentioned that leachability test for metal-contaminated soil after
bioremediation still showed ~80% of Pb, and ~77% of Ni was still
detected even in neutral pH (7.4–8.2).

3.2.5. Considered as noncomplete remediation
Remediation is considered successful if the contaminant can be fully

broken down, degraded, or separated from the contaminated medium
(Purwanti et al., 2017b, 2020). However, heavy metals are nonbiode-
gradable and can only be reduced, oxidized, transformed, or complexed
(Atieh et al., 2017; Ayangbenro and Babalola, 2017); thus, heavy metal
treatment via any mean either through physical, biological, and chemical
approaches is only transformation from one medium to another. Looking
at the above demerits, bioaugmentation in treating heavy metal
contaminated soil is not a complete remediation (Purwanti et al., 2019b).
As previously stated, contaminants need to be completely separated from
the contaminated medium to achieve complete remediation. Different
from organic pollutant, heavy metals do not undergo degradation process
but transformation processes: from ionic form to solid form (Titah et al.,
2018), ionic into stable-complex form (Ismail et al., 2020), or even from
mobile to immobile form (Rieuwerts, 2007). Complete remediation of
heavy metal contaminated soil can be achieved once the stable metal/-
concentrated bacteria in cells are separated from the medium.

3.2.6. More suitable for metal-containing wastewater/organic contaminated
medium

Bioaugmentation is considered more suitable for application in
treating heavy metal containing wastewater because the formed stable
metal can be easily separated from the wastewater by depositing them at
the bottom of the treatment area, producing complete separation with
clear differences between phases (water and metal) (Shahid et al., 2020;
Titah et al., 2019; Xia et al., 2020). The treatment of heavy metal
contaminated soil may show a reduction in metal toxicity due to the
reduction from ionic to nonionic form (Joutey et al., 2015; Wiatrowski
et al., 2006), but the particle itself remains inside the soil matrix. Soil
matrix makes distinguishing and separating stable metals to obtain clean
treated medium more difficult. Purwanti et al. (2019a) reported that
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recovery of Al from contaminated water was remarkably higher
compared with soil (59.7% versus 5.5%). Moreover, bioaugmentation
was more suggested to be applied in treating organic-contaminated
medium because degradation of pollutant will occur, thus resulting in
complete remediation (Rahim et al., 2022; Said et al., 2021). Bio-
augmentation in organic contaminated medium achieved >90% com-
plete degradation of pollutants (Dalecka et al., 2021; Imron et al., 2020;
Muhamad et al., 2021).

4. Role of rhizobacteria in phytoremediation of heavy metal
contaminated soil

Phytoremediation or phytotechnology is one of environmentally
friendly approaches that currently capture and attract researchers’
attention to exploit the capability of plants together with their associated
microorganisms in rhizosphere to treat, remove, degrade, and detoxify
different types of pollutants encompassing heavy metals, dyes, hydro-
carbons, nutrients, carbon, mining, and radioactive (Abdullah et al.,
2020; Al-Ajalin et al., 2022; AL Falahi et al., 2021). Interaction of plant
and microbe is a natural process occurring in the environment and now
has been engineered to combat pollution problems. Plant–microbe
interaction clearly causes this technology to be more advantageous
compared with solely microbe-bioaugmentation approach (Kurniawan
et al., 2021).

4.1. Bioaugmentation of bacteria in phytoremediation of heavy metal
contaminated soil

Even though certain heavy metals, such as Cu, Mn, Mo, Ni, and Zn
(Alloway, 2013), are categorized as essential micronutrient for organ-
isms, their elevated concentrations eventually cause reverse effects,
leading to acute toxic contamination (Manoj et al., 2020). Bioaugmented
phytoremediation or also known as bacteria/fungi-assisted phytor-
emediation, a treatment with addition of bacteria (most used) or fungi
into existing plant rhizosphere, is one of the approaches widely studied
for heavy metal remediation. Microbial inoculum is added into the pro-
cess on the basis that sole phytoremediation treatment in elevated metal
contaminated soil is usually restricted to slow plant growth. Existence of
metals leads to change in microbial metabolic process and its cellular
function, in addition to inhibiting plant's photosynthesis and respiration
activities (Manoj et al., 2020). Several studies reported that phytor-
emediation plants exposed to heavy metal soil with addition of plant
growth promoting bacteria (PGPB) stay healthier physically in a longer
duration; in terms of plant condition, height and growth of root net-
works, compared with non-inoculated plants (Ismail et al., 2020; Wang
et al., 2019; Wu et al., 2020) and increased contaminant removal effi-
ciency (Purwanti et al., 2020). Root tissues take up more metal concen-
tration than shoots in bioaugmented and non-bioaugmented treatment
(Tirry et al., 2018). Table 3 lists studies highlighting on increment of
phytoremediation performance with addition of bacteria/fungi.

Table 3 shows that Bacillus sp. and Pseudomonas sp. indicate good
increment of heavy metal accumulation by plants or removal from
contaminated soil. Not only elevating the heavy metal performance, the
addition bacteria or fungi also boost the plants’ growth, indicated by the
increment of dry weight, shoot, and root length. The increase of heavy
metal removal from contaminated soil may be obtained from the incre-
ment of plant biomass and extracting more metals from the soil, and may
occur due to the complex interactions between plants and rhizomicrobial
species existing in the rhizosphere (Adeyemi et al., 2021).

Bacteria added can reduce metal toxicity and promote plant growth
via secretion of respected chelating agent, enzymes, acidification, and
growth-promoting substance (Manoj et al., 2020); thus, they are widely
known as PGPB or specifically known as plant growth promoting rhizo-
bacteria (PGPR). Distinct characteristics of PGPB are as listed in Figure 3.
Generally, they assist in improving potential of plant growth and its stress
tolerance toward heavy metals (Kong et al., 2019; Mello et al., 2020)
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through nutrient recycling, providing stable soil structure, increasing
metal bioavailability, and reducing their toxicity (X. He et al., 2020;
Manoj et al., 2020). These combination actions are a mutual symbiosis, in
which plants receive benefits from the ability of bacteria to provide
suitable growth condition for plants while bacteria benefit from available
nutrients from plant's exudates for its enzymatic reaction and suitable
living environment leading it to exhibit phytostimulation mechanism
(Jin et al., 2019; Kamaruzzaman et al., 2019; Purwanti et al., 2020).

Several factors of metal uptake are pH of soil, solubilization of metal,
and community of rooting system secretion (Dhiman et al., 2020;
Raklami et al., 2021; Shahid et al., 2020). Owing to pH drop, exposure of
heavy metal in soil definitely reduces its microbial community, which
then decreases soil fertility that is correlated closely to microbe soil
organic transformation activity (Shah and Daverey, 2020). In a research
by Ismail et al. (2020), reduction in microbial community was observed
in the non-bioaugmented system, whereas the reverse observation was
found for bioaugmented system. An increment was observed in bacterial
population in the bioaugmented system due to their symbiosis mecha-
nism (Ismail et al., 2020). Performance of PGPB that is reproduced
gradually by time in new environment also depends on its resistivity to
environmental changes including competition between native microbial
community (Kong et al., 2019). Different species of bacteria involve and
react differently in plant–microbe symbiosis as not every single species of
bacteria can perform simultaneously as toxicity reducer and growth
promoter (Kamaruzzaman et al., 2019; Mello et al., 2020).

Even though not as wide as bacteria application, fungi also have the
same benefits of mediating phytoremediation, where it often calls as
plant growth promoting fungi (PGPF). Jin et al. (2019) studied the
addition of fungi S. chinense in phytoremediation of Cd and Pb contam-
inated soil. These findings state that while S. chinense improved the
bioavailability of the metals in soil media, remediation of Cd and Pb were
due to different mechanisms, namely, formation of Cd-chelate and
adsorption by extracellular polymeric substance, respectively. In this case
of adding fungi into phytoremediation system, dosage is not as crucial as
its colonization, due to the high growth rate of fungi (Jin et al., 2019).

4.2. Mechanisms of bacteria-assisted phytoremediation of heavy metal
contaminated soil

As widely discussed in previous reviews, phytoremediation works by
several mechanisms, namely, phytoextraction, phytostabilization, rhi-
zodegradation, rhizofiltration, phytovolatilization, phytodegradation,
and phytofiltration (Almaamary et al., 2022; Sharma, 2021). Phytor-
emediation of heavy metal focuses on two divisions; 1) metal immobi-
lization in soil and roots in the rhizosphere (Raklami et al., 2021); 2)
mobilization, absorption, and conversion of metals in the aerial part
(Adeyemi et al., 2021; Diarra et al., 2021; Purwanti et al., 2020). Here,
focus is more on the former division, with the help of PGPB/PGPF
together with local microbial community in assisting phytoremediation.

Efficiency of heavy metal phytoremediation depends greatly on the
amounts of bioavailable metal for plant uptake (Shah and Daverey,
2020). Here, microorganisms in the rhizosphere, also recognized as
rhizospheric microorganisms, play a crucial role in regulating the sur-
rounding into suitable environment for phytoremediation. PGPB/PGPF
are involved actively to increase metal bioavailability and reduce it into a
less toxic form by various biological mechanism such as transformation,
chelating, accumulation, sorption, volatilization, leaching, and degra-
dation to be easily adsorbed/absorbed/extracted by plants (Manoj et al.,
2020). As discussed in the earlier section, existence of alleviated heavy
metal concentration in soils also leads to plant growth stunt. Thus,
addition of these microorganisms also facilitates promoting plant growth
for better phytoremediation, and they can be divided according to their
functionality as biofertilizer, phytostimulators, rhizomediators, and
biopesticide. Purwanti et al. (2020) reported that the addition of bacteria
can promote mechanisms such as phytostimulation and rhizostabiliza-
tion in addition to assisting in reducing metal toxicity and increasing its



Table 3. Performance of bioaugmentation-assisted phytoremediation in heavy metal remediation.

Bacteria/fungi
species

Contaminated media Hyperaccumulator plants Operating condition Performance Reference

Bacillus cereus strain
NII
Bacillus subtilis strain
NII
Brevibacterium sp.
strain NII

Synthetic mining
wastewater

Scirpus grossus � Continuous system
� 3:1 of Fe:Al mass

ratio
� 20% rhizobacteria

addition
� 102 days exposure

Increment:
� Height ¼ 26%
� Dry weight ¼ 29%
� Fe accumulation ¼ 48%
� Al accumulation ¼ 19%

Ismail et al. (2020)

Burkholderia sp. strain
S6-1
Pseudomonas sp.
strain S2-3

Contaminated
agricultural soil

Sorghum bicolor L. � 8 seed in 500 kg
soil with 100 ml
Hoagland's
formulation

� Grown in climatic
chamber; 16/8 h
light/dark, 28 �C/
26 �C 200 μ mol/
sm2

� 60 days exposure

Total accumulation:
� Cu ¼ 618.48 mg/kg
� Zn ¼ 393.89 mg/kg
� Pb ¼ 41.53 mg/kg

Wu et al. (2019)

Cellulosimicrobium sp.
NF2

Artificial
contaminated soil

Medicago sativa (Alfalfa) � Seeds added with
10 ml bacteria
suspension

� Grown in
controlled growth
room; 16/8 h
light/dark, 28 �C/
30 �C

� 30 days exposure

Increment:
� Shoot growth ¼ 68%
� Root growth ¼ 28%
� Cr accumulation (root) ¼ 43%
� Cr accumulation (root) ¼ 37%
� Cu accumulation (root) ¼ 53%

Tirry et al. (2018)

Pseudomonas
libanensis TR1

Contaminated soil Brassica oxyrrhina � 2 inoculated seed
per pot of 1 kg soil

� Grown in
greenhouse

� 30 days exposure

Increment in metal stress:
� Cu accumulation ¼ 146%
� Zn accumulation ¼ 61%
Increment in drought þ metal stress: -
� Cu accumulation ¼ 161%
� Zn accumulation ¼ 86%

Ma et al. (2016)

Klebsiella pneumonia Artificial
contaminated soil

Scirpus triqueter � 8 plants per pot
� 60 days exposure

Pyrene dissipation rate:
� Pyrene soil ¼ 55%
� Ni-pyrene soil ¼ 60%
Ni removal rate:
� Ni soil ¼ 8.9‰
� Ni-pyrene soil ¼ 2.4 ‰

Zhang et al. (2020)

Bacillus sp. QX8 and
QX13

Contaminated soil Solanum nigrum � 4 seedlings per pot
of 1 kg soil

� 20 days exposure

Increment in Cd soil:
� Root dry mass ¼ 1.42-fold
� Shoot dry mass ¼ 1.36-fold
� Cd accumulation ¼ 1.81-fold
Increment in Pb soil:
� Root dry mass ¼ 1.96-fold
� Shoot dry mass ¼ 1.70-fold
� Pb accumulation ¼ 1.55-fold

He et al. (2020)

Vibrio alginolyticus Artificial
contaminated soil

Scirpus grossus and Thypa angustifolia � 8 plants per pot of
10 kg soil þ5%
inoculum

� 28 days exposure

Aluminium removal:
� S. grossus ¼ 35.1%
� T. angustifolia ¼ 26.2%
Bioaccumulation factor: -
� S. grossus ¼ 5.308
� T. angustifolia ¼ 3.068

Purwanti et al. (2020)

Paenibacillus
mucilaginosis
Sinorhizobium meliloti

Contaminated soil Medicago sativa (Alfalfa) � 20 pregerminated
seeds per pot of 1.3
kg soil with 40 ml
Inoculum
suspension top up
per week

� 5 mmol/kg soil
added on day 54

� 90 days exposure

Increment:
� Cu accumulation ¼ 33.5%
� Total metal extraction ¼ 1.2-fold

Ju et al. (2020)

Simplicillium chinense
QD10

Artificial
contaminated soil

Phragmites communis � 4 plants per pot of
1 kg soil

� 30 days exposure

Biosorption capacity:
� Cd ¼ 88.5 g/kg
� Pb ¼ 57.8 g/kg
Removal efficiency:
� Acid-extractable Cd ¼ 42.3%
� Reducible Cd ¼ 48.0%
� Residual Cd ¼ 42.95%
� Acid-extractable Pb ¼ 48.0%
� Reducible Pb ¼ 30.3%
� Residual Pb ¼ 34.0%

Jin et al. (2019)

(continued on next page)
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Table 3 (continued )

Bacteria/fungi
species

Contaminated media Hyperaccumulator plants Operating condition Performance Reference

Pseudomonas
libanensis TR1
Claroideoglomus
claroideogmolus
claroideum BEG210

Contaminated saline
soil

Helianthus annuus � 2 plants per pot of
1 kg soil with 30 g
inoculum

� Grown in
greenhouse; 16/8-
h light/dark, 25 �C

� 60 days exposure

Increment of Ni accumulation:
� TR1 ¼ 82%
� BEG210 ¼ 38%
� TR1 þ BEG210 ¼ 45%

Ma et al. (2019)

Figure 3. General properties of plant growth promoting bacteria (PGPB).
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bioavailability, contributing to higher phytoextraction rate. Availability
of heavy metals is associated with biogeochemical process such as pre-
cipitation, adsorption, mineralization, and protonation that depend on
soil and its rhizosphere characteristics (Shah and Daverey, 2020).

In general, plant promoting mechanisms by additional microor-
ganism can be categorized into two: direct mechanism that is responsible
in direct growth stimulation and indirect mechanisms that assist more
into reducing plant stress and pathogenic effect through secretion of
specific substances, as detailed in Table 4. Tirry et al. (2018) mentioned
that production of indole acetic acid (IAA), siderophores, and phosphate
solubilization were the indication characteristics in determining the
ability of bacteria as PGPB in metal contaminated media. Figure 4 sum-
marizes graphical explanation of respected aspects. Phytohormones,
which are involved in direct mechanism, is a group of physiological and
metabolic plant growth regulators (Ma et al., 2019; Manoj et al., 2020;
Novo et al., 2018). Major hormones associated with plant growth are
IAA, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, cytokinin,
and gibberellin. IAA is an auxin hormone that is responsible for root
development such as cell division, tissue expansion, and nodule forma-
tion by providing great access to nutrient and minerals (Ma et al., 2016;
Manoj et al., 2020). IAA also increases bacteria reproduction rate in roots
by nutrient mobilization (Tirry et al., 2018).

ACC is another type of phytohormone responsible for producing
ethylene, an important component for plant growth regulation. However,
in biotic and abiotic stress conditions, ACC produces extra ethylene that
then causes disruptions in root development and plant metabolism (Reed
and Glick, 2005; Saleem et al., 2007). Here, ACC deaminase plays an
important task in degrading respective ACC enzyme that then produces
carbon and nitrogen byproducts that are useful for plant growth (Manoj
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et al., 2020; Novo et al., 2018). Cytokinin is known as an important
phytohormone after auxins. It involves not only in numerous aspects of
plant growth, as listed in Table 4, but also protect plants from pathogen
infection. Cytokinin can be produced by the plant itself and microor-
ganism in the surroundings (Akhtar et al., 2020). Gibberellins act as
growth hormones that help in stem elongation and seed germination
(Novo et al., 2018).

Another aspect in direct mechanism is nitrogen fixation. It is a process
of converting atmospheric nitrogen (N2) into plants-available form
involving a complex enzyme known as nitrogenase, which can be found
in symbiotic and nonsymbiotic N2 fixing bacteria (Novo et al., 2018).
Symbiotic bacteria are involved directly in this process by producing root
nodules, whereas nonsymbiotic bacteria locate in nearby root area to
allow sorption of its excess nitrogen into plants (Novo et al., 2018).
Second to nitrogen, phosphorus (P) is also one of the important elements
for plant growth. Access of P is also limited due to its existing insoluble
form while the plant can only accept two forms of monobasic (H2PO4

�)
and dibasic (H2PO4

2�) soluble ions (Novo et al., 2018). Thus, phosphate
solubilizing bacteria act as biofertilizer to supply sufficient P to the plant.

Indirect PGPBmechanism is not involved directly in plant growth, but
it helps by providing better growing condition and reducing stresses
caused by biotic and abiotic factors such as temperature, metal toxicity,
and organic pollutants (Manoj et al., 2020; Novo et al., 2018). PGPB
produces biocompounds such as antibiotic, lytic enzymes, and side-
rophores to suppress phytopathogen, thus proving better growth envi-
ronment (Novo et al., 2018; Kamaruzzaman et al., 2019).

Siderophores, a compound with high affinity toward Fe3þ is naturally
secreted by bacteria in stressed conditions to convert iron into soluble form
(Fe2þ) or to form iron-siderophore complexes, enhancing respected metal
bioavailability (Novo et al., 2018). Iron (Fe) is another important element
that is responsible for various enzymatic activities for plant growth, but it is
not in readily absorbed available form despite being the fourth most
abundant element on earth (Novo et al., 2018). Siderophores produced by
bacteria demonstrate higher affinity than phyto-siderophores (Novo et al.,
2018). Siderophores also protect auxins from degradation; thus, they
involve involuntary in plant growth (Tirry et al., 2018). However, Novo
et al. (2018) mentioned that in general, PGPB do not really greatly
contribute toward metal bioavailability in mine lands, whereas
PGPB-aided phytoremediation clearly substantially contributes to plant
growth and metal tolerability.

5. Future research direction

Accommodating previous explanation, analysis on the potential
specific-type heavy metal hyper accumulator plants is suggested to be
explored further. Certain plant species can adsorb and accumulate certain
heavy metal type inside their cell, thus resulting in higher removal of
heavy metals from the contaminated medium (Li et al., 2020). In the
search of the hyper accumulator species, certain criteria need to be
concerned, including the species should be nonedible plants (Ekperusi
et al., 2019; Shahid et al., 2020), highest concentration that can be
tolerated by plants (maximum tolerable concentration) (Ipung Fitri
Purwanti et al., 2018), minimum concentration of heavy metals that
starts to inhibit the plant's growth (minimum inhibitory concentration)
(Imron et al., 2021), and perennial plant type is suggested to minimize



Table 4. Plant growth-promoting substances and their respective functions.

Division of mechanism Plant growth promoting aspects Components/substance involved Functions/ability

Direct mechanism Phytohormones Indole acetic acid-auxins Improve root development by enhancing mineral
adsorption and nutrient uptake (Bahadur et al., 2017;
Manoj et al., 2020; Tirry et al., 2018; Kamaruzzaman
et al., 2019)
Stimulate germination; cell, plant, and root growth
development, resistance to stress, and various
metabolites' production (Novo et al., 2018)

1-aminocyclopropane-1-carboxylate deaminase Regulate excess ethylene content produced in stress
condition (Manoj et al., 2020)

Cytokinin Stimulate plant growth physiologically (shoot initiation,
cell differentiation, nutritional signaling, and
chlorophyll production) in normal or unfavorable
conditions (Manoj et al., 2020; Novo et al., 2018)

Gibberellins Stimulate shoot growth, seed germination, stem
elongation, leaf expansion, pollen, and fruit
development (Manoj et al., 2020; Novo et al., 2018)

Phosphate solubilization Inorganic phosphorus: Low molecular weight organic
acids (acetic, lactic, malic, succinic, tartaric, gluconic,
oxalic, and citric acids)
Organic phosphorus: enzymes (phosphatase, phytase,
phosphonoacetate hydrolase, d-α-glycerophosphatase,
and C–P lyase)

Ability of bacteria to convert insoluble phosphate into
soluble form (Novo et al., 2018; Kamaruzzaman et al.,
2019)
Organic acid: Alter soil pH and increase chelation
efficiency (Shah and Daverey, 2020)

Nitrogen fixation Nitrogenase Ability of bacteria to convert atmospheric nitrogen into
ammonia and nitrate form (Manoj et al., 2020; Novo
et al., 2018; Kamaruzzaman et al., 2019)

Indirect mechanism Antibiotics Prevent growth of other bacteria and fungi (Novo et al.,
2018)

Lytic enzymes Hydrolyze components of cell wall to avert proliferation
of pathogenic fungi (Novo et al., 2018)

Siderophores Supply assimilable iron by converting insoluble iron
(Fe3þ) into soluble form (Fe2þ), thus increasing its
bioavailability in soil (Manoj et al., 2020; Novo et al.,
2018)
Reduce free radical production (Tirry et al., 2018)
Hamper propagation of phytopathogen (Ribeiro and
Rode, 2019)
Form stable complexes with heavy metals, enhancing
metal bioavailability in rhizosphere (Ma et al., 2016;
Manoj et al., 2020; Tirry et al., 2018)

Biosurfactant Desorb metal form soil matrix to be available for plant
(Shah and Daverey, 2020)
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harvesting that can increase operation and maintenance cost (Al-Baldawi
et al., 2015; Im et al., 2019).

In addition, searching for a specific microbial species that could pro-
mote plant growth that also enhances the removal of heavy metals from
soil is highly endorsed. Microbial species (whether bacteria or fungi) may
have specific mechanisms to certain heavy metals that can result in higher
removal of heavy metals from contaminated soil during bioaugmentation-
assisted phytoremediation (Ismail et al., 2020; Kamaruzzaman et al., 2020;
Li et al., 2020). Analysis of the interaction between specific microorgan-
isms and specific plants species is also recommended to analyze heavy
metal elimination from soil during bioaugmentation-assisted phytor-
emediation (Abdullah et al., 2020; Shahid et al., 2020). The analysis of
microbial community interaction with certain plant species can be detailed
to understand which species and mechanisms enhance the treatment
processes opening to analysis at biomolecular levels (metabolomic and
metagenomic analysis). The fate of heavy metals inside soil/plant
parts/PGPB can be explored and revealed.

After the selection of the PGPB, addition of the selected species during
the real field phytoremediation of heavy metal contaminated soil should
be concerned (Wu et al., 2020). Appropriate bacterial concentration (Li
et al., 2020), carrying medium (Mubashar et al., 2020), and volume
(Wang et al., 2019) need to be determined to obtain the maximum
removal efficiencies. Accommodating the parametric analysis on the
bacterial addition, optimization of the treatment condition is also
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recommended to obtain the highest performance. Factors contributing to
performance of heavy metal contaminated soil phytoremediation such as
operational pH (Varma et al., 2021), bioavailability of metals (Tangahu
et al., 2021), existence of chelating agents (Diarra et al., 2021), nutrient
availability (Schwammberger et al., 2019), and water content (Mohan
and Tippa, 2019) can be optimized to obtain the right environmental
condition for highest metal removal.

Post treatment also becomes a topic to be explored further because
current research on biomass utilization after treatment of heavy metal
contaminated medium is limited. Produced biomass after treatment of
heavy metal contaminated area is categorized as hazardous compound
because it contains heavy metals and its corresponding intermediate
components as the results of the treatment (García et al., 2016; Lee et al.,
2019; Tangahu et al., 2011). Harvested phytoremediation plant biomass
is commonly not utilized any further and processed further to incinera-
tion or secured landfill (Abhilash and Yunus, 2011). The Toxicity Char-
acteristic Leaching Procedure can be carried out on treating plants to
determine the toxicity of the plants before they can be used for other
purposes. Analysis of heavy metal components inside plants after treat-
ment may enable selecting a suitable action for further processing
(Alshekhli et al., 2020). In addition, analysis of heavy metal components
inside plants may open new opportunities in phytomining or the recovery
of valuable heavy metals from plant biomass after phytoremediation
(Ahmad et al., 2016; Dodbiba et al., 2015).



Figure 4. Direct and indirect mechanism in bacteria-assisted phytoremediation.
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6. Conclusions

Bioaugmentation is not suitable to be applied alone in treating heavy
metal contaminated soil in real-scale area due to incomplete separation
of heavy metals (and its intermediate compounds) from the treated me-
dium after the treatment. Several research works report successful heavy
metal removal from contaminated soil that are mostly conducted at the
laboratory scale under a controlled environment. The said research
studies also limitedly discuss the separation of heavy metals from the
medium to obtain pollutant-free soil after treatment. In addition, sepa-
ration technology used in laboratory scale is considered applicable for
use in real application due to extensive energy consumption and difficult
operation. Phytoremediation is suggested for use as heavy metal
contaminated soil treatment method, whereas bioaugmentation of PGPB
to assist the phytoremediation is proven to be the future promising
technology with higher removal efficiencies. Searching for potential
hyper accumulator plant species of certain heavy metal type, potential
microbial species, and its interaction with plants during
bioaugmentation-assisted phytoremediation, fate of heavy metals, and
post treatment handling of produced plant biomass are future research
directions to be explored further to enrich the knowledge of the treat-
ment of heavy metal contaminated soil by bioaugmentation-assisted
phytoremediation.
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