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Abstract

The abrupt release of heavy metals (HM) within environment by anthropogenic sources affect the living populations. Plants
face many intricacies to survive under such conditions, therefore remediation of HM-contaminated soils is need of the hour.
However, chemical processes are very costly and non-sustainable, henceforth HM-microbe associations play an integral
role in reducing HM-stress from plants. Plants and microbes within rhizosphere are well adapted to metalliferous environ-
ment, thereby prove to be a best assistant for phytoremediation. Root exudates act as nutrients for microbes for establish-
ment of inter-communication systems. Plant-microbe associations is a conducive dimension for phytoremediation, a low
input, highly productive, and sustainable technology for maintaining HM-toxicity in soils. It is an emerging technology
and is recommended for cleaning up the polluted sites, since plant growth promoting microbes (PGPM) have shown their
effectively toward metal toxicity through their detoxification and resistance mechanisms along with growth promoting traits.
Microbe-assisted phytoremediation is mainly facilitated either through direct or indirect manner. They synthesize various
nutritional and phytohormonal substances namely, growth regulators, siderophores, enzymes, transformation of mineral
nutrients (phosphate, potassium, nitrogen etc.). Further, they also modulate the metal detoxification, accumulation, and
sequestration abilities of plants through secreting extracellular components, organic acids, biosurfactants, chelators etc.
Besides, the metal bioavailability within soil is also modulated via different mechanisms like acidification, precipitation,
complexation, or redox reactions. Apart from this, genetic engineering is a progressive approach that is combined with
microbe-assisted phytoremediation to attain excellent results. The cumulative knowledge of transgenics, engineering designs,
ecological knowledge is an essential element for phytoremediation using genetically engineered microbes. In this review,
we have presented the advancement made hitherto for effective understanding of molecular, biochemical, and physiological
mechanisms associated with plant—-microbe interactions during phytoremediation. Along with this, we have shed light on
the mechanisms involved in phytoremediation, therefore, this sustainable technology is widely accepted in reclaiming HM-
toxicity to induce the yield and quality of soils and crops.
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(Zhuang et al. 2014). HMs in plants inhibit enzymes, dam-
age cell structures, generate oxidative stress by inducing
reactive oxygen species (ROS) to disrupt the ionic homeo-
stasis within plant cells (Sytar et al. 2013). Moreover, they
also impede the metabolic activities of plants. However,
plants possess certain defensive strategies to combat the
toxicities but within certain limits, thereby, jeopardizing
the plant (Clemens and Ma 2016). Therefore, it is crucial
to de-contaminate the HMs from the environment so as to
protect the soil and plant functioning and other organisms.
In order to address this troublesome issue, there is an exi-
gency for environmental cleanup of toxic metal contami-
nated soils. However, many of the remediation methods are
chemical based that are costly as well as disparaging toward
environment. Therefore, one of the best alternative is to use
the hyperaccumulators assisted with friendly microflora as
a promising approach to detoxify the environment through
phytoextraction, phytostabilization, phytotransformation,
phytovolatalization, and rhizoremediation, respectively (Ma
et al. 2016a, 2016b; Nadeem et al. 2014; Mishra et al. 2017).

Since decades, several biological methods have been con-
siderably used for remediation in which phytoremediation
has attained a reputed position for HM removal. Phytore-
mediation employs plants with complete removal or sta-
bilization of HMs or transform them into less toxic forms
in situ. There are certain hyperaccumulators namely Bras-
sica juncea, Alyssum serpyllifolium, Sedum plumbizincicola,
Arabidopsis halleri, Solanum nigrum, Solanum lycopersi-
cum, and Thlapsi caerulescens showing prominent results
of phytoremediation (Wei et al. 2014; Ma et al. 2015; Yang
et al. 2020). However, this technology has emerged more
effective with the use of rhizospheric microbes. Rhizosphere
is an area in the vicinity of roots with maximal microbial
activity and root exudates play an essential role for microbial
growth (Burdman et al. 2000; Kumar et al. 2022a, b, c). The
root exudates and microbes maintains rhizospheric ecology
and play substantial role in altering nutrient and metal bio-
availability. They are chief source for nutrients and energy,
while microbes in return boost exudation process (Feng
2022). Therefore, in this co-evolutionary process, microbe
and plants either co-exist or compete with each other. They
stimulate metal mobility through acidification caused by
protons or by formation of complexes with organic acids,
amino acids, or phytochelatins respectively. Other factors
include electron transfer via enzymes (redox reactions) with
which they stimulate phytoremediation efficacy (Sessitsche
et al. 2013; Rabani et al. 2022). Soil microbes form complex
networks within rhizosphere, subsequently participate in the
ecological services and these interactions are conducive in
determining the PGPM effectiveness for phytoremediation
(Faust et al. 2016; Bhanse et al. 2022).

Microbe-assisted phytoremediation enables removal,
detoxification, and sequestration of metal ions from

polluted contaminants in an eco-friendly manner.
Although, to understand its utilization it is necessarily
important to focus on close interaction among plants and
microbes (Fan et al. 2018; Navarro-Torre et al. 2021).
Plant growth promoting microbes (PGPM) possess meta-
bolic capacities for protecting plants against hazardous
metal ions and preventing their accumulation within soil.
For maintaining soil ecosystem, it is essential to improve
the plant health and the microbial communities co-existing
along with them. This is the most vital factor to enhance
phytoremediation effectiveness (Ambrosini et al. 2016;
Tiwari and Lata 2018; Rabani et al. 2022; Kumar et al.
2022a, b, ¢). Moreover, the PGPM nature, versatility, colo-
nization ability, adaptability toward changing environment
etc. are another factors that play integral role in effec-
tiveness of this technique (Thijs et al. 2016). Researchers
have found that PGPM mitigate metal toxicity and improve
plant biomass in polluted soils (Ma et al. 2015; Arantza
et al. 2022). Microbes stimulate phytoremediation in vari-
ous ways, like expedition of plant biomass, phytostabiliza-
tion, phytoextraction as well as bioaccumulation or trans-
location from soils (Ma et al. 2013). Strikingly, microbes
possess resistant strategies due to their ability to produce
an array of metabolites (Ma et al. 2015). Due to their prop-
erties of improving growth, metal toxicity alleviation, and
other strategies they develop microbe-assisted and resto-
ration phytoremediation strategies. Moreover, microbes
also functions through the synthesis of phytohormones,
siderophores, biosurfactants, organic acids, nutrient acqui-
sition (nitrogen/potassium/phosphate), therefore, serve as
bio-inoculants for assisted phytoremediation (Ahemad and
Kibret 2014; Kumar et al. 2022a, b, ¢). There are various
studies that are going on for assessing the microbial ecol-
ogy, diversity and their potential to be used as phytore-
mediation agents. Hence, these interactions among plant
roots and microbes within rhizosphere are critical part of
phytoremediation. Bur the mechanisms underlying these
processes are somehow elusive. Henceforth, in this review
we have mainly focused on the understanding of biochemi-
cal and molecular basis of plant—microbe interactions with
the special emphasis toward its role in phytoremediation.
Moreover, the attention was given to microbe-mediated
specific mechanisms for plant growth promotion, metal
detoxification, mobilization, transformation, immobili-
zation, accumulation, and translocation. Also, we have
elaborated the mechanisms underlying interactions within
rhizosphere (molecular signaling, perception, and quo-
rum sensing). Finally, we have discussed about the role
of genetic engineering or transgenics in the field of phy-
toremediation and various other strategies like illumina
sequencing, high-throughput sequencing, and other strate-
gies are also discussed in detail.
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Sources of Heavy Metals and Their Uptake/
Toxicity in Plants

Within the environment, the HMs originates from variety of
sources that are broadly categorized into natural and anthro-
pogenic means. Natural includes particles from volcanic
eruptions, sea salt, dust blown with winds, mineralization,
wildfires, weathering of rocks, and vegetation. Weathering
of rocks release high concentrations of metals like Cr, Pb,
Cd, Ni, Mn, Hg, Zn, and Sn. Shale has high amount of HMs
followed by sandstone and limestone (Nagajyoti et al. 2010).

‘ Natural Source Anthropogenic Source

N

Industrial wastes,, land
application of sewage water,
agricultural fertilizers, sewage
sludge

Weathering of rocks,
volcanic eruptions

Sea salt, dust blown with
winds, aerosols
mineralization, wildfires,
vegetation etc.

Transportation, burning
of fuel, mining etc.

Fig. 1 Schematic representation of Sources of heavy metals in envi-
ronment

Table1 Major sources of heavy metal pollution within ecosystem

Wind-blown dusts, volcanoes, forest fires, marine aerosols
also play role in transportation of HMs in ecosystem. Veg-
etation also act as mode of HM entry through decomposition
of biomass, volatalization from leaves and stems. Anthro-
pogenic means of HM includes industrial wastes, mining,
land application of sewage water, agricultural fertilizers,
sewage sludge transportation, and burning of fuel, Fig. 1.
(Gupta et al. 2010; Edelstein and Ben-Hur 2018; Liu et al.
2022a, b). Coal mines, goldmines are major source of HM
pollution as they release large amount of As, Hg, Fe, Cd etc.
Mines wastes, industrial wastes, mine dust, accidental spill-
ing, transportation, corrosion of metals etc. contaminate soil
and water, making them unfit for agriculture and domestic
purposes. HM-based pest killers are frequently applied to
control pest attacks are also one of the major sources of HM
pollution. Lead arsenate, a pesticide are used in orchards
since decades contain higher amounts of Pb, Zn, and As
(Nagajyoti et al. 2010). Many studies have documented the
HM pollution in the environment through different means
(Table 1).

Metals such as Fe, Cu, Mo, Zn, Co, Ni are important
for plants and are considered as essential micronutrients or
trace elements but when accumulated above the required
amount results in toxicity (Gjorgieva Ackova 2018; Feng
et al. 2022). In plants, some HMs show toxicity at very low
concentration, whereas some plants have potential to bioac-
cumulate the toxins at higher levels without showing any
toxic symptoms (Verkleij et al. 2009). Soil contaminated

S. No Source Heavy metals References

1 Coal combustion Mn, Pb, Cd, As, Hg Liang et al. (2017)

2 Petrochemicals Cu, Zn, Cd Xia et al. (2018)

3 Coal mining, Mining Mn, Cr, Co, As, Cu, Ni Klonowska et al. (2020)

4 Industrial means, Pb, Cr, As, Xia et al. (2018)
Industrialized urban watershed Cu, Zn, Cd

5 Agricultural chemicals Cu, Pb, Cd, Mn, As, Hg Liang et al. (2017)

6 Livestock manure Cu, Zn Cheng et al. (2018)

7 Traffic Cu, Zn Cheng et al. (2018)

8 Geological minerals, ores, sulfide mineral As, Pb, Mn, Cr, Cd, Hg Cheng et al. (2018)

9 Volcanic eruption Ni, Pb, Hg Wau et al. (2020)

10 Dumped waste Pb, Cu, Cd, Zn Wau et al. (2020)

11 Indoor dust Zn, Cr, Mn, Hg, Cu Cheng et al. (2018)

12 Marine culture Pb, Zn, Cu Wau et al. (2020)

13 Textile/dyeing industries, electroplating industries Cr, Cu, Cd, Pb, Ni, Co Jiang et al. (2017)

14 Natural source, atmospheric deposition, industrial activities Zn, Cd, Cu, Hg, Pb, Sb, As, Mo, Liang et al. (2017)

and agricultural activities V, Mn, Fe, Cr
15 Flood plain sites Pb, Zn, Cu, Cd Lamine et al. (2019)
16 Municipal solid waste Cr, Pb, Cu, Zn Vongdala et al. (2019)
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with HMs not only affects the quality of soil but also ques-
tion the food quality and food safety.

Plants have well developed root and shoot system for
uptake of nutrients, water, minerals etc. HMs can be accu-
mulated in tissues through foliar transfer, xylem and phloem
transportation (Schreck et al. 2012; Ngugi et al. 2022).
Atmospheric particles gets deposited on leaf surface which
then gets adsorbed and enter through cuticle followed by
penetration through stomatal pores. Entry through the cuticle
of leaf depends upon the particle size of HM and suggested
to follow two distinct pathways. Lipohilic particles diffuse
easily through cuticle (Larue et al. 2014a, b), whereas hydro-
philic enter through stomatal and aqueous pores (Schreiber
and Schonherr 2009). The small sized particles can pene-
trate through stomata as well as through cuticle (Xiong et al.
2014; Pasricha and Mathur 2021). Cuticle of sub-stomatal
cells is comparatively thinner which makes entry through
stomatal pathway easy (Roth-Nebelsick 2007). Metals like
Co, Mn, and Cu can easily penetrate through the aerial parts
of the plant (Ward 1990; Shahid et al. 2017; Ngugi et al.
2022). After entering through leaf surface, HMs undergo
long distance transport via phloem toward other parts of the
plant. Translocation inside the plant depends upon the HMs
deposits onto epidermis, plant age, cuticle composition, and
plant metabolism (Fig. 2).

HM-uptake have been predominantly reported via root
system of the plants in contrast to foliar penetration. Plants
raised under HM-contaminated soils or irrigated with pol-
luted water exhibited higher accumulation (Enya et al. 2019;
Ngugi et al. 2022) which also shows significant correlation
with HM concentration in water and in plant tissues. HMs
transportation through soil matrix toward roots depend upon
pH, organic matter, particle size, chemical nature of metal,
cation-exchange capacity, micro flora etc. which varies with

Fig.2 Uptake and transporta-
tion of heavy metals in plants
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environmental conditions (Edelstein and Ben-Hur 2018).
HM-ions are insoluble, unable to move by their own toward
the vascular system of plants, so they form complexes for
their free movement. Metal ions present in soil solution
first gets adsorb onto root surface, followed by interaction
with polysaccharides or carboxyl groups of root cells and
mucilage uronic acids (Seregin and Ivanov 2001). Due to
electrochemical gradient, plasma membrane (high negative
potential) facilitates intake of metal ions. Heavy metal then
follows two pathways in root cells, i.e., apoplastic and sym-
plastic pathways via xylem loading (Kumar et al. 2022a,
b, c; Ngugi et al. 2022; Pasricha et al. 2021; Pathak and
Bhattacharya 2021). Various metal transporters, membrane
transport proteins, chelators have been recognized which
play significant role in transportation of metals toward aerial
parts (Kaur et al. 2018; Khanna et al. 2019).

Plants are sensitive to deficiency as well as the exces-
sive availability of essential trace elements. Higher con-
centration of metals like Hg, Pb, Cd, Cr, and As proves
fatal for the normal metabolic activities of a plant (Shahid
et al. 2020). HM-polluted soils have become a global issue
due to their chronic effects on plant growth and develop-
ment. Bioaccumulation of these metals in plants contami-
nates the whole ecosystem with their presence. Fruits, veg-
etables, cereals, nuts, and pluses all were documented to
have high As, Pb, Ni, and Cd accumulation which proves
fatal for humans (Hussain et al. 2019). Many studies have
been carried out globally to understand the detrimental
effects of HM on plants. Phytotoxicity of Cd, Pb, Zn, Hg,
As, Cr, Ni was signified by downregulation of plant devel-
opment and decreased productivity, hampered metabolic
activities as well as oxidative damage (Ogunkunle et al.
2020; Zhao et al. 2020; Jung et al. 2019; Ribeiro et al.
2020). Ni toxicity reduced the germination potential of

+ . Entry through cuticular
- lining
Cuticle
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(M)
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Penetratlon of Heavy metals through
stomatal openings
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seeds, plant growth, and productivity. Moreover, it also
causes necrosis, chlorosis, altered the photosynthesis,
transpiration process, and oxidative stress in plants (Has-
san et al. 2019). Toxic concentration of Hg can decrease
the protein pool (Shahid et al. 2020), generation of ROS,
altered photosynthesis (Nagajyoti et al. 2010), stomatal
conductance, transpiration rate (Guo et al. 2015). Cr stress
also induced visible damaged in plants which includes
altered physiological processes like disrupted chlorophyll
biosynthesis, inhibit photosynthesis by targeting PSII,
oxidative burst, enzymes activies (Sharma et al. 2020).
Mn stress leads to chlorosis, inhibited the uptake of other
elements, ROS generation (Faria et al. 2020). High As lev-
els induce wilting of leaves, necrosis, chlorosis of shoots,
lipid peroxidation, chloroplast membrane damage, altered
cellular biomolecules, decreased shoot and root growth
(Bhadauria 2019). Symptoms of Pb phytotoxicity involve
abnormal plant growth, ROS generation, DNA and cel-
lular proteins, altered membrane integrity (Fig. 3) (Kohli
et al. 2020).

Phytoremediation of Heavy Metals

Phytoremediation is defined as green, clean, aesthetic, cost
effective, and eco-friendly technology that utilizes the ability
of plant species and associated microorganisms to remove
toxic contaminants from the environment (Thakur et al.
2019; Laghlimi et al. 2015; Singh et al. 2022). As the name
indicates, phytoremediation makes use of green plants to
clean up the pollutants from the environment. This technol-
ogy can be used for a broad range of organic and inorganic
pollutants (Gupta et al. 2016). Plant roots release exudates
in the rhizosphere and enhance the growth of soil microbes
that are involved in the detoxification and degradation of
contaminants (Saxena et al. 2020; Feng 2022).

The process of phytoremediation are most efficient
where the concentration of contaminants range between
low to medium levels, as high levels of contaminants hinder
the growth of plant and microbes and reduce their activity
(Malik et al. 2017; Anum et al. 2022). HMs are taken up by
the plants by the same mechanism involved for the uptake,

Cadmium (Cd)

*Chlorosis
*Necrosis
Chromium (Cr) *Browning of root tips Zinc (Zn)
* Chlorosis * Stunted Growth *Inhibited growth
*Wilting — *Chlorosis
*Inhibited seed « Senescence
germination '
Inhibited root
elongation ‘ ‘
| Nickel (Ni) Heavy Metals T Ly
*Chlorosis < s o S HEL DR
[ — tOXlClty . Reduc.ed growth
* Altered photosynthesis symptoms :Browmng of leave‘s
«Oxidative damage Membrane integrity
Lead (Pb) Alu.minium (A))
* Inhibited root elongation :(S:{::;)Jv(i::g S TiEpottns
.g:i:;eased plant growih . Mercury (Hg) * Reddening of leaf vein
pered photosynthesis sStinitedioromih feinben

SO ativeburst g Inhibited root growth

*Reduced chlorophyll

synthesis

*Decreased protein pool

* Generation of ROS

Fig. 3 Phytotoxic symptoms of heavy metals
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translocation, and storage of micronutrients (Subhashine
et al. 2013; Ngugi et al. 2022). Plants used for phytoreme-
diation process are the hyperaccumulators having high HM
accumulation potential (Abbaszadeh-Dahaji et al. 2016;
Kumar et al. 2022a, b, c). Hyperaccumulators are special
plant species that are capable of accumulating large concen-
trations of HMs in them and tolerate extreme metal toxicity
as compared to non hyperaccumulators (Sharma et al. 2016;
Ojuederie and Babalola 2017; Yang et al. 2022). Hyperac-
cumulators store toxic pollutants store in their vegetative
and reproductive parts. Also, plants with rapid growth, high
biomass, extensive root system and high tolerance to pollut-
ants are preferred (Manoj et al. 2020). As many as 45 fami-
lies and 500 plant species have been identified which come
under the category of metal hyperaccumulators (Jaffre et al.
2013; Ullah et al. 2015). It, therefore, is a promising green
technology that has proven to be effective for both organic
and inorganic pollutants and has been successfully applied
to polluted soils and waters (Kumar et al. 2017; Ratna et al.
2021). Plants used for environmental clean-up also aid in
keeping the soils intact and biologically productive and
hence, it offers to be a non-destructive remedial measure
against the pollutants. Apart from being one of the most
environment friendly alternative for reclamation, it is also a
cost-effective method wherein it requires little input in terms
of nutrients and is easy to manage (Manoj et al. 2020; Agar-
wal et al. 2020). Although, it has been tested against both
organic and inorganic pollutants, this technology has been
widely applied in remediation of metal polluted soils. The
technique has either been used solely with hyperaccumulator
plants which comes under the category of direct phytoreme-
diation or with plants supported by symbiotic microorgan-
isms residing in soils in association with the roots and is
known as indirect phytoremediation. Phytoremediation of
HM-contaminated sites can be achieved via different strate-
gies. These strategies include phytoextraction, rhizodegrada-
tion, phytostabilization, and phytovolatilization (Ma et al.
2016a, 2016b; Malik et al. 2017; Kumar et al. 2022a, b, c;
Breton-Deval et al. 2022).

In case of phytoextraction plants remove heavy metals
by absorbing them from the contaminated sites (soil and
water) along with water and essential micronutrients and
accumulate them in their harvestable parts (Muthusaravanan
et al. 2018; Pathak and Bhattacharya 2021). Alternanthera
bettzickiana was reported to be efficient in enduring Pb and
Cd induced toxicity by changing the physiological attributes.
A. bettzickiana was successful in accumulating higher con-
centrations of both metals in shoots (Taugeer et al. 2016).
Plant growth promoting bacteria are reported to improve
the plant growth and also enhance metal uptake. Wang
et al. (2019) reported that inoculation of Brassica juncea
with Burkholdria SaMR10 and Sphingomonas SaMR12
promoted plant growth and enhanced phytoremediation

efficiency of Cd contaminated soils. Moreover, phytosta-
bilization involves immobilization of the contaminants by
adsorption, accumulation by roots, metal valence reduc-
tion, complexation, and precipitation in rhizosphere. This
process reduces the bioavailability of contaminants by con-
fining their movement and prevents their entry into food
chain (Adiloglu 2017; Muthusaravanan et al. 2018). Mis-
canthus X giganteus (M X G), is an important energy crop,
that has the potential for the stabilization of Hg and Cd due
to their less accumulation in aboveground biomass (Zgorelec
et al. 2020). Ornamental flowers are proved to be the poten-
tial candidate for the phytostabilzation of Cd polluted soils.
Zeng et al. (2018) documented that five ornamental plants
Osmanthus fragrans, Ligustrum vicaryi L, Cinnamomum
camphora, Loropetalum chinense var. rubrum, and Euony-
mus japonicas cv. Aureo-mar showed normal growth in soils
having Cd concentration less than 24.6 mg-kg~'. The plants
accumulated high Cd concentration in roots as compared to
shoots which indicates reduced translocation of Cd to other
parts of the plant.

In addition, rhizodegradation involves the use of micro-
organisms (bacteria, fungi, and yeasts) for degradation of
organic pollutants (Ely and Smets 2017; Anum et al. 2022).
Microbes within rhizosphere degrade the pollutants as their
metabolic activities are enhanced by the secretion of root
exudates comprising of amino acids, carbohydrates, and fla-
vonoids. The nutrients in the root exudates provides nitrogen
and carbon to the soil microorganisms. And plants also lib-
erate some enzymes which degrades organic contaminants
in soils (Ali et al. 2013; Awa et al. 2020). Alongside, in
phytovolatilization the plants are used for uptake/transfor-
mation of pollutants into less toxic and volatile forms which
are subsequently released into the atmosphere through their
foliage. It can be used for remediation of organic pollutants
and HMs like Se and Hg (Chibuike and Obiora 2014; Ali
et al. 2013; Liu and Tran 2021). Guarino et al. (2020) stud-
ied the potential of Arundo donax L. to endure and remediate
water contaminated with very high concentrations of As. It
was reported that the plant supplemented with Stenotropho-
monas maltophilia sp. and Agrobacterium sp did not show
any toxicity symptoms. As accumulation in plant biomass
was comparatively low as most of it was efficiently volatil-
ized by the plant.

Plant-Microbe Reciprocity During Abiotic
Stress Management

Plants and microbes co-occur or compete for endurance and
their unified relations play an important role in changing
the bioavailability of metals and nutrients. Root exudates of
plant provide nutrients and energy to soil microbes which in
turn stimulate the secretion of root exudates from plant roots.
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Root exudates are good source of amino acids, organic acids,
and phytochelatins (PC) which act as binding compounds
for heavy metals (Mishra et al. 2017). PGPM like bacte-
ria and fungi, may reduce metal phytotoxicity and stimu-
late the growth of plant by enhancing the solubilization of
mineral nutrients like phosphate, nitrogen, iron, potassium
and production of phytohormones(Ma et al. 2016a, 2016b;
Bhanse et al. 2022). The synergistic association between
plants and their associated rhizospheric microbes enhance
the phytoremediation process in different ways (Rabani et al.
2022). Microbes impede plant growth, enhance plant bio-
mass, metal solubility, modulate the soil structure by the
production of plant growth promoting chemicals, organic
acids, and polysaccharides (Ashraf et al. 2017; Wang et al.
2017). Microbes can assist phytoremediation by increasing
(phytoextraction) or decreasing (phytostabilization) metal
availability in soil, they also assist in translocation of metal
from soil to roots (bioaccumulation) or from root to shoots
(translocation) (Kumar et al. 2017; Pathak and Bhattacharya
2021). Inoculation of plants with microbes has shown ampli-
fied positive results on phytoremediation of heavy metals
which are mentioned in the Table 2.

Mechanisms of PGPR Governing Abiotic
Stresses

Plants, as sedentary organisms, have to face a range of envi-
ronmental adversities which inadvertently affect their normal
growth and development by changes in morphology, physi-
ology and molecular and cellular biology. Mostly, all abiotic
stresses are associated with the excessive production and
accumulation of ROS, which causes the alterations at physi-
ological and biochemical levels (Paul et al. 2017; Khalid
et al. 2021). Such an imbalance of ions results in damage
to vital biomolecules such as proteins, carbohydrates, lipids
and nucleic acids, thereby leading to altered metabolic pro-
cesses which ultimately affect the overall growth and devel-
opment of plants (Paul et al. 2017).Although, there is an
internal defence mechanism that aids in plant protection,
the role of communities of microflora and microfauna resid-
ing in the rhizosphere cannot be ignored which according
to recent studies, have a significant contribution in induc-
ing resistance against various abiotic stresses (Goswami
and Deka 2020; Paul et al. 2017; Gavrilescu 2022). In this
regard, plant growth promoting rhizobacteria (PGPR) have
garnered much interest, and their variety of roles, not only
in abiotic stress management, but also in crop protection and
productivity are put into application. These are a group of
bacteria which are explored for their diverse biological func-
tions. The rhizosphere of higher plants, which is enriched
with root exudates, is the nutrient enriched microhabitat
which has a direct influence on the type of microbial species

@ Springer

flourishing it. Under the conditions of abiotic stress, through
direct or indirect mechanisms, the PGPR are found to have
an imperative role in regulating growth and development
(Goswami and Deka 2020; Breton-Deval et al. 2022).

The PGPR have been explored for their ability to pro-
duce several phytohormones to combat stress in plants. Most
common phytohormone produced by these microorganisms
is auxin, typically indole-3- acetic acid (IAA), and at least
80% of rhizospheric bacteria synthesize it (Ahemad and
Kibret 2014; Gavrilescu 2022). Rhizobacteria follow multi-
ple pathways for IAA synthesis, and out of those, one is the
making use of tryptophan released in the form of exudates
by the plant roots and converting it into IAA (Ilangumaran
and Smith 2017). This exogenous IAA is absorbed by plant
roots and along with the endogenous IAA pool starts auxin
signaling cascade (Ilangumaran and Smith 2017; Khalid
et al. 2021). However, the working of rhizobacterial auxin
is dependent on endogenous levels of auxins. It affects the
plant growth and development by influencing cell division
and elongation, seed germination, enhanced root devel-
opment, increased rate of xylem formation, regulation of
phototactic responses, biosynthesis of photosynthetic pig-
ments, and several other metabolites. In case of salinity
and drought stress, it has been established by Verbon and
Liberman (2016) that production of IAA causes significant
modifications in root structure and help in stress alleviation.
The roots, under the influence of auxins, gain high biomass,
surface area, and volume. This increases the capacity of
roots to take up more water as well as mineral nutrients, and
thus makes the plant capable to overcome water scarcity
(Mantelin and Touraine, 2004; Egamberdieva and Kucha-
rova 2009; Yang et al. 2020). Conversely, the rhizobacterial
IAA also aids in loosening of the cell walls of roots which
in turn enhances the root exudation, thereby promoting the
rhizobacterial growth (Ahemad and Kibret 2014).

Ethylene is a plant hormone that has inhibitory effect on
plant growth and development and it is known to expedite
leaf senescence thereby leady to poor crop performance.
Elevation in endogenous ethylene levels are seen in both
biotic and abiotic stress (Ahemad and Kibret 2014). Such
response is attributed to its repressive effects on auxin
response factors (Ilangumaran and Smith 2017; Agarwal
et al. 2020). PGPR, on the other hand, are known to pos-
sess an enzyme called 1-aminocyclopropane-1-carboxy-
lase (ACC) deaminase which aids in restricting the biosyn-
thesis of ethylene in plants. This enzyme acts on ethylene
precursor ACC and metabolizes it into ammonia and
a-ketobutyrate. Such activity lowers the levels of ethyl-
ene in the plants and consequently its inhibitory effects are
also reduced (Paul et al. 2017; Ratna et al. 2021). The bac-
teria producing ACC deaminase are known to commonly
reside on root surfaces and regulate root and leaf growth
by influencing ethylene signaling (Bashan and Holguin
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Table 2 (continued)

Role of micro-organisms in phytore- References
mediation

Plant species

Micro-organisms

S.No Heavy metal (Conc.)

Saccharum munja L Enhanced ligninolytic Sharma et al. (2022a, b)

Brevundimonas sp.

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

26

enzymes,hydrolytic enzymes, IAA,

and siderophores

and Hg

1998; Paul et al. 2017). Abscisic acid (ABA) is another
stress hormone which shows accumulation chiefly during
water and salt stress (Paul et al. 2017). It has a vital role in
regulation of rate of transpiration through stomatal move-
ment. During stress conditions, its accumulation leads to
stomatal closure, thereby leading to reduced transpiration
rate and hence, enhanced tolerance to stress. Studies have
demonstrated that PGPR that produce ABA, increase the
tolerance of plants toward stress (Paul et al. 2017; Ratna
etal. 2021).

PGPR are also reported to be actively involved in main-
taining the osmotic balance of the stressed host plants,
in particular subjected to water or salt stress. Release of
osmolytes or compatible solutes is a common mechanism
of stressed plants to overcome water deficit conditions
which helps in restoring the osmotic potential. Rhizobac-
teria that encounter osmotic fluctuations in their environ-
ment have been observed to synthesize and accumulate
compatible solutes in their cytoplasm (Kempf and Bremer
1998; Ilangumaran and Smith 2017; Feng 2022). Also, it has
been established that rhizobacteria can quickly synthesize
osmolytes such as proline, glycine betaine, and trehalose in
comparison to their host plants and the same get exuded into
the rhizosphere (Ilangumaran and Smith 2017; Kumar et al.
2022a, b, c). These rhizobacterial osmolytes get absorbed
by plant root, act synergistically with endogenous osmolytes
and help in osmoregulation, thereby improving the survival
of the stressed plants (Ilangumaran and Smith 2017; Paul
et al. 2017; Kumari et al. 2022). Other than osmotic balance,
PGPR are also actively involved in maintaining ionic balance
of stressed plants. Mainly during high salinity conditions,
the rhizobacteria curtail the salt uptake by roots through
regulation of ion affinity transporters, causing alterations in
the external toot structure or trapping the harmful cations in
exopolysaccharide matrix (Ilangumaran and Smith 2017).
It has been established that rhizobacteria can enhance the
nutrient availability to plants through inducing the changes
in pH by release of organic acids, enhancing chelation of
metal ions through siderophores and increased minerali-
zation (Lugtenberg et al. 2013).The increased macro and
micro mineral nutrient exchange in turn restricts the influx
of sodium (Na*) and chloride (C17) ions (Ilangumaran and
Smith 2017; Feng 2022). Also, PGPR maintain ion homeo-
stasis and ameliorate stress by inducing exclusion of Na*
ions from roots, activating K* transporters and reducing
the accumulation of Na* and Cl~ in leaves (Ilangumaran
and Smith 2017). They aid in amelioration of abiotic stress
via growth promotion during unfavorable conditions as the
healthier plant is better able to cope with stress; secondly,
by complementing the plant stress tolerance mechanisms.
PGPR-elicited tolerance against several abiotic stresses is
often referred to as induced systemic tolerance (Ratna et al.
2021).
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PGPR in Plant Growth and Development

The PGPR competitively colonizing in the rhizosphere can
promote plant growth through several direct and/or indirect
mechanisms, which depend upon both the plant species and
the bacterial strain (Tiwari and Lata 2018; Kumari et al.
2022; Singh et al. 2022; Breton-Deval et al. 2022). Particu-
larly, the direct actions include their ability to regulate phy-
tohormones levels and facilitate plant nutrient (N, P, K, and
Fe) acquisition, while indirect mechanism mainly comprises
their biocontrol potential (Ratna et al. 2021).

Nutrient Acquisition

As nutrients are indispensable for proper growth and func-
tioning of plants, therefore, nutritional deficiencies often
lead to stunted growth, chlorosis, development of purplish-
red colouration, or necrosis in plants (Fan et al. 2018). Pre-
dominantly, the nutrients are organically bound in the soil
and consequently, they are stable and have limited bioavail-
ability. Having excellent metabolic machinery to mineralize
and depolymerize organically bound nutrients, soil microor-
ganisms actively assimilate these nutrients, which are subse-
quently available for plant nutrition upon microbial turnover
(Liu and Tran 2021). PGPR can enhance not only the nutri-
ent bioavailability but also nutrient uptake in plants (Fan
et al. 2018). Some rhizobacteria elevate nutrient acquisition
by modulating root morphology while others may stimulate
root’s nutrient transporter genes (Yang et al. 2020). Hence,
plants rely upon soil microbes for mineral nutrition.

Even though Earth’s atmosphere constitutes 78% of N,
still N is one of the major growth limiting factors for plants
because they cannot directly utilize molecular nitrogen for
their nutritional requirements. Processes like biological
nitrogen fixation (BNF), atmospheric lightning, and indus-
trial fixation (Haber—Bosch process) transforms the atmos-
pheric N, to plant usable forms such as NH; and NO;. BNF
is carried out by biological nitrogen-fixing microbes in sym-
biotic or non-symbiotic association contributes to about two-
thirds of total nitrogen fixed globally (Yang et al. 2020). The
nitrogen-fixing bacteria known as diazotrophs contain the
nitrogenase enzyme complex, which is responsible for cata-
lytic reduction of N, to NH; (Ratna et al. 2021). The diazo-
trophs have either symbiotic or non-symbiotic interaction
with their host. The symbionts usually form root nodules
on either on legumes (e.g., rhizobia) or non-legumes (e.g.,
Frankia), while the non-symbionts (e.g., Azotobacter, Ana-
baena, Azospirillum, Azoarcus, Herbaspirillum, Azoarcus,
and Gluconoacetobacter diazotrophicus) may be free living,
associated or endophytic (Ahemad and Kibret 2014; Yang
et al. 2022). Moreover, plants readily absorb P as monobasic
(H,PO,™) and dibasic (HPO42_) phosphate forms; however,
P is mainly present as insoluble inorganic/organic forms in

@ Springer

natural ecosystems. PGPR can solubilize or mineralizes the
insoluble forms, particularly, inorganic forms by secreting
mineral dissolving substances such as organic acids, pro-
tons, and siderophores while, organic forms by releasing
alkaline/acidic phosphatises and phytases (Agarwal et al.
2020). Predominantly, organic acids enhance solubility of
inorganic P through acidification, chelation of cations bound
to P or competition with P for soil adsorption sites. Although
gluconic and 2-ketogluconic acids are the most commonly
reported organic acids secreted by phosphate solubilizing
rhizobacteria, other acids reported are tartaric, formic, ace-
tic, oxalic, lactic, malic, citric, succinic, and propinoic acid
(Rai et al. 2020; Feng 2022). Bacteria belonging to genera
Pseudomonas, Rhizobium, and Bacillus are the most pow-
erful inorganic P solubilizing rhizobacteria. Additionally,
Achromobacter, Agrobacterium, Aereobacter, Burkholde-
ria, Erwinia, Flavobacterium, and Microccocus genre also
exhibit ability to solubilize inorganic phosphate factions,
for example, Ca;(PO,),, CaHPO,, and hydroxyapatite. On
the other hand, phosphatases such as phytase hydrolyze the
organic phosphate mainly originating from plant and ani-
mal remains into inorganic P for plant assimilation, and
this process play a significant role in P cycling (Singh and
Satyanarayana 2011; Khalid et al. 2021).

Although K is a 7th most abundant element in the Earth’s
crust, majority (99-98%) of it is bound with other minerals
making it unavailable for plants absorption. Several bac-
teria species such as Acidithiobacillus ferrooxidans, Burk-
holderia, B. mucilaginosus, B. edaphicus, B. circulans and
Paenibacillus (Liu et al. 2021), Agrobacterium tumefaciens,
Rhizobium pusense (Meena et al. 2016), Bacillus licheni-
formis, Pseudomonas azotoformans (Saha et al. 2016),
Pantoea ananatis, Rahnella aquatilis, and Enterobacter
sp. are reported to liberate K from insoluble minerals and
stimulate plant growth. Moreover, P solubilizing bacteria
can also improve K bioavailability in the rhizosphere and K
uptake in the plant tissues since these bacteria employ simi-
lar mechanisms for K solubilization such as proton extrusion
and organic acid synthesis (Bakhshandeh et al. 2017).

Iron is indispensible for proper growth and development
of all organisms owing to its participation various primary
metabolic processes such as photosynthesis, respiration and
reduction of N, and ribonucleotides; however, Fe acquisition
is a big challenge for both the plants and microbes (Arantza
et al. 2022). Fe bioavailability in the soil is principally, regu-
lated by soil pH and redox potential. For instance, if the soil
pH is low, Fe exist as Fe?*(soluble form) that is available
for root uptake, whereas at physiological pH (7.35-7.40)
or under aerobic conditions Fe?* gets oxidized and mainly
exists as insoluble Fe** oxides or hydroxides (Saha et al.
2016; Kumari et al. 2022). In order to meet its Fe demand
under Fe limiting circumstances, microorganisms synthesize
low molecular weight iron-chelating compounds known as
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siderophores, which regulate and augment Fe bioavailability
in the rhizosphere. In bacteria, transport systems that trans-
port the siderophore-Fe** complex into cell vary in gram
negative and positive bacteria, detail reviewed by Ahmed
and Holmstrom (2014). However, once the complex reaches
inside the cytosol, Fe*ions are reduced back to Fe** and the
freed siderophore molecules are either degraded or effluxed
out for recycling (Saha et al. 2016; Bhanse et al. 2022). On
the other hand, bacterial siderophores improve Fe acquisi-
tion in plants that are capable of recognizing siderophore-
Fe** complex (Ratna et al. 2021). Additionally, Paeniba-
cillus polymyxa is reported to stimulate Fe acquisition by
secretion of IAA and phenolic compounds, which improves
plant root architecture and Fe mobilization in calcareous or
alkaline soils, respectively. Moreover, P. polymyxa also sim-
ulated Fe-deficiency-induced transcription factor 1, which
lead to up-regulation of Fe uptake genes, particularly ferric
chelate reductase (FRO2) and membrane localized divalent
metal transporter, Iron-Regulated Transporter 1 (IRT1)
revealing the potential of rhizobacteria to trigger plant's Fe
uptake machinery. Similarly, PGPR Azospirillum brasilense-
can improved Fe acquisition in plants by regulating both
the Fe availability in the rhizosphere and plant’s Fe acquisi-
tion mechanism. Furthermore, rhizobacteria can also impact
Fe nutrition in plant roots and leaves by releasing organic
acids in addition to its availability in soil (Singh et al. 2022).
Siderophores are proficient in not only solubilizing Fe but
also large array of metals and radionucleotides (Rajkumar
et al. 2012).Thus, siderophore secreting PGPR execute a
momentous role in phytoremediation of heavy metal con-
taminated sites by stimulating metal availability and plant
growth (Ma et al. 2016a, 2016b; Feng 2022).

Modulation of Phytohormone Levels

Since phytohormones control diverse growth and devel-
opmental processes as well as stress responses in plants,
the tendency of PGPR to secret phytohormones is also
implicated in plant growth promotion and stress tolerance
(Mashabela et al. 2022). Several PGPR are capable of induc-
ing changes in root system architecture and root structure,
which are linked to their ability to modulate phytohormones
homeostasis involved in root development, particularly,
auxin to cytokinin ratio (Bhat et al. 2022). Predominantly,
PGPR colonization restricts elongation of primary root
instead promotes development of lateral roots and root hairs
by altering cell differentiation and division, which leads to
improved shoot growth (Verbon and Liberman 2016). These
changes ultimately influence root functioning plant’s nutri-
tional status (Choudhury et al. 2022).

Auxins are group of plant growth promoting hormones
that controls almost every aspect of plant growth and

development such as seed germination, vegetative growth,
embryogenesis, fruit ripening, shaping plant architecture,
photosynthesis, responses to light and gravity, cell division,
expansion and differentiation, biosynthesis of metabolites
and stress tolerance (Bhat et al. 2022). IAA is a predomi-
nant naturally occurring auxin in plants and acts as a signal-
ing molecule in plant-microbe interactions. At a particular
site, response of auxin is usually concentration depend-
ent. The higher exogenous auxin concentration may even
have inhibitory effect and therefore plants possess various
mechanisms for maintenance of auxin homeostasis (Choud-
hury et al. 2022). However, PGPR modulate various plant
developmental processes by altering plant’s endogenous
IAA levels by exogenously supplying IAA (Ahemad and
Kibret 2014; Zeng et al. 2022). Exogenously applied IAA
has concentration dependent effects on plant root architec-
ture, for example, at low concentrations it promotes primary
root development, whereas at high concentrations stimu-
lates proliferation of lateral roots. PGPR can regulate root
architecture by either directly providing IAA to the plant or
modulating plant IAA levels by regulating auxin-responsive
genes (Mashabela et al. 2022).

Although ethylene regulates plant growth, development,
and senescence, it promotes or inhibits these physiologi-
cal processes depends upon its concentration and plant spe-
cies. Ethylene concentration generally elevates in response
to environmental stress conditions and beyond the thresh-
old level, ethylene inhibits plant growth (Singh et al. 2011;
Choudhury et al. 2022). Several PGPR bacteria possess ACC
(1-aminocyclopropane-1-carboxylate) deaminase enzyme
that enables bacteria to utilize plant ACC as a nitrogen and
carbon source. ACC is a precursor of ethylene biosynthe-
sis, thereby its hydrolysis into a-ketobutyrate and ammonia
lowers plant’s ethylene levels. Therefore, ACC deaminase
producing rhizobacteria are an eco-friendly solution to cope
with diverse environmental stresses by normalizing stress
ethylene levels and restoring plant growth and development
(Bhattacharyya et al. 2022; Singh et al. 2022; Mashabela
et al. 2022).

Cytokinins producing bacteria can manipulate host’s
growth and endogenous hormone levels and help host plant
to cope drought stress by alleviating water stress induced
shoot growth inhibition (Zeng et al. 2022). Additionally,
these bacteria also modify root exudations to promote
rhizobacterial colonization on the plant root surfaces and
confer resistance against pathogenic microbes (Vocciante
et al. 2022). Thus, bacterial cytokinins have not only role
in bio-stimulation but also in protection against pathogens.
However, both beneficial and pathogenic microorgan-
isms produce cytokinins, they have antagonistic effects on
plants, and this warrants further elucidation of exact mode
of action of these microbial synthesized cytokinins (Vocci-
ante et al. 2022). Similarly, gibberellin synthesizing bacteria,
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for example, Bacillus cereus, B. macroides, B. pumilus, B.
amyloliquefaciens (Shahzad et al. 2016), Acinetobacter
calcoaceticus (Kang et al. 2007), and Promicromonos-
pora sp. (Kang et al. 2007) are also reported to improve
plant growth by influencing plant’s endogenous hormone
levels.

Biocontrol Potential

Antagonistic action of PGPR against phytopathogens is gen-
erally attributed to their capability to synthesize antibiotic
or other metabolites and induce plant systemic resistance
against diverse plant pathogens (Bhat et al. 2022). In addi-
tion, PGPR’s ability to compete for nutrients and niches
with pathogenic microorganisms are also responsible for
suppression of these plant pathogens. For example, sidero-
phores synthesized by PGPR such as Azotobactor, Bacillus,
Enterobacter, Pseudomonas, and Serratia can subdue the
proliferation of plant pathogens by limiting the availability
of Fe** for them (Ali et al. 2020; Della Monica et al. 2022).

/
Phytoextraction
o —
)T\/
) Microbe-metal]
& interactiono
% O

Phytoextraction

e = O
X I N\

@ N \Y\/

o o

#Metal complexation an8 4

immobilization 1 Rhizodegradation

Uptake

Direct Mechanism of Phytoremediation

Plants, when exposed to metal contaminated soils, adopt
various phytoremedial techniques and aid in cleaning up the
soils and waters such as phytostabilization, phytoextraction,
phytovolatilization, and phytofilteration (Fig. 4).

Phytostabilization

It is the technique in which plants are used to reduce the
bioavailability of HMs in the contaminated soils (Yan et al.
2020; Yang et al. 2022). It is chiefly employed on soils which
are highly contaminated with HMs and these can become the
sources of metal dispersion in the environment (Sabir et al.
2015; Liu and Tran 2021). HMs are stabilized in the soil
with the help of phytostabilizing plants which keep the met-
als in below ground parts by immobilizing them (Marques
et al. 2009; Sabir et al. 2015; Ratna et al. 2021). These plants
regulate soil erosion, prevent leaching, and release organic
compounds that bind to the metal ions in the soil and this
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© co, 5, o .

¢ Phytodegradation

Phytostimulation

Phytostabilization

Fig.4 Schematic presentation of Direct Mechanism of Phytoremediation process

@ Springer



Journal of Plant Growth Regulation (2023) 42:6474-6502

6487

helps in immobilizing the metals in the rhizosphere thereby
restricting their bioavailability. Such immobilization also
restricts their translocation to above ground plants parts and
binding makes them less toxic for both plants and animals
(Sabir et al. 2015; Anjum et al. 2022). Metal sequestration
by plants usually occurs by adsorption on the surface of
roots, precipitation into carbonates and sulfides of metals
which are less soluble, formation of complexes by organic
compounds released by plant roots and accumulation of
metals ions in the root tissues (Wong 2003). Apart from
these, organic acids released in the rhizosphere also reduce
the availability of metal ions in the soil (Sabir et al. 2015;
Kumari et al. 2022). Also, it has been reported that metal
ions can bind to the pectins present in the cell walls of the
roots which restricts the mobility of these ions. Similarly,
the negatively charged surfaces of the membranes can arrest
the ionic movement by binding to them due to their electro-
chemical potential (Sabir et al. 2015; Anjum et al. 2022).
Another way that the phytostabilizing plants detoxify sub-
stratum from metal ions is by the release of redox enzymes
which reduce their valency thereby converting them into less
toxic form (Ali et al. 2013).

Phytoextraction

Phytoremediating plants take up contaminants and store
them in their above ground parts, then the technique is
known as phytoextraction. This technique has attracted a lot
of attention recently and has become one of the most fol-
lowed methods for reclamation of polluted sites as it offers
a permanent solution to the problem. (Ali et al. 2013; Sar-
war et al. 2017; Choudhury et al. 2022). For phytoextraction
to be effective, the primary requirement is the mobility of
heavy metals in the soils as plant roots are unable to take up
immobile metal derivatives from the rhizosphere. Therefore,
mobility of metal ions also becomes the first step of phyto-
extraction which is followed by their uptake by the roots of
phytoremediating plants (Yan et al. 2020; Yang et al. 2022).
Once the metal ions enter the root system, they now are
translocated to the upper or aerial parts of the plants through
xylem (Sabir et al. 2015; Yan et al. 2020; Ratna et al. 2021).
In the aerial parts, the metal ions are sequestered and com-
partmentalized in plant tissues. The common sites include
epidermis, trichomes, and cuticle (Rascio and Navari-Izzo
2011; Pasricha et al. 2021). Apart from these, leaf vacuoles
have also been found to be the sites of metal sequestration
as tonoplast of these vacuoles have shown enhanced metal
transport (Sabir et al. 2015; Kumar et al. 2022a, b, c). The
processes of metal sequestration and detoxification are under
genetic control as metal ion exclusion and transfer across
membranes is regulated by specific proteins (Sabir et al.
2015; Singh et al. 2022).

The major factor for efficient phytoextraction is the selec-
tion of the plant species. They should be highly tolerant to
the toxic concentrations of heavy metals. Also, the phyto-
extracting plants should have the ability to accumulate high
concentrations of metal ions in their above ground parts. In
addition, it is highly preferable that these plants have high
biomass, abundant shoots, and quick growth which will ena-
ble them to store high levels of metal ions. For supporting all
these attributes, it also becomes imperative that these plants
should have an extensive and well growing root system. As
polluted sites have poor environment and adverse growth
conditions, the phytoextracting plants should have the abil-
ity to adapt themselves to grow in these surroundings. Fur-
thermore, to prevent HMs from entering the food chain,
the phytoextracting plants should preferably be resistant to
pathogens, pests, and herbivores (Seth 2012; Ali et al. 2013;
Yan et al. 2020; Pathak and Bhattacharya 2021). Once the
choice of plant is made, then the key drivers of phytoextrac-
tion efficacy are type of soil, bioavailability of heavy met-
als, and properties of rhizosphere (Yan et al. 2020). Apart
from all these, bioconcentration factor, which is the ratio
of concentration of metal in shoots to metal concentration
in soil, is an important parameter widely used to gauge the
efficiency of uptake and translocation by the plant (Sabir
et al. 2015; Rai et al. 2020). The values of bioconcentration
factor help determining the plants suitable for phytoextrac-
tion. The plants having the values more than 1 are put under
the category of hyperaccumulators and can be recommended
for phytoextraction (Sabir et al. 2015). It has also been sug-
gested in a study on Zn phytoremediation that its hyperac-
cumulation and tolerance are controlled by separate genes
(Macnair et al. 1999). Moreover, hyperaccumulation can
only be achieved if plants have high tolerance toward toxic
levels of metals and there is efficient transfer from roots to
shoots (Sabir et al. 2015; Sharma et al. 2022a, b).

At cellular level, detoxification of metals in tissues during
phytoextraction occurs chiefly by their chelation by ligands.
When the metal ions enter the cytosol, the organic molecules
bind to these ions and prevent them from harming the active
sites in the cells. These ligands can be several organic acids,
amino acids, and peptides (Cobbett and Goldsbrough 2002;
Feng 2022). Also, phytochelatins and metallothioneins are
two chief, and one of the most effective polypeptides that
are widely involved in metal detoxification through chela-
tion (Sabir et al. 2015). Other thiol group containing bio-
molecule is glutathione that participates actively in metal
detoxification. Its high potential against the metal ions can
be attributed firstly to its ability to form mercaptide bonds
with metals, and secondly to its presence in almost all cel-
lular compartments like chloroplast, mitochondria, endo-
plasmic reticulum, and cytoplasm (Mullineaux and Rausch
2005; Rausch et al. 2007; Yadav 2010; Khursheed et al.
2022). Glutathione is a multifaceted biomolecule which is
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also involved in ascorbic-glutathione pathway where it par-
ticipates in scavenging of reactive oxygen species produced
as a result of oxidative stress caused by metals. It also has
the ability to form conjugates with metals and other xeno-
biotics through glutathione -S- transferase which are then
transported to the vacuole (Yazaki 2006; Sabir et al. 2015;
Khalid et al. 2021).

Phytovolatilization

Volatilization of soil contaminants with the help of plants
and their diffusion into the air is termed as phytovolatiliza-
tion. This mechanism is chiefly used for organic contami-
nants, however, certain metals such as mercury, arsenic,
and selenium are also known to be converted to their vola-
tile derivatives by plants (Sabir et al. 2015; Limmer and
Burken 2016; Yan et al. 2020). The major concern with this
technique is the risk of pollutants being still present in the
atmosphere as they are simply transferred from soil to air
and these can enter the soil again with precipitation (Yan
et al. 2020; Della Monica et al. 2022). Therefore, it is usually
suggested to conduct a risk assessment before applying this
technique in the field. However, some researchers also argue
that ambient air will be less contaminated even if pollut-
ants are released as they get dispersed, diluted, and undergo
photochemical decay in the atmosphere (Sabir et al. 2015;
Limmer and Burken 2016). Still, in urban areas which are
assumed to have poor air quality, the risk assessment is rec-
ommended (Limmer and Burken 2016; Pasricha et al. 2021).

The process of phytovolatilization has been described
to exist in two distinct forms. The first being direct phyto-
volatilization process which requires the contaminants to be
taken up by the plants, translocated to upper parts through
stem/trunk, and released from foliage after conversion to
volatile forms. Earlier it was thought that the contaminants
were released through the process of transpiration, but later,
the studies indicated the hydrophobic nature of the vola-
tile compounds (Limmer and Burken 2016; Mansoor et al.
2022). These hydrophobic compounds get diffused through
the hydrophobic barriers of the plants such as cutin and
suberin (Limmer and Burken 2016). The second mechanism
is indirect phytovolatilization in which volatilization of pol-
lutants occurs from subsurface of the soil and the process is
aided by root activities (Limmer and Burken 2016; Kumari
et al. 2022). Plant roots, due to their ability to move soil
water and their enhanced reach in the soils, largely affect
the fate and transport of the chemicals present in the soil.
They enhance the flux of the contaminants chiefly by lower-
ing the water table, enhancing the soil permeability, use of
hydraulic redistribution in transport of the chemicals and
advection with water and gas fluxes (Limmer and Burken
2016; Bhanse etal. 2022).
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Phytofiltration

When treatment of surface waters or waste waters is done
using plant roots, shoots, or seedlings, the technique is
known as phytofiltration (Mesjasz-Przybytowicz et al.
2004). Rhizofiltration or phytofiltration with roots is most
commonly used wherein contaminants are either adsorbed
or absorbed by the roots (Yan et al. 2020; Yang et al. 2022).
The plants chosen for the process of rhizofiltration are firstly
raised hydroponically so as to develop abundant root system.
Both terrestrial and aquatic plants have been successfully
used for this process. Then these plants are subjected to
contaminated waters so that they can acclimatize to adverse
environment. Once the process of acclimatization is com-
plete, these are transferred to the polluted sites for reme-
diation. The plants are allowed to grow and when the roots
become saturated with contaminants, they are harvested and
disposed (Wuana and Okieimen 2011; Arantza et al. 2022).
Contaminants, chiefly heavy metals, present in the polluted
waters respond to the pH changes caused by the activity of
root exudates which further makes them precipitate on the
surface of the roots and restricts their movement to under-
ground water (Javedet al. 2019; Yan et al. 2020).

Indirect Mechanism of Phytoremediation

Environmental clean-up by plants, when aided by symbi-
otic or root associated microorganisms, is often categorized
under indirect method of phytoremediation. Chiefly, PGPR
are regarded as vital components in assisting phytoremedia-
tion and this technique is used to enhance the performance
of plants (Jing et al. 2007; Kumar et al. 2017; Kumar et al.
2022a, b, c¢). The studies conducted on indirect phytoremedia-
tion have been mainly focused on the environmental reclama-
tion of HM pollution and thus, the mechanisms pertaining to
those will be discussed further. It is commonly known that
rhizosphere, in comparison to the bulk soil, has high metabolic
activity due the presence of a wide array of microorganisms.
These microbes and their activities directly affect the mobil-
ity and further bioavailability of HMs and this ability is used
for bioremediation (Jing et al. 2007; Ma et al. 2016a, 2016b;
Yang et al. 2022). The microbial communities residing in the
rhizosphere themselves are affected by metal toxicity but their
properties of bioaccumulation, bioleaching, and bioexclusion
impart them the ability to adapt, resist or tolerate heavy metal
rich environment (Ma et al. 2016a, 2016b). This is commonly
accomplished by mechanisms involving either mobilization or
immobilization of HM ions. Mobilization usually occurs by
acidification, chelation or protonation, while immobilization
is caused by precipitation, alkalinization, or complexation of
heavy metal ions and these processes ultimately lead to altera-
tion in the nature of the HMs (Ma et al. 2016a, 2016b; Manoj
et al. 2020).
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Enhanced metal mobility is directly related to enhanced
phytoremediation ability of plants. The pH of the soil is one
of the key factors that alters the mobility of metal ions. The
rhizospheric pH is highly influenced both by plant root exu-
dates and PGPR which have the ability to release hydrogen
ions. These hydrogen ions can displace the metal ions present
on the soil particles and this process further causes acidifica-
tion of rhizosphere thereby leading to both enhanced metal
mobility and bioavailability (Ma et al. 2016a, 2016b; Anum
et al. 2022). The PGPR can also cause acidification of rhizo-
sphere through protonation in which protons are exported to
replace metal cations adsorbed on the soil particles (Breton-
Deval et al. 2022). Metal ions are also scavenged from the
adsorption sites of soil particles through chelation. Both plants
roots and PGPR release chelators that prevent the resorption of
metal ions (Ma et al. 2016a, 2016b). Several metabolic com-
pounds such as organic acids, biosurfactants, siderophores,
and exopolysaccharides are reported to be released by PGPR
that aid in achieving metal chelation in the rhizospheric envi-
ronment (Manoj et al. 2020). Organic acids, in particular, are
widely known for their properties of complexation that dis-
solve metals from solid phase thereby increasing their bio-
availability for uptake (Ma et al. 2016a, 2016b; Yang et al.
2022). Similarly, microbial siderophores and biosurfactants
also play key roles in altering the solubility and mobility of
the HMs. Siderophores from PGPR have been found to have
more affinity for metals than siderophores from plants and
hence facilitating efficient uptake because of increased solu-
bility. Likewise, biosurfactant producing microbial strains have
also been proven highly beneficial for metal mobility and thus
bioavailability. These compounds are amphiphilic in nature
and possess both hydrophilic and hydrophobic moieties. The
amphiphilic structure provides them the ability to form com-
plexes with metal ions at soil interface and move them from
soil matrix to soil solution (Sheng et al. 2008; Agarwal et al.
2020).These mechanisms have been successfully applied for
microbial assisted phytoextraction and enhancing the phytore-
medial abilities of plant species.

Transgenic Strategies to Boost
Bioremediation in Plants

The potential employment of bioenergy and biofuel plants
has been suggested from long time as a source of maximal
economic and phytoremedial returns, still there are wide-
array of concerns related to utilization of harvested plants
and the upshot of hazardous toxic wastes in the plant parts
(Banwart 2011; Ma et al. 2011; Rai et al. 2020). Recent
progress in understanding of omic approaches has provided
the scientist with prospects to explore varied techniques viz.
proteomics, genomics, metabolomic, and transcriptomic
strategies in order to alter the endurance, sequestration, and

degradation potency of plants and microbes to combat ill-
effects of various inorganic and organic pollutants. Plants
transgenic can be extensively exploited for augmenting
detoxification potential of plants (Maestri and Marmiroli
2011; Mansoor et al. 2022). Plethora of experimental evi-
dences suggests symbiotic association between genetically
engineered micro-organisms and plants and their utilization
for in situ phytoremediation of wide array of organic pollut-
ants. Few reports also reveal bioremediation of HM contami-
nants employing these types of symbiotic associations (Vil-
lacieros et al. 2005; Ratna et al. 2021; Kumari et al. 2022).
For remediation of HMs the genetically modified PGP aided
remediation is considered as a novel phytobacterial tool. In
the genetically modified bacteria one or more genes are
popped in for augmenting the remediation process, such as
certain genes encoding biodegradative enzymes, metal che-
lators and transporters, metal uptake modulators and risk
alleviation (Singh et al. 2011, 2022). One such experimental
evidence was provided by Yong et al. (2014), who cloned
phytochelatin synthase (PCS) gene isolated from Schizosac-
charomyces pombe which were expressed in Pseudomonas
putida KT2440. Phytochelatins (PCs) are cysteine rich bio-
molecules which have a very high binding kinship with the
toxic metal ions. The recombinant mutant of Pseudomonas
putida KT2440 showed elevated endurance to Hg, Ag, Cd
and augment in efficacy of phytoremediation. Moreover,
the engineered bacteria showed an imperative enhancement
in seed germination and growth of wheat plants. Another
observation by Wu et al. (2006) affirmed that the expression
of EC20 a metal binding peptide as influenced by recombi-
nant P. putida was up-regulated and improved the binding
of Cd ions and lowered its toxicity. They further suggested
that, inoculation of Helianthus annuus roots with P. putida
069009 also resulted in reduction in Cd toxicity. The symbi-
otic relationship markedly replenished the phytoextraction
ability and augmented growth in plants.

Sriprang et al. (2002), engineered a phytobacterial
system for bioremediation of HMs. They expressed tetra-
meric human metallothionein (MTL4) in Mesorhizobium
huakuii sub sp. rengei B3 and as a result observed enhance-
ment in production of metallothioneins (MTs) and conse-
quently led to 1.7-2 folds augment in Cd sequestration. In
another experiment conducted by Sriprang et al. (2003), he
expressed Arabidopsis thaliana AtPCS gene in M. huakuii
sub sp. rengei B3. The elevated expression resulted in up-
regulation in the accumulation of PCs and binding affinity
of Cd ions by 9-19 folds. Furthermore, Ike et al. (2007)
inserted AtMTL4 and ATPCS genes in M. huakuii sub sp.
rengei B3. The developed recombinant strains showed 25
folds elevation in Cd accumulation with over expressed
AtMTL4 genes and 12 folds elevation in Cd-accumulation
with over expressed ATPCS genes, respectively. Moreo-
ver, the iron regulated transporter 1 gene isolated from
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A. thaliana (ATIRTI) was inserted in AtMTL4 or ATPCS-
recombinant strain B3 mentioned earlier. Resultant strains
showed further elevation in accumulation of copper (Cu) and
arsenic (As) in the nodules than Cd and Zinc (Zn). Poplar
plant with elevated expression of microbial mercuric reduc-
tase genes showed augmented endurance to Hg stress. Simi-
larly, another report of elevation in detoxification of Cu and
Cd toxicity in polar plants was reported in response to inser-
tion of g-glutamylcysteine synthetase gene from Escheri-
chia coli (Van Dillewijn et al. 2008; Doty et al. 2007). Due
to outstanding catabolic potency of the inserted gene, the
biomass produced showed negligible accumulation of metal
ions and they further suggested that the harvested biomass
can be employed for energy production. Kang et al. (2007),
reported similar observation in recombinant E. coli which
led to augment in Cd accumulation in 25 folds when com-
pared to the control strain. Patel et al. (2010) revealed that
the recombinant bacterial strain, i.e., Caulobacter crescentus
JS4022/p723-6H which expressed RsaA-6His fusion protein
had the potential to eliminate 99.9% of Cd when compared
to control bacterium which had the potency to eliminate 37%
of Cd. Another observation made by Freeman et al. (2005),
showed elevated Ni endurance in Thlaspi goesingense plants
with recombinant E. coli introduced with serine acetyltrans-
ferase gene. The future manipulations of plants with desired
genes (multiple) should assist in degradation of pollutants
to guarantee complete usage of the harvested biomass for
additional reimbursement (Abhilash et al. 2012). Table 3
enlists various reports on genetically engineered plants and
their role in phytoremediation.

Signaling Molecules and Their Role
in Phytoremediation

Ecology of plant and microbial association is extremely
complicated and interweaved network. It is significant to
understand the homeostasis and amalgamation of wide array
of signals produced in response to microbial interaction with
plants for crop improvement. A plant has to survive under
several abiotic and biotic environmental cues. Plethora of
stress factors generate composite defense signaling cascades
in plants and the fate of plant-microbial association can be
decided by triage of physiological phenomena’s in plants
(Schenk et al. 2012; Sharma et al. 2022a, b). The associa-
tion of plants and microbes triggers multifarious responses
in confined or distal plant organs at multiple levels includ-
ing physio-biochemical and molecular. For dissecting the
mechanism, multi-omic strategies can be employed to tackle
the exigent risk in deciphering the alterations in plants at
gene, protein and metabolite levels. The understanding of
these omics approaches advances our knowledge about
composition of microbial population and their functional

@ Springer

conduct under varied environments such as rhizosphere,
where the plant—microbe interaction directs multifaceted
plant responses (de Castro et al. 2013; Anjum et al. 2022).
Flavonoids as a root exude is an imperative signaling com-
ponent in numerous plant and microbial association’s viz.
mycorrhiza formation and organization of plant and rhizo-
bia symbiosis (Steinkellner et al. 2007; Khalid et al. 2021).
Wide array of experimental evidences affirm important
role of AMF spore formation and its germination, hyphal
growth and development, colonization of root AMF etc.
(Mandal et al. 2010; Khalid et al. 2021). Once the plants
are properly colonized with AMF, the flavoinoid compo-
sition is drastically altered and this alteration plays a sig-
nificant role in modulating the plant and AMF association
(Badri et al. 2009; Kumar et al. 2022a, b, c). The triggering
impact of flavonoid on plant—microbe interaction might be
neutralized, because flavoinoid in excess can also have a
negative influence on specific fungi due to certain explicit-
ness involved in symbiotic association (Scervino et al. 2005;
Khalid et al. 2021). Flavonoids also have ability to endorse
growth of host- precise rhizobia by performing the role of
chemo-attractant and stimulator of nodulation (nod) genes.
The nod genes are involved in the production of lipochitin-
oligosaccharides signaling constituents, i.e., the Nod fac-
tor (Mandal et al. 2010). Flavonoids exuded from the plant
roots are identified by the rhizobial nod proteins which are
transcriptional modulators that bind to signaling molecules
having the ability to synthesize and elevate the expression
of nod genes. Augment in the nod gene expression leads
to stimulation of root hair cell infection as well as nodule
formation (Bakker et al. 2012). This explicitness enables the
microbial community to identify the specific host plant and
get associated to its roots.

The free-living microbial communities such as PGPB,
fungi, and rhizobia have the capability to change the chemi-
cal symphony of root exuded biochemicals and physiol-
ogy of plants via release of varied signaling components
including Nod factor, Myc factor, volatile organic compo-
nents (VOCs), exopolysaccharides, and microbes associated
molecular patterns (MAMPs) (Mansoor et al. 2022). Varied
bacterial VOCs have the ability to interact with plants and
stimulate plants defense responses and growth mechanism
by enhancing the synthesis of plant—-microbe colonization
nutrient such as sulfurandiron (Bailly and Weisskopf 2012;
Khursheed et al. 2022). More recently, Hofmann (2013)
revealed that VOCs are also produced by Bacillus B55
and significantly alters sulfur levels in Nicotiana attenuate
plants. The VOCs synthesis has a vital effect on most of the
PGPMs of the PGPB by serving as: (i) bio-protectants by
stimulating ISR (Induced systemic resistance), (ii) phyto-
stimulator by stimulating hormonal signaling cascades, and
(iii) bio-pesticide by antibiotic functions (Ryu et al. 2004;
Zhang et al. 2008; Trivedi and Pandey 2008). Furthermore,
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certain bioactive VOCs such as ammonia, hydrogen cyanide,
butyrolactones, and phenazine-1-carboxylic acid have the
ability to impact the hyphal growth and sporulation in varied
fungal species (Kai et al. 2009). Moreover, the signaling
components released by AMF include Myc factors and those
released by rhizobia include (Nod factors) are able to alter
lateral root growth, formation of novel parts, and nodula-
tion (Maillet et al. 2011). Myc factor also have an impera-
tive impact on Nod factor signaling cascade which even-
tually aids in AMF formation (Maillet et al. 2011; Khalid
et al. 2021). The identification of a plant pathogen can be
accomplished via MAMPs which are also termed as biotic
stimulators of explicit immune response in plants (New-
man et al. 2013). An observation by Varnier et al. (2009)
revealed release of a new MAMPs, i.e., thamnolipids from
Pseudomona saeruginosa which aids in providing protec-
tion to grape vine plants against the pathogen infestation.
More recently, MAMPs were also reported to be released
from three PGPB, i.e., Stenotrophomonas maltophilia, Pseu-
domonas fluorescens, and Chryseobacterium balustinum

were able to stimulate growth and metabolism of Papaver
somniferum (Bonilla et al. 2014). Figure 5 demonstrates root
exudates induced signaling components and their impact on
plant—microbe interaction.

Quorum sensing is a bacterial cell to cell signaling phe-
nomena’s whereby it harmonizes population response viz.
population density monitoring and modification in bacterial
gene expression is regulated by signaling components gener-
ated by individual bacterial cells (Daniels et al. 2004). Quo-
rum sensing has the ability to stimulate sporulation, bioflim,
and antibiotic synthesis in response to plant-microbial asso-
ciation (Williams and Camara, 2009). Certain quantum sens-
ing signals such as N-acyl-L-homoserine lactones (AHLs)
are imperative constituent of specifically this signaling
network. AHL signals can augment or decrease the diverse
phenotypes of bacteria affecting its beneficial or pathogenic
traits. Bacterial AHLs can be identified by plants resulting
in alteration of tissue specific gene expression, plant growth
homeostasis and defense retaliations (Daniels et al. 2004).
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Flourishing High-Throughput Sequencing
and Other Strategies for Phytoremediation
Effectiveness

Phytoremediation is a most propitious technique that is still
on the conduit of achieving utmost potential of success.
One of the most commonly observed obstacle in its accom-
plishment is ambiguity of its effectiveness (Linacre et al.
2005). However, the utilization of transgenic plants with
specific traits of induced uptake, resistance toward metal
ions, excessive hyperaccumulation and biomass provides
us with the feasibility of phytoremediation with success. In
essence, the well adaptability and effective understanding of
molecular based phytoremediation is extremely important.
Transcriptomics with the aid of high-throughput sequencing
has dispensed the leaps for acquiring the process of phytore-
mediation at genetic level (Bhattacharya et al. 2022). Tran-
scriptome involve complete set of transcripts within a cell or
at specific site of cell stages like developmental stage or any
physiological state (Wang et al. 2009). Moreover, the tran-
scriptomic profiling with RNA-sequencing is an advanced
technology for evaluating précised gene-expression levels.
Also, they have been getting impetus in gene expression
related studies, owing to their ability to identify novel tran-
scripts, splice junctions where no hybridization related stud-
ies or genome sequence biasness is essential.
Nevertheless, the next-generation sequencing (NGS)
technique is known since decades due to its enormous con-
tribution in various sectors. Moreover, it has gained much
more importance from last few years because of its eco-
nomic friendly nature with massive environmental benefits
with respect to control hazardous wastes or contaminants.
For instance, high-throughput sequencing has been known
to control As toxicity and hyperaccumulation in different
plants (Kumar et al. 2022a, b, c). It is a holistic technique
that works in a sequential manner from, comparing the
plants growing in absence or presence of contaminants on
the basis of transcriptomes using high-throughput sequenc-
ing followed by the identification of genes involved in stress
perception and tolerance, transcription factors, transporters,
and gene oncology. All these steps result in the generation
of plants with phytoremediation potential using transgenic
approaches (Thakur et al. 2019). A study conducted with
the help of RNA sequencing enabled the identification of
almost 1720 differentially expressed genes encoding hor-
mone synthesis, As hyperaccumulation, transcripts (HSF
and MYB) and oxidative stress linked proteins in As con-
taminated Panax notoginseng respectively (Liu et al. 2016).
Likewise, the phytoremediation potential of Salix purpurea
was analyzed through gene expression profiling by RNA-
sequencing and transporters (PHO1, NIP1) (Yanitch et al.
2017). Alongside, illumina sequencing method was used for

@ Springer

transcriptomic profiling during metal stressed conditions,
where genes encoding phytohormones and lipid metabo-
lism were recognized (Yu et al. 2012). According to their
research, nearly 350 gene-toolbox along with 580 differ-
entially expressed genes encoding membrane transporter
proteins were identified in Brassica juncea affected with
As through transcriptomics. ABC transporters along with
antioxidants such as glutathione function in As sequestra-
tion. Moreover, Ca-signaling pathway and MAPK pathway
also participated in As perception.

In the forging arguments, it was found that miRNAs
were principal components during biotic and abiotic stress
responses, flowering, cell proliferation and maturation
(Khraiwesh et al. 2012). miRNAs are crucial during stress
management and by using RNA-sequencing the identifica-
tion of stress responsive miRNAs encoding various meta-
bolic as well as cellular processes were recognized in Oryza
sativa (Liu and Zhang 2012). Similarly, 70 miRNA involved
in the plant developmental processes, hormonal biosynthe-
sis, sulfur metabolism were identified in B. juncea under As
stress (Srivastava et al. 2013). Moreover, differential gene
expression in Zea mays revealed the upregulation of 22 and
downregulation of 35 miRNAs that influenced As resistance
mechanisms, plant developmental processes and hormonal
signaling (Ghosh et al. 2017). Another technique, Clustered
Regularly Interspaced Palindromic Repeats (CRISPER) is
widely known genetic tool that can boost the efficacy of
phytoremediation (Basharat et al. 2018). It is basically RNA-
regulated CRISPER/Cas9 toolkit, easily designable, specific,
and most suitable for high-throughput gene editing (Ma et al.
2015). Genome editing for fine tuning the hyperaccumu-
lator plants for effective phytoremediation can be attained
via CRISPER/Cas9 toolbox (Basharat et al. 2018). For aug-
mentation of this system, the genes encoding metal uptake
are targeted for gene editing. Interestingly, there are many
microbial species that function in metal detoxification with
the aid of possessing metal resistance operon systems to pro-
vide the resistance (Rosen 1999). Further, the overexpres-
sion of stress responsive proteins also induce accumulation.
Meanwhile, all these genes with excellent traits of metal
uptake and resistance can be transferred from microbes to
plants through CRISPER/Ca9 tools or synthetic genes. Syn-
thetic genes are substantial where the role of nature gene
transfer is negligible or complete failure (Kunjapur et al.
2018). For instance, synthetic gene triphenylmethane reduc-
tase carried by Citrobacter sp. when transferred to Arabi-
dopsis showcased enhanced resistance against recalcitrant
compounds (Fu et al. 2013). Henceforth, the synthetic genes
from various microbes can be easily transferred to plants to
enhance their phytoremediation abilities.
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Conclusion and Future Prospects

Heavy metals have led to grim environmental situation and
to find an economical, eco-friendly, and efficient technique
to deal with is situation is primarily important. The explora-
tion of plant-microbe synergism for land restoration and tox-
icity management is a promising method but at benign level.
The beneficial aspects of HM-PGPM are immensely studied
due to their multifarious nature in promoting soil quality,
plant growth promotion, metal detoxification, chelation, bio-
accumulation, and remediation of HM from the soils. There
is a need of vast research for developing bio-formulations
using microbes for promoting phytoremediation. We have
discussed various aspects of plants and microbes and their
interactions underlying phytoremediation mechanisms. For
instance, a depth insight on biochemical and molecular basis
of plant—microbe interactions has been provided that could
provide an evolution in studying the microbial dynamics.
Moreover, our aim has always been inclined toward the effi-
cacy of the microbes to perform their best and devote best
toward stressed conditions for conferring metal resistant or
bio-protectants. All these aspects enhance our understanding
about the perspective of microbe-assisted phytoremediation
in promoting ecosystem diversity by acting as biofertiliz-
ers. Henceforth, various mechanisms elucidating a coopera-
tive association among plants and microbes include metal
detoxification, remediation, mobilization, chelation, immo-
bilization, transformation, complexation, accumulation,
and translocation. These mechanisms hold a strong layout
toward an effective phytoremediation strategies. Further, the
genetic engineering has opened as many new opportunities
for improving plant growth as well as phytoremediation
practice. Many other studies like illumina sequencing, RNA
sequencing, high throughput sequencing have shown their
biotechnological role in improving the phytoremediation
technique. In addition, this technique is more sustainable,
eco-friendly, cost-effective and by far the best with respect
to regulatory concerns. Therefore, the advancement in tech-
nology provides us with a ray of hope and studies should
be broadened on these aspects to provide a theoretical and
practical implementation of microbial phytoremediation on
large scale.
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