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Abstract

In the past few decades, cadmium (Cd) as soil contaminant is a major problem for the mankind. Cd contamination of soil
and food crops is a critical environmental concern as it deteriorates the soil quality and creates threat to the food safety and
human health. High Cd concentration in soils pose negative effects on the plants at physiological, structural and molecular
levels. Secretion of certain secondary metabolites in the rhizosphere is a survival mechanism adopted by plants to tolerate and
encounter Cd toxicity. Under metal-stressed conditions, secretion of root exudates in soil increases the external detoxification
strategies of the plants. The secreted phytochemicals are gaseous compounds, inorganic and especially organic in composi-
tion. In plants, the role of these metabolites to confront Cd toxicity and induce tolerance under Cd distress is underrated. The
review paper focuses on Cd sources, factors that affect its bioavailability, uptake and toxicity in the plants. Furthermore, it
also highlights the contemporary progression in our understanding on the mechanisms of root exudation in plants and the
effect of Cd toxicity on the root exudation. Finally, the review provides important information on the role of different root
exudates to subsist Cd stress in plants naturally, particularly by reducing the dependence on synthetic amendments to enhance
Cd-tolerance and its aquisition in plants.
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Abbreviations NRAMPs Natural resistance-associated mac-
ABC transporters ATP-binding cassette transporters rophage proteins
ALMT Aluminium-activated malate OsHMA3 Oryza sativa heavy metal P-type
transporters ATPase 3
ATSDR Agency for Toxic Substances and PGPB Plant growth-promoting bacteria
Disease Registry P5CS A'-Pyrroline-5-carboxylate synthetase
AMF Arbuscular mycorrhizal fungi QUAC Quick anionic channels
Cdo Cadmium oxide ROS Reactive oxygen species
DMA 2'-Deoxymugineic acid RuBisCO Ribulose-1, 5-bisphosphate carboxy-
DNA Deoxyribonucleic acid lase oxygenase
LCT1 Low-affinity cation transporter 1 SLAC Slow anionic channels
LMWOAs Low-molecular-weight organic acids SRB-1 Sulphate-reducing bacteria
MATE Maximised autotransporter-mediated ZIpP Zinc/iron permease
expression
NA Nicotianamine
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serious threat on the biotic and abiotic functioning of the
soils, quality of crop plants and health of living organisms
(Keesstra et al. 2018). The persistent nature and potential
toxicity induced by heavy metals to the public health and
soil ecosystems are major environmental concerns (Abdu
et al. 2017; Dubey et al. 2018; Kumar et al. 2019). Cad-
mium (Cd) contamination in the environment has received
substantial attention in the modern world research. Due to its
high solubility in soil and prevalence of factors such as Cd
speciation, its concentration in the medium and soil pH, it
can be easily extracted by the plant roots (Sidhu et al. 2019a,
b). Cd is not biologically important for plants, though along
with the micronutrients it is acquired quite easily by plants
from the rhizospheric soil, the root—soil interface (Riesen
and Feller 2005; Shahid et al. 2016). Cd induces toxicity in
plants by impeding the plant growth, nutrient uptake, pho-
tosynthesis and respiration (Sidhu et al. 2017). It promotes
oxidative stress by inducing membrane disruption, lipid per-
oxidation and alterations in antioxidative response (Sidhu
et al. 2017).

Various conventional/non-conventional techniques have
been adopted to solve the problem of Cd-contaminated soil/
water ecosystems (Table 1). The conventional practices
involve high operational cost and are often labour intensive.
On the contrary, non-conventional techniques are proving a
boon to mitigate Cd-contaminated ecosystems. Phytoreme-
diation is a one such clean and green approach that employs
plants in conformity with the soil microbes for the allevia-
tion of heavy metal contaminants from the soil systems (Ma
et al. 2016; Muthusaravanan et al. 2018; Sidhu et al. 2018,
2020).

To enhance plant tolerance and acclimatisation towards
increased heavy metal regimes various innovative bio-
technological initiatives are on the rise. A variety of metal
transporter proteins, sulphur metabolism enzymes and
metal detoxification chelators such as phytochelatins and
metallothioneins are critically involved in the tolerance
and detoxification strategies of the plants to combat Cd
stress. The number of studies has witnessed the potential
utilisation of different plant species in the remediation of
Cd-contaminated soils. In the assessment of phytoremedial
potential of plant species towards increased Cd concentra-
tions, Sidhu et al. (2017) demonstrated the potential ability
of Coronopus didymus to accumulate and tolerate high-Cd
regimes (100, 200 and 400 mg kg™!) in the soil. Besides,
plant roots release certain phytochemicals/metabolites in the
rhizosphere that altered the soil pH and enabled the forma-
tion of metal-metabolite complexes to confront Cd distress
(Badri and Vivanco 2009; Chen et al. 2017). Lapie et al.
(2019) documented that maize plants exposed to different
Cd levels (10, 20 and 40 uM) in the nutritive medium tend
to secrete different exudates. The tendency to exude exces-
sive phytochemicals both qualitatively and quantitatively
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as rhizodeposits is the tolerance strategy adopted by maize
plants to combat Cd stress (Lapie et al. 2019). According to
Li ZR et al. (2019), the intercropping of hyperaccumulator
Arabis alpina and winter crop Vicia faba enhanced the secre-
tion of free amino acids and total content of organic acids
(~578% and ~37%) from the roots of the plant species. The
concentration of Pb and Cd acclimatised and bound to the
cell wall and other organelles of intercropped plants was
dramatically more compared to the monocropped plants.
Additionally, it was found that alteration in composition and
concentration of root exudates of Arabis alpina and Vicia
faba under intercropping conditions enhanced the phytore-
mediation potency of the plant species towards Pb- and Cd-
contaminated soils (Li ZR et al. 2019).

Under metal-stressed conditions, secretion of second-
ary metabolites as root exudates in soil increases the exter-
nal detoxification strategies of the plants. The secretion of
root exudates in the soil augments the tolerance potential
of plants growing in Cd-contaminated soils (Fig. 1). The
secreted root exudates include enzymes, various free inor-
ganic ions and carbon-containing metabolites such as low
molecular weight compounds (phenolics, amino acids,
organic acids and sugars), while high molecular weight com-
pounds include mucilage and proteins (Bais et al. 2006).
Tolerance mechanisms adopted by plants to counteract
excess Cd toxicity primarily include exclusion mechanisms
that impede the entry of Cd ions to the root cell by secret-
ing root exudates in the rhizosphere. Secondly, secondary
metabolites such as low-molecular-weight organic acids
(LMWOASs) can form chelate compounds with Cd ions at
the soil-root interface and hence enable the plants to toler-
ate and withstand Cd-induced toxicity in the soil (Fig. 1).

The concept of root exudation particularly in plant phys-
iology remains understudied (Preece and Pefiuelas 2019).
Very few researches have engaged the utilisation of root
exudates against heavy metal stress in plants (Chen et al.
2017). Previous reviews have mainly focussed the role of
root exudates in promoting mutualistic interactions (Ras-
mann and Turlings 2016) and their participation in plant
defence against plant pathogens (Baetz and Martinoia 2014).
In this review, Cd is employed as a model heavy metal con-
taminant because of its very high toxicity to plants and other
living organisms. Nevertheless, no attention has been paid
previously on the role of different root exudates in promot-
ing plant tolerance against Cd stress. Thus, a knowledge
gap exists to explore the functional aspects of root exudates
to combat Cd-induced toxicity in plants. We have consid-
ered and discussed the principal findings from the recent
research on different root exudates that show their efficacy
to tolerate and reduce Cd toxicity in plants. By reviewing
the available literature on root exudation, certain aspects on
the mechanisms of action definitely insight the potency of
root exudates to subsist Cd stress with a focus on reducing
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Table 1 Physical, chemical, physiobiological and biological methods for Cd treatment

Phytoremediation

Phytoremediation

References

Physical methods

1 Heat treatment

2 Electrokinetic treatment

3 Soil vitrification

4 Soil excavation

Chemical methods

5  Ion exchange

6  Precipitation

7  Leaching

8 Nanoremediation

9 Soil amendments

10  Chemical extraction and oxidation

Physiochemical methods

11 Soil washing

12 Chemically activated adsorption

Physiobiological methods

13 Sediment microbial fuel cells

14 Immobilised biosorption

Biological methods
15 Bioleaching

16 Composting

17  Phytoremediation

Heat-treated humic acid/MgAl-layered double-hydroxide composite
absorbed Cd on the surface, formed chelating complex and removed Cd
from the medium

Soil pore water drainage and electrovoltage gradient induced isolation of soil
Cd

Thermal plasma treatment of municipal solid wastes dramatically reduced
the leaching of hazardous metals such as Cd, Pb, Zn, As, Cr and Hg in
vitrified slag

Co-precipitation of carbonate minerals using steel slag-induced Cd immobi-
lisation

SPES-Si0,-(CH,);-NH, membrane (sulphonated polyethersulphone mem-
brane) dramatically eliminated Cd and Pb ions at the rate of 31.6% and
43.2%, respectively

Precipitating agents such as sodium cellulose xanthate (SCX) and sodium
dibutyldithiocarbamate (NaDBDTC) decreased the concentration of Cd
ions in the medium

Combined treatment of potassium chloride and vertical electrokinetics
improved the removal rate of Cd, Pb, Cu and Zn from soil by 97.79%,
17.69%, 14.37% and 41.96%, respectively

Rhamnolipid-stabilised nanoscale zero-valent iron (RNZVI) enhanced
organic carbon bioavailability and relative abundance of Fe(Ill)-reducing
bacteria to immobilise Cd in the river sediments

Organic amendments such as cow dung manure, pig manure and leonardite
immobilised Cd in soil, increased growth and reduced Cd concentration in
grains of Oryza sativa plants

Addition of Mn(II) promoted the synthesis of Fe oxides in soil and reduced
Cd bioavailability

Soil remediation by tartaric ligand coupled with garlic peel as bioadsorbent
converted Cd?* into Cd-(tar)° species and the electrical charge would
restrain Cd to the adsorbent particles

Activated carbon derived from oil palm shell using phosphoric acid impreg-
nation enhanced the pore size and surface area that spiked the Cd adsorp-
tion achieving its 99% removal at acidic pH

Microbial fuel cell (cathode) using graphene as electrodes improved Cd (II)
tolerable concentrations in the algal cathode by 50 ppm with maximum
adsorption amount of 115 g m~2 and removal efficiency of almost 95%

A complex of water-hyacinth-derived pellets immobilised with Chlorella sp.
enhanced Cd (II) removal potential along with increased algal immobilisa-
tion efficiency and its bioaccumulation capacity. The complex attained high
Cd (II) removal efficiency by 92.45%

The consortium of autotrophic and indigenous cadmium-tolerant bacteria
during bioleaching enhanced the leaching rate from 74.93% to 92.76% from
Cd-contaminated paddy fields

Increased concentration of compost biochar reduced the mobilisation of Cd
and Zn in contaminated soils and their translocation in Brassica rapa plants

Cd regimes in soil (100—400 mg kg~') enhanced the antioxidant activity and
Cd concentration in roots and shoots of Coronopus didymus reached up
to 867.2 mg kg~! and 864.5 mg kg~! dry weight under 400 mg kg™! Cd
regime

Shi et al. (2020)

Tang et al. (2018)

Guohua et al. (2012)

Katoh et al. (2018)

Berbar et al. (2019)

Zielinski et al. (2019)

Ma et al. (2019)

Xue et al. (2018)

Saengwilai et al. (2019)

Chen H et al. (2019)

Sun et al. (2018)

Tan et al. (2016)

Zhang et al. (2018)

Shen et al. (2018)

Deng et al. (2017)

Awasthi et al. (2019)

Sidhu et al. (2017)
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Table 1 (continued)

Phytoremediation Phytoremediation References

18  Microbial bioremediation The combined treatment of Aspergillus niger+ geological fluorapatite + Cd Okolie et al. (2020)
induced the abundant secretion of oxalic acid and dissolved fluorapatite
which reacts with toxic Cd ions to form insoluble cadmium oxalate to
combat Cd toxicity

19 Integrated biosystem remediation In an integrated waste-to-crop system, Agaricus subrufescens at early fruiting Stoknes et al. (2019)
stage extracted 80% Cd from medium. Early Cd-enriched mushrooms can
be treated as special waste, while the later harvested mushrooms contain
Cd below critical limits and can be consumed

20 Biofilm-based remediation Nostoc muscorum biofilm exhibited the potential to acclimatise Cd ions Raghavan et al. (2020)
from the medium by altering the cell surface due to the presence of surface
functional groups such as >C=0 and >C=N

21  Genetic engineering BTS-knockout mutant, bts-/ enhanced growth, iron nutrition, tolerance, Cd ~ Zhu et al. (2020)
acquisition by ~100% and 150% in roots and shoots of Arabidopsis plants

Cadmium excess in
soil

Cadmium
phytotoxicity

Y

Rhizospheric exudation of |  Phytosiderophores, phenolics,

secondary metabolites amino acids, low-molecular-
weight organic acids)

2 way tolerance strategy

Exclusion Cadmium
mechanism chelation

Formation of stable complex

Prev‘en"t cadmium and cadmium retention inside
entry inside the roots the vacuole

Secondary metabolites confer cadmium tolerance
and ameliorate phytoextraction potential

Fig. 1 Exuded secondary metabolites promote Cd tolerance and its acquisition in plants

the utilisation of synthetic amendments. This review briefly ~ Cadmium sources, contamination of soils
concludes that future research in this field completely expli- and bioavailability

cates their mechanism of action against metal stress and the

studies related to secretion of root exudates in rhizosphere  Cd with atomic number 48, atomic weight 112.41 and den-
provide opportunities to understand the tolerance mecha- ity 8.65 g/cm? is a silvery bluish-grey metal. It is located at
nisms adopted by plants in plant stress physiological studies.
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the end of the second row of the transition elements having
melting point 320.9 °C and boiling point 765 °C. It belongs
to group 12 of the periodic table with electronic configu-
ration of [Kr] 44'9 5 §2. It is soft, malleable, ductile and
insoluble in water (Asgher et al. 2015). Cd exists in + 1 and
+ 2 oxidation states; however, + 2 oxidation state is the most
common. An amorphous substance cadmium oxide (CdO)
is formed due to burning of Cd in air. High Cd levels are
positively correlated with excessive industrialisation that has
lead to increased production and consumption of Cd. Over
use of Cd in electroplating, nickel-cadmium batteries, as
pigments for colouring glass and plastic, stabilisers for pro-
cessing PVC polymers and production of some alloys con-
tribute equally towards its distribution in the environment
(Fig. 2). Besides, mining activities, inappropriate wastewater
irrigational practices, inadequate executions related to waste
disposal, high inputs of agricultural fertilizers and industrial
and vehicular emissions are the major causes for Cd con-
tamination of agricultural soils (Kaplan et al. 2011; Asgher
et al. 2015; Khan et al. 2016; Nawab et al. 2016; Khan et al.
2017) (Fig. 2).

Both natural and anthropogenic factors contribute
towards enhanced Cd contamination in the environment
(Chen L et al. 2019). Cd occurrence in soils ranged from
0.07 tol.1 mg kg~! soil (WHO 2007), although its threshold
limit in agricultural soils is nearly 100 mg kg~! (Asgher et al.
2015). According to Gallego et al. (2012), 30,000 tonnes
of Cd is added to the environment annually, out of which
technogenic activities contribute approximately 13,000
tonnes of Cd annually. During the past decade, undesirable
anthropogenic activities have caused the release of Cd at an
alarming rate that has reached up to 2.2 x 107 kg throughout
the world (Costa et al. 2012). In China, Cd is considered as
the most noxious heavy metal due to its high mobility and
toxicity (Chen et al. 2015). Rafiq et al. (2014) statistically
analysed more than 1.3 x 10° ha Cd-enriched soil area which
accounts for 1/5 of the total farmland area. Due to wide
distribution and Cd-enriched soils, Rafiq et al. (2014) dem-
onstrated Cd induced grain contamination of approximately
1.2 10° kg and induced a reduction in the grain yield by
approximately 10'° kg. Based on toxicity and potential for
human exposure, Agency for Toxic Substances and Disease
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Fig.2 Cadmium sources, uptake and toxicity in plants. DNA, deoxy-
ribonucleic acid; MDA, malondialdehyde; ROS, reactive oxygen spe-
cies: (A) cadmium sources in the soil; (B) cadmium uptake is modu-
lated by various transporter proteins in plants; (C) cadmium toxicity

induces a reduction in morphological, physiological and biochemical
traits of plants; (D) cadmium toxicity induces oxidative distress, gen-
otoxicity in plants
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Registry (ATSDR) has ranked Cd to the seventh position
in the priority list of hazardous substances (ATSDR 2017).
The fraction of total Cd available for uptake by plants is a
crucial scenario to assess the environmental risk associated
with Cd contamination in soil. Cd is mainly present as Cd
ions or found associated as inorganic and organic complexes
in the soil solution. The major Cd uptake in plants occurs
through contact with soil porewater, which is the net result
of Cd partitioning between the solid and liquid phases of
the soil. Nevertheless, foliar uptake and transfer of Cd have
also been reported in the study of Mombo et al. (2016). The
authors revealed high Cd and Pb concentration in vegeta-
bles grown in urban gardens near a Pb recycling company
(Mombo et al. 2016).

Various chemical reactions such as precipitation/dissolu-
tion, adsorption/desorption and Cd ligand formation influ-
ence Cd partitioning in soil. These dynamic reactions are
strongly affected by organic and inorganic ligands (Shahid
et al. 2014), soil pH (Saeki and Kunito 2012), redox condi-
tions (Zhang et al. 2012), metal concentration and tempera-
ture (Silber et al. 2012). In soil systems, Cd partitioning is
an important factor in regulating Cd toxicity (Rizwan et al.
2017). Shahid et al. (2016) documented that total Cd con-
centration in the soil medium does not mandate Cd solubil-
ity, mobility and bioavailability, because the total chemical
forms of Cd are not 100% bioavailable. Moreover, the bio-
geochemical behaviour of Cd is completely dependent upon
the free Cd ion concentration in the soil medium (Shahid
et al. 2016). Certain factors such as soil pH, organic matter
content, cation exchange capacity and microbial activity of
the soil effect Cd bioavailability (Shahid et al. 2016).

Effect of soil pH on Cd bioavailability

Soil pH is a crucial factor in regulating Cd partitioning and
bioavailability (Yu et al. 2016). Under varied soil pH, Cd
is known to exist in different chemical forms. Cd in soil is
found mostly in combined state and ~99% of the total Cd
is coupled with soil colloids. According to Kabata-Pendias
and Sadurski (2004), Cd in soil occurs in both cationic and
anionic forms. Cationic forms include CdCIT, CdOH™,
CdHCO;*, while anionic forms include CdCly =, Cd(OH),
~, Cd(HS);™. It has been estimated that~99% of Cd is found
in free ionic form in the soil solution (Kabata-Pendias 1993).
It has been demonstrated that solubility of Cd in soil solution
is greatly influenced by soil acidity. Mineralised soils have
pH range from 4.0 to 4.5. A decrease in pH range of up to
0.2 units exhibits 3-5 times increase in labile Cd pool. An
indirect correlation occurs between soil pH and Cd extrac-
tion in plant tissues. At low soil pH, the transformation of
Cd from immobile combined form such as Fe and Mn oxides
and carbonates to more phytoavailable and exchangeable
form enables free Cd mobility and phytoavailability (Qi
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et al. 2018). In Elba muck soils of Western New York, Sul-
livan et al. (2013) reported a negative correlation (r=—0.55)
between CaCl, extractable Cd fractions with pH of the soils.
The findings probably corroborated with pH 6 that acts as a
threshold point for Cd solubility in soil due to the formation
of strong complex with organic matter and adsorption on
mineral surfaces (Sullivan et al. 2013; Shahid et al. 2016). A
positive correlation between the low soil pH with enhanced
Cd phytoavailability revealed the possibility of deploying
non-conventional techniques such as phytoremediation to
ameliorate Cd uptake by plants from Cd-contaminated soils
(Sidhu et al. 2019a).

On the contrary, an increase in soil pH enhanced its alka-
linity that effects and influences the adsorption of Cd ions on
to the soil particles which in turn subsequently poses nega-
tive effect in the uptake of vital nutrients by the plants. Yu
et al. (2016) studied 73 pairs of soil and rice samples con-
taminated with acid mine drainage containing Cd to assess
the effect of soil pH and iron fractions in the bioavailability
of Cd in the rice grains. Furthermore, assessment of soil
properties for Cd acquisition in the rice grains revealed that
pH of soil imparts a key role in acclimatising Cd in rice
grains, while amorphous iron fractions were considered as
the second important factor in contributing Cd bioavailabil-
ity in the rice grains (Yu et al. 2016). Increased soil pH poses
negative effect on the phytoavailability, as Cd precipitation
and adsorption onto the soil particles reduce the free Cd
availability in the soil solution (Meng et al. 2018). In soils
having pH > 7.5, Cd precipitated and adsorbed onto the
soil particles remains immobilised. The degree of net charge
associated with the solid phase is directly related to the soil
pH. In acidic soil solution, protons (H*) compete with Cd
ions for binding sites, which induces Cd desorption from
soil particles into the solution. But in the alkaline environ-
ment, the solid-phase exchange sites are freely available for
binding with cationic metal ions. At high soil pH, Cd is
hydrolysed to hydroxy species and is adsorbed readily with
the solid phase and influence high-Cd adsorption, making
Cd desorption a difficult task in alkaline medium (Shahid
et al. 2016).

Effect of soil organic matter on Cd bioavailability

Soil organic matter derived from decomposition of plants
and animals imparts a consequential role in Cd bioavailabil-
ity, as it readily forms complex with Cd in the soil medium.
Cd bioavailability is directly influenced by humus, and it
varies with its concentration, source and various forms such
as either suspended or dissolved and other physico-chemical
properties. Humus in soil as organic matter is responsible
for maintaining high soil pH, and component such as fulvic
acid in it is very reactive which helps to maintain high metal
bioavailability due to high cation exchange capacity, small
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size and high oxygen content (Shahid et al. 2012). It has
been noticed that content of surface organic matter has a
direct influence in binding and acclimatising Cd. Kirkham
(2006) documented that soils rich in organic matter had high
sorption potential which is about 30 times higher for Cd
compared to mineral soils. In a recent finding, Rocco et al.
(2018) assessed the potential utilisation of organic matter
compounds (poultry manure, coal fly ash and biochar) to
enhance bioavailability of Cd in Zea mays in two Australian
soils with different pH and texture. However, the addition of
amendments to Kapuda-acid loamy sand though enhanced
the soil pH but subsequently reduced Cd bioavailability in
Zea mays (Rocco et al. 2018).

Addition of biochar to Cd-contaminated soils effectively
enhances the soil pH and reduces Cd bioavailability. The uti-
lisation of biochar as organic material reduces Cd bioavail-
ability in Lolium multiflorum by 6-14%, when the plants
were grown under Cd-contaminated soils. Furthermore, the
application of ~ 10% biochar dramatically decreased Cd bio-
availability in plants by immobilising Cd in soil (Xiao et al.
2019). In a similar study, Abbas et al. (2018) demonstrated
the application of biochar efficaciously reduces Cd and salt
stress in Triticum aestivum by decreasing Cd bioavailability
and promoted the plant growth by regulating antioxidant
enzyme activities in plants. Likewise, biochar application
to soils contaminated with Cd significantly altered the
rhizobacterial communities by stimulating the activities of
growth-promoting bacteria in rice plants (Wang et al. 2019).
The finding revealed that biochar application as organic mat-
ter reduced Cd mobilisation in soil and hence decreased Cd
bioavailability in rice plants.

On the contrary, application of tea waste derived biochar
to Cd-contaminated soil sediments enhanced the uptake and
accumulation potency of ramie seedlings by altering Cd spe-
ciation in soil sediments and by modulating sub-cellular Cd
distribution in plant cells (Gong et al. 2019). Yousaf et al.
(2016) assessed the potential effect of traditional organic
amendments such as press mud, biochar, farm manure, sew-
age sludge, poultry manure and compost as carbon sources
on the bioavailability and uptake of Cd in Triticum aestivum.
The results revealed that all the organic amendments sig-
nificantly increased the organic content of the soil and Cd
uptake in Triticum aestivum was enhanced predominantly
with the application of sewage sludge, poultry manure
and farm manure (Yousaf et al. 2016). Amendment of un-
entrapped inorganic fertilizers such as urea and bio-fertiliz-
ers such as Bacillus subtilis and Azotobacter chrocoocum
increased Cd concentration in roots and shoots of Brassica
juncea and Ricinus communis plant species (Bauddh and
Singh 2015). The vermicompost as organic fertilizer could
bind Cd and promote high biomass production and microbial
consortium that ultimately effect the enhanced Cd extraction
and growth of both the plant species (Bauddh and Singh

2015). Additionally, it was noticed that the application of
vermicompost obtained from pig manure to soils co-con-
taminated with Cd and polycyclic aromatic hydrocarbons
dramatically enhanced the Cd phytoextraction efficiency
of Sedum alfredii due to enhanced root—shoot biomass and
growth of the plants that ultimately induce rapid dissemina-
tion of polycyclic aromatic hydrocarbons in soil probably
due to increased generation of root exudates which subse-
quently favours the bacterial community structure in the
rhizosphere (Wang et al. 2012).

Effect of cation exchange capacity of soil on Cd
bioavailability

Cd mobility in soil and its bioavailability are influenced
by cation exchange capacity of the soil. According to the
study conducted by Gusiatin and Klimiuk (2012), the loamy
soil and loamy sand soils in Warmia and Mazury Province,
north-eastern Poland, bound Cd to the exchangeable and
acid-soluble fraction having small Cd concentration was
found to be associated with organic matter fraction. Though,
in silt—clay soil, Cd was found to be bound with reduci-
ble fractions followed by exchangeable acid-soluble frac-
tions (Gusiatin and Klimiuk 2012). In clayey soils, Hong
et al. (2002) demonstrated the low mobility of Cd due to
the strong affinity of Cd with the surface of clay minerals,
humus and Fe—Al oxides. The presence of other mineral ions
in the soil medium has direct influence on Cd bioavailability.
This is directly correlated with the ionic strength, complexa-
tion and competition for soil exchange sites or root surface
exchange sites. Moreover, the ionic strength of the growth
medium inversely affects Cd bioavailability, which shows
that low ionic strength in the growth medium enhanced the
Cd extraction by the plants (Gothberg et al. 2004). In another
study, Kim et al. (2017) elucidated an increase in soil pH
and negative surface charge of the soils treated with com-
bination of both 30 mg/ha bottom ash and animal manure
compost ultimately enhanced Cd adsorption on soil surface
and decreased Cd bioavailability in Lactuca sativa plants.

Effect of soil microbial activity on Cd bioavailability

Certain microorganisms develop potential resistance towards
Cd, dominate the rhizospheric conditions and promote the
growth of the plants under Cd stress. To overcome the Cd
stress, the microbes have developed inherent mechanisms
to bind free Cd ions and actively colonise rhizosphere and
resistance towards Cd excess in the soil (Table 2). Cd avail-
ability in the soil is enhanced by soil microbes as the later
are highly involved in the subsequent solubilisation of Cd-
bearing minerals and excretion of chelate-forming organic
acids (Liu et al. 2020) (Table 2). Cd-solubilising microor-
ganisms such as plant growth-promoting bacteria (PGPR)
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as an amendment in the soil, thus impart a crucial role for
increasing Cd bioavailability (Wu et al. 2020). For instance,
Li X et al. (2019) documented dsrA and soxB gene and Thio-
bacillus sp. was the dominant bacterial species involved in
the effective oxidation of sulphur, assisting the uptake and
accumulation of Cd up to~66%, 46% and 42% in leaves,
stems and roots of tobacco plants. On the parallel, a study
conducted by Sangthong et al. (2016) postulated the poten-
tial of bioaugmenting agent Micrococcus sp. TISTR,,,, to
regulate high Cd uptake in the stem and root part of the Zea
mays plants grown under high Cd stress. The above find-
ings support the work conducted by Li X et al. (2019) who
demonstrated the inoculation of Lycopersicon esculentum
with arbuscular mycorrhizal fungi (Funneliformis mosseae)
and Cd-resistant bacteria strain (Enterobacter sp. EG 16)
enhanced root—shoot biomass along with the increased Cd
uptake in the roots of the plants under 50 and 100 mg kg™
Cd treatment. Arbuscular mycorrhizal fungi impart a vital
role in Cd mobility in plants. The co-inoculation of Solanum
nigrum with arbuscular mycorrhizal fungi and earthworms
enhanced the plant biomass and acquisition of phosphorus
and Cd in the shoots (Wang et al. 2019). The results of their
study showed that co-inoculation (arbuscular mycorrhizal
fungi and earthworms) increased Cd phytoavailability up to
149.3% under 120 mg kg~! Cd-spiked soils by changing the
Cd chemical fractions (Wang et al. 2019).

On the contrary, to curb Cd toxicity in plants, microbes
in the form of plant growth-promoting bacteria and arbus-
cular mycorrhizal fungi impart an active participation in
limiting Cd uptake in roots and its translocation to foliar
plant parts. Sharma and Archana (2016) postulated that
plant growth-promoting bacteria are not directly involved
in Cd sequestration but reduce the plant stress based on
the plant growth-promoting traits. A significant decline in
Cd phytoavailability was observed by bioaugmentation of
soils, employing free and immobilised Cd-resistant bac-
teria and fungi in the rhizosphere (Sharma and Archana
2016). Soils inoculated with certain microbes such as Pseu-
domonas aeruginosa, Burkholderia gladioli (Khanna et al.
2019); Cupriavidus sp. strain ZSK (Zeng et al. 2020) and
arbuscular mycorrhizal fungi (Zhang X et al. 2019) have
proclaimed decrease Cd phytoavailability. The strategies
adopted for reducing Cd bioavailability in plants depend
upon the potency of microbes to transform mobile states of
Cd into inert forms by the mechanisms such as (1) reducing
Cd solubility in soil by altering soil pH and metal valency;
(2) binding or sequestering Cd with the components pre-
sent on the cell surface; (3) releasing a variety of organic
compounds in the rhizosphere that form complex with the
Cd ions; and (4) formation of insoluble CdS by releasing
H,S. The microbes achieve Cd resistance and decrease Cd
bioavailability to plants by biosorption, bioaccumulation,

@ Springer

precipitation, complexation and efflux of Cd ions. In bac-
terial defence mechanisms, intracellular binding proteins
such as metallothioneins (cystein-rich protein) and metal-
lochaperones function as cytoplasmic Cd-binding proteins
that assist in lowering the concentration of free Cd ions
within the cytoplasm and hence decrease Cd bioavailability
to the plants and promote the number of friendly microbial
community in the rhizosphere. In a recent study, Xu et al.
(2019) documented a substantial reduction in Cd bioavail-
ability to Brassica chinensis when the Cd-contaminated
soil was inoculated with Raoultella sp. strain X13. The
functional trait of X13 strain in releasing indole acetic
acid and solubilising phosphate dramatically improved
the growth and production of Brassica chinensis plants
(Xu et al. 2019). The inoculation of Cd-contaminated soil
with sulphate-reducing bacteria (SRB-1) strain isolated
from metal(loid) contaminated paddy fields significantly
reduced the bioavailability of Cd and Pb by 29.5% and
26.2%, respectively, in the rice grains (Shan et al. 2019). In
a similar work, combined effect of indigenous soil arbus-
cular mycorrhizal fungi and zeolite addition on Cd uptake
in the grains of bread wheat was assessed by Baghaie et al.
(2019) who found a noticeable decrease in Cd uptake to the
bread wheat grains from 8.9 to 3.3 mg Cd kg™, respec-
tively. Additionally, a remarkable increase in growth and
phosphorus and nitrogen concentration in plants grown
under Cd stress was observed (Baghaie et al. 2019). The
reduction in Cd bioavailability to plants by microbes might
also be attributed to the Cd immobilisation in the soil by
forming less soluble organic fractions. This hypothesis is
corroborated with the study conducted by Xu et al. (2012),
who reported ~ 8-25% Cd transformation into less bioavail-
able organic-bound fraction, with the assistance of bac-
teria. The role of microorganisms in transforming Cd to
less soluble organic fractions immobilises Cd in the soil,
decreases its phytoavailability and enables the plants to
tolerate and overcome Cd-induced toxicity.

Cd uptake and toxicity in plants

Cd is a non-essential trace element and has no physiological
importance in plants. Cd occurs in the form of Cd ions in
soil (Tudoreanu and Phillips 2004) and enters the root cells
with the help of zinc-regulated transporters/iron-regulated
transporters (Asgher et al. 2015) (Fig. 2). The epidermal
layer of the root is the first site for the contact of free Cd
ions in soil (Sidhu et al. 2019a). The root hairs provide large
surface area and aid in absorption of Cd ions from the soil
through diffusion (Seregin and Ivanov 1997). Plant roots
also secrete certain organic compounds such as chelates that
complex with Cd ions to form ligands, allowing its entry into
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root epidermis (Sidhu et al. 2019a). Additionally, certain
protein transporters such as natural resistance-associated
macrophage proteins (NRAMPs) impart a critical role in
Cd transport across the cell membrane (Song et al. 2014).
In general, after Cd uptake by plant roots, maximum portion
of Cd gets fractionised into the root cells and only a small
portion gets fractionised to the upper aerial plant parts and
grains (Song et al. 2014). In the process of Cd transport
in plants, commonly intracellular transport occurs in plant
vacuole. Cd-chelating components such as metallothioneins,
phytochelatins and organic acids are crucial for the trans-
port. Sulphydryl and carboxylic groups in these chelating
compounds form complex with Cd and bind it before its
transport to the vacuole. Vacuolar transporter proteins such
as natural resistance-associated macrophage proteins, ATP-
binding cassette transporters (ABC transporters) and P-type
ATPase are involved in Cd—chelant complex into the vacu-
ole. The intracellular Cd transport facilitates Cd detoxifica-
tion in the roots and hence promotes Cd tolerance in plants
against Cd toxicity.

Cd transport process in plants may be a short or long-
distance transport. From the soil, Cd is taken up by the plant
roots and then the short-distance transportation of water
occurs through both apoplastic and symplastic pathways.
Parrotta et al. (2015) documented that the apoplastic path-
way facilitates Cd binding in the cell wall, while the car-
boxyl group present in the cell wall binds and immobilises

External

Medium Ca*

Cd. In apoplastic movement, the plasticity of cell wall
imparts a decisive role in Cd movement. During Cd trans-
port through apoplastic route, suberin layer acts as a bar-
rier for Cd transport (Tao et al. 2017). The symplastic route
enables Cd transport from epidermis to water-conducting
elements. Ueno et al. (2010) revealed that certain transporter
proteins such as Oryza sativa heavy metal P-type ATPase 3
(OsHMA3) play a consequential role in decreasing Cd trans-
port to the shoots. Oryza sativa heavy metal P-type ATPase
3 transporter protein enhanced Cd sequestration in the vacu-
ole of root cells and decreased Cd transport to upper aerial
parts. Another metal transporter protein from low-affinity
cation transporter 1 (LCT1) family was found to remobilise
Cd via phloem by forming association with metal complexes
(Uraguchi et al. 2011). Low-affinity cation transporter 1 pro-
tein exists in the nodes and leaf blades and functions as a
Cd transporter (Uraguchi et al. 2011). Nevertheless, previ-
ous studies have revealed the active participation of P1B-
ATPase and zinc/iron permease (ZIP) family transporter
proteins in Cd transport across the plasmalemma into the
shoots by utilising energy obtained from ATP hydrolysis to
transport Cd against the concentration gradient (Hanikenne
et al. 2008; Wong and Cobbett 2009). In phloem, certain
Cd-binding agents such as glutathione and phytochelatins
are predominantly present. After prolonged Cd exposure,
the concentration of amino acid cysteine increased in the

—> Plasma Membrane

F Cell Wall

Cd?* sequestration in
vacuole to prevent
phytotoxicity in cell

Normal protein

N

Cd2+ breakdown
Cd* interaction . .
(D) (@ form Mitochondria
Cd - Protein complex
Stz (B)
Anaphase  Mitotic
DN}%}"{R bridges  anomalies ROS induced Cd2+ Retards and Interferes PSI, PSII,
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Genotoxicity D“"‘fge" interferes nitrogen metabolism
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Fig.3 An overview of the toxic effect of cadmium on different cell
organelles of plant cell. Cd**, bivalent cadmium ion; ROS, reactive
oxygen species; OH., hydroxyl radical; DNA, deoxyribonucleic acid;
PS 1, photosystem I; PS II, photosystem II; ETRs, electron transport
rates; RuBisCO, ribulose-1,5-bisphosphate carboxylase oxygenase:

(A) cadmium entry inside the cytosol of the plant cell; (B) cadmium
toxicity affects photosynthetic machinery of the plant cell; (C) toxic
Cd ions damages cytosolic proteins; (D) toxic Cd ions affect the
genetic material by generating reactive oxygen species, induce
changes in the gene expression and cause genotoxicity
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phloem and influenced long-distance Cd transport in the
plants (Jozefczak et al. 2012).

Cd adversely disrupts the plant metabolic functions by
affecting photosynthesis, respiration, opening and closing of
stomata, hinders nutrient and water uptake and cell division
and impedes nitrogen metabolism and protein expression
(Gallego et al. 2012; He et al. 2015). Cd excess inhibits the
plant growth and production by posing toxic effects on the
enzymes involved in Calvin cycle and carbohydrate metabo-
lism (Shi et al. 2010; Javed et al. 2017). Elevated Cd level
impedes plant growth, promotes chlorosis by restricting
chlorophyll biosynthesis and alters uptake of vital micro-
nutrients (Sidhu et al. 2017). In leaves, Cd alters the photo-
synthetic machinery by interfering with enzymes of Calvin
cycle, retarding photosystem I (PS I) and photosystem II
(PS II) activity or by causing dissociation of ribulose-1,
5-bisphosphate carboxylase oxygenase enzyme (RuBisCO)
(Zoghlami et al. 2011) (Fig. 3). Inside the plant cell, Cd
accumulation hinders the activities of various mitochondrial
enzymes such as isocitrate dehydrogenase, succinate dehy-
drogenase and malate dehydrogenase (Bansal et al. 2002)
(Fig. 3). Cd distress in plants stimulates the formation of
reactive oxygen species (ROS) that causes protein oxidation
by rupturing peptide bonds, induces damage to lipid and
nucleic acids and alters carbohydrate metabolism (Sobrino-
Plata et al. 2014) (Fig. 3). Additionally, excess Cd imparts
oxidative stress, alters the gene expression and cell cycle
and instigates apoptosis in plants (Kapoor et al. 2014; Sidhu
et al. 2017).

Mechanism of root exudation and effect
of Cd stress on exudation

Plants exude secondary metabolites in the rhizosphere
through both active and passive transport pathways. How-
ever, the chemical properties of the exuded compounds
influence their secretion at plant—soil interface (Vives-Peris
et al. 2019). Baetz and Martinoia (2014) opined that passive
transport system imparts a critical role in root exudation
through varied pathways: (1) transport through vesicles, (2)
diffusion from the root membrane and (3) formation of ionic
gradient. Root exudates like carbohydrates and carboxylates
(malate, citrate, oxalate) are exuded by ionic channels and
are transported across the membrane through various trans-
porter proteins. Two anionic channels like slow anionic
channels (SLACs), S-type (take time to be activated), and
quick anionic channels (QUAC), R-type (activated in few
milliseconds), are involved in exudate transport across the
membrane (Dreyer et al. 2012). In association with these
anionic channels, aluminium-activated malate transporters
(ALMT) are involved in various plant physiological activi-
ties such as malate secretion in soil under Al stress. Sharma

@ Springer

et al. (2016) studied the activation of anionic channels under
Al stress and concluded the research by revealing the role of
these channels in inducing plant tolerance towards Al stress.
Likewise, maximised autotransporter-mediated expression
(MATE) family of transporter proteins induces citrate secre-
tion in soil under metal stress (Liu et al. 2009). Recently,
Maruyama et al. (2019) opined that phosphorus deficiency
in soil caused the activation of aluminium-activated malate
transporter protein responsible to induce malate secretion
in soil. The secretion of low molecular weight molecules
such as carboxylic acids, sugars, amino acids and phenolics
by the roots in the rhizosphere is mediated by diffusion. A
concentration gradient is formed between the cytoplasm of
the root cells and the rhizosphere that enable the release of
exudates in the rhizosphere down the concentration gradient.
However, polarity of the compounds, root membrane perme-
ability and membrane integrity of the root cells effect the
root exudation in the rhizosphere (Badri and Vivanco 2009).

Proteins present on root plasma membrane are involved
in the transport of exuded secondary metabolites from roots
through passive transport mechanism (Baetz and Marti-
noia 2014). ATP-binding cassette transporters and maxim-
ised autotransporter-mediated expression are the two family
transporter proteins involved in root secretions and transport
(Kang et al. 2011). The primary transporter protein fam-
ily includes ATP-binding cassette transporters as they use
the energy from ATP hydrolysis to translocate variety of
solutes (Orelle et al. 2018). The researchers have appraised
the importance and the potential role of ATP-binding cas-
sette transporters in root exudation. Five knockout mutants
Atmrp2, Atpgp4-1, Atpdr2, Atath6 and Atpdr6 obtained from
ATP-binding cassette transporters display their role as trans-
porter protein that promotes root exudation in Arabidopsis
thaliana plants, though a composition difference prevails
between the mutants and those obtained from control plants
(Badri et al. 2008). Rhizospheric microbiota of Atabcg30
mutant showed variations in the secretion of phenolics and
sugars in the rhizosphere. Atabcg30 mutant exudes less con-
centration of sugars and more concentration of phenolics in
the rhizosphere compared to the wild mutants (Badri et al.
2008).

Maximised autotransporter-mediated expression fam-
ily transporter proteins were first identified in Arabidopsis
thaliana plants which act as secondary active transport-
ers and allow the movement of various compounds across
the plasma membrane by forming an electrochemical
gradient (Weston et al. 2012). The participation of max-
imised autotransporter-mediated expression transporter
proteins in secretion of secondary metabolites has been
observed in various genotypes having genes in barley
(HvAACTI), Arabidopsis (AtMATE]) (Yokosho et al. 2011;
Zhou et al. 2013) that modulate citrate secretion in rhizos-
phere under Al stress. Additionally, genotypes of rice such
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as OsPEZI and OsPEZ?2 influence the secretion and trans-
port of phenolics as secondary metabolites in rhizosphere
(Takanashi et al. 2014).

Presence of Cd ions in the growth medium increased the
exudation of secondary metabolites in the rhizosphere of
hyperaccumulator plant species. In a study conducted by
Luo et al. (2014), Cd stress influences the secretion of root
exudates in a hyperaccumulator plant Sedum alfredii. Fur-
thermore, sample analysis by GC-MS revealed the release
of 20 compounds by Sedum alfredii in the rhizosphere on
exposure to Cd stress. Certain secondary metabolites such
as trehalose, erythritol, naphthalene and n-octacosane were
found to be involved in Cd stabilisation in the soil, while
phosphoric acid, threonic acid, oxalic acid and glycine were
probably found to be related to Cd mobilisation (Luo et al.
2014). Likewise, a study conducted by Pinto et al. (2008)
postulated the high secretion of malate from roots of sor-
ghum and citrate from roots of maize plants when the plants
were supplemented with 5.0 mg Cd 17! grown in hydroponic
solution. The role of organic acids exuded from plant roots in
decreasing Cd bioavailability by inducing Cd—organic acid
complexation in the medium was observed which enhanced
the stabilisation of free Cd ions in the rhizosphere (Pinto
et al. 2008). In a recent study, Lapie et al. (2019) noticed
the exudation of proteins, sugars, amino acids and about
40 molecules by maize plants in the rhizosphere when the
plants were exposed for 6 weeks under 10, 20 and 40 uM
Cd in nutrient solution. Furthermore, it was revealed that
increased Cd levels reduced the content of total carbon,
amino acids and sugars in the rhizodeposits of maize plants,
while protein secretion was constant and the exudation of
organic acids was increased. Lapie et al. (2019) concluded
the active participation of exuded secondary metabolites to
combat Cd toxicity and induce Cd tolerance in maize plants.

Role of different root exudates to combat Cd
toxicity in plants

The modifications and promotion of root exudation can
assist the plants to cope with the adverse abiotic stress fac-
tors by altering soil pH, chelation of toxic metal ions and
assimilation of micronutrients by solubilising them. The
exudation of different phytochemicals by plants as amend-
ment in rhizosphere effects Cd mobilisation and reduces
the leaching risk of its toxic concentrations. Furthermore,
exuded phytochemicals allow the colonisation of beneficial
microbiota and favours enhanced plant biomass by increas-
ing the soil organic matter. Enhanced biomass yield is
the critical condition for the plant species to be employed
in phytoremediation-based studies. The profitable role
of root exudates in Cd tolerance and its acquisition has
been exploited for phytoremediation and soil reclamation

purposes. In recent studies, the secretion of organic acids
and amino acids in maize cultivar (cv. 3062) and rice culti-
var (Lu 527-8) improved the nutrient uptake, plant growth
and antioxidant activities and enabled the Cd-tolerant culti-
vars to acclimatise in Cd-contaminated environment (Javed
et al. 2017; Fu et al. 2018). Furthermore, in an intercropping
agricultural system, cultivation of agricultural crops along
with Cd hyperaccumulators increases the nutrient uptake in
crop plants and better farmland yield and can result in better
agricultural products.

Phytosiderophores

Phytosiderophores are low molecular weight iron-selective
chelants secreted as root exudates by the plants into the
rhizosphere (Fig. 4). They are known as carriers of Fe>*
under conditions where mobilisation of Fe is poor. Moreo-
ver, phytosiderophores also exhibit high affinity for metals
such as Cu, Zn, Cd and Ni (Sharma et al. 2018), solubi-
lise them readily in soil, enable the plants to extract metals
and ameliorate remediation potential of the plants (Sharma
et al. 2018). Although their potential to solubilise metals
depends upon the biogeochemical soil properties, micro-
bial enrichment in rhizosphere and the quantity of phyto-
siderophores secreted in the soil. Phytosiderophores act
as chelants having strong binding constant to form com-
plex formation with certain metals such as Cd, enabling its
mobilisation within the root tissues (Shenker et al. 2001)
(Fig. 4). The potential to acclimatise Cd from soil and its
mobilisation mark phytosiderophores as effective mediators
to accomplish Cd phytoextraction from the contaminated
soils. However, only few study reports have demonstrated
the effect of phytosiderophores as metabolites in conferring
Cd tolerance and its phytoextraction from Cd-contaminated
soils. One of the few experiments conducted by Awad and
Romheld (2000) and Romheld and Awad (2000) revealed
that phytosiderophore exudation elevated Cd uptake in Fe-
deficient wheat plants grown in calcareous soils contain-
ing Cd. Their studies concluded the possible implication
of phytosiderophores that can be employed as chelants in
chelant-mediated phytoextraction. On the contrary, there are
certain findings that rejected phytosiderophores role in Cd
influx into the root cells. In a series of experiments, Kudo
et al. (2007) investigated the role of phytosiderophores in
chelant assisted phytoextraction of Cd in hydroponically
grown barley plants. Negative results were obtained for Cd
uptake by barley plants when the plants were grown under
Fe-sufficient (10, 100 umol 17!} conditions for a period of
7 days. However, in Fe-deficient conditions (0 pmol 1‘1), a
drastic increment in Cd uptake was observed. The authors
further suggested the involvement of phytosiderophores in
mobilising insoluble Cd in the rhizosphere but unable to
convey phytosiderophores—Cd complex entry into the root
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Fig.4 Root exudates secreted in the rhizosphere influence Cd toler-
ance in plants. (A) Secretion of root exudates such as low-molecu-
lar-weight organic acids, phytosiderophores, phenols, amino acids,
proteins, mucilage in the rhizosphere; (B) plant growth-promoting
bacteria regulate siderophore secretion in the rhizosphere; (C) for-

cells. On the parallel, Puschenreiter et al. (2017) made a
relative study by conducting a RHIZO test and batch extrac-
tion for analysing phytosiderophores exudation, heavy metal
mobilisation and their accumulation in wheat plants. It was
noticed that Fe-deficient wheat plants exhibited more phyto-
siderophore exudation in soils inducing peaked Zn, Cu and
Ni concentrations in wheat shoots, while the Cd and Pb con-
centrations remained uneffected. Moreover, under limited Fe
supply Meda et al. (2007) examined the interaction between
Cd and phytosiderophore-imparted Fe uptake in hydroponi-
cally grown Zea mays plants. Cd exposure under Fe-deficient
conditions increased the expression of Fe—phytosiderophore
transporter gene ZmYS! in roots. Additionally, Fe deficiency
under Cd stress induced the secretion of 2'-deoxymugineic
acid (DMA), a phytosiderophore from the roots of maize
plants. 2'-Deoxymugineic acid constitutes a weak complex
formation with Cd and enables relatively low Cd mobi-
lisation in the medium compared to other metals such as
Zn, Cu and Fe (Meda et al. 2007). The results conveyed
that hindrance of ZmYSI-imparted Fe-2"-deoxymugineic
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mation of Cd—chelant stable complex can immobilise Cd ions in the
rhizosphere or can enhance the transport and accumulation of rela-
tively less toxic Cd ions in the plant tissues; (D) secreted exudates
induce Cd tolerance in plants. LMWOAs low-molecular-weight
organic acids

acid translocation by Cd is not correlated with Cd-2"-
deoxymugineic acid complex formation and Cd-induced
phytosiderophore secretion did not exhibit any protective
role in maize plants against Cd stress.

Conversely, in the literature it seemed that Cd excess in
the growth medium has induced pessimistic effects on the
secretion of phytosiderophores from roots of plants. For
instance, Kudo et al. (2013) compared the effect of Cu on
phytosiderophores release in barley plants with or without
the supplementation of Cd. Under Cu toxicity, the release of
phytosiderophores was enhanced in roots of barley plants.
They opined that Cu toxicity in barley is a signal that trig-
gers the phytosiderophore secretion by plant roots, but their
release imparted by Cu stress is dramatically reduced under
Cd toxicity. They proposed that inhibition of phytosidero-
phores secretion is one of the detrimental effects of Cd toxic-
ity in the plants.

The nutritional status in some crop plants is directly
related to phytosiderophore which induced enhanced
endosperm loading of some vital microelements and by
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lemmatising Cd accumulation in the endosperm. The poten-
tial of phytosiderophores such as nicotianamine (NA) and
2’-deoxymugenic acid to restrict Cd accumulation in rice
endosperm was probed by Banakar et al. (2017), delineating
an increment in twofold Zn concentration and fourfold Fe
concentration in the rice endosperm compared to the wild
ecotypes. Concomitantly, in the presence of phytosidero-
phores, the transgenic rice plants employed in this study
accumulated 1.5- to 2.0-fold lower Cd levels in the seeds
and endosperm, respectively. However, the mechanism by
which plants in the presence of phytosiderophores and other
micronutrients impede Cd transport and accumulation is not
clearly understood. Though, studies conducted by Uraguchi
and Fujiwara (2012) and Hazama et al. (2015) revealed that
endosperm is the potential area for Cd acclimatisation in
crop plants. In the presence of phytosiderophores, Fe and
Zn exert competitive environment with Cd in the growth
medium that showed a tolerance strategy adopted by trans-
genic rice plants to hinder Cd transport and its acclimatisa-
tion in seed endosperm (Banakar et al. 2017).

Some studies have evidenced the positive correlation
between the activation of genes involved in biosynthesis of
phytosiderophores with increased Cd levels in the growth
medium. Astolfi et al. (2014) studied the relationship
between transporter genes involved in phytosiderophores
secretion and Cd excess in barley plants. They noticed that
the transporter genes (HvDMASI, HYNAAT-A, HvNAS4,
HvNAS6, HvNAS7, HvTOM1 and HvNAS3) induced the
biosynthesis and secretion of phytosiderophores and their
activity was triggered under Cd excess in Fe-sufficient
condition (Astolfi et al. 2014). The up-regulated expres-
sion of these genes in roots under Cd excess was followed
by an enhanced phytosiderophores secretion. Moreover,
the authors proposed that Cd exposure induced the over-
expression of HvIRO2 and down-regulation of HvIDEFI
and HvIRTI genes that mediate HvIRO2-induced biosyn-
thesis of phytosiderophores under Cd-stressed conditions
which may not be due to Fe deficit (Astolfi et al. 2014).
Adding to it, the down-regulation of transporter genes such
as HvIRTI and HvNramp5 depicted the defensive strategy
opted at transcription level against Cd translocation in barley
seedlings (Astolfi et al. 2014). Furthermore, the up-regulated
transporter genes mediate phytosiderophore secretion and
influence enhanced Fe uptake under Cd stress.

Various authors in their research have appraised the bac-
terial-strain induced siderophore production in rhizosphere
of Cd-contaminated soils that enabled the plant to cope Cd
toxicity. In Cd-contaminated soils, the bacterial strains iso-
lated from the plant roots and rhizospheric area are effec-
tive in releasing siderophores and relieving Cd stress in
Cd-tolerant plants. The plant-related siderophore-generat-
ing bacteria mounted the micronutrient availability to the
plants, which increases Cd mobility, its transport, tolerance

and phytoextraction potential (Sinha and Mukherjee 2008).
The authors studied the effect of siderophore-producing
bacterial strain of Pseudomonas aeruginosa in relieving Cd
stress of mustard and pumpkin plants. Siderophore produced
by bacterial strain in the rhizosphere reduced Cd uptake in
roots of mustard and pumpkin plants by ~52% and 59%,
respectively, but in shoots by ~37% and 47%, respectively.
The reduced Cd uptake in both the plants is ascribed to the
bacterial Cd accumulation and its immobilisation inducing
low Cd availability in the soil (Sinha and Mukherjee 2008).
On the contrary, rhizospheric secretions of bacterial sidero-
phores increase the phytoextraction potential of Cd-tolerant
plants grown under Cd-contaminated soils. Dimkpa et al.
(2009) demonstrated that secretion of siderophores such as
hydroxamate by Streptomyces tendae F4 in the rhizosphere
tremendously enhanced the growth of Helianthus annuus
and significantly mounted Cd and Fe uptake in plants grown
under high-Cd regimes. Furthermore, the authors recom-
mended the employment of siderophores in bio-chelator-
assisted phytoremediation of Cd-contaminated soils. The
secretion of siderophores in the rhizosphere by bacterial
strains increased the plant biomass as well as Cd accumula-
tion in tissue parts of Helianthus annuus grown under high-
Cd regimes (Dimkpa et al. 2009).

Organic acids

The generation, accumulation and balance of organic acids
in rhizosphere are governed by secretions from plant roots,
microbial mineralisation of organic compounds and sorp-
tion—desorption processes (Jones 1998) (Fig. 4). Organic
acids, especially low-molecular-weight organic acids, dis-
play a critical part in various biochemical pathways, such as
energy production, trigger progenitor for amino acids bio-
synthesis and regulate adaptations against various abiotic
stresses (Kaur et al. 2018). According to Hinsinger et al.
(2005), photosynthates exuded by roots in the rhizosphere
contain certain link of ligands capable of forming chelation
with heavy metals present in soil and water ecosystems. In
rhizosphere, organic acids secreted by plant roots actively
participate in Cd uptake, prompt its dissolution from insolu-
ble mineral phases in the soil, increase its solubility and
mobility in the vicinity of roots and thereby enhance its phy-
toavailability to the plants (Kaur et al. 2017, 2018) (Fig. 4).
The enhanced secretion of organic acids under Cd stress
corroborates Cd-modulated induction of metabolic pathways
and determines their role in immobilisation and detoxifica-
tion of Cd in plants (Chen et al. 2003). Furthermore, for Cd-
related detoxification mechanisms, organic acids released
at root—soil interface exhibit two-way defensive tolerance
strategies for plants. Cardinal strategy involves organic acids
inducing efficacious Cd precipitation by chelation in the
rhizosphere and secondly by facilitating Cd quenching in
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the vacuole (Ryan et al. 2001; Dresler et al. 2014). Specific
low-molecular-weight organic acids can quench and form
a complex with Cd and hinder Cd-induced toxicity in the
plants (Adeleke et al. 2017; Kaur et al. 2017).

Organic acids play a key role in reducing Cd availabil-
ity to the plants by forming chelation and prevent its entry
in free form into the roots (Meach and Martin 1991). To
combat Cd-induced stress in plants, some Cd-resistant plant
cultivars adopt exclusion mechanisms in the rhizosphere to
restrict Cd entry inside the roots. Exuded organic acids keep
the toxic metals such as Cd excluded from being entered the
plant tissues through roots. Pinto et al. (2008) evaluated the
Cd speciation with HYPERQUAD speciation programme
and reported that under Cd stress, malate or citrate exuded
from roots of maize and sorghum effectively decline the
free Cd ion concentration in the solution, hence contribut-
ing towards Cd-resistant mechanisms in maize and sorghum
plants. For instance, Zhu et al. (2011) found that oxalate
secreted from root apex by a cultivar (Micro-Tom) of Lyco-
persicon esulentum helps to exclude Cd from being entered
inside the roots and contribute towards Cd resistance in Cd-
resistant tomato cultivar. However, the exclusion of Cd by
plant roots with the assistance of organic acids has not been
well documented in the literature.

When the exclusion mechanism is broken down, organic
acids are capable of chelating with free metal ions in cyto-
plasm, restricting their noxious effects on metabolic activi-
ties of the cell and promoting their diffusion in chelated form
to the vacuoles (Chen et al. 2003). Organic acids induced
Cd complexation, and compartmentalisation in the vacuole
is the intracellular mechanism adopted by plants to cope Cd
detoxification (Chaffai et al. 2006). In some cases, it has
been documented that increased Cd concentration in plant
tissues induces a parallel mount in the secretion of organic
acids in their tissues. This can be attributed to the strong
defence strategy acquired by the plants to subsist Cd toxic-
ity. Pot experiments with Helianthus annuus under Cd stress
conducted by Saber et al. (1999) revealed an increase in the
generation of malic and citric acids in the roots and shoots,
hence enabling the plants to tolerate and detoxicate Cd dis-
tress. Likewise, Irtelli and Navari-Izzo (2006) demonstrated
that citric acid and NTA addition (20 mmol kg‘l) to Cd
amended soils (150 mg kg™!) instigated the production of
oxalic, malic and malonic acids in shoots of Brassica juncea
plants. Furthermore, the researchers positively correlated
the increased production of OAs with peaked Cd levels in
shoots. Likewise, in another member of Brassicacae family,
the root hair of Cd hyperaccumulator Thlaspi caerulescens,
contains high levels of citric and malonic acid as demon-
strated by Boominathan and Doran (2003), who reported
high Cd localisation in cell walls and ensured the plant tol-
erance to withstand stress under 178 uM Cd treatment. In
addition, Sun et al. (2006) reported that leaves of Solanum
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nigrum can accumulate 167.8 pg Cd g=! dry weight, when
the soil was amended with 100 pg Cd g~! dry weight soil.
Malic acid forms chelation with Cd and transports it as car-
rier into the leaf vacuoles of Solanum nigrum where it is
stored as a stable compound. Furthermore, a positive cor-
relation between total Cd accumulated with water-soluble
organic acids such as acetic and citric acid concentrations
in leaves indicates their role related to Cd tolerance and
hyperaccumulation in Solanum nigrum plants. Similarly,
studies conducted by Sun et al. (2013) demonstrated the
Cd concentration at 25 ug g~! dry weight induced a sig-
nificant increase in Cd accumulation of up to 158.2 pg g~
dry weight in leaves of Rorippa globosa plants. The authors
opined that elevated Cd regimes in growth medium signifi-
cantly enhance the concentrations of water-soluble tartaric
acid and malic acids along with non-protein thiols in leaves
and showed a correlation between the tolerance and hyperac-
cumulation potential of Rorippa globosa towards Cd excess.
In hydroponic experiments, Fernandezf et al. (2014) studied
the interaction between organic acids exuded from roots and
Cd using Dittrichia viscosa and elucidated the retention of
Cd in the cell wall of root cells along with secretion of citric
acid and non-protein thiols as the tolerance strategy adopted
by plants in response to Cd toxicity.

Based upon the tolerance strategies exhibited by plants
to combat metal toxicity, some studies have investigated
the concentration of organic acids accumulated in plant tis-
sues also depends upon the type of metal. For instance, the
level of Cu and Cd in the mature and old leaf section of
maize increased when the maize seedlings grown in nutrient
medium treated with Cd and Cu (50, 100 uM) (Dresler et al.
2014). Interestingly, the authors found that Cu (100 uM)
increased the concentration of succinate and tartrate in
mature leaf sections, while Cd (100 uM) enhanced the citrate
content. Additionally, excess Cd induced high concentration
of tartrate and malate in roots, while Cu (100 uM) peaked
the citrate level.

Organic acid—Cd complexes in rhizosphere are relatively
less noxious and are more soluble in the soil than free Cd
ions. Cd detoxification by the exuded organic acids from
plants has been meticulously studied by Adeniji et al. (2010)
who pointed exudation of high concentration of fumaric,
malic, oxalic and succinic acid in roots of low Cd-accumu-
lating isoline of Triticum turgidum (W9260-BC). A direct
linkage between differential Cd acclimatisation in tissues of
Triticum turgidum with Cd partitioning and confinement in
roots of low Cd-accumulating isolines was observed. The
enhanced Cd confinement in roots of low Cd-accumulating
isolines is related to the formation of strong low-molecular-
weight organic acid—Cd complexes (Adeniji et al. 2010).
Furthermore, Cd chelation with OAs prevents its translo-
cation to aerial parts of low Cd-accumulating isolines of
Triticum turgidum (Adeniji et al. 2010). In some previous
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experiments, peaked Cd regimes were positively correlated
with high efflux of organic acids by the roots of Setaria
italica (Chiang et al. 2011) and Cd-tolerant cultivars of hot
pepper (Xin et al. 2015), which strongly pointed the detox-
ification of Cd through organic acid complexation of Cd
ions. Under different treatments of Cd, Ni and Cu, marsh
plant Phragmites australis was capable of exuding oxalic,
citric and malic acid, while Halimione portulacoides exuded
oxalic and malic acids from the roots (Rocha et al. 2016).
Cd and Ni accumulation and translocation in a halophyte
Sesuvium portulacastrum were directly correlated with the
significant liberation of citric acid in xylem sap which by
forming metal chelation contributes to metal tolerance in the
plant species (Mnasri et al. 2015). The formation of organic
acid—Cd complexes in the rhizosphere effectively enables
the plants to tolerate and combat Cd toxicity.

Studies have also demonstrated the role of organic acids
in promoting hyperaccumulation potential of plants towards
Cd. In the literature, studies have assessed the interactions
between the organic acids secreted as secondary metabolites
in the rhizosphere and hyperaccumulator plants (Table 3).
Wang et al. (2015) revealed the enhanced secretion of cit-
rate and oxalate with the increased Cd regimes from the
roots of Beijingxin3 cultivar of Chinese cabbage. The high
acclimatisation of organic acids, especially oxalate, induces
an effective internal tolerance mechanism in Beijingxin3
cultivar. In a similar study, the roots of Cd-tolerant ecotype
of Sedum alfredii exuded about twofold increase in oxalate
compared to Cd non-tolerant ecotype (Tao et al. 2016). Javed
et al. (2017) illustrated that Cd-tolerant maize cultivar (cv.
3062) exhibited a dramatic increase in the exudation of cit-
ric acid, glutamic acid, acetic acid, succinic acid and oxalic
acid along with the increased Cd concentration in the plant
roots. Furthermore, exuded organic acids as phytochemicals
assist in improving the nutrient uptake and up-regulating
antioxidant enzyme response (SOD and POD), hence ena-
bling Cd-tolerant maize cultivar (cv. 3062) to withstand and
acclimatise in Cd-contaminated soil.

Phenolics

Phenolics are ubiquitous and an important class of second-
ary metabolites that are required for lignin and pigment syn-
thesis in plants (Elguera et al. 2013). Phenolics are a group
of aromatic compounds categorised on the basis of benzene
rings and hydroxyl groups (Bhattacharya et al. 2010). Phe-
nolics are involved in plant defence mechanism, impart
structural integrity and support plants (Bhattacharya et al.
2010). Phenolics stimulate antioxidant and antitumor prop-
erties in plants that elevate their nutritional quality (Elguera
et al. 2013). They are prospective ligands for metal ions with
more affinity for hydroxyl groups (Llugany et al. 2013). Phe-
nolics have high tendency to chelate metals under heavy

metal stress and due to their strong antioxidant activity, and
phenolics are reported to be involved in conferring metal
tolerance in plants (Singh et al. 2016). The hydroxyl and
carbonyl groups present in phenolics bind the metal ions and
protect the plants from metal toxicity. Increased production
of phenolics in response to metal stress might be correlated
with increased synthesis of enzymes involved in phenolic
biosynthesis (Singh et al. 2016).

Phenolics in soil are broken down by microorganisms into
elements that cause mineralisation of soil. Exudation of phe-
nolics by plants serves as a protective mechanism against
metal distress by hindering the toxic effects of the metal
at cellular levels such as membrane disruption and oxida-
tive damage which ultimately affect the electron transport
or even cause cell death (Okem et al. 2015). The exudation
and accumulation of phenolics in plant tissues are effica-
cious responses to the stress induced by heavy metals, either
by combating oxidative distress or by forming chelation
with heavy metals. The antioxidative response of phenolics
depends upon chemical structure, position and number of
functional groups that consequently portray their electron
donating activity and radical stability (Cheng et al. 2002).
Exudation of phenolics is an important mechanism in Cd
acquisition (Kovacik and Backor 2007). The experiments
conducted by Guo et al. (2016) revealed the strong evidence
associated with phenolic production that is directly related to
enhanced Cd mobilisation, uptake, tolerance and transloca-
tion in plants.

In the previous years, studies have reported the role of
phenolics to combat oxidative damage with the specific aim
to promote plant tolerance and detoxification against Cd tox-
icity (Table 4). Manquian-Cerda et al. (2016) investigated
the effect of Cd (50 and 100 uM) on phenolics exudation,
oxidative status and antioxidative response in Vaccinium
corymbosum plantlets. With the increased Cd levels in nutri-
ent medium, positive results were obtained for the exudation
of phenolics, especially chlorogenic acid, in the roots and
leaves of Vaccinium corymbosum, enabling the plantlets to
cope oxidative distress caused by Cd excess by triggering
strong antioxidative response (Manquidn-Cerda et al. 2016).
In this context, the authors correlate the increased phenolic
exudation and accumulation with the activation of phenyla-
lanine ammonia lyase (PAL) enzyme, the major biosynthetic
pathway of phenolics. Similarly, Manquian-Cerda et al.
(2018) conducted the experiments to elucidate the interac-
tive effects of Al and Cd (100 uM Al; 100 uM Al+50 uM
Cd and 100 pM Al+ 100 uM Cd) upon the exudation of phe-
nolics and their tolerance response to combat metal-induced
oxidative distress in Vaccinium corymbosum plantlets during
7, 14, 21 and 30 days. The exudation of three phenolic com-
pounds (chlorogenic, ellagic and gallic acid) in Vaccinium
corymbosum plantlets exposed to combined supplementation
of Al and Cd enhanced over the time and were 2-3 times
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higher in comparison with Al-alone treatment (Manquidn-
Cerda et al. 2018). Additionally, the study explicated the
exudation of phenolics in plantlets was assessed by the pres-
ence of Cd not by Al, and the antioxidant response as a
defence strategy in Vaccinium corymbosum plantlets was
consequently determined by the concentration of phenolics,
type of metal and the exposure time (Manquidn-Cerda et al.
2018). Earlier, Okem et al. (2015) assessed the effects of Al
and Cd alone/combined on the accumulation of secondary
metabolites (phenolics, flavonoids) and their effect on anti-
oxidant machinery of Hypoxis hemerocallidea. The findings
of the work illustrated an increase in the concentration of
phenolics at moderate Cd treatment (5 mg 17}), elucidating
the tolerance strategy of Hypoxis hemerocallidea against
Cd stress. Conversely, high-Cd exposure (10 mg 17!) exhib-
ited toxic effects on the plants by reducing the synthesis
of phenolics and also hampered the tolerance mechanisms.
Therefore, the exudation of phenolics in plants could induce
effective tolerance mechanisms in plants to counteract
enhanced Cd concentrations (Okem et al. 2015). Likewise,
a comparative study related to the effect of Cd and Cu on
the accumulation of phenolics in Marticaria chamomilla
plants exposed to 60 and 120 uM for 7 days was studied by
Kovacik et al. (2009). The findings revealed a positive cor-
relation of increased Cd concentration in plant tissues with
enhanced accumulation of cinnamate derivatives as well as
a strong antioxidative response against Cd stress (Kovacik
et al. 2009).

Along with tolerance, concentration of phenolic com-
pounds inside the plant tissues also increases the phytore-
mediation potential of plants for Cd-contaminated soils. The
formation of relatively less toxic and highly mobile pheno-
lics—Cd complex is extracted by the plant roots and can be
translocated to the aerial parts with quite ease in the hyper-
accumulators. Ali and Hadi (2015) conducted pot experi-
ments to assess the effects of gibberellic acid and EDTA
on phytoextraction potential of Parthenium hysterophorus
grown under 100 mg kg~! Cd dose in soil. Gibberellic acid-
treated plants showed high concentration of endogenous
phenolic compounds which has been reported to improve
the phytoextraction potential of Parthenium hysterophorus
for Cd-contaminated soils which was attributed to the strong
antioxidant activity of phenolics under Cd-stressed condi-
tions (Ali and Hadi 2015). Similarly, Ahmad et al. (2015)
conducted the experiments to assess the comparative effect
of NPK fertilizers, plant growth regulators and sodium chlo-
ride on Cd phytoaccumulation in Cannabis sativa plants
grown under 100 mg kg~! Cd-contaminated soil. The study
demonstrated a positive correlation with the increased con-
centration of total phenolics and phytoaccumulation of Cd
in tissue parts of Cannabis sativa plants grown under the
combined treatment of NPK fertilizers and Cd. The accu-
mulation of phenolics in plant tissues induces effective

antioxidative response that enables the plants to cope and
withstand stress caused by Cd excess. Eatlier, Uraguchi et al.
(2006) reported high concentration of phenolics in leaves of
Crotalaria juncea that imparted high-Cd accumulation and
tolerance potential to the plant.

Silicon (Si) has also been reported to regulate phenolic
exudation from roots of the plants grown under Cd stress.
In this context, Guo et al. (2016) appraised the potential
of Si to elevate phenolic exudation in two cypress varie-
ties and to avoid Cd toxicity in them. Using rhizobag tech-
nique, pot experiments for 220 days using Juniperus chin-
ensis and Platycladus orientalis under 100 mg kg~! Cd and
40 mg kg~! Si treatments evidenced a considerable increase
in phenolics secretions from the roots of two cypress varie-
ties in the rhizosphere. The most important phenolic com-
pound exuded was cinnamic acid, a crucial indicator of
lignin degradation (He et al. 2011) that might be derived
during root rejuvenation from the highly lignified epidermal
tissues in Cd-treated woody roots. In another similar work,
Huang et al. (2016) conducted a pot experiments on Thujo-
psis dolabrata for 210 days to study the interaction between
Si and root exuded phenolics on Cd bioavailability, tolerance
and detoxification. The authors observed that combination
of Cd (100 mg kg™!) and Si (40 mg kg~!) treatments showed
a positive correlation with increased phenolics exudation
from the roots in the rhizosphere. The results showed that
Si-induced efflux of phenolics from roots is species specific.
Moreover, in this study, the stability constant for the for-
mation of Cd complex with phenolic compounds was very
high compared to the low-molecular-weight organic acids
and enhanced Cd mobility and consequently its uptake and
tolerance in Thujopsis dolabrata plants (Huang et al. 2016).
The limited literature in this field has revealed the effective
participation of exuded phenolic compounds in alleviating
Cd distress in plants grown under Cd excess.

Amino acids

Amino acids are organic compounds that provide structural
stability to large macromolecules and maintain vital func-
tions in plants. They are reported as potential ligands for
binding of metal ions in plants (Pohlmeier 2004). Upon
metal exposure, plants synthesise a number of metabolites,
especially amino acids such as proline and histidine, pep-
tides such as glutathione and phytochelatins (Sharma and
Dietz 2006). Many researchers in their studies have reported
exudation of amino acids in response to Cd stress as a tol-
erance strategy adapted by plants to detoxicate Cd stress
(Table 5). Xie et al. (2013) compiled a wide list of amino
acids (15) exuded by Kandelia obovata roots under varied
Cd treatments (2.5, 5, 10, 20 and 40 mg 1_1) which includes
methionine, tyrosine, cysteine, isoleucine and arginine as
dominants, constituting ~ 85% of the total amount after both
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Table 5 Exudation of amino acids in response to Cd stress in plants

Amino acids

Amino acids alleviate
Cd toxicity

References

S.no. Plant Cd concen- Duration of Cd applied/
tration in medium
medium
1. Kandelia obovata 2.5-40 mg 1! 7 days after treatment,
sandy medium
2. Lactuca sativa 0.01-10 pM 9 days after treatment,
hydroponics
3. Lupinus albus 0.01-10 pM 9 days after treatment,
hydroponics
4. Oryza sativa 2-5mgl™t L , hydroponics
5. Pinus sylvestris 1 and 10 pM 1 week after exposure,
hydroponics
6. Sedum alfredii Oand 40 pM 4 and 8 days
7. Sedum alfredii 5,10 umol 17! 4 and 8 days, hydro-

ponics

Tyrosine, methionine,
cysteine, isoleucine
and arginine

Asparagine, lysine and
proline

Asparagine, hydroxyly-
sine and lysine

Glutamic acid, glycine,
methionine, tyrosine
and histidine

Asparagine, lysine,
glutamine, arginine,
threonine and proline

L-valine, L-alanine,
L-serine and L-glycine

L-valine, L-alanine,
L-serine, L-glycine

Resistance from Cd
toxicity, promoted
Cd detoxification in
plants

Influenced plant
survival

Induced plant survival
in Cd-contaminated
medium

Increased Cd uptake,
tolerance and accu-
mulation in Cd-accu-
mulating rice line

Complexation with
metal ions enabled
plant to cope Cd
toxicity

Increased Cd tolerance
and accumulation

Enhanced Cd uptake
and accumulation

Xie et al. (2013)

Costa et al. (1997)

Costa et al. (1997)

Fu et al. (2018)

Johansson et al. (2008)

Qing et al. (2015)

Luo et al. (2015)

24 h and 7 days time, respectively, while threonine, serine
and glutamic acid were exuded only after treatment with 10,
20 and 40 mg 17! Cd, respectively, for 24 h. The other alka-
line amino acids (lysine, arginine and histidine) and neutral
amino acids such as alanine, valine, leucine, isoleucine and
methionine accounted ~24% and ~91% of the total amino
acids exuded by roots of Kandelia obovata plants. In another
study, two culturing mode experiments (water-culture and
sand-culture medium) on Triticum aestivum conducted
by Zhang and Wang (2002) assessed the physiological
responses of root exudates to varied Cd regimes (0.5, 5, 15,
50 mg 171). The findings explicated that the root exudation
of amino acids was increased at lower Cd regime, while the
inhibitory effects were noticed at higher Cd regimes. Amino
acid exudation under Cd stress is an adaptive mechanism in
plants to confront Cd toxicity.

Proline, a proteinogenic amino acid, acts as an osmolyte,
stabilises large molecules and is a component of plant cell
wall (Sharma and Dietz 2006). Proline combats heavy
metal stress by detoxifying free radicals through the for-
mation of stable complex with them and hence maintains
the normal ratio of NAD(P)*/NAD(P)H (Kovadik et al.
2010). Increased concentration of amino acids along with
proline is often encountered in plants under Cd stress and
hence contributes to ameliorate the catastrophic effects of
Cd toxicity (Konotop et al. 2012). Costa and Morel (1994)
reported thirteen fold increase in root proline content in
Lactuca sativa upon exposure to 100 pM Cd dose. The

@ Springer

higher proline production in response to Cd stress might be
correlated with increased expression of gene P5CS (A!-pyr-
roline-5-carboxylate synthetase) responsible for stimulat-
ing the first step in proline synthesis (Siripornadulsil et al.
2002). Amino acids exuded from roots of Cd hyperaccu-
mulators actively participate towards its mobility, uptake
and tolerance and thereby efficaciously curb phytotoxicity
against Cd excess. Luo et al. (2014) performed the hydro-
ponic experiments to assess the variety of root exudates
secreted from Cd hyperaccumulator Sedum alfredii under
5, 10, 40 and 400 pM Cd levels. The compounds exuded
from the roots include six organic acids (oxalic acid, thre-
onic acid, phosphoric acid, oleic acid, tetradecanoic acid
and 3-hydroxybutanoic acid), one amino acid (glycine),
two sugars (trehalose and fructose), six alcohol compounds
(cholesterol, ribitol, erythritol, mannitol, d-pinitol and octa-
cosanol) and five other compounds. The exudation of amino
acid glycine enhanced at low Cd levels but later on declined
with the increased Cd levels. Moreover, Cd mobilisation,
uptake, accumulation as well as tolerance of Sedum alfredii
towards low Cd levels were increased (Luo et al. 2014).
Glycine secretion at high Cd levels was decreased which in
turn reduced Cd uptake and assisted Sedum alfredii plants
to mitigate Cd toxicity.

According to Fu et al. (2019), Cd phytotoxicity pro-
moted the exudation of histidine, methionine, phenyla-
lanine and lysine from roots in high Cd-accumulating
rice line (Lu527-8) and normal rice line (Lu527-4),
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respectively. Histidine was reported to be the major con-
stituent accounting for ~ 50-70% of the total concentration
of exuded amino acids. The authors observed a significant
positive correlation between high-histidine content with
increased Cd levels in both the rice lines, respectively.
Likewise, the authors also observed increased methionine
and phenylalanine content in Lu527-8 which actively par-
ticipated in plant defence mechanisms under Cd toxicity.
Nevertheless, peroxides generated under Cd distress have
been reported to be scavenged by a metabolite of methio-
nine metabolic pathway (She et al. 2015), or by the genera-
tion of lignin and isoflavone in the phenylalanine metab-
olism pathway (Maeda et al. 2011), elucidating the role
of methionine and phenylalanine to combat Cd distress.
Though, lysine content in xylem sap of both the rice lines
reduced dramatically with the elevated Cd levels, but inter-
estingly Lu527-8 always maintained high Cd concentration
and exhibited high tolerance in comparison with Lu527-4.
Additionally, the elevated histidine content with increased
Cd accumulation in both the rice lines indicates histidine
secretion as a contributing factor in Cd uptake and its long-
distance transport in plant tissues (Fu et al. 2019). Moreo-
ver, exogenous application of histidine elevated Cd content
in both Solanum nigrum and Solanum torvum plants, thus
supporting positive role of histidine in Cd uptake and toler-
ance (Xu et al. 2012).

Conclusion

Cd-contaminated soil ecosystems pose serious threats
on the morphological and physiological attributes of the
plants. The exudation of secondary metabolites from roots
is an effective mechanism adopted by plants to react and
modify their environment. Cd extraction and acclima-
tisation in plants depends upon the potential of a plant
species and its rhizospheric environment that enables to
restrict Cd entry inside the roots through immobilisation
or promotes Cd chelation with ionic species in rhizosphere
that influence its solubilisation and mobilisation. A better
understanding of root exudation pattern of plants under
Cd stress can provide an effective approach to optimise
various techniques in reducing Cd acquisition and promote
tolerance in plants and/or phytoremediation of Cd-con-
taminated soils that in turn prove beneficial for agriculture
and environment development. However, the knowledge
about the root exudates and their functional aspects to
ameliorate Cd tolerance in plants has not been completely
developed yet. Some questions remain unanswered due to
lack of research on the use of exuded phytochemicals in
Cd tolerance and its phytoextraction studies along with
various regulatory mechanisms that lead to their secretion
in the rhizosphere. Therefore, future research should be

focused on recognising different genes or pathways that
get modulated in the plants to secrete more secondary
metabolites which aid them to confront Cd toxicity when
grown under Cd-contaminated soils. Besides, screening
and identification of more crucial secondary metabolites
having the potency to confer plant tolerance towards Cd
excess should be emphasised. This would definitely assist
in devicing novel strategies for bettering plant perfor-
mance and increasing their tolerance potential against
Cd excess. The information communicated in this review
could illuminate the scientific community and flicker inter-
est in future research on the employment of diverse root
exudates in combating plant tolerance towards Cd and
other heavy metal stress.
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