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The abiotic factors have a wide effect on the growth of plants along with the cultivation
of staple crops. The concentration of both essential and non-essential elements is
impacted by the number of biogeochemical factors. The low pH (<5.0) of the soil is one
such factor that poses variation in the levels of metal ions and mostly it leads to metal
toxicity. The excess concentrations of the elements in the soil affect the growth, yield and
metabolic activities of the plants making them susceptible. However, some of the
genotypes adapt themselves to metal toxicity conditions by regulating their homeostatic
genes leading to develop different strategies to undergo detoxification methods. In the
present review we discuss the toxicity of Al, Fe, and As which is a non-essential metal, an
essential metal and an unwanted heavy metal. In a broad picture, to escape the toxic
effects, plants have the strategy to exclude the excess metal outside the plant or include
it in its storage cells. The insight of the present review aims at understanding these
strategies in detail which can be put into agricultural applications for developing better
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1. Introduction

Soil pH is an important parameter that influences the
availability of nutrients and elements for the plants directly
or indirectly. The presence or absence of various mineral
elements for plants is decided by the pH of the medium
(Likar et al., 2015). Both acidity and alkalinity of the soil,
therefore, can make the level of some important elements
to fluctuate from their normal level which may lead to their
toxicity or deficiency. Generally, pH, lower than 7 is
considered acidic and more than that is alkaline (Adamczyk-
Szabela et al.,, 2015). The number of metal toxicities has
been reported at pH 5.5 and less than that for their effective
mobility in low pH. Such type of soil includes the type of soil
ultisols or oxisols and they are distributed in tropical and
sub-tropical regions which are mainly responsible for the
metal accumulations like iron (Fe) and aluminum (Al) (Blake
& Goulding, 2002; Sahrawat, 2005). A number of factors are
responsible for soil acidification were polluting the soil by
the utilization of fertilizers and other fossil energies plays a

major role. The reduction of non-soluble form of metals into
soluble form of ions is another major reason for the metal
toxicity in plants. In addition, excessive uptake of cations
over anions increases the proton content of the soail
decreasing the soil pH in turn. Some of the important metals
which reach toxicity level under low soil pH are Fe, Al and
Mn (Bojérquez-Quintal et al., 2017; Neina, 2019).

The toxicity of metal can be due to binding of metals
with other plant proteins inhibiting its functions or excess
accumulation can affect the uptake of some other essential
elements by the plant (Hall, 2002). Under the effect of metal
toxicity, the plants activate different metabolic pathways to
overcome its susceptibility against the toxic effects. The
adoption of the defense mechanism by the plants is an
interesting aspect of their responses against stress. The
plants achieve this mechanism through the number of
strategies: by chelating and excluding the metal ions, by
forming plaques around root by restricting the metal entry
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into the cells, by restricting the metals in the apoplastic
region and by compartmentalization of the metal ions in the
leaf tissue (Ovecka & Takac, 2014).

In the present review, we discuss about the toxicity of
the metal ions Fe, an essential micronutrient, Al, important
for its biological role but not an essential nutrient for plants
and Arsenic (As), which is a heavy metal pollutant. We
discuss here about the strategies which plant adopts to fight
against these constraints together. Among the various
strategies, the function of organic acids has been put to light
which participates in mobilizing the metal ions inside or
outside the plant.

2. Plant-soil interactions: organic acid as metal chelators

Plant interacts with the environment in many ways to
access essential elements to sustain its development and
growth. Soil is the prime source of such metal ions like Fe,
Cu, Zn, Mn, Cd, Co, Ni, B and Si which are associated with
the functionality of proteins, enzymes and transcription
factors (Singh et al., 2016). In addition, there is number of
non-essential heavy metals and beyond a specific
concentration, they prove toxic for the plants. Al and As are
two such metal ions alongside Pb, Cd, Cr, and Hg (Chibuike &
Obiora, 2014). For the bioavailability of these metal ions
plants exudes different classes of high and low molecular
weighted compounds. Low molecular weight organic acids
are abundantly released by the plants which are considered
to be the natural chelators of metal ions (Montiel-Rozas et
al., 2016). Their presence in the rhizosphere, increase or
decrease the availability of the metal ions for the plants. The
concentration of such organic acids varied from 0.5 — 10 uM
and they are present in a wide range. The most common
exudates that have been reported are the ones involved in
the tricarboxylic acid cycle, like oxalate, malate, citrate along
with amino acids from other pathways like mugienic acids
(Agnello et al., 2014; Lopez-Bucio et al., 2000). However, the
clarity of quantification of OAs available in the soil has not
been able to be assessed perfectly as large number of these
organic acids either proceeds as an intermediates or form
soil colloids. The presence of the active chelators in the
rhizosphere, therefore, depends upon the plant type, soil
type, and the presence of metal ions in the surroundings
(Adeleke et al., 2017).

Iron is the fourth most abundant microelement on Earth
yet one-third of the globe suffers iron deficiency. For
mobilization of iron in plants, they take up different
strategies depending upon the form of the valency of the
metal. The dicotyledonous plants take up Strategy-l where
the reduction of Fe3* to Fe?* takes place. In monocotyledons,
they undergo the Strategy-ll method which includes the
chelation method. In a region of calcareous and alkaline soil
pH, iron remains in its most insoluble form i.e. Fe (lll). For
facilitating the movement of the ions, the root exudes amino
acids like mugienic acid which is better known as
phytosiderphores (PS). The PS has a high affinity for Fe3*, the
abundant form of iron in the soil, and therefore, forms a
chelate complex. The formation of the chelated complex
increases the solubility of Fe3* for root acquisition (Dey et al.,
2020). The main role for root acquisition is played by the
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specific transporters located on the membrane of the root
epidermal cells. The Precursor of MAs are S-adenosine
methionine molecules and forms a different range of
mugienic acids like 2’-deoxymugineic acid (DMA),
epihydroxymugineic ~ acid  (HMA),  epihydroxy = 2’-
deoxymugineic acid (HDMA) (Conte & Walker, 2011; Zhang
et al., 2019). Citrate is reported to be another primary
organic acid that facilitates iron mobilization in the xylem of
graminaceous plants. In addition, nicotinamine (NA) is
another important iron chelator that leads to inter and
intracellular movement of the iron in plants. The availability
of the chelators in the rhizosphere region and then their
uptake is made possible by the action of specific
transporters located in epidermal cell membranes.
Transporter of mugienic acid (TOM) family releases the PS in
the rhizosphere. After the subsequent chelation process, the
PS-Fe®* complex is taken inside the cellular environment by
separate transporters called Yellow Stripe Like (YSLs)
proteins. YSL2 has been reported to be responsible for the
transportation of Fe-NA complex and on the other hand,
YSL15, YSL16 and YSL18 transport Fe-DMA complex across.
For the transport of citrate across the membrane Ferric
Reductase Defective3 (FRD3) belonging to the multidrug and
toxic efflux (MATE) family participates which process the
iron loading in the xylem (Wu et al., 2018) (Table 1).

Unlike Fe, Al is not an essential element for plants
however, stimulates root growth and enzyme activities. At
neutral or higher pH of the soil, Al is present in its organic
mineral complexes. As the pH decreases and reaches below
5.5, Al changes into its soluble mononuclear cationic form
(AP*) which is toxic to plant growth. As a tolerance against Al
toxicity, plants have two major mechanisms of Al resistance
namely “exclusion” and “internal tolerance” (Eekhout et al.,
2017). For the exclusion mechanism, the plant secretes
different classes of organic acids such as, malate and citrate,
which have a high affinity towards AI** and chelates Al in an
insoluble form. Unlike iron uptake, the chelators in the case
of Al lead to the insolubility of the ion for plant uptake and
therefore, chelation is adapted as one of the tolerance
mechanisms against Al toxicity by the plants. On the other
hand, internal tolerance mechanisms were defined as those
that reduce Al toxicity and the resulting damage that occurs
once. For example translocation of Al from roots to shoots
through a well-reported ABC-transporter-like protein
Aluminum Sensitive 3 (Larsen et al., 2005).

3. Mechanisms underlying OAs excretion from roots
The presence of organic acid in the root was discovered
in the rhizosphere of lupin plants under phosphorous
deficiency. Its presence had a synergistic effect on
phosphorous acquisition and finally could overcome the
stress consequences. The OA-metal ion complex shows a
wide range of activities regulating metal transport (Kochian
et al., 2004; Wu et al.,, 2018). On one hand, OA plays an
important role in the acquisition of metal like iron (ll1) within
the plant tissue during deficiency (Kobayashi & Nishizawa,
2012) and on the other hand, the complex can also
precipitate toxic forms of metals like Al. Hence, OA makes
necessary nutrients available for the plants and also protects
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them from rhizotoxic metal ions. In addition to abiotic
factors, biotic factors also remain responsible for
maintaining a plant’'s development. The presence of
rhizobacteria can have a positive effect on plant’s growth
and development as they participate in nutrient acquisition
and promote growth. Recruitment of these bacteria in the
rhizosphere takes place by chemotaxis through malate
(Rudrappa et al., 2008). Hence, OAs maintain the microbial
community of rhizosphere.

The formation of organic acids in the surrounding is
assisted by the action of number of enzymes.
Phosphoenolpyruvate carboxylase (PEPC) is an important
enzyme to carry out the C4 cycle of dark reaction of
photosynthesis where organic acids are formed as
intermediates. It has been reported that under stress PEPC
has been upregulated contributing 25 to 35% of carbon to
the OAs like citrate and malate (Johnson et al., 1996). The
altered method of citrate metabolism for citrate secretion is
contributed by the action of increased citrate synthase
(Anoop et al., 2003). Roots of soybean plants showed 16%
increase in citrate synthase activity when exposed to excess
Al (Yang et al., 2009). For the malate secretion, although,
malate dehydrogenase showed no direct effect on Al
exposure, however, malate synthase affected alternating the
metabolic pathway. For the release of oxalic acid, the
enzyme activities involved are not clear. For iron uptake,
organic acids are more active during Fe deficient conditions
Fe uptake. Even under Fe toxicity, the Fe2+ has to be
transported to the sink tissues. The mobilization of iron
takes place through a symplastic pathway by the help of the
formation of Fe?- nicotinamine (NA) complex. NA is a
precursor of mugienic acid and it is synthesized by the action
of the enzyme Nicotinamine synthase (NAS). NA is also
responsible for the chelation of other divalent cations
(Bonneau et al., 2016; Connorton et al., 2017).

4. Metal ion toxicity in plants:
4.1. Al toxicity and mechanism for detoxification

SAINS TANAH — Journal of Soil Science and Agroclimatology, 18(1), 2021

Inhibition of root growth due to rhizotoxic Al** is one of the
major limiting factors for reduced crop yield in acidic soil.
Nearly, 60% of arable land in the world is acidic and
therefore, Al toxicity is a worldwide problem for cultivators
(Kochian et al., 2015). In recent years, there are number of
crops with definite genotypic background which showed
resistance to the toxicity and hence, have been utilized by
the plant breeders to develop crops with enhanced
resistance to AI** (Arunakumara et al., 2013). The molecular
and physiological aspects of these resistant varieties have
been put understudy to understand their mechanism of
tolerance and the genes related to it (Aguilera et al., 2019).
Research studies revealed number of such mechanisms with
the plant either sequestering the toxic ion inside the plant
tissue and compartmentalizing it or, arresting the ion in the
rhizosphere by chelation process. There is another method
followed by the plants where they allow Al to be stored in
the cell wall of the root, however, the mechanism is not
completely understood.

Studies in cereal crops have shown, once the plant let
the entry of A** in their tissue, multiple genes in root part

gets up-regulated bringing cell wall modification,
sequestration of Al in the respective cell wall or
compartments and modification of root to shoot

translocation of Al. The tolerance against Al is mostly
ameliorated with secretion of organic acids in the
rhizosphere by the plants (Kochian et al., 2004). In Triticum
agestivum (wheat), the plant has been reported to release
malate in the soil which has a strong affinity with AlI®* for
extracellular chelation and hence, limit the movement of the
ion within the plant by establishing a tolerance mechanism.
The efflux of the OA is assisted by the Al-activated malate
transporter (ALMT) situated on the plasma membrane of the
root cells (Figure 1). The first tolerance gene for Al was
discovered as TaALMT1 in wheat which was described as a
novel anion channel. Following this, homologues of the gene
were discovered in Arabidopsis as AtALMT1 and in Brassica
napus as BnALMT1 and BhALMT2 (Li et al., 2014).

Table 1. Important transporters related to specific organic acids for mobilization of metal ions reported in model plants and

their orthologs

Transporters Metal-chelator Model Orthologs / Homologs Reference
complex
ALMT Malate Triticum Arabidopsis thaliana (AtALMT1) Delhaize et al. (2004);
aestivum Hordeum vulgare (HVALMT1) Sasaki et al. (2004);
(TAALMT1) Glycine max (GmALMT1) Sharma et al. (2016)
Secale cereale (SCALMT1)
Medicago sativa (MsALMT1)
Brassica napus (BnALMT1)
MATE Citrate Hordeum Oryza sativa (OsFRDL1) Chen et al. (2015);
vulgare Arabidopsis thaliana (AtMATE) Durrett et al. (2007);
(HVACCT1)  Sorghum bicolor (SbMATE) Santos et al. (2017)
Vaccinium corymbosum (VcMATE)
YSL Mugienic acid, Zea mays Oryza sativa (OsYSL15, OsYSL18, Aoyama et al. (2009);
Deoxymugienic acid (ZmYS1) OsYSL2) Inoue et al. (2009);
Hordeum vulgare (HvYS1, HvYSL5) Zheng et al. (2011)
Arabidopsis thaliana (AtYSL1, AtYSL2,
AtYSL3)
TOM Mugienic acid Oryza sativa Arabidopsis thaliana(Zinc induced (Nozoye etal., 2019)
(OsTOM1) facilitator-ZIF2)
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Figure 1. Mechanism of Aluminum, Iron and Arsenic detoxification and tolerance in plants. Transporters like ALMT1 and
MATE excretes malate and citrate in the rhizosphere. The organic acids bind with the AI** and exclude them out of
the root cells. The transporter ALS3, an ABC-transporter-like protein, functions to redistribute accumulated AI**
away from sensitive tissues (root to shoot translocation) in order to protect the growing root from the toxic effects
of AI**. Iron is transported inside the root cells either in the form of Fe?* through transporter IRT1, or in the form of
Fe3*. The Fe** is chelated with the mugienic acid (MA)/ deoxymugienic acid (DMA) and is carried in the root cells
through Yellow stripe like (YSLs) protein. Iron is carried through symplastic pathway in chelated form with citrate
and sequestered in iron storage protein, ferritin or vacuole. As** enters the root cells through aquaporin (AQP) and
binds with monomethylene arsenate (MMA)/ dimethylenearsenate (DMA*) to form trimethylene arsenate (TMA).
TMA is volatile and moves out of the root cells. As®* chelates with phytochelatins (PC) within the root medium and
transported to shoot and gets sequestered in the vacuole

On the other hand, plants like barley, sorghum and maize
have been reported to release citrate in their rhizosphere
which performs a similar type of chelation. The exudation is
carried out by MATE family transporters along with H*
antiport to maintain the pH of the medium. Numbers of
factors are responsible for the OA availability in the medium.
The presence of Al enhances the activity of the enzymes
related to citrate and malate synthesis in addition to the
overexpression of the ALMT1 and MATE transporters. The
pH is another factor guiding the chelation as it has been
noticed that at neutral pH citrate remains an effective
chelator for APP* whereas, at acidic conditions, malate and
oxalate are effective chelators. In crops like rice, the
resistance against Al** is established by accumulating the ion
in the root cell wall and through symplastic transport
(Famoso et al., 2010) (Table 1). The component of the cell
wall of the root cells is cellulose, pectin and hemicellulose.
The pectin has a negatively charged carboxyl group attached

through which it can bind Ca%*. The functional group has also
a strong affinity for the trivalent ion of Al. During excess Al in
the medium, the AI** binds with pectin making it much rigid
and therefore, inhibits cell division. The pectins are basically
converted into methylated pectins by the PMEs gene (pectin
methylestaerases). In tolerant varieties of rice along with
sorghum and rye showed low PME activity and higher Al
binding with pectin. Another important plasma membrane-
bound transporter, NRAT1, encodes a transporter mediating
Al uptake from the root tip cell wall into the cell, where it is
sequestered in the vacuole (Li et al., 2014). The gene belongs
to the NRAMP family (Natural resistance-associated
macrophage protein). During iron toxicity, the transporter
has been reported to change its motifs for regulating
aluminum uptake (Zhang et al., 2019). Unique genes like
STAR1 and STAR2 form a complex that functions as an ABC
transporter efflux out UDP-glucose into the cell wall

110



Kar etal.

alternating the carbohydrate composition of the cell wall
changing the Al binding in rice (Huang et al., 2009).
4.2, Fe toxicity and mechanism for detoxification

The iron toxicity is concentrated in ultisols, oxisols and
acid sulfate soil. Crops which are grown under wetland
condition are more prone to iron toxicity due to the
reduction of Fe (lll) oxide hydrates to Fe (II) form of the ions
under anoxic condition. The ferrous ion participates in redox
reactions like Haber-Weiss and Fenton reaction to produce
free radicals of superoxides and peroxides resulting in
oxidative stress bringing cellular damage (Hell & Stephan,
2003). To survive the excess iron toxic condition, some of
the genotypes of different plants could resist the effect by
adapting different tolerance strategies. These include
restricting the Fe?* uptake via root, sequestration of Fe in
vacuoles or via storage proteins like ferritin and activating
detoxifying enzymes reducing the oxidative damages. The
first line of defense against iron toxicity is the enzyme
oxidation at the root surface by releasing oxygen in the
rhizosphere that creates a physical barrier for the ferrous ion
called root plaque (Figure 1). The restriction of the ferrous
ion uptake takes place in the rhizosphere where excess Fe
(1) in the medium leads to the changes in root system
architecture (RSA). Changing RSA is an important step to
acclimatize against the adverse environmental condition.
Excess Fe leads to inhibition of lateral root growth (Li et al.,
2016). Number of QTLs involving series of FeTOX, have been
reported by (Dufey et al., 2012; Wan et al., 2005; Wu et al.,
2014) which are the prominent ones bringing physiological
characterization under Fe toxic condition. However, co-
localized QTLs have been reported commonly in
chromosomes 3 and 5 of the resistant genotypes of rice
involved in blocking the toxic QTLs or sub-channelling the
excess Fe in vacuolar sequestration establishing Fe excess
tolerance. In tolerant genotypes, the iron precipitates its
excess iron in the apoplast region of the roots. As a result, Fe
related transporters like OsIRT1, OsYSL, OsTOM, OsNRAMP,
OsYSL15 are highly suppressed in the case of rice as reported
(Aung & Masuda, 2020). The iron toxicity related specific
transcription factors (TFs) like WRKY is involved in regulating
the number of morphological changes. In number of tolerant
genotypes, WRKY TFs involved in root to shoot translocation
has been reported to be repressed (Bashir et al., 2014). The
efflux of organic acid like mugienic acid and deoxymugienic
acid are mainly involved in the increased translocation of
iron during iron deficiency. Nicotinamine is a strong chelator
for metal cations including iron which is involved in Fe
transport. In rice, the expression of a specific NA synthase
gene, OsNAS3, has been reported to be induced during iron
excess. The chelator is responsible to form a complex with
excess Fe and effective sequestration to form a defense
mechanism (Aung & Masuda, 2020). Muller and Nowack
(2010), showed that complexes like Fe-citrate increases the
translocation from root to shoot without generating toxic
effects. However, artificial chelators like EDTA have a more
drastic effect.

Other than the tolerance response by the genotype itself,
some common agricultural practices can be adopted to
reduce the excess iron effect in the medium. An effective
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amelioration method in the field is to carry out periodic
drainage to avoid the anoxic condition. To normalize the soil
pH liming can also be done. Deficiencies of some
micronutrients like P, K, Ca and Mg have been reported to
increase iron toxicity (Fageria et al., 2008). However, it has
also been reported that plants also undergo amelioration by
K* uptake. In an experiment by Li et al. (2016), they have
shown the lateral root formation with excess Fe?* in the
medium by alleviating K* uptake.

4.3. As toxicity and mechanism for detoxification

Arsenic (As) is a non-essential heavy metal for plants and
its uptake is mainly dependent upon speciation of As toxicity
in the environment which can be due to natural processes of
weathering of rocks, volcanic activity, mining, smelting and
use of As based fertilizers. As is present in four different
oxidation states- As (lll), As(0), As(Ill), and As(V). The most
toxic form is the inorganic form i.e arsenate (As°*) prevailing
under reduced conditions and arsenite (As*) prevailing
under oxidized form (Khalid et al., 2017). These inorganic
forms of As can easily be taken up by the transporters like Pi
transporter protein (PHT) and nodulin intrinsic protein. PHT
is present in the plasma membrane of root cells which is also
involved in inorganic phosphate transport. The effect of the
heavy metal ion is highly drastic for plants at the
physiological, biochemical and molecular levels. Severe ROS
production leads to unrepairable damages.

As stress can provoke a number of toxic effects, plants
develop physiological and biochemical changes that reduce
the root to shoot transport of the metal (Pourrut et al.,
2011). The number of metal-binding factors like
metallothioneins and phytochelatins is engaged in
detoxification by binding with As. The complex helps in
transport and vacuolar sequestration. Its involvement in
detoxification was confirmed in rice cultivars where the
content of PCs increased with increased As tolerance (Al-
Hugqail et al., 2017). Another inorganic compound involved in
detoxification of As is Nitric oxide (NO) as it has been
reported as ROS scavenger. NO has been reported to be a
detoxifying agent in various plants as it can protect plants
against As and several toxic elements. In rice plants, it has
been observed that under external application of NO,
reduced As uptake from the root has taken place till shoot
(Singh et al., 2017). In parallel, the external application of
salicylic acid has a similar effect against As transport.
Methylation of toxic As(lll) is another important method of
detoxification  that previously was reported in
microorganisms and later were also found in plants. The
process leads to the conversion of the ion into a methylated
compound like trimethylarsine (TMA) which is volatile in
nature and gets transported from the root cells to the
medium (Figure 1) (Srivastava et al., 2012; Xu et al., 2007).

5. Conclusion and future perspective

The majority of crop yield has been affected by the
presence of heavy metals in the surroundings. Their
presence can be for various reasons including, high
waterlogged condition, soil pH and other methods of
speciation. However, plants have evolved different
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mechanisms to adapt against heavy metals stress by
physiological, biochemical and molecular modifications. The
methods of tolerance were grown at multiple levels. ROS
effects are common in each case of Al, Fe and As stress and
their mitigation against the stress is to activate the
antioxidant enzymes like SOD, POD, CAT, APX, and GR
catalyzing the breakdown of the harmful ROS. Al and Fe are
required at lower quantities for the plant’s normal
functioning and growth. Therefore, a prominent tolerance
mechanism in both cases is to regulate the transporters.
There are a specific family of transporters which participates
in excluding the excess metal ion from the plant. In the case
of As, being it non-essential, however, transporters involved
in transporting metal cations also develop an affinity
towards cationic As. The formation of a complex of the toxic
form of metal with chelators and other metal-binding factors
is another way to develop a tolerance mechanism. The
number of transcriptome analyses has put forward the
concept of tolerance at the genetic level where number of
genes related to transporters are repressed to reduce the
root to shoot transport during excess availability of the
metals in the surroundings. The signalling and homeostatic
pathway of Al and Fe under abiotic stress have been the
most discussed topic in recent years and much of the
portion has been understood. In case of As still studies are
carried out and the transporters mobilizing the metal is not
widely explained. Understanding the different mechanisms
of tolerance in each case will help us in future agricultural
prospects for the crops growing under varying metal stress.
In the case of essential micronutrients like Fe, the study
would also help us in knowing the fundamental mechanisms
of sequestration in plant tissues which in turn, would allow
us to develop bio-fortified plants.
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