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1 Introduction

The increase in industrialization activities in the developed and developing countries
has ultimately increased the global threat to the environment that can cause an
unprecedented imbalances in the natural ecosystem. For example, industrial activi-
ties like mining, leather tanning industry, textile factories, petrol chemical industry,
intensive farming, and other manufacturing industries are the main sources for
polluting the environment (Bhargava et al. 2012). Each source of contamination has
its own damaging effects to plants, animals, and ultimately human health, but those
that add heavy metals to soils and waters are of serious concern due to their persis-
tence in the environment and carcinogenicity to human beings.
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The contamination of agricultural soil by heavy metals has become a critical
environmental concern due to their potential adverse ecological effects. Such toxic
elements are considered as soil pollutants due to their widespread occurrence and
their acute and chronic toxic effect on plants grown of such soils (Chaney et al.
2018). Heavy metals are defined as metals with a density higher than 5 gcm™.
Around 43 of 90 naturally occurring elements are heavy metals (Cevher-Keskin
et al. 2019; Weast et al. 1988), but only some of them have biological importance
(Marschner 2011). Based on their solubility under physiological conditions, 17
heavy metals can be absorbed by living cells and could be important for organisms
and ecosystems (Weast et al. 1988). Among these metals, Fe, Mn, Zn, Cu, and Mo
are important as micronutrients. V, Co, W, and Cr are toxic elements with high or
low importance as trace elements. As, Hg, Ag, Sb, Cd, Pb, and U have no known
function as nutrients and seem to be more or less toxic to plants and microorganisms
(Weast et al. 1988; Memon et al. 2008). The metal contamination caused by the
human activities is far greater than the natural process. For example, it was shown
that around 13 times more Cu, 15 times more Cd, 21 times more Zn, and 100 times
more Pb were released in the atmosphere by human activities than by natural pro-
cesses (Campbell et al. 1983). Several laborious and expensive methods have been
used to clean up these kinds of contaminants, but no optimal results were obtained.
Presently, phytoremediation is being used as an alternative, cost-effective, and envi-
ronmental friendly method for removing the metal pollutants from contaminated
soil and water (van der Ent et al. 2018). Numerous accumulator plant species have
been identified to absorb and remove toxic elements, such as cadmium, chromium,
lead, arsenic, and variety of radionuclides, from the soils successfully.
Phytoextraction, which is one of the category of phytoremediation technology,
could be used to extract and remove majority of the toxic metals with unknown
biological function (e.g., Cd, Cr, Pb, Co, Ag, Se, Hg) from the contaminated soils
(Chaney and Baklanov 2017; Memon et al. 2001).

An interesting breakthrough that has emerged from the comparative physiological
and molecular analyses of hyperaccumulators and related nonhyperaccumulators is
that most key steps of hyperaccumulation rely on different regulations and gene
expressions found in both kinds of plants. In particular, a determinant role in driving
the uptake and translocation of heavy metals to leaves and finally sequestration in
vacuoles or cell walls is one of the important part of detoxification mechanism in
hyperaccumulator plants (Memon et al. 2001; Memon and Yatazawa 1982). The
constitutive overexpression of genes encoding transmembrane transporters, such as
members of ZIPs, HMAs, MATE, YSL, and MTPs families, has been reported in
many of these accumulator plants (Memon 2016; Memon and Schroder 2009).

Recently, phytoremediation researchers have discovered that Indian mustard
(Brassica juncea (L.) Czern, AABB genome) can accumulate high levels of metals,
including Zn, Cd, Pb, and Se, and B. nigra (BB genome) has been shown a superb
Cu accumulator (Cevher-Keskin et al. 2019; Dalyan et al. 2017; Memon and
Zahirovic 2014). The metal-accumulating ability of these plants, coupled with the
potential to rapidly produce large quantities of shoot biomass, makes these plants
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ideal for phytoextraction (Memon 2016), and these plant species have received huge
attention in phytoremediation field.

2 Phytoremediation

Phytoremediation is an emerging cleanup technology defined as the use of plants to
remove or contain or render harmless the contaminants such as toxic metals and
organic and radioactive compounds from soils, sediments, and water (Chaney and
Baklanov 2017). This technology is environmental friendly and potentially cost-
effective. This green technology is unique in way that it takes the advantage of
selective uptake capabilities of plant root systems, together with the translocation,
bioaccumulation, and contaminant degradation abilities of the entire plant system
(Lasat 2002).

However, the ability of plant to accumulate heavy metals varies significantly
between species and among varieties within species, as different mechanisms of ion
uptake and translocation are operative in each species, based on their genetic, mor-
phological, physiological, and anatomical characteristics. Phytoremediation can be
divided into several different categories, such as phytoextraction, phytofiltration,
phytostabilization, phytovolatilization, and phytodegradation, depending on the
remediation mechanisms (Ali et al. 2013; Memon et al. 2001).

Phytoextraction is also referred as phytoaccumulation, and it takes the approach
to remove contaminants from soil without destroying the soil structure and other
physical and chemical properties of the soil. The metal ion accumulated in the aerial
parts of the plant can be removed to dispose or burnt to recover metals.

Phytofiltration is defined as the use of plants, both land and aquatic, to remove
the contaminants from aqueous wastes.

Phytostabilization is generally used to remove the pollutants from the soil by
absorbing the pollutants (e.g., toxic metals) through plant roots and keeping them in
the rhizosphere, rendering them harmless by preventing them from leaching.

Phytovolatilization involves the use of plants to remove the contaminants from
the soil, for example, mercury, selenium, and arsenic, by transforming them into
volatile form and volatilize them into the atmosphere.

Phytodegradation is the breakdown of organics pollutants by the use of plants
and associated microorganisms (Alkorta and Garbisu 2001). Most of the phytore-
mediation technologies could be used simultaneously, but the metal removal from
the soil depends on its bioavailable form in the soil. The efficient use of phytotech-
nology depends on the plant species, for example, some plants may have one func-
tion, whereas others can have multiple functions of phytoremediation (Lone
et al. 2008).

Phytoremediation is considered as environmentally friendly and cost-effective
technology for cleaning up the contaminated soils. The phytoextraction is the most
common and profitable technique mainly used for extracting heavy metals and
radioactive elements from the soil (van der Ent et al. 2018).
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There are several important components of phytoextraction which can play an
important role in remediating the contaminated soils efficiently, which are as fol-
lows: appropriate accumulator plant species, metal availability in the soil and uptake
by roots, metal translocation from roots to shoots, and plant tolerance to toxic met-
als. There are several plant species which are currently proposed for phytoextrac-
tion, such as Arabidopsis halleri, Noccaea caerulescens, and Alyssum sps (A. murale,
A. lesbiacum, and A. tenium), which can absorb and accumulate high concentration
of Zn and Cd in their shoots. However, the remediation capacity of these plant spe-
cies is limited because of their slow growth and low biomass. Currently, a number
of plant species as metal accumulators have been identified within the Brassicaceae
family (Pollard et al. 2014). To understand the genomics of these metal accumulator
plants, the vast genetic resources and bioinformatics data developed in model plant
A. thaliana could be extended to the newly identified metal accumulator species that
display traits absent in this model species (Reeves et al. 2017). For developing the
new-generation phytoremediation technologies, the data of the multidisciplinary
research including high-throughput sequencing, all available -omics data, genetic
engineering, plant-microbe interaction, and agricultural and environmental engi-
neering tools could be integrated and be applied for practical purpose in the con-
taminated areas (Chaney and Baklanov 2017; Memon and Schroder 2009).

3 Plants as Accumulators of Heavy Metals

Plant requires at least six major elements (N, P, K, Ca, Mg, and S) and eight minor
elements (Cu, Zn, Mn, Fe, B, Cl, Ni, and Mo) for their growth and development.
Plant roots take up the elements selectively, with some being preferentially acquired
over others (Memon et al. 2008). The uptake and accumulation of heavy metals by
plant roots depend on an interrelated network of physiological and molecular mech-
anisms, such as (i) binding of the metals to extracellular exudates and cell wall
components; (ii) movement of the metals from cytoplasm to the vacuolar compart-
ment; (iii) complexation of the metal with various compounds in the cell, such as
several amino acids, organic acids, small molecular weight proteins like metallo-
thioneins, and small metal-binding peptides like phytochelatins; (iv) heavy metal-
induced antioxidative enzymes; and (v) modification of plant metabolism and quick
repair and recover of damaged cell structures (Paunov et al. 2018).

Baker and co-workers (Baker et al. 2000), while working on the vegetation of
metalliferous soils, have classified plants into three categories: (i) excluder plants,
which prevent the uptake of toxic metals into root cells and keep the metal level in
their shoots very low (De Vos and Schat 1991). Excluders can be used in the
polluted soils for stabilization and to prevent further spread of contamination due to
erosion (Lasat 2002). (ii) Accumulator plants can accumulate huge amount of met-
als in their aboveground parts when grown at either low or high metal soil concen-
trations. Accumulators have high metal uptake rate in the roots and can efficiently
transport them in the shoots and have high metal accumulation capacity (Pollard
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et al. 2014). (iii) In indicator plants, internal metal concentration reflects the exter-
nal levels (McGrath et al. 2002).-

4 Hyperaccumulators

Plants with exceptional metal-accumulating capacity are known as hyperaccumulator
plants. The hyperaccumulator plants, which are naturally growing in metal-rich
habitats, can accumulate 100- to 1000-fold higher levels of metals than normal
plants, since these plants take up two or three orders more of metals from the soil
than plant species growing on uncontaminated soils (Lone et al. 2008). Accumulator
species are naturally capable of accumulating heavy metals in their aboveground
tissues, without developing any toxicity symptoms. They are often endemic to natu-
rally mineralized soils and can accumulate metals at different level depending on
metal species. For example, they can accumulate to a level of 0.1% (on leaf dry
weight basis) for Ni, Co, Cr, Cu, Al, and Pb; at 1% level for Zn and Mn; and at
0.01% level for Cd and Se (Baker and Brooks 1989; Baker et al. 2000).

Considerable research work has been carried out in identifying the accumulator
plant species and their mechanisms of metal uptake and hyperaccumulation. The
field of phytotechnology has been revolutionized and got high momentum after the
discovery of hyperaccumulator plant species since these plants have excellent
capacity to absorb and accumulate metals at levels 50-500 times greater than aver-
age plants (Lasat 2000). Hyperaccumulator plants which are generally restricted to
metalliferous soils and accumulate metals in their aboveground parts especially in
the leaves are classified as “obligate” hyperaccumulators (Reeves et al. 2017). The
other type of hyperaccumulator plants which can accumulate metal from both met-
alliferous and nonmetalliferous soils is classified as “facultative” hyperaccumula-
tors (Pollard et al. 2014). This latter category includes many plant species which can
accumulate metal not only from ultramafic soils but also from metal polluted soils.
For example, Biscutella laevigata accumulates >1% thallium (Babst-Kostecka et al.
2016), Pteris vittata with up to 2.3% arsenic (Ma et al. 2001), and Phytolacca amer-
icana accumulates >1% manganese (Xu et al. 2009).

Around 450 plant species from 45 angiosperms families have been reported as
metal hyperaccumulators, which include the members of the Asteraceae,
Brassicaceae,  Caryophyllaceae,  Cyperaceae,  Cunoniaceae,  Fabaceae,
Flacourtiaceae,  Lamiaceae,  Poaceae, Violaceae, and  Euphorbiaceae
(Padmavathiamma and Li 2007; Reeves et al. 2017). Interestingly, a large number
of accumulator plant species are reported to be in Brassicaceae family especially in
the genera Alyssum and Noccaea, wherein accumulation of more than one metal has
been reported (Reeves and Baker 2000; Vamerali et al. 2010; Vara Prasad and de
Oliveira Freitas 2003; Verbruggen et al. 2009). Pteris vittata (Chinese brake fern) is
reported to accumulate up to 95% of the arsenic in its fronds (Ma et al. 2001; Zhang
et al. 2002). Noccaea caerulescens (pennycress) is a well-known metal hyperaccu-
mulator which can accumulate large amounts of Zn (39,600 mg/kg) and Cd
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(1800 mg/kg) without any apparent damage (Basic et al. 2006; Hanikenne and
Nouet 2011; Rascio and Navari-Izzo 2011). This diploid and self-pollinating plant
can be easily grown under laboratory conditions and is an excellent experimental
material for studying the mechanisms of metal uptake, accumulation, and tolerance.
Apart from N. caerulescens, Brassica juncea and B. nigra have also been used as a
model system to investigate the physiology and biochemistry of metal accumulation
in plants especially for Zn, Cd, and Cu (Cevher-Keskin et al. 2019; Memon et al.
2001). These crop plants with high biomass production could be excellent candi-
dates for phytoremediation in coming years.

Memon and co-workers reported several Mn accumulator plant species, which
accumulated huge amount of Mn in their leaves. For example, Acanthopanax sciad-
ophylloides Frach. & Sav. (Mn: 4600 ppm), Ilex crenata Thunb. var. paludosa
(Mn:1155 ppm), and Clethra barbinervis Sieb. & Zucc. (Mn: 1374 ppm) accumu-
lated very high amount of Mn in their leaves while naturally growing in the forest
soil containing very low metal. These plants are possibly facultative Mn accumula-
tors and can grow in both nonmetalliferous and metalliferous soils (Memon et al.
1979; Memon and Yatazawa 1982). Among these Mn accumulator plant species,
Acanthopanax sciadophylloides was found to be superb Mn accumulator, achieving
>1% Mn in their leaves when growing on soils with only background concentra-
tions of this element (Memon et al. 1979; Memon and Yatazawa 1982). Similarly,
Noccaea caerulescens and Arabidopsis halleri were also reported to be facultative
Zn accumulators, achieving >1% foliar Zn when growing in soils containing very
low Zn concentration (Reeves et al. 2001; Stein et al. 2017). Majority of the accu-
mulator plants are reported to be grown in ultramafic soils and hyperaccumulate Ni,
and some of them accumulate Ni, Co, and Mn (Reeves et al. 2018). Many obligate
and facultative hyperaccumulator plants have reported to hyperaccumulate several
toxic elements, for example, Cd, Cu, Co, Mn, Pb, Zn, Se, Tl, and some rare earth
elements (Reeves et al. 2017).

The efficiency of the cleanup of metal contaminated soils by the use of
accumulator plants depends on their biomass production as well as on their
bioconcentration factor (BCF ratio of metal concentration in the shoot tissue to the
soil) (McGrath and Zhao 2003). The BCF varies with plant species and is determined
by the capacity of the roots to absorb, accumulate, store, and detoxify metals while
maintaining metabolism, growth, and biomass production (Clemens et al. 2002;
Gleba et al. 1999; Guerinot and Salt 2001). Hyperaccumulators have a
bioconcentration factor greater than 1, sometimes reaching as high as 50-100
(Reeves et al. 2018). The metal bioconcentration factors in nonaccumulator plants
is less than 1, which means that they are not able to reduce soil contamination by
50% for longer time (time longer than human lifespan) (Peuke and Rennenberg
2005). Multiple mechanisms are involved for metal tolerance in accumulator plants,
such as high cell wall-binding capacity, active transport of metal ions into the
vacuolar compartment, and formation of complexes with organic acids,
metallothioneins, and/or chelation with phytochelatins (Memon et al. 2001; Memon
and Schroder 2009).
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There is general consensus that metal hyperaccumulation is an evolutionary
adaptation by specific plants which can survive and live in naturally metal-rich
habitats that confer on them high metal tolerance qualities, drought tolerance, and
protection against herbivores or pathogens (Reeves et al. 2018). The most accepted
hypothesis is that the hyperaccumulation character protects the plant against patho-
gens and herbivores (Boyd and Banzhaf 2007; Galeas et al. 2008; Huitson and
Macnair 2003; Martens and Boyd 1994; Noret et al. 2007). However, the detailed
mechanisms of metal uptake and tolerances need to be worked out in coming years.

Notable efforts were carried out to assemble a database for hyperaccumulator
plants. For example, Environment Canada’s PHYTOREM database and the
METALS (metal-accumulating plants) database originally maintained by the
Environmental Consultancy, University of Sheffield (ECUS Ltd., Sheffield, UK),
were created. The problem in these databases is that not only accumulators were
recorded but also other plant species grown in metalliferous soils were included.
(Reeves et al. 2017). To circumvent this problem, a new database was established
which was confined only with hyperaccumulator plants, and currently, around 700
pint species have been recorded and will eventually increase to 1000-1500 species.
The Global Hyperaccumulator Database (www.hyperaccumulators.org) went online
in 2015 under the administration of the Center for Mined Land Rehabilitation of the
University of Queensland, Brisbane, Australia. This new database gives the infor-
mation about all known metal and metalloid hyperaccumulator plant species and
contains detailed information about the taxonomy, distribution, ecology, collection
records, analytical data, and other useful studies related to these species (Reeves
et al. 2017). This database is continuously updated and is freely available to all
researchers.

5 Brassicaceae

The Brassicaceae (order Brassicales) is the largest family in Brassicales, commonly
known as the mustard family, and is composed of approximately 338 genera and
3700 species. Genus Brassica contains around 100 species, including important
oilseed crops (e.g., B. napus, B. juncea) and many common vegetable plants such
as broccoli, cauliflower, cabbage, Brussels sprouts, radishes, turnip, and various
gardening plants (wallflower, sweet alyssum, rock cress, etc.) (Ozturk et al. 2012;
Warwick and Black 1991). The Brassica species are closely related to the model
plant Arabidopsis thaliana, and their chromosome numbers vary from 2n = 10 to
2n =38 (Lysak et al. 2005). Some of the Brassica species are diploid (e.g., B. rapa,
B. nigra, B. oleracea), and some of them are allotetraploid (e.g., B. napus, B. juncea,
B. carinata). The genome of B. rapa is the smallest, at ca. 529 Mb, and B. napus is
the largest one, at ca 1132 Mb, in Brassica species represented in the “Triangle U”
(Memon and Zahirovic 2014). The genome of both plants has been sequenced, and
both sequences and sequence annotations are available in the public domain: http://
www.brassicagenome.net/databases.php; https://www.ncbi.nlm.nih.gov/
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genome/?term=brassica%20napus (Memon 2016; Wang et al. 2016). The annotated
Arabidopsis genome sequence can be exploited as a tool for carrying out the
comparative analysis of Arabidopsis and Brassica genomes, for example, metal
accumulator and tolerant species, B. napus and B. juncea, respectively. The biology
of both Arabidopsis and Brassica is similar, and the comparative genetic mapping
between species of Brassicaceae showed collinear blocks even though the species
differed with respect to genome size, base chromosome number, and ploidy. Around
80-90% homology was found between the exons of putative orthologous genes in
Arabidopsis and Brassica, and this clearly indicates that the knowledge from
Arabidopsis is highly relevant for gene isolation and characterization in Brassica
crops (Ozturk et al. 2012).

6 Brassica Species

The plant species in Brassica are the major source of vegetable oil in the world after
palm and soybean oil. These plant species produce high biomass and also accumu-
late and tolerate high amount of metals in their tissues (Anjum et al. 2013; Kumar
et al. 1995). There are six agronomical important species of Brassica which are
commercially used for both oil and vegetable production, and among them, three
are diploids (B. nigra, B. oleracea, and B. campestris) and the other three are amphi-
diploids (B. juncea, B. napus, and B. carinata). The genomic variation and relation-
ships between these species have been described in the form of triangle, and in the
literature, it is known as triangle of U (Nagaharu 1935; Ozturk et al. 2012).
Furthermore, an extensive research work on metal tolerance and accumulation was
carried out, and the differential metal accumulation pattern among Brassica species
has been observed (Anjum et al. 2013; Diwan et al. 2010).

Several Brassica species have been reported to exhibit higher tolerance toward
most of the toxic metals/metalloids, and majority of Brassica species are now known
as good accumulators of toxic metals (including Cd, Cu, Ni, Pb, U, Zn) (Kumar
etal. 1995; Ozturk et al. 2012), allocating large amounts of majority of these metals
into aboveground parts, thus stand second to none in terms of their utility in toxic
metal-remediation strategies. Moreover, as several species of Brassica are able to
produce significant amounts of biomass (a required trait for phytoremediation) and
are adaptable to a range of environmental conditions, there is the potential to develop
superior genotypes of Brassica sps for phytoremediation through selection and
breeding techniques (Anjum et al. 2012).

Brassica juncea needs special attention in the field of phytoremediation because
it is not only a metal tolerant but also accumulates huge amount of several metals in
its shoots, including Zn, Cd, and Pb. It is shown that B. juncea accumulates high
amount of Cd in the shoots (1450 pg Cd/g dry wt), which is three times more than
reported in Brassica napus (555 pg/g dry wt). In addition, this plant also extracts
high amount of other metals from soil, such as Pb (28% reduction) and Se (reduced
between 13% and 48%) (Szczyglowska et al. 2014). Interestingly, this plant is more
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effective at removing Zn from soil than Noccaea caerulescens, a known hyperac-
cumulator of zinc. This is due to the fact that B. juncea produces ten times more
biomass than N. caerulescens (Anjum et al. 2013; Szczyglowska et al. 2014). In
Southeastern Anatolia, several endemic metal accumulator was discovered, and
among them, Brassica nigra Diyarbakir ecotype was found to be Cu accumulator
(Cevher-Keskin et al. 2019). When this ecotype was regenerated from callus culture
and grown in soil containing 500 uM Cu, the shoots accumulated around 20,000 ug
g~! DW Cu, which was around three times more than in the roots (Memon and
Zahirovic 2014; Ozturk et al. 2012).

The high metal accumulation capacity of several plant species from the
Brassicaceae family indicates that these accumulator plants especially B. juncea
and B. nigra could be important candidates for phytoremediation of Zn, Cu, Cd, and
Pd from the contaminated soils (Cevher-Keskin et al. 2019; Dalyan et al. 2017,
Kumar et al. 2012; Memon and Zahirovic 2014).

7 Heavy Metal Uptake, Accumulation,
and Subcellular Localization

Highly specific and very efficient mechanisms have been developed by plants in
order to take up essential micronutrients from the soil, even when present at low
quantities. Plant-induced pH changes, redox reactions, and plant-produced chelat-
ing agents in the rhizosphere help plants to absorb trace elements even from poor
nutrient soils and translocate and store them in vacuole and other organelles. The
same mechanism is also involved in the uptake, translocation, and storage of toxic
elements, whose chemical properties simulate those of essential elements. Thus, the
metal uptake, translocation, and accumulation mechanisms are of much interest in
the area of phytoremediation (Memon and Schroder 2009; Tangahu et al. 2011).

B. nigra is shown to be a Cu accumulator (Memon et al. 2008), and our results
with microarray analysis showed that many genes especially metal ATPases and
other metal transporters were several hundred fold upregulated in the shoots of
B. nigra Diyarbakir ecotype when plants were subjected to 500 uM Cu concentra-
tion (Memon and Zahirovic 2014). This Diyarbakir ecotype was named as faculta-
tive metallophyte because it can grow both at low metal and at very high metal
concentration (e.g., 500 uM Cu) in the soil. We used Arabidopsis ATHI genome
array to analyze the gene expression pattern in our facultative accumulator B. nigra
Diyarbakir ecotype. The gene expression pattern in the roots and shoots of B. nigra
was compared when grown at 0 and 25 uM Cu. The differential response in terms of
gene expression in roots and shoots was observed when plants were subjected to 25
uM Cu concentration for 72 h. The response to Cu was much stronger in roots (88
genes showed increased or decreased mRNA levels) than in leaf tissues (24 were
up- or downregulated). These genes were identified as metal transporters, signal
transduction and metabolism-related genes, and transport facilitation genes.
Glutathione pathway-related genes (y-ECS, PC, etc.) were also identified, and their
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mRNAs were differentially expressed in root and shoot tissues (Cevher-Keskin
et al. 2019).

The range of known transport mechanisms or specialized proteins embedded in
the plant cell plasma membrane involved in ion uptake and translocation include (1)
proton pumps ATPases that consume energy and generate electrochemical gradients
and (2) co- and anti-transporters (proteins that use the electrochemical gradients
generated by H*-ATPases to drive the active uptake of ions) and channels (proteins
that facilitate the transport of ions into the cell). Each transport mechanism is likely
to take up a range of ions. Plant uptake-translocation mechanisms are presumably
closely regulated (Tangahu et al. 2011). Most of the crop plants require small
amount of micronutrients for their metabolism and normal growth, which generally
vary from 10 to 15 ppm. Some other plants which are labelled as “hyperaccumula-
tors” can take up toxic metals at levels in the thousands of ppm without showing any
toxicity symptoms. It is intriguing that how these accumulator plants cope with
metal toxicity and how they avoid metal toxicity. What are the mechanisms respon-
sible to make these metals in innocuous form? Multiple mechanisms are involved,
especially the storage in the vacuole appears to be one of the major mechanism for
metal detoxification (Memon et al. 2001; Reeves et al. 2018; Tangahu et al. 2011).

Clarkson and Liittge (1989) reported that Cu and Zn, Ni and Cd compete for the
same membrane carriers. Different chelators are reported to be involved in the trans-
location of metal cations through the xylem, such as organic acid chelators (e.g.,
malate, citrate, histidine (Salt et al. 1995; von Wirén et al. 1999), or nicotinamide
(Stephan et al. 1996; von Wirén et al. 1999). Since the metal is complexed within a
chelate, it can be translocated upward in the xylem without being adsorbed by the
high cation exchange capacity of the xylem (von Wirén et al. 1999).

Several metal tolerant and accumulation mechanisms in plants growing in metal
contaminated soils have been suggested (Memon 2016; Memon and Schroder
2009). Hyperaccumulation in plants is a part of metal homeostasis network in which
metal is efficiently taken by the roots and then transported from the roots to shoots
through xylem and then either complexed and sequestered in the subcellular com-
partments or secreted in the trichomes (Hanikenne and Nouet 2011; Memon and
Schroder 2009; Ovecka and Takac¢ 2014). These accumulator plants have very
unique eco-physiological character and have the ability to uptake, transport, and
accumulate huge amount of metals in their shoots and leaves and compartmentalize
them in the cell wall, vacuole, and other subcompartments in the cytosol in order to
keep them away from metabolic activities in the cell (Memon and Schroder 2009;
Memon and Yatazawa 1982). To determine the subcellular localization on Mn in the
leaves of Acanthopanax sciadophylloides, electroprobe X-ray microprobe analysis
was carried out with fresh leaves frozen down in liquid nitrogen. The microdistribu-
tion pattern of Mn at subcellular level showed that most of the Mn was deposited in
the cell wall and vacuolar compartment of epidermal cells and it was kept away
from metabolically active compartments, for example, cytosol, mitochondria, and
chloroplast (Fig. 1; Memon and Yatazawa 1984). Interestingly, Mn was predomi-
nantly accumulated in the epidermal cells (E) and was almost absent from the cells
of stomatal complex (Fig. 2, A. R. Memon, Unpublished data).
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Fig. 1 Secondary electron
image (SEI) showing a line
scan profile of a leaf
section of tea plant with
Mn (Ko radiation) peaks.
cy, cytosol; V, vacuole of
epidermal cells (E); P,
palisade parenchyma cells
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Fig.2 Secondary electron (SEI) and Mn X-ray distribution images of the abaxial side of a tea leaf.
A, SEI B, Mn X-ray distribution image. EC, epidermal complex; SC, stomatal complex; S, spongy
parenchyma; V, vascular bundle; P, parenchyma cells



154 A. R. Memon

The metal distribution and accumulation pattern vary with plant species and the
type of element. For example, A. halleri leaves accumulates Zn and Cd more in the
mesophyll cells than in the epidermis (Kiipper et al. 2000), whereas N. caerulescens
accumulates six-fold higher Zn and Cd in epidermis cells than in mesophyll cells
(Kiipper et al. 1999). Interestingly, B. juncea which is reported to be metal tolerant
and accumulator (Dalyan et al. 2017) and is a good candidate for phytoremediation
is reported to accumulate 40-fold higher Cd in trichomes compared to the total leaf
(Salt et al. 1995). Other hyperaccumulator species like Alyssum lesbiacum accumu-
late a significant portion of Zn and Ni in leaf trichomes (Reeves et al. 2018).

Cell fractionation analysis with A. sciadophylloides Frach & Sav leaves showed
that most of the Mn was present in cell wall and in supernatant, and a very large
amount of Mn in the supernatant fraction was found to be bound with organic acid
having a molecular weight of approximately 145 g/mol (Memon and Yatazawa
1984). In order to identify the chemical forms of accumulated Mn in the cell, a high-
performance liquid chromatography and high-voltage paper electrophoresis analy-
sis were carried with the leaf extracts, and results showed that Mn was chelated with
oxalic acid in vacuolar compartment (Memon and Yatazawa 1984). The detoxifica-
tion mechanism of Mn proposed that Mn?* is taken up at plasma membrane and
binds with malate in cytoplasm, and this Mn-malate complex is transported through
the tonoplast membrane into the vacuoles, where Mn dissociates from malate and
complexes with oxalate. Here, malate functions as “transport vehicle” through the
cytoplasm and oxalate as the “terminal acceptor” in the vacuole (Memon and
Schroder 2009; Memon and Yatazawa 1984). Many other mechanisms have been
proposed for detoxification and accumulation depending on the metal type and plant
species (Isaure et al. 2015; Memon 2016; Rascio and Navari-Izzo 2011).
Phytochelatins, metallothioneins, metalloenzymes, metal-activated enzymes, and
various channel proteins have been reported to bind and sequester metals (Hanikenne
and Nouet 2011; Isaure et al. 2015; Memon 2016).

Most of the current research on genetic, genomic, and transcriptome analysis of
transporters and the participation of multiple gene families in response to metal
stress have been obtained in a two-model accumulator plant species such as Noccaea
caerulescens and Arabidopsis halleri (Verbruggen et al. 2009). The recent develop-
ment of next-generation sequencing technologies, transcriptomics (microarray
analysis, RNA-seq analysis), proteomics, and metabolomics opens up the new ave-
nue to understand the function and regulation of genes, proteins, and metabolites in
the cell when encountered high metal concentration in the environment (Verbruggen
et al. 2013).

8 Heavy Metal Transporters in Plants

Recently, molecular biology and genetics studies with hyperaccumulators plants
have identified several important gene families involved in metal transport and
could play a key role in metal tolerance. So far, several classes of metal transporter
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proteins have been identified in plants, and they fulfil many important functions
ranging from metal absorption, transport, sequestration, and storage in specific
organelles. They also play an important role in metal homeostasis in plant cell
(Memon 2016). Metal transporters are classified into six main groups, which include
natural resistant-associated macrophage protein (NRAMP), ZRT/ RT-like protein
(Z1P), cation diffusion facilitator (CDF) transporters, yellow stripe-like (YSL) pro-
teins, and Pp-type heavy metal ATPases (HMAs) (Memon 2016; Merlot et al.
2018). Plants grown in polluted or metalliferous soils have evolved several mecha-
nisms in order to deal with toxic quantities of heavy metals, such as Cd, Ni, Cr, Pb,
or Hg, or toxic excess of essential elements, such as Zn, Cu, Mn, B, and Co. A fine
control of metal homeostasis is required to overcome the toxic and oxidative dam-
age at subcellular level. Thus, it is not surprising that plant can activate several
transporters which can function either in excluding metal at the root or in sequester-
ing them at subcellular level in some compartments such as vacuole. Arabidopsis
thaliana genome has uncovered several families of transporter genes, which include
15 members of zinc and iron transporters (ZIP), 8 members of cation diffusion
facilitator (CDF), 6 members of copper transporters (CTR), 6 members of NRAMP
homologues, and 8§ members of Cu, Zn/Cd transporting ATPases (Miser et al. 2001;
Merlot et al. 2018) (http://www.cbs.umn.edu/arabidopsis/). In addition, some other
transporter families, for example, vacuolar cation proton exchanger (CAX) and
ABC transporters, are also involved in metal homeostasis in plant cells (Colangelo
and Guerinot 2006; Hall and Williams 2003; Memon 2016; Memon and Schroder
2009; Sarma et al. 2018).

8.1 ZIP Gene Family

ZIP transporters are involved in the transport of four essential micronutrients: Zn,
Fe, Mn, and Cu (Cohen et al. 2004; Eide et al. 1996; Grotz et al. 1998; Lin et al.
2009; Pedas et al. 2008; Pence et al. 2000; Wintz et al. 2003). This family is derived
from the first defined members that include ZRT- (Zn-regulated carrier) and IRT-
(Fe-regulated carrier) like proteins. It has been reported that ZIP family members
can also transport heavy metals such as Cd (Zheng et al. 2018). Therefore, the ZIP
family can play an important role in the transport of various heavy metals, both
essential and nonessential (toxic) (Guerinot 2000; Pence et al. 2000; Rogers et al.
2000). They have been discovered in both dicots and monocots, including
Arabidopsis, Medicago (Milner et al. 2013; Stephan et al. 1996; Stephens et al.
2011), rice, maize, and barley (Chen et al. 2008; Li et al. 2013; Stephens et al. 2011;
Tiong et al. 2015). Arabidopsis has 15 members of ZIP transporters, but recently, 18
ZIPs from Arabidopsis and 16 ZIPs from rice has been annotated (Ivanov and Bauer
2017). To date, only three members of the ZIP family (AtIRT gene) have been iso-
lated from Arabidopsis. The role and functions of Arabidopsis AtIRT1, AtIRT2, and
AtIRT3 have been described in detail (Grotz et al. 1998; Guerinot 2000). Little is
known about the functionality of the other 12 ZIP members in Arabidopsis. Recently,
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a distinct expression pattern of ZIP genes in Arabidopsis and rice was found in
response to Cd stress (Zheng et al. 2018). ZIP genes in Arabidopsis were mainly
upregulated in roots, while in rice, they were upregulated in shoots when subjected
to Cd stress. Most of the characterized ZIP proteins are reported to be targeted to
plasma membrane; however, some of them are found to be located in tonoplast or
other endomembrane system (Milner et al. 2013; Ricachenevsky and Sperotto
2016). NcZNT1 is an important ZIP-like transporter involved in Zn and Cd hyper-
accumulation and tolerance in N. caerulescens (Lin et al. 2016). It is orthologue of
AtZIP4 from A. thaliana having 90% cDNA and 87% amino acid identity (Lin et al.
2014). NcZNtl is differentially expressed between A. thaliana and N. caerulescens
due to its differences in cis- and trans-regulatory elements. It is constitutively
expressed in the stele of the roots of N. caerulescens and is responsible for xylem-
mediated translocation of metals to the shoot (Lin et al. 2016).

8.2 CDF-Type Family

The cation diffusion facilitator (CDF) proteins play an important role in metal
homeostasis and tolerance (Méser et al. 2001). CDFs are membrane bound proteins
and transport zinc and other heavy metal ions. They are involved in metal tolerance/
resistance by efflux of ions and share a two-modular architecture consisting of a
transmembrane domain (TMD) and C-terminal (Ricachenevsky et al. 2013) domain
(CTD) that protrude into the cytoplasm (Kolaj-Robin et al. 2015). The first CDF
gene in plants is zinc carrier ZAT 1 characterized in A. thaliana. It was then renamed
to metal tolerance protein 1 (MTP1) (Ricachenevsky et al. 2013). ZAT is expressed
primarily throughout the plant, and its expression is enhanced by increase in Zn
concentration. These carriers are known to play an important role in tolerating Zn**,
Cd*, or Co?* ions in plants, yeast, bacteria and animals (Memon 2016).

8.3 COPT Gene Family

High-affinity Cu carriers (CTRs, COPTs in other organisms other than plants) are
essential components of the major pathway for cellular high-affinity Cu uptake. Six
members of the putative Cu family (COPT1-6) have been identified in Arabidopsis,
and three of them COPT1, COPT2 and COPT6 are localized in plasma membrane
(Pefiarrubia et al. 2010; Sancenén et al. 2003; Yuan et al. 2011). COPT]1 is required
in Cu acquisition when Cu availability decreases in the soil (Sancendn et al. 2004;
Yamasaki et al. 2009), whereas COPY?2 is a cell surface transporter and expressed
mostly in all plant parts, especially in roots, young leaves, apical meristems, tri-
chomes, and anthers (Perea-Garcia et al. 2013). COPTS is reported to be localized
in both the tonoplast membrane (Klaumann et al. 2011) and the prevacuolar com-
partment (Perea-Garcia et al. 2013) and is believed to be involved in intracellular
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homeostasis. The plasma membrane-localized COPT6 functions in Cu distribution
in plants and is expressed in seeds and leaves during Cu deficiency (Perea-Garcia
et al. 2013). In Cu deficiency, the increase in transcript levels of COPT1 and COPT2
is activated by the SPL7 transcription factor (Bernal et al. 2012; Perea-Garcia et al.
2013). CTR/COPT family Cu transporters have also been identified in rice (Yuan
etal. 2011).

8.4 Nramp Gene Family

Nramp gene family defines a new family of proteins involved in the transport of
divalent metal ions. This gene family is highly conserved during evolution and is
involved in the transport of metal ions in a wide range of living organisms, including
bacteria, yeasts, insects, mammals, and also higher plants (Cellier 2012; Gruenheid
etal. 1995). It encodes integral membrane polypeptide containing 10-12 transmem-
brane domains, 1-2 extracellular loops, and an intracellular domain with structural
characteristics of a transporter protein (Bairoch 1993).

NRAMP genes play an important role in the transport several metal ions including
Fe, Mn, Zn, and Cd (Nevo and Nelson 2006). In plants, this family was first
described in rice, and three Nramp genes (OsNramp 1-3) were reported (Belouchi
etal. 1997; Cellier et al. 1995; Hall and Williams 2003). OsNramp3 is expressed in
both roots and shoots, whereas OsNramp?2 is expressed only in the leaves (Belouchi
et al. 1997). In Arabidopsis thaliana, six Nramp genes have been identified and
classified into two subfamilies. AtNRAMPI and AtNRAMP6 comprise the first
group, and AtINRAMP2 to AtNRAMPS belong to the second (Méser et al. 2001).
AtNRAMP1 is localized to both the plasma membrane and intracellular membranes
including the Golgi apparatus (Agorio et al. 2017; Cailliatte et al. 2010) and can
also transport iron (Fe), manganese (Mn), and cadmium (Cd). AtINRAMP2 is
located in trans-Golgi network and is activated in plant roots when subjected to low
Mn concentration (Gao et al. 2018). AtNRAMP3 and AtNRAMP4 are required for
Mn transport from vacuolar compartment to chloroplast and are localized to the
tonoplast membrane. Double mutant of these transporters reduced the function of
photosystem II and impaired plant growth (Lanquar et al. 2010). OsNramp5 is
involved in Mn uptake and is localized in the plasma membrane of rice roots
(Ishimaru et al. 2012). In soybean genome, 13 NRAMP genes have been identified
(Qin et al. 2017). Gene expression analysis showed that GmNRAMP is differen-
tially regulated by deficiencies of major elements in the cell like N, P, K, Fe, S and
also regulated by the toxicities of Fe, Cu, Cd, and Mn (Qin et al. 2017). Brassica
napus genome contains 22 NRAMP transporter genes, and based on sequence iden-
tity, these transporters are classified into six subfamilies. Nineteen NRAMP trans-
porters were confirmed by RNA-seq analysis, and 10 NRAMP genes were
differentially expressed under Cd exposure (Meng et al. 2017). BANRAMP1b was
constitutively expressed throughout all developmental stages of B. napus plant and
can be strongly induced in seedlings exposed to high Cd concentration. BANRAMP1b
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was found to be cleaved by miR167, suggesting that it is posttranscriptionally regu-
lated by miR167 in B. napus under Cd stress (Meng et al. 2017). A new rice line
with extremely low Cd content has been developed by knocking out OsNramp5
transporter using the CRISPR/cas9 technique (Tang et al. 2017). This transgenic
line can grow in Cd-contaminated paddy soils and accumulate very low Cd in their
grain (0.05 mg/kg); in contrast, wild-type India rice had high Cd concentration in
their grain ranging from 0.33 to 2.90 mg/kg when grown in the same soil (Tang
et al. 2017). Excessive Cd in rice grain is a serious problem to health (e.g., itai-itai
disease) of those who consume rice as a staple food. These mutant rice lines with
very low Cd content in their grains could be useful material to develop new hybrid
lines, which could be commercially used in the Cd-contaminated areas, and their
grains can be consumed for dietary purpose.

8.5 ABC-Type Family

ATP-binding cassette (or ABC) proteins constitute one of the largest proteins
families and are present in all organisms ranging from bacteria to humans (Henikoff
et al. 1997). ABC transporters are ATP-driven pumps comprising two nucleotide-
binding domains (NBDs) and two transmembrane domains (TMDs). Three struc-
tural type ABC transporters have been reported. One is full-type transporter
containing two membrane domains (TMD) and two nucleotide-binding domains
(NBD) and largely expressed as TMD-NBD-TMD-NBD or NBD-TMD-NBD-
TMD. The second one is called as half transporters containing one TMD and one
NBD domain and dimerizes in pairs to form virtual homodimers or heterodimers
transporters. The third-type transporter contains two NBDs but no TMDs (Verrier
et al. 2008). The NBD domain in all structural type of ABC transporters contains
some conserved motifs, which are as follows: Walker A, Q-loop, Walker B, D-loop,
switch H-loop, and a signature motif (LSGGQ). Each motif has its specific function,
for example, the D-loop functions as holding dimers together, the switch H-loop
interacts with transmembrane domain, the P-loop (Walker A and B motifs together)
binds ATP, the other two loops Q- and H- are important for interaction with the
y-phosphate of the ATP (Davidson et al. 2008; Lane et al. 2016). The signature
motif (LSGGQ) is specific to ABC transporter proteins and distinguishes them from
ATPases (Davies and Coleman 2000).

In humans, seven to eight subfamilies of ABC transporters have been identified
based on their primary sequence and domain structure (Dean and Allikmets 2001).
In Arabidopsis and in rice, 130 and 133 ABC transporters, respectively, have been
identified (Hwang et al. 2016; Lefevre et al. 2015). Among them, only a few num-
bers of transporters have been functionally characterized, and a limited number of
transporters have also been identified in other plant species, for example, wheat,
maize, and Vitis vinifera (Bhati et al. 2015; Cakir et al. 2013; Kang et al. 201 1a;
Pang et al. 2013).
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Recently, 314 ABC transporters in Brassica napus genome have been identified
and are classified into eight subfamilies from A-G and I. The ABCG transporters
constitute the largest subfamily with 116 members followed by ABCB (69 members)
and ABCC (47 members) (Kang et al. 2011b; Lane et al. 2016; Yan et al. 2017; Yang
et al. 2016), and the ABCB and ABCC subfamilies rank second and third with 69
and 47 members, respectively. Most of the ABC genes were validated by RNA
sequencing. Among 132 genes which were differentially expressed, 84 genes were
significantly expressed by Cd stress (Yan et al. 2017). Recently, AtABCC1 and
AtABCC?2 have been implicated in phytochelatin-mediated Cd and Hg detoxification
by vacuolar sequestration (Park et al. 2012). Furthermore, OsABCB 14 is shown to
be responsible for Fe homeostasis in rice (Xu et al. 2014), and OsABCG43/PDR5
is induced in rice roots when subjected to Cd stress and may be involved in
detoxification of Cd by compartmentalizing Cd into organelles (Oda et al. 2011; Xu
et al. 2014). Above studies demonstrate that ABC transporters play a central role in
detoxification and accumulation of toxic metals in hyperaccumulator/tolerant plants.

9 P.p-Type Metal ATPases (HMAs)

Pp-type metal ATPases are a subfamily of P-type ATPases and are responsible for
the transport of a number of important and potentially toxic metals (Cu?*, Zn*",
Cd?**, Pb*) along the cell membranes (Argiiello 2003; Axelsen and Palmgren 2001;
Osterberg and Palmgren 2018; Rensing et al. 1999). These ion pumps use active
ATP energy to pump various charged substrates along biological membranes and
share a common enzymatic mechanism in which ATP hydrolysis is carried out for
the transport of ions from the membrane (Axelsen and Palmgren 2001). These
ATPases can be classified into several subfamilies according to both DNA sequence
and functional protein similarities: for example, H*-ATPases (type 3A) in plants and
fungi, Na*/K*-ATPases in animals, Ca?*-ATPases (type 2C/D) and heavy metal
ATPases (type 1B) in bacteria, plants, and mammalian system (Axelsen and
Palmgren 2001; Rosenzweig and Argiiello 2012). P,3-ATPases, in addition to the
conserved regions in the P-type ATPases, such as DKTGT, GDGxNDxP, PxxK, and
S/TGE, possess six to eight transmembrane domains (TMs), a HP locus, and a CPx/
SPC motif (Williams and Mills 2005) necessary for metal transport, and putative
metal-binding sites in the N and/ or C terminus (Williams and Mills 2005). These
metal ATPases based on their substrate specificity are dived into two subgroups, Cu/
Ag (Cu*-ATPases) and Zn/Cd/Co/Pb transporters (Zn>*-ATPases) (Axelsen and
Palmgren 2001). Arabidopsis thaliana and rice genomes possess eight and nine
P,s-ATPase genes, respectively, which have been classified into six groups (Williams
and Mills 2005). Among these ATPases, HMA2, HMA3, and HMA4 are closely
related in sequence and are specific to Zn/Cd transporters. HMA2 and HMA4 are
located in the plasma membrane of pericycle and control root to shoot long-distance
transport of Zn and Cd, while HMA3 is involved in vacuolar transport of Zn
and Cd (Hanikenne et al. 2008; Hussain et al. 2004; Liu et al. 2017; Morel et al.
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2009; Wong and Cobbett 2009). Lekeux et al. (2018) have reported that C terminus
of HMA4 plays an important role in Zn binding, and this region of HMA4
substantially diverges between A. thaliana (nonaccumulator) and A. halleri
(accumulator). Their data further showed that di-Cys motifs in C-terminal region of
HMAA4 contribute to high-affinity zinc binding in plants. In B. juncea, BIHMMA4
was upregulated by Zn and Cd in the roots, stems, and leaves (Wang et al. 2019). A
detailed study with BJHMA4 protein showed that a repeat region named BjHMA4R
in the C-terminal region of HMA4 is not far from the last transmembrane domain
and is localized in the cytosol. This C-terminal region substantially binds Cd** and
improves Cd tolerance and accumulation in B. juncea. AtHMAT1 is located in chlo-
roplast membrane and is involved in the translocation of Cu and Zn into and out of
chloroplast, respectively (Boutigny et al. 2014; Kim et al. 2009; Moreno et al. 2008;
Seigneurin-Berny et al. 2006). Recently, it has been shown that HMA1 in the leaves
of Sedum plumbizincicola plays an important role in the detoxification of Cd in
chloroplast by exporting Cd out of the chloroplast (Zhao et al. 2018). SpHMA1RNA
interference transgenic plants and CRISPR/Cas9-induced HMA1 mutant lines
showed significant increase in Cd accumulation in the chloroplasts compared with
wild-type plants. Their data showed that SpHMA1 in S. plumbizincicola leaves is a
chloroplast Cd exporter and protects photosynthesis by inhibiting the Cd accumula-
tion in the chloroplast. The AtHMAS to AtHMAS ATPases are involved in Cu trans-
port in the cell. AtHMAS contributes in the detoxification of excess Cu in roots by
increasing Cu translocation from roots to shoots (Kobayashi et al. 2008). AtHMAG6
(PAAT1) and AtHMAS (PAA?2) are localized in chloroplast envelope and thylakoids
and deliver Cu into chloroplast (Abdel-Ghany et al. 2005; Shikanai et al. 2003).
Recently, 20 HMA genes have been found in soybean and are annotated as
GmHMAI1 to GmHMA20 (Fang et al. 2016). Phylogenetically, these 20 HMAs
were divided into six clusters. Based on the Arabidopsis and rice HMA function, six
GmHMAs (5, 19,13,16,14 and 18) were classified as Zn**-ATPases, while the
remaining HMAs were classified as Cu*-ATPases (Fang et al. 2016). The expression
pattern of these 20 genes in both wild and cultivated soybean lines suggests that
they may be functionally conserved and divergent and possibly involved in Cd
detoxification (Fang et al. 2016). Li et al. (2015) performed genome-wide of the
Populus trichocarpa HMA gene family and identified 17 HMA genes, which were
showed to be differentially regulated by excessive metal stress. Tissue-specific
expression of HMA genes showed that HMA1 and HMA4 were highly expressed in
the leaves of populous, whereas HMA 5-HMAS genes were upregulated in roots
when plants were subjected to high metal concentration (Li et al. 2015). Given the
main functions of HMA proteins in metal transport in A. thaliana and other plants
in Brassicaceae, we performed phylogeny analysis, multiple sequence alignments,
3D structure prediction, and validation, as well as subcellular localization predic-
tion of these proteins, with the goal of investigating the interacting proteins present
in different plant species in Brassicaceae. The main approach of generating interac-
tome protein analysis is to check for the specificity in structure and function between
B. rapa (genome is recently published) and A. halleri (a metal accumulator plant)
and then compare to genomic data of A. thaliana (a model plant). Study on
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Table 1 Protein—protein interactions of A. thaliana, with description and function and localization
of each protein

Gene name | Gene ID Protein Localization in the cell

AT2G18196 | AT2G18196 | Heavy metal transport/ Extracellular region
detoxification superfamily
protein, metal ion binding and

transport
AT4G13010 | AT4G13010 | Oxidoreductase, zinc-binding Chloroplast, chloroplast
dehydrogenase family protein, envelope, chloroplast inner

oxidoreductase activity, binding, | membrane, chloroplast
catalytic activity, zinc ion binding | thylakoid membrane, cytoplasm,
plasma membrane, vacuole

Z1P6 AT2G30080 | Cation transmembrane Chloroplast thylakoid
transporter/metal ion membrane, integral component
transmembrane transporter of membrane, plasma membrane

AT2G01320 | AT2G01320 | ABC transporter family protein, | Chloroplast, chloroplast
ATPase activity envelope, integral component of

membrane, membrane

ZIP10 AT1G31260 | Cation transmembrane Integral component of
transporter/metal ion membrane, plasma membrane
transmembrane transporter

NAP8 AT4G25450 | ATNAPS, ATPase, coupled to Chloroplast, chloroplast
transmembrane movement of envelope, integral component of
substances/transporter membrane, membrane, plasma

membrane

Analysis was done by STRING software the confidence view (String v9.1 software was used for
interaction analysis, Franceschini et al. 2013) (Maida and Memon, Unpublished data)

protein—protein interactions is important in order to understand the complexity of
the function of HMA proteins. Detailed bioinformatics and comparative structural
studies with HMA1-HMA4 in Arabidopsis thaliana, A. halleri, B. rapa, and
B. juncea have shown the similarities and dissimilarities in the structural component
of these transporters and their interaction with other proteins. The differences have
been seen in the domain analysis and subcellular localization of these proteins
among plant species (Jusovic and Memon 2015, Unpublished data, see Table 1 and
Fig. 3).

9.1 Interactome Analysis Between HMAs and Other
Metal Transporters

The interactome analysis revealed the strong interactions of HMA4 with HMAI,
HMA?2, and HMA3 and also with other metal transporters like different ZIP
(Guerinot 2000) and ZAT (van der Zaal et al. 1999), whereas all HMA proteins
showed strong interactions with ATCCS proteins (copper chaperone for superoxide
dismutase) (Chu et al. 2005). The interaction of HMAs with different metal
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Fig. 3 Protein—protein interaction prediction, where the interaction of other proteins with HMAI,
HMAZ2, HMA3, and HMA4 in Arabidopsis thaliana is shown. The interactome is generated by
STRING software. Stronger protein associations are represented by thicker lines

(String v9.1 software was used for interaction analysis; Franceschini et al. 2013) (Maida and
Memon, Unpublished data)

transporters and also with other several heavy metal transporter domain-containing
proteins (Fig. 1) suggests that the metal tolerance mechanism in the plants is a
function of the expression of many transporter genes and the subcellular localization
of the different transporter proteins in accumulator plants. The detailed description
of these transporters is shown in Table 1.

All previous bioinformatics analyses have given some information about their
regulation, but not much work has been done on their structural analysis and their
interactome. We have here clearly shown the HMA interaction with other proteins,
and some structural differences have also been identified in our bioinformatics anal-
ysis (data not shown). These differences are seen in the domain analysis and subcel-
lular localizations of these proteins. Experimental determination of 3D structures is
important to better understand the function of these proteins, which is crucial for
proper functioning of all cellular processes in plants. Especially, docking sites and
domains need to be experimentally researched further in order to understand the
function and role of these proteins in accumulator plants.

A significant advance in metal-induced gene expression and the role of different
metal transporters in metal uptake transport, accumulation, and detoxification have
been carried out in metal accumulator and nonaccumulator plant species. Genomic
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analysis of well-known metal accumulator species (e.g., Arabidopsis halleri,
Noccaea caerulescens, Brassica juncea, B. napus, B. nigra) has shown the role of
several metal transporters, including metal ATPases in metal accumulation and tol-
erances in plants (Cevher-Keskin et al. 2019; Dalyan et al. 2017; Memon 2016).

Above data show that P5-ATPase family plays an important role in heavy metal
transport in plants. HMA genes have not only been identified in model plants like
Arabidopsis thaliana and rice, but these HMAs have also been identified in B. napus,
B. rapa, B. juncea, Glycine max, and Populus trichocarpa. The HMA1 to HMA4 in
the model plants have been thoroughly characterized at both gene and protein lev-
els. The role of HMA1 to HMA4 in Cu, Zn, and Cd transport in plat cell has been
well documented, and especially, the importance of C terminus of HMA4 in metal
binding and its role in metal tolerance and accumulation in plants have been sug-
gested. Functional studies of these transporters have been carried out in yeast, and
extremely useful information related to the transporter proteins and metal interac-
tion has been obtained (Fang et al. 2016; Wang et al. 2019).

Furthermore, the plant genomic sequencing and bioinformatics analysis with
Arabidopsis, rice, Brassica napus, and B. rapa have shown us that a large number
of transporter gene families exist in the genomes of these plants. In the last decades,
a range of plant transporter genes involved in metal uptake and translocation have
been cloned and characterized, but there are many other transporter genes which are
still not identified and await for identification and functional analysis. The future
work should be focused on the expression and function of these transporter genes at
cellular and subcellular levels in order to find out their specific roles in metal local-
ization and compartmentalization in the cell. More studies with the structural analy-
sis of the transporter proteins will reveal the basic mechanism of the substrates
selection and transport activity.

From the information obtained from functional studies of these transporters
together with their structural analyses, it is possible to assign their role in metal
transport and accumulation at specific site and location of the cell and tissues. Two
different kinds of strategies can be carried out with these transporters and their
expression in plants. For accumulator plants, the transporters related to metal uptake
and translocation can be overexpressed to optimize the translocation of toxic metals
to aerial parts, which would be the target for phytoremediation. Another strategy
could be used for edible crop plants where the low uptake transporters could be
engineered to minimize the transport of toxic cation in edible crops.

10 Recent Advances and New Possibilities
in Phytoremediation

microRNAs (miRNAs) are universal regulator for gene expression in both plants
and mammalian system when encountered to biotic or abiotic stress. Recently, a
high-throughput sequence analysis with metal accumulator and tolerant plants has
shown the upregulation and downregulation of several miRNAs when plants were



164 A. R. Memon

exposed to metals (e.g., Zn, Cd, Cu) (Memon 2016). Several studies have demon-
strated that heavy metal-induced gene expression in the accumulator plants can be
regulated by different miRNAs (Gielen et al. 2012; Memon 2016; Zhou et al. 2012).
Genome wide identification of miRNAs and corresponding target genes that are
induced in response to metal stress in A. thaliana, rice, tobacco, radish, B. napus,
and B. rapa have been documented to some extent (Liu et al. 2015; Yuan et al.
2011). However, these studies are limited and need further attention in terms of
miRNA-regulated heavy metal-related gene expression in hyperaccumulator plants
and their impact on metal accumulation and tolerance in the cell.

Recently, several gene editing technologies have been developed such as
customized homing nuclease (meganuclease), zinc-finger nuclease (ZNFs), and
transcription activator-like effector nuclease (TALENSs) (Zhu et al. 2017). There are
several advantages and disadvantages associated with these techniques. Recently,
CRISPR-Cas 9 technology (clustered regularly interspaced short palindromic
repeats(CRISPR)-associated protein 9) has been successfully used for genome edit-
ing in bacteria, plants, mammalian, and human system (Barrangou and Doudna
2016; Doudna and Charpentier 2014; Park et al. 2017). This new technology has
great potential to help molecular biologists and crop breeders to edit or modify the
genome or genes of crop plants that are able to produce high yields under conditions
of biotic/abiotic stress (Kumlehn et al. 2018; Scheben et al. 2017; Schindele et al.
2018; Wolter and Puchta 2018). CRISPR/Cas9 technique could be used to introduce
point mutations in the sequences of the metal transporter genes in order to enhance
their activity or modify their selectivity toward metal of interest. The increase in
transporter activities (overexpression) will enhance the ability of the plant to uptake
and translocate the metals in shoots efficiently, and this could be paramount impor-
tance for phytoremediation. In other case, the transporter activities could be reduced
or knocked out by deleting the sequences of specific transporter gene/genes. In this
case, the crop plants could be generated, which could be used in contaminated soils
for human consumption. For example, OsNramp5, which is major transporter
responsible for Mn and Cd uptake in rice (Sasaki et al. 2014), was successfully
knockout in the rice by using CRISPR/Cas9 system. These OsNramp5 mutants
showed a remarkable reduction in Cd content in rice grain while maintaining all
important agronomical traits such as growth, yield, and test (Tang et al. 2017).
Overall, this CRISPR/Cas9-mediated genome editing has a great potential for
exploiting plant genomes to enhance the metal accumulation and metal tolerance
capacities in plants which could be effectively used for phytoremediation.

11 Conclusion

Inthisreview, I have summarized the recent advances in the field of phytoremediation.
The obligate and facultative hyperaccumulator species have been identified, and
their role in metal accumulation has been described. The metal distribution and
localization in the leaf cells of hyperaccumulator plants have been analyzed by
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X-ray microprobe analyzer, and their distribution pattern at subcellular level has
been examined. The global hyperaccumulator database (www.hyperaccumulators.
org) has been recently established by the Center for Mined Land Rehabilitation of
The University of Queensland, Australia. The database is freely available and con-
tains information about taxonomy, worldwide distribution, ecology, analytical data,
and other relevant information of all known metal and metalloid hyperaccumulator
plant species, which could be useful for biologists, environmentalists, and molecu-
lar biologists for their research. Recent developments in the genome analysis of
B. rapa and B. napus have shown the expression of many metal transporters in these
plant species when subjected to high metal concentration in the soil. These data
have been compared with the data of well-known dicot plant species Arabidopsis
thaliana and monocot species Oryza sativa. Recent development in functional anal-
ysis of metal transporters including ZIPs, ZIPs, MTPs, NRAMPs, ABC transport-
ers, and HMAs in accumulator plants has been summarized. Interactome analyses
of the different HMAs and their interaction with other metal transporters indicate
that the hyperaccumulation is fascinating phenomenon controlled by multigene-
regulated process. Furthermore, the role of the transporters in metal accumulation
and detoxification in hyperaccumulator plants and their implication in phytoreme-
diation have been discussed.
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