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Abstract Heavy metal pollution has emerged as a severe threat to the environment
as well as global food security. Exposure of plants to the heavy metals could cause
perturbations in various physiological, biochemical, and metabolic processes includ-
ing nitrogen (N) uptake and assimilation. Here, we discussed the effects of metal
toxicity on N uptake, N forms, mechanism of metal toxicity, and nitrogen assimila-
tion in plants. We provided a detailed description on the behavior of various
enzymes including nitrate reductase (NR), nitrite reductase (NiR), glutamine syn-
thetase (GS), glutamate synthase (GOGAT), and glutamate dehydrogenase (GDH)
under metal toxicity. We highlighted the response of various nitrogenous com-
pounds and their special role under metal toxicity. In addition, we discussed the
effects of excess metals on N fixation in plants and provided the guidelines for
further studies.
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Abbreviations

As Arsenic

Cd Cadmium

Cu Copper

Fe Iron

GB Glycine betaine
GDH Glutamate dehydrogenase
GIn Glutamine

Glu Glutamate

GOGAT Glutamate synthase
GS Glutamine synthetase
Hg Mercury

MDA Malondialdehyde
Mn Manganese

Mo Molybdenum

N Nitrogen

NH,* Ammonium

Ni Nickel

NiR Nitrite reductase
NO;~ Nitrate

NR Nitrate reductase

Pb Lead

ROS Reactive oxygen species
SH Sulfhydryl

A% Vanadium

Zn Zinc

1 Introduction

Heavy metal toxicity has become a serious environmental threat because of rapid
industrialization, technological advancement, and disturbance of natural ecosystem
due to a rapid increase in human population (Sarwar et al. 2010; Anjum et al. 2017;
Ayangbenro and Babalola 2017). Heavy metals enter the agroecosystem by natural
(such as erosion, volcanic eruptions, weathering of minerals, comets, etc.) and
anthropogenic (such as coating, biosolids, alloy production, atmospheric deposi-
tions, pesticides, etc.) processes (Ayangbenro and Babalola 2017; Sarwar et al.
2017; Meena et al. 2017). Some types of soils inherit these heavy metals from parent
material they are being originated having a high concentration of some of these
metals which are hazardous to plants. Anthropogenic sources include sewage sludge,
phosphate fertilizers, urban traffic, anthropogenic emissions from power stations,
battery production, explosive manufacturing, cement industries, smelting, improper
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stacking of industrial solid waste, etc. (Wu et al. 2004; Sarwar et al. 2017,
Ayangbenro and Babalola 2017; Marfo et al. 2015; Lojkova et al. 2015). These
sources result in the buildup of higher concentrations of heavy metals in the
agricultural soils.

Keeping in view their functions, heavy metals are categorized into two groups,
essential and nonessential. Essential metals include zinc (Zn), manganese (Mn),
copper (Cu), iron (Fe), and nickel (Ni) which have important roles in physiochemical
and metabolic processes of living organism, such as in electron-transferring proteins
and functioning as cofactors for some enzymes (Fageria et al. 2009; Chaffai and
Koyama 2011; Fashola et al. 2016), while nonessential metals (like cadmium (Cd),
mercury (Hg), and lead (Pb)) are not needed by plants for any biological functions
(Dabonne et al. 2010). Plants exposed to high concentrations of heavy metals
respond by altering the cellular metabolic process and gene expression (Hussain
et al. 2004; Chaffai and Koyama 2011; Choppala et al. 2014). Heavy metals can
cause the growth reduction in plants by decreasing photosynthetic activity and
hindering the chlorophyll synthesis (Fig. 1; Gumpu et al. 2015). Heavy metals
may cause hazardous effects in plants by disturbing essential groups of enzymes,
blocking of essential functional groups and damaging the stability of important
biomolecules, and disrupting the antioxidative defense mechanism as a result of
higher generations of reactive oxygen species (ROS) (Chaffai and Koyama 2011;
Choppala et al. 2014; Sarwar et al. 2015; Anjum et al. 2016; Ashraf et al. 2017).

Nitrogen (N) is among the most abundant essential macronutrients on earth
(Cesco et al. 2010), and it is the critical limiting element for plant growth due to
its unavailability (Graham and Vance 2000; Hussain et al. 2016). Plants can acquire
N from different molecules (like nitrate, ammonium, urea, and amino acids) and
utilized for different metabolic purposes, including the production of proteins,
nucleic acids, as well as storage and signaling molecules (McAllister et al. 2012).
Nitrate (NO3~) and ammonium (NH,") are the major N sources for plants, and
optimum conditions for activities of enzymes involved in the conversion of inor-
ganic N into organic N are pivotal to plant biomass accumulation, growth, and final
productivity. In plants, NO; ™~ being readily mobile can be stored in the vacuole and
is the main source of N under well-aerated aerobic soil conditions. However, it must
be reduced to NH," for the synthesis of proteins and other organic compounds in
plants (Garnett et al. 2009). Nitrate reductase (NR) converts NO3 ™ into nitrite in the
non-organelle portions of the cytoplasm. All the living plant cells have the ability to
reduce NO3~ to nitrite, using the energy and reductant (NADH, NADPH) of
photosynthesis and/or respiration in green tissues and of respiration in nongreen
tissues and roots. Ammonium is the only reduced form of N available to plant for
assimilation into N-carrying amino acids such as glutamate (Glu), glutamine (Gln),
aspartate, and asparagine (Ireland and Lea 1999; Antunes et al. 2008; Dadhich and
Meena 2014). For the biosynthesis of these N-containing amino acids, various
enzymes such as Glu synthase, Gln synthetase (GS), glutamate dehydrogenase
(GDH), alanine amino transferase, aspartate amino transferase, and asparagine
synthetase are important (Garnett et al. 2009).
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Fig. 1 Morphophysiological responses of plants to metal toxicity in soil

Heavy metals severely hamper the N metabolism by reducing the NO; ™~ uptake
and altering the enzyme activity. In the past, the effect of Cd, Pb, Hg, Cu (copper), Ni
(nickel), Mo (molybdenum), and V (vanadium) on N metabolism in different plant
species has been reported; however, the effects of heavy metals on N assimilatory
enzymes vary with the sensitivity level of enzymes and their localization in the cells/
organs, mobility of metals, metal concentration in soil, and time of plant exposure to
metal toxicity. Heavy metals can alter the activity of various N assimilatory enzymes
by binding to the vital sulthydryl (SH) groups (Prasad and Strzalka 2013). The
metal-induced decrease in N assimilation process can also reveal the disruption of
the general homeostasis of metabolic activities in plants. Heavy metals that induce
the alterations in plant water status (Belimov et al. 2015); uptake, transfer, and
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supply of essential nutrients (Zia-ur-Rehman et al. 2015; Sarwar et al. 2015);
photosynthesis (Emamverdian et al. 2018); and generation of ROS (Malar et al.
2016; Riaz et al. 2018b) ultimately affect the N metabolism in plant.

In the present article, we synthesized the effects of heavy metal on N uptake, N
forms, mechanism of metal toxicity, and nitrogen assimilation. We provided a
detailed description on the behavior of various enzymes including NR, nitrite
reductase, Glu synthase, GS, and GDH under heavy metal stresses. We also
highlighted the response of various nitrogenous compounds and their special role
under metal toxicity. In addition, we discussed the effects of excess metals on N
fixation in plants and provided future guidelines for further studies.

2 Heavy Metals in the Environment: Challenge for Plants

Heavy metals are pollutants in the environment, and their higher concentration
creates the problems for ecological, evolutionary, nutritional, and environmental
reasons. Although some metals (Zn, Cu, Fe, and Ni) are essential micronutrients and
are required for normal growth and development of plants (Verkleij et al. 2009;
Fageria et al. 2009; Imran et al. 2015), nevertheless, these metals are harmful to
plants at higher levels and may lead to soil quality deterioration, plant growth
inhibition, significant yield reduction, and poor quality of food (Ayangbenro and
Babalola 2017), while some metals and metalloids (intermediate between metals and
nonmetals) such as Cd, Cr, Pb, Se, As, and Hg have no known biological functions
in living organisms (Seth 2012; Ayangbenro and Babalola 2017; Datta et al. 2017b).

Metal uptake from soil is carried out by cortical root tissues because of their
resemblance with some essential micronutrients and transfer to the aerial plant parts
via xylem vessels (Ali et al. 2013; Sarwar et al. 2017). Heavy metals disrupt several
physiological, biochemical, and molecular processes in plant and could inhibit plant
growth, disrupt the cellular functions, and ultimately cause cell death (Fig. 1; Xu
et al. 2009; Fashola et al. 2016; Ashraf et al. 2017; Riaz et al. 2018a, b, c¢). Metal-
induced growth inhibition might be explained on the basis of damage cell mem-
brane, decreased synthesis of metabolites, photosynthetic rate, and chlorophyll
content (Chibuike and Obiora 2014; Anjum et al. 2016; Ashraf et al. 2017). In
some plants, metal toxicity may also cause drought stress because of significant
decreases in stomatal conductivity, transpiration, and leaf relative water contents
owing to less number of xylem vessels and poor cell enlargement (Saifullah et al.
2014). Metal-induced toxicity can cause cell membrane damage and destruction of
biomolecules (like proteins and lipids) and cellular organelles in plants due to
increase in the production of reactive oxygen species (ROS) under stress (Ekmekci
et al. 2008; Ashraf et al. 2017). Moreover, nonessential heavy metals inhibit various
biological mechanisms by altering the structure of biomolecules and important stress
regulatory proteins (Sarwar et al. 2010).
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3 Nitrogen Nutrition in Plants: No Alternative Lies

Even though N is among the most abundant elements on earth (about 80% of the
earth’s atmosphere), it is the critical limiting element for the growth of plants
(Greenwood and Earnshaw 2012; Wang et al. 2017; Li et al. 2018). In plants, N is
required in huge amount, as it constitutes 1.5-2.0% total dry matter of plants (Frink
et al. 1999; Xiong et al. 2006a). In most agricultural soils, NO3 ™ is the major form of
the inorganic N available to the plants (Xiong et al. 2006a). Uptake of N followed by
N reduction and N assimilation in plants is the only way through which plants may
convert inorganic N into organic N form. The available N forms vary with organic
(urea, amino acids, etc.) and inorganic (NH,*, NO3 ™, dinitrogen) compounds and the
habitat of the plant. Nitrogen is a key constituent of proteins, amino acids, enzymes,
alkaloids, vitamins, and some growth hormones. Increased NO3~ concentration in
plants has a beneficial impact as it regulates the synthesis of proteins and amino
acids, while the excess NH4* content can be toxic as it promotes the formation of
amides (Britto and Kronzucker 2002; Ram and Meena 2014). Geiger et al. (1999)
studied the effects of different concentrations of ammonium nitrate and potassium
nitrate on tobacco and reported that alanine, aspartate, Gln, arginine, and serine were
increased considerably at higher N inputs. Terce’-Laforgue et al. (2004) also exam-
ined the influence of N fertilization (NO5~, NH,*, and low nitrogen) on the amino
acid profile in tobacco leaves and concluded that Glu and total amino acids were
increased from the old to young leaves under low N supply.

4 Interplay of Nitrogen Uptake and Heavy Metal Stress

Nitrogen (N) is mainly taken up by the plants in the organic form (NO3;~ and NH,")
from the soil solution. The plant’s preference to uptake either N form depends on
various factors, including the plant species, the concentrations of NO3; ™~ and NH,* in
soil, and the soil pH (Perkins et al. 2011; Miller 2016; Aziz et al. 2018). The soil N
pool is driven mainly through mineralization, nitrification, and ammonification,
which are believed to be influenced by soil microbiota. However, among the various
abiotic stresses affecting the overall N cycle in the soil, heavy metal stress is
considered to influence the nitrification and ammonification processes through
modulating the activities of microbiota (Kapoor et al. 2015). Soil moisture, aeration,
temperature, and the pH are the key drivers controlling these nitrifying agents and
the respective processes, and therefore the applied N source in the soil fluctuates
widely the pH of soil which in turn regulates the net proton extrusion rates.
Generally, the NO;~ fertilizer source is preferred over the NH,* due to its readily
available form for direct adsorption by plant roots (no need to undergo any further
conservation) and due to its less volatile nature. Therefore, the soil pH is crucial in
determining the availability of heavy metals for plant uptake (Bravo et al. 2017,
Datta et al. 2017a). NO3~ source decreases the soil acidification, and it prevents the
accumulation and uptake of heavy metals by plants, while this case is opposite for
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NH," nutrition. Here we discussed the synergistic effects of both the N source and
the heavy metal stress influencing the plant uptake mechanism.

4.1 Nitrate Uptake

Soil type (structure and texture) is the key determinant of the N fertilizer source to be
applied, which is readily available for plant uptake in the rhizosphere (Li et al. 2018;
Aziz et al. 2018). Nitrate is believed to be the best source in well-aerated agricultural
soils as compared to NH,". Nitrification is the process in which ammonia is
converted to NO; ™~ through biological oxidation, and these conversion steps are
mediated by aerobic nitrifying bacteria requiring sufficient soil aeration and oxygen
for the oxidation process. Therefore, the oxidation of NH," is restricted in water-
logged soils (Ma et al. 2016). Established reports have indicated that the NO;™
absorption process by the plant is the active process, as the NO; ™ influx to plant
roots is proton-coupled depending upon the H* pumping (Miller and Smith 1996;
Zhou et al. 2016). The presence of the excessive heavy metals in soil affects the
NOj; ™ uptake by root cells (Fig. 1). Among these heavy metals, Cd is considered the
most effective NO; ™~ inhibitor which is reported to repress the NO;~ absorption
process very sharply even at very low Cd level (Boussama et al. 1999a; Gouia et al.
2000b; Huang and Xiong 2009). It was observed that excluding Cd from the uptake
solution lasted its impact of NO5 ™ inhibition till 96 h (Gouia et al. 2000b). However,
this inhibitory effect was observed for several plant species. One vital reason for the
reduced NO;3;™ uptake is the damaged plasma membrane in roots due to excessive
membrane leakage and the MDA contents (Huang and Xiong 2009). Such reduced
NO;~ contents were observed more for roots versus shoot. Wang et al. (2008)
observed better shoot growth under high Cd stress, but the NO;~ concentrations
were much decreased for Solanum nigrum. Similarly, besides the Cd stress, nitrate
uptake is also limited by Pb excess in plant uptake solution (Singh et al. 2017).
Aluminum (Al) is the third most abundant metal known to cause the inhibitory
effects upon NO; ™ uptake by plant roots (Schmitt et al. 2016; Riaz et al. 2018a, b).
But the extent of Al toxicity depends upon the ionic form, its concentration, and the
plant exposure to stress. Acceleratory effect of short-term Al exposure to plants
(barley, cucumber) had been observed with increased nitrate uptake (Nichol et al.
1993; Jerzykiewicz 2001). However, higher external Al inputs had decreased dra-
matically the net NO; ™ uptake in Vigna unguiculata upon prolonged plant exposure
to imposed stress (Cruz et al. 2014).

4.2 Ammonium Uptake

Ammonium ion is an intermediary during the N metabolism in plants, which is
produced several times during NO5 ™~ assimilation, deamination of amino acids, and
photorespiration (Andrews et al. 2013). NH;" may accumulate in the soil, when this
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conversion process of N is limited or completely stopped due to any of the soil
conditions, viz., low soil pH, lack of soil oxygen due to waterlogging, lack of
organic matter for carbon stick, dry soils, and low soil temperature, affecting
microbiota activity (Mengel and Kirkby 1987; Cheng et al. 2013; Ashoka et al.
2017). Therefore, all these features may affect the soil microclimate to enhance or
depress the soil microorganism activities determining the NH,* concentration in soil
varying from micromolar to hundreds of millimolar. The optimum level nitrification
process is attained at 20—40 °C, while this is 50-70 °C for optimum ammonification
(Myers 1975; Yao et al. 2013). Hence, in tropical region soils, NH;" may accumulate
in the soil even under neutral pH conditions (Mengel and Kirkby 1987). As the NH,*
transport in plants is considered to be passive as well as active uptake depending
upon the NH," availability in the soil solution (Wang et al. 1993; Cheng et al. 2018),
studies on the restricted NH," uptake due to heavy metals stress suggested signifi-
cantly decreased uptake of NH,* by plant roots in various crops, mainly due to the
perturbations in active uptake process of ATPase (Weber et al. 1991). Relatively
decreased or suppressive NH," uptake was seen in Silene vulgaris at the presence of
Cu (Weber et al. 1991). Toxicity of other heavy metals (Cd**, Pb**, and Fe®*) was
also observed with the reduced or diminished uptake of NH," in cucumber seedlings
(Burzynski and Buczek 1998). Several other stress agents including Pb, Cd, Ni, Zn,
and Mn are also reported to influence the uptake of NH," in different plant species.
However, Cu-dependent alterations are known to affect the NH,* uptake to the
greatest extent as compared to other metal ions (Kubik-Dobosz et al. 2001).

4.3 Mechanisms of Metal Action on the N Uptake

Heavy metal stress is considered to induce several alterations, either direct or
indirect, during the active as well as passive uptake of both inorganic forms of
N. Physiological studies suggest that metal toxicity affects the NO3;~ and NH,*
uptake through disrupting constitutive and the inductive components of NOjz™
transportation system (Burzynski and Buczek 1994; Shruti and Dubey 2006). This
effect was observed for metal toxicity with Cd, Pb, Cu, and Ni in cucumber seedlings
which inhibited the NO; ™~ transporters with higher affinities (Burzynski and Buczek
1994; Ashraf et al. 2015). The similar effect was also observed for inhibition of high-
affinity NH," transporters (Burzynski and Buczek 1998). The explanations for
restricted N absorption could be the direct interaction of metal ions and the NH,*
and NOj;™ transporter proteins of both low and high affinities (Shruti and Dubey
2006). Besides this direct interaction of metals and proteins, heavy metal alterations
in these transporter regions are due to the downregulation of NRT and AMTI genes
(Quesada et al. 1997, Krapp et al. 1998; Singh et al. 2008). This diminishing effect is
attributed due to the lowered intercellular nitrates and the enhanced amino acids.
Plants treated with external Cd inputs showed fluctuations in the NO; ™~ as well as
NH,* and amino acid tissue content (Hernandez et al. 1996, 1997; Gouia et al.
2000b). Other effects of metal stress include the Cu and Fe bonding with phosphate
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residues of nucleic acids thus damaging DNA (Lloyd and Phillips 1999). Further-
more, heavy metals including Cu, Cd, and Ni are reported to accelerate the free
radical generation, thus oxidizing several vital organic molecules (Shaw et al. 2004;
Michalak 2006).

Among the indirect effects of heavy metal stress on ion uptake in plants, some key
metal ions, viz., Cu, Pb, Hg, Cd, Ni, and Zn, are believed to interact with membrane
components thus affecting the net ion transport system in plant body (Devi and
Prasad 1999; Michalak 2006; Riaz et al. 2018c). This membrane interaction includes
altered membrane lipids, total lipid amount, and their composition and saturation; in
this process, the main damage is associated with the lipid peroxidation (Demidchik
et al. 1997; Hernandez et al. 1997; Singh et al. 2008; Meena et al. 2018). Besides
this, heavy metals especially Cu, Hg, Cd, Zn, and Al also induce the potassium
leakage leading to increased cell membrane permeability (Demidchik et al. 1997,
Hall 2002; Riaz et al. 2018c). Therefore, it is evident that the indirect influence of
heavy metal stress during the NO;~ and NH," uptake is the alteration in membrane
permeability. In addition, metal ions also interact with the plasma membrane proton
pump by affecting the activity of H" ATPase activity (Rengel et al. 2016).

5 Mineral Nitrogen Assimilation and Heavy Metals

Nitrogen assimilation is an important plant metabolic process, which not only
controls plant growth and development but also plays an important role in plant
survival under stress conditions. For plants, NH," and NO; ™ are major nitrogen
sources and are required during different metabolic processes (Burger and Jackson
2003). Nitrate is converted into NH,* via two-step process; during the first step,
NO;™ is converted into nitrite with the action of nitrate reductase, and, in the second
step, nitrite is converted into NH,* with the action of nitrite reductase. Nitrate
reductase is located in the cytoplasm, while nitrite reductase is located in chloroplast
and uses energy and some reductants such as NADH or NADPH from photosyn-
thesis or respiration process to carry out such NO3;~ to NH,* conversion reaction
(Pérez-Tienda et al. 2014). Moreover, the first step of this reaction occurs in the
cytosol, while the second step takes place in the plastid. Following NH," production,
it has to be incorporated in carbon skeleton, and this process takes place primarily via
GOGAT cycle. Moreover, there are two isoforms of GOGAT and GS, and their
localization has been found in a tissue-specific manner, e.g., in roots, NADH-
GOGAT and GSI1 are primarily involved in nitrogen assimilation, while in leaves,
reduced ferredoxin GOGAT and GS2 are predominantly involved in nitrogen
assimilation (Mevel and Prieur 2000). Heavy metal toxicity significantly reduces
nitrogen assimilation process (Fig. 2). However, the level of reduction depends on
the localization and sensitivity of enzymes to heavy metal toxicity. Moreover,
duration, concentration, and mobility of heavy metal ions in growth medium further
aggravate alterations in nitrogen assimilation process. In this section, heavy metal-
induced alterations in mineral nitrogen assimilation and associated enzymes have
been discussed.
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Fig. 2 Possible mechanisms of heavy metal-induced reductions in N assimilation

5.1 Nitrate Reductase Activity

Nitrate reductase (NR) enzyme is a very important enzyme and controls the initiation
of NO; ™ assimilation process in plants (Silveira et al. 2001). NR enzyme activity is
severely affected by numerous environmental factors including hyperaccumulation
of heavy metal ions in soil or in plant tissues (Silveira et al. 2001; Sharma and Dubey
2005). It has been shown that heavy metal stress reduces NR activity by altering
numerous associated physiological processes. Sharma and Dubey (2005) showed
that inhibition of NR activity under Al toxicity was due to the direct interaction of Al
with functional SH groups present in the active sites of NR. Contrarily, Huang and
Xiong (2009) noted that the reduction in NR activity under Cd stress was due to
alteration in sugar metabolism and declined photosynthetic activity. According to
Barroso et al. (2006), reduction in photosynthesis can induce indirect effects of Cd
toxicity on NR activity. However, Vajpayee et al. (2000) reported that under Cr
stress, NR activity was decreased because of reduced chlorophyll biosynthesis,
which led to lower photosynthesis and poor supply of photosynthates. Similarly,
in pea plants, Cd toxicity not only inhibited NO; ™~ uptake and transportation but also
detrimentally affected the activity of NR and increased endogenous NH," level
through deamination of free amino acids and other N forms (Hernandez et al.
1997; Datta et al. 2017c). An in vitro examination of Cd toxicity on NR activity
showed that decline in NR activity was associated with the reduction of 80% in the
production of NR protein and alteration in the molybdenum cofactor-binding
domain of NR (Gouia et al. 2000a). In tomato, Chaffei et al. (2004) also reported
similar results that Cd toxicity significantly reduced NR activity. Wang et al. (2008)
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found that NR activity could also be influenced by Cd-induced reduction in NO;~
concentration.

Similarly, the detrimental effects of other heavy metals on NR activity have also
been reported elsewhere. Xiong et al. (2006b) showed that NR activity was reduced
by 106% due to Pb stress, and this was mainly due to Pb-induced reduction in the
shoot NO3;™ concentration (71-80%) and free amino acid (81-82%). Similarly, Cu
stress-induced decline in NR activity was suggested as a direct effect of Cu on NR by
attaching Cu?* to SH groups, with subsequent inactivation of NR enzyme (Xiong
et al. 2006a). Similarly, KevreSan et al. (2001) studied the effects of Ni, Cd, Pb, and
Mo (applied at various concentrations) on N metabolism in pea plants. They found
that all the concentrations of Ni, Cd, and Pb caused a significant decrease in the
activity of NR, and the highest decrease in NR activity was observed in the presence
of Cd followed by Pb and Ni. However, the presence of Mo results in increased
activity of the NR. The NR activity was less dependent on NO3; ™ contents present in
the cell and to a greater extent on the intensity of uptake and transport of NO3 ™ to the
sites of their reduction (Carillo et al. 2005; Varma et al. 2017). Moreover, a high
concentration of heavy metals in the growth medium causes dehydration in plant
tissues thus reduces NR synthesis process (Chaffei et al. 2004).

Heavy metal-induced oxidative stress (Khan et al. 2018; Shahzad et al. 2018) and
enhanced lipid peroxidation may also influence the NR activity in plants. In a study,
Jha and Dubey (2004) showed that As decreased NR activity by decreasing the
enzyme affinity toward their substrate, thus resulting in considerable reduction in
NR activity and N assimilation rate in rice. Likewise, Gajewska and Sktodowska
(2009) substantiated that under Ni stress, NO3;~ contents were decreased with the
subsequent reduction of 40% in NR activity in wheat seedlings. Rai et al. (2004)
investigated the toxic effects of Cr on Ocimum tenuiflorum and found that excess Cr
in the growing media severely reduced the NR activity through impaired substrate
utilization. Hg stress has been reported as the most toxic stress in reducing NR
activity as Hg can inactivate NR enzyme by binding to a thiol group (Sharma and
Subhadra 2010; Meena and Meena 2017). Similar results have been found in maize
under Hg stress that Hg not only competes with thiol group but also disturbs the
production of cysteine (Pandey and Srivastava 1993). Thus it can be inferred from
above results that heavy metal stress reduces NR activity by altering cysteine
production, by increasing ROS production, by disturbing the balance between the
substrate for NR reaction, and by affecting sugar metabolism and photosynthesis.

5.2 Nitrite Reductase Activity

Nitrite enters into plastids or chloroplast and reduced to NH,* by the action of NiR—
a nuclear-encoded enzyme (Shah and Dubey 2003). In general, NiR is more resistant
to stress conditions than NR. As this enzyme is localized in plastids, therefore,
metals have less access to NiR, compared with cytoplasmic NR. The NiR has not
been reported to limit the N assimilation in plants. Therefore, the studies regarding
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the effect of heavy metals on NiR activity are rare. However, studies showed that
NiR decreases under heavy metals stress. Ghosh et al. (2013) showed that exposure
of arsenate to wheat seedling significantly reduced NiR activity, and this was
associated with a reduction in NR activity and total nitrite contents, which is the
first primary reason (Llorens et al. 2000). Heavy metals can also influence the NO3; ™
uptake and NO3;~ homeostasis in the plant cell. Therefore, NO; ™ also induces the
expression of NiR genes along with NR genes (Stitt 1999). Therefore, the regulation
of NiR genes’ expression by NO3;~ could be the main reason of NiR inhibition by
heavy metals. In a study, Dinakar et al. (2009) showed that Cd stress reduced NiR
activity up to 75%, and this was due to a significant reduction in NR activity.

5.3 Glutamine Synthetase and Glutamate Synthase Activities

In higher plants, NH," is assimilated into nontoxic glutamine and glutamate, and this
reaction is carried out by glutamine synthetase (GS) and glutamate synthase
(GOGAT) (Lam et al. 1996). The effects of metal toxicity on GS and GOGAT are
often regarded as a mean of the effect of metal on all isoenzymes of GS or GOGAT
localized either in the root or shoot. The decrease of one form of the enzyme may
trigger the other. Therefore, the variations recorded in the activities of enzymes after
metal exposure are different and sometimes difficult to infer. In the past, reductions
in activities of GS and GOGAT were found after the exposure of plants to Cu
(Yu et al. 2005), Cd (Chaffei et al. 2004), Al and Se (Ruiz et al. 2007), and As (Jha
and Dubey 2004) toxicities by different researchers.

Heavy metals are known to disturb the NO; ™~ absorption by the plants. Intracel-
lIular NO; ™ level affects the gene expression of GS and GOGAT along with NR and
NiR (Oaks 1994; Stitt 1999). Possibly, this dependence of GS and GOGAT genes on
NO;™ is the cause of metal-induced inhibitions in the activities of these enzymes
along with the direct metal action on the SH groups of enzyme proteins. Huang and
Xiong (2009) reported that NH,* content in shoot and root of rice seedlings was
significantly increased, while GS activity was decreased after Cd stress. Chien and
Kao (2000) also reported that the NH,* accumulation in shoot and root was ascribed
to the decline in GS and GOGAT activities in rice. Likewise, Cd reduced the
activities of GS and GOGAT and consequently increased the level of NH," in
maize seedlings (Boussama et al. 1999a). Chugh et al. (1992) studied the effect of
Cd on GS and GOGAT activities in pea seedlings and reported that GS activity in
leaves was practically unchanged; however, it was markedly reduced in the roots.
Both GOGAT and GS were suppressed by the Cd toxicity in leaves of barley
(Boussama et al. 1999b) and bean seedlings (Gouia et al. 2000a). In cucumber, Cd
and Pb treatment for 24 or 48 h decreased the GS activity in roots but did not alter GS
activity in the cotyledons (Burzynski 1990). He further reported considerable
increases in the activity of GOGAT-NADH activity in the cotyledons under Pb as
well as Cd toxicity (Burzynski 1990). Application of 100 pM Cu/Cd/Fe and 500 pM
Pb to cucumber seedlings for 1 h decreased the activity of GS in the root (Burzynski
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and Buczek 1998). In the in vitro experiments, metals only reduced the enzyme
activity at high concentrations, Cu at 1000 pM, Cd at 500 pM, and Fe at 1000 pM,
while Pb was even detrimental at 10 pM (Burzynski and Buczek 1997), and the
minor effect of Cu, Cd, and Fe on GS activity indicated the indirect action on
enzyme activity. Correspondingly, high concentrations (500-1000 pM) of Co, Ni,
Cd, Zn, and Cu repressed both GS forms in triticale seedlings (Bielawski 1994). A
study on Chlamydomonas reinhardtii by Dominguez et al. (2003) demonstrated that
the 24 h exposure to 150 pM Cd did not inhibit the NO; ™~ uptake but reduced the GS
activity by 45%, which enhanced the intracellular accumulation of NH,4".

Kevresan et al. (2001) stated that the exposure of Cd, Ni, Mo, and Pb to young
pea plants significantly decreased the GS activity at all the concentrations used,
especially at the highest level, and the metal-induced reductions were in the order of
Cd > Pb > Ni > Mo. The presence of Cd in the medium strongly inhibited (about
78%) the GS activity in young pea plants than the other metals (KevreSan et al.
2001). Likewise, Popovi¢ et al. (1996) reported a complete inhibition of GS enzyme
in the young sugar beet plants under Cd toxicity. Gajewska and Sktodowska (2009)
found that Ni application did not significantly change the GS activity in wheat
shoots. However, a significant decline in GS activity was reported in the leaves of
Ni-stressed sugar beet (KevreSan et al. 1998). Miflin et al. (1980) stated that the
presence of Cu, Hg, Cd, Zn, Ni, and Fe resulted in a pronounced inhibition of GS in
rice. However, Hg was more toxic for GS even at 10 pM. Orzechowski and
Bielawski (1997) studied the effects of Cd, Zn, and Pb toxicity on NH,* assimilation
in Triticale crop and reported that the metal sensitivity of GS varied in root and
shoot. Cd and Zn toxicity reduced the GS activity in shoots but increased in root
compared with control. Gajewska and Sktodowska (2009) concluded that a decrease
in the activities of both GOGAT and GS in metal-stressed plants was because of
alterations in the oxidative metabolism of plants (Balestrasse et al. 2006). As metal
toxicity leads to the overproduction of ROS in a plant cell, thus decrease in both GS
and GOGAT activities might be related, at least partly, to oxidative destruction of
these enzymes.

5.4 Glutamate Dehydrogenase Activity

In higher plants, GS/GOGAT is the main pathway of NH," assimilation under
normal conditions; nevertheless, with the increase in endogenous NH4* concentra-
tion, an alternate pathway, controlled by glutamate dehydrogenase (GDH), contrib-
utes in decreasing this internal NH," concentration. The exact role of alternate GDH
pathway is still poorly understood in plants. The up- or downregulation of enzyme
often varies depending on the species, cultivars, tested tissue, and intensity and
duration of metal exposure in plants (Miflin and Habash 2002). Masclaux-Daubresse
et al. (2002) stated that Glu is synthesized by the combined action of GOGAT and
GS in both young and old leaves of tobacco, while GDH is responsible for deam-
ination of Glu. GDH is mainly located in mitochondria, occasionally in the
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cytoplasm, within the phloem companion cells of the shoot (Terce’-Laforgue et al.
2004; Fontaine et al. 2006). Till date, controversy exists as to the role of the enzyme
GDH in higher plants. It has been suggested that GDH has a role in NH,*
reassimilation under stress conditions (Gouia et al. 2000a, 2003). Skopelitis et al.
(2006) reported that the formation of ROS under stress induced the synthesis of the
a-subunit of GDH, when GS was inhibited. For instance, it has been reported that the
GDH was induced under Cd stress (Miflin and Habash 2002; Astolfi et al. 2004;
Yadav et al. 2017). Chaffei et al. (2003) also stated that GDH has a major role in
cellular NH," detoxification. They noted that deaminating activity of GDH was
inhibited by Cd (due to a direct action of Cd on the enzymatic protein or to a
retroinhibitory effect of ammonia), while the reducing aminating activity of GDH
was enhanced. Lee et al. (1976) found the decreased activity of GDH and low NO3~
contents in soybean plants under Pb toxicity, whereas, malate dehydrogenase activ-
ity remained unaffected by Pb. Mittal and Sawhney (1990) reported that Pb retarded
the utilization of N reserves from cotyledons and decreased the activity of GDH in
germinating pea seeds compared with control, which disturbed the respiratory
activity because of restricted generation of organic acids from amino acids. Gouia
et al. (2000a) reported that under Cd stress, GDH fulfills the Glu pool required for
synthesis of Cd-binding peptides and detoxify the recycling of the high NH,"
originating from a decline in the GS/GOGAT activities. Higher GDH-NADH
activity in root and shoot of triticale under Cd, Zn, and Pb toxicity was also recorded
by Orzechowski et al. (1997). A short-term (1 h) exposure of cucumber plants to Cd,
Cu, Pb, and Fe inhibited the NADH-GDH activity in root because NH," in tissues
was in excess (Burzynski and Buczek 1997, 1998). However, Cd or Pb toxicity
significantly increased the root NADH-GDH activity after 24 and 48 h. Gouia et al.
(2003) reported that Cd stress triggered the activity of GDH in bean seedling
concomitant with the dramatic buildup of an NH4* pool. The Cd-induced enhance-
ment in GDH activity has also been reported in maize (Boussama et al. 1999a) and
pea (Chugh et al. 1992), which were attributed to de novo synthesis and/or activation
of specific isoenzymes that eliminate excess NH," (Syntichaki et al. 1996;
Loulakakis and Loulakakis-Roubelakis 1996). Boussama et al. (1999a) have dem-
onstrated that in Cd-stressed maize plants, Cd treatment triggered the NADH-GDH
activity. Even though the role of GDH in higher plants is controversial, GDH
isoenzymes are known to remove, in part, the excess of NH,* under Cd toxicity.

Exposure of Ni or Cd enhanced the activity of GDH in the shoot of Silene italica
(Mattioni et al. 1997). Van Assche et al. (1988) reported that toxicity of Zn or Cd
beyond threshold level increased the GDH activity in Phaseolus vulgaris leaves,
while Dominguez et al. (2003) reported that aminating GDH activity was increased
by 75% in Chlamydomonas reinhardtii after 24 h exposure to 150 pM Cd and
suggested that aminating GDH activity could support the biosynthesis rate of the Glu
in Cd-treated plants.

While studying the effects of Cu on N metabolism in grapevines, Llorens et al.
(2000) observed dramatic changes especially in the root system and found that
NADH-GDH was active to keep the root function. Gajewska and Sktodowskahe
(2009) found that activity of NADH- and NAD-GDH in wheat shoots increased after
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7 days of Ni exposure to wheat seedlings. They further stated that under unfavorable
environmental conditions like Ni toxicity, GDH could play an important role in
detoxification of NH," released in response to stress as well as in the replenishment
of Glu pool (Jha and Dubey 2004). Jha and Dubey (2004) reported that the activities
of aminating and deaminating GDH increased at moderately toxic level (25 pM) of
As,03, whereas a higher As level of 50 pM was inhibitory to the enzymes. They
suggested that under As toxicity, GDHs play an important role by helping in NH,*
assimilation and sustaining general C metabolism.

6 Accumulation of Nitrogenous Compounds in Metal-
Stressed Plants

As an adaptive mechanism, plant accumulates numerous nitrogenous compounds
such as proline or polyamines to protect the plant from detrimental effects of heavy
metals (Alcdzar et al. 2006; Anjum et al. 2017). These compounds exhibit a specific
role in numerous metabolic processes and also vary in response to plant tissue, heavy
metal concentration, and plant species. There are different soluble nitrogenous
compounds which can significantly accumulate in the plant under heavy metal stress
to alleviate heavy metal stress-induced adversities in plants. These soluble com-
pounds include amino acids, polyamines, proline, or glycine betaine. Generally,
these compounds regulate osmotic potential in plant cells and thus improve heavy
metal stress tolerance (Wang et al. 2008). The following sections provide a brief
discussion on the behavior of some important nitrogenous compounds in response to
heavy metals.

6.1 Proline and Glycine Betaine Accumulation Under Heavy
Metal Stress

Proline is a very important amino acid with multiple roles in different metabolic
processes. Generally, under heavy metal stress, proline accumulation increases, thus
improving stress tolerance in plants (Szabados and Savoure 2010). Higher accumu-
lation of proline and its role in stress alleviation can be partially explained by its
unique chemical properties as compared with other amino acids: proline being a
water-soluble amino acid exists as in a zwitterionic state having both positive charge
and weak negative charge in N groups and carboxylic acid, respectively (Lehmann
et al. 2010). Proline also plays a key role as an osmolyte, electron sink, radical
scavenger, component of the cell wall, and stabilizer of macromolecules (Matysik
et al. 2002; Yancey 2005; Kumar et al. 2017). Significant accumulation of proline
was noted under Cd stress in brassica (Singh and Tewari 2003). Similarly, Dinakar
et al. (2008) showed that under Cd stress, proline accumulation increased by 160%,
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and this was accompanied with high glutathione reductase and NR activity. This can
be supported with the findings of Sharma et al. (1998) who reported that proline
protects NR and glucose-6-phosphate dehydrogenase against the Zn and Cd toxicity,
and such protection occurs due to a reduction of the free metal ion activity owing to
the formation of proline-metal complexes. Under Pb stress, Yang et al. (2011)
showed that Pb tolerance in two wheat cultivars was associated with higher proline
contents. Likewise, detrimental effects of Ni toxicity were mediated by higher
proline accumulation in wheat (Parlak 2016). Under Cd toxicity, upregulation of
proline biosynthesis resulted in higher Cd tolerance associated with higher
GSH/GSSG ratio and higher glutathione S-transferase accumulation.

Glycine betaine (GB, the trimethylglycine) is a common osmolyte and N-based
compound that accrues in plants under drought and salinity stresses (Sharma and
Dietz 2006). It not only protects membranes and proteins but also reduces stress-
induced alteration in enzymes (Ashraf and Foolad 2007). Moreover, GB helps in
ROS scavenging, thus regulating redox regulation under stress conditions (Chen
et al. 2006). Betaine has been regarded as the most promising osmolyte in protecting
plant metabolism from Cd toxicity (Islam et al. 2010). Bharwana et al. (2014)
showed that exogenous GB application protected cotton seedling from Pb-induced
oxidative damage by increasing antioxidant defense system.

6.2 Polyamine Accumulation and Heavy Metal Tolerance

Besides the protective role of proline and glycine betaine, some other nitrogenous
compounds such as amino acids and polyamines also play an important role in heavy
metal stress alleviation and tolerance in plants. Polyamines such as spermine or
spermidine or putrescine reduce heavy metal-induced adversities in the plant (espe-
cially N metabolism) by playing a multifaceted role in different physiological and
biochemical processes (Kakkar and Sawhney 2002). In a study, it was found that
spermine application increased Cd stress tolerance in mung bean by increasing
glutathione S-transferase, glutathione reductase, and glutathione contents. Generally,
levels of polyamines increase in different plant tissues under heavy metals stress;
however, it has also been seen that different polyamines showed different responses
under different heavy meal stresses in different plant species. For instance, Groppa
et al. (2007) also showed that spermidine content was not affected by Cd and Cu,
while spermine was significantly reduced. They also noted that putrescene was
increased under Cd and Cu stress in wheat. Similarly, it has been seen that
spermidine increased Al toxicity by increasing photosystem II D1 protein gene
and glutathione reductase activity, thus improving photosynthesis and N metabolism
(Sen et al. 2014). In another study, Mandal et al. (2013) documented that putrescene
can reduce Al toxicity by downregulating H*-ATPase activity and by increasing
flavonoid production.

Under metal stress, the specific role of polyamines in plants is poorly known.
However, these may effectively protect and stabilize the membranes against the
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toxicity of metal ions especially the redox active metals. Shi and Chan (2014)
reported that polyamines enhance the plant stress tolerance by improving antioxidant
production and osmolyte production (especially amino acids). In a study, it was
found that spermidine improves Al stress tolerance by increasing GSH pool and Gly
IT activity. Besides activating defense system in plants, polyamines also increase NR
activity. Rosales et al. (2012) showed that putrescence could increase NR activity by
63%, while spermine or spermidine can increase NR activity by 114%. Thus these
results are clearly highlighting the protective role of polyamines in improving N
metabolism under heavy metal stress conditions.

7 Nitrogen Fixation and Heavy Metal Toxicity

Nitrogen fixation is a very important process in plants (especially legumes), which
helps in fixing molecular nitrogen into organic nitrogen via symbiosis process.
Biological nitrogen fixation accounts for about 70% in fixing elemental N and is
very crucial for plant growth (Matiru and Dakora 2004; Meena and Yadav 2015).
Heavy metals considerably reduce the nitrogen fixation process. However some
metalloids are beneficial in low concentration and promote growth and activity of
different Rhizobium and Bradyrhizobium strains. The presence of high concentra-
tions of heavy metal ions in soil restricts nitrogen fixation by reducing infection
process, growth of Rhizobium, nodule development, or host plant growth (Broos
et al. 2005); however it was found that the extent of reduction depends on heavy
metal and plant species. For instance, Athar and Ahmad (2002b) found that Cd is
more toxic to Bradyrhizobium and Rhizobium as compared with Ni, Zn, or
Co. Similarly, Kalyanaraman and Sivagurunathan (1993) also noted that Cd is
more toxic than Zn and reduces nitrogen fixation process significantly. In another
study, it was found that a number of free-living Azotobacter chroococcum cells were
severely influenced by Cd as compared with Zn, Ni, Cr, and Pb (Athar and Ahmad
2002a). Moreover, Paudyal et al. (2007) tested the growth and N, fixation process by
two strains of Rhizobium in response to Al, Fe, and Mo toxicity and found that Al
was the most lethal heavy metal for them, while Fe promoted the growth of both
strains. Some other studies also reported toxic effects on different heavy metals such
as Th, Ni, As, Cd, and Cu on the growth and morphology of numerous symbiotic
N,-fixing organisms including R. leguminosarum, Sinorhizobium, and
Mesorhizobium ciceri (Santamari’a et al. 2003; Wani 2008; Arora et al. 2010; Stan
etal. 2011; Bianucci et al. 2011). All these studies suggested that differential toxicity
levels of different heavy metals on nitrogen-fixing organisms were due to experi-
mental conditions, heavy metal ion concentration, plant species, and solubility of
heavy metals ions in the growth medium.

Heavy metal stress significantly alters nitrogen fixation in both symbiotic and
nonsymbiotic system (Giller et al. 1998; Selosse et al. 2004; Molaei et al. 2017a, b).
It has been reported in Wani et al. (2007) that Cd stress decreased symbiosis process
and root N content by 34%, compared with the control. They also reported that such
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decline in nitrogen fixation and nitrogen contents in root was associated with a
decline in a number of nodules per plant and dry mass of nodules. Moreover,
Balestrasse et al. (2001) reported that Cd toxicity causes oxidative damage to nodule
by increasing ROS production in nodules, thus reducing nitrogen fixation in nodules.
Broos et al. (2005) showed that sludge treatment in white clover reduced nitrogen
fixation up to 50%, and this was associated with dysfunctional nodules. In another
study, Balestrasse et al. (2004) showed that Cd stress considerably reduces
leghemoglobin levels, nitrogenase activity, and protease activity in nodules, and
most importantly Cd also reduces the number of bacteroides per symbiosome and
total effective area for N, fixation in soybean. In white lupin, Cd stress decreases
N-amino compounds, malate, succinate, and soluble protein in nodule (Carpena
etal. 2003). Arsenic (As) is another detrimental heavy metal, which reduces nitrogen
fixation in nodules and activity of different nitrogen-fixing microorganism signifi-
cantly. Pajuelo et al. (2008) studied the effects of As toxicity on the symbiotic
interaction between Sinorhizobium and Medicago sativa and reported that As tox-
icity reduced the total number of nodules by 75% and a number of rhizobial
infections by 90%. These reductions were attributed to damage of root hair and
shorter infective root zone. Exposure of As toxicity in black gram reduced the
nitrogenase activity in nodule by twofolds and restricted the rate of nitrogen fixation
(Mandal et al. 2011; Verma et al. 2015). In soybean, though B. japonicum E109 stain
showed tolerance to arsenic, however, there was still reduction in nodulation, and
this was associated with reduced motility (swarming and swimming) of the micro-
organism in the presence of arsenic (Talano et al. 2013). In pea, chromium applica-
tion decreased the ability of pea plants to fix atmospheric nitrogen symbiotically, and
this was associated with a decline in total nitrogenase activity and nodule formation
(Bishnoi et al. 1993).

8 Conclusions and Perspectives

Heavy metal toxicity has become a serious environmental threat worldwide. Heavy
metals severely hamper the N metabolism by reducing the NO3; ™ uptake and altering
the enzyme activity; however, the effects of heavy metals on N assimilatory enzymes
vary with the sensitivity level of enzymes and their localization in the cells/organs,
mobility of metals, metal concentration in soil, and time of plant exposure to metal
toxicity. Heavy metals can alter the activity of various N assimilatory enzymes (e.g.,
NR, GS, GOGAT) by binding to the vital SH groups. Heavy metals that induce the
alterations in plant water status; sugar metabolism; reductions in uptake and supply
of essential nutrients; decrease in photosynthesis; generation of ROS; and membrane
damage ultimately affect the N metabolism in the plant (Fig. 2).

In higher plants, GS/GOGAT is the main pathway of NH,* assimilation under
normal conditions, nevertheless, with the increase in endogenous NH,* concentra-
tion, an alternate pathway, controlled by GDH contributes in decreasing this internal
NH," concentration. Therefore, the activity of GDH is generally linked with the
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internal NH," concentration in plants. Heavy metals, particularly at higher concen-
trations, hamper the rate of nitrogen fixation in plants, by reducing infection process,
growth of Rhizobium, nodule development, or host plant growth; however, such
effects depend on heavy metal and plant species. Different soluble nitrogenous
compounds such as amino acids, polyamines, proline, or glycine betaine can signif-
icantly accumulate in the plant under heavy metal stress to alleviate metal-induced
adversities in plants. Generally, these compounds regulate osmotic potential in plant
cells and thus improve heavy metal stress tolerance.

In the past, the majority of the research work was concerned only with the effect
of metal toxicity on the uptake of N or activities of enzymes involved in N
assimilation. Future studies should focus on the possible interferences between N
transport and its acquisition under metal toxicity. Moreover, use of recent genomic
techniques at transcriptomic or proteomic level for expression of specific genes
encoding the N assimilatory enzyme proteins and N transporters will allow exploring
the molecular intricacies of metal action. This will also lead to the development of
strategies for improving plant resistance against metal toxicity. Efforts should also
be made to unravel the mechanisms of possible antagonisms/synergisms among
metal ions and determine the interaction of one metal ion in the transport and/or
homeostasis of the other(s) and their effects on the N uptake and assimilation. The
responses of N metabolism to multi-metal stress should also be examined in future
studies because single metal toxicity is virtually nonexistent in the environment.
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