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ABSTRACT 
Copper and zinc are essential metals for proteins production in plants; they play important roles in 
photosynthetic and respiratory electron transport chains, in ethylene sensing, cell wall metabolism, 
oxidative stress protection and biogenesis of molybdenum cofactor. Zinc is main composition of 
ribosome and is essential for their development, and is active element in biochemical processes and has 
a chemical and biological interaction with some other elements. Copper and zinc deficiencies can alter 
essential functions in plant metabolism. On the other h and, copper considers in agriculture as an 
antifungal agent and it is extensively released into the environment by human activities. Accordingly, 
excess of copper is present in certain regions and environments, and exposure to that can be potentially 
toxic to plants causing phytotoxicity by the formation of reactive oxygen radicals that damage cells or 
by the interaction with proteins impairing key cellular processes, inactivating enzymes and disturbing 
protein structure. Copper concentrations, relative to zinc, can reduce the availability of zinc to a plant. 
Zinc deficiency leads to (Fe) deficiency, due to prevent of transfer of Fe from root to shoot system. 
Phosphorus is the most important element that interferes on Zn uptake by plants, gradually reduced by 
increasing phosphorus in soil, due to plant physiological factors. Plants have a complex network of 
metal trafficking pathways to regulate appropriately copper homeostasis in response to environmental 
copper level variations. Such strategies must prevent accumulation of metal in reactive form (metal 
detoxification pathways) and to ensure proper delivery of this element to target metalloproteinase. 
Sufficient amount of zinc in the plant improve the harmful effects of boron deficiency, on the other h 
and zinc deficiency decreases by increasing the concentration of boron particularly in young leaves and 
tips of the branches. The mechanisms involved in the acquisition and the distribution of copper and zinc 
have not been clearly defined, mainly obtained on copper uptake, and both intra- and intercellular 
distribution, as well as on long-distance transport, are contributing to the understanding of copper and 
Zinc homeostasis in plants and the response to elements stress. This review gives a brief overview of 
the current understanding of main features concerning copper and zinc functions, as well as acquisition 
and trafficking network.  
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Introduction 

In calcareous soils solubility of micronutrients is far less due to high pH, and this reduces ability 
of nutrient uptake by plants and naturally plants requirement increases to these elements (Lalljee and 
Facknath, 2001; Alloway, 2008; Mousavi et al., 2007). In addition, excess use of phosphate fertilizers 
in soils with micronutrients deficiencies causing imposed deficiency of micronutrients in the plants. 
Accordingly concentration of micronutrient will decline in dry matter and crop yield (Khorgamy and 
Farnia, 2009; Salimpour et al., 2010; Taheri et al., 2011). The importance of microelements in overall 
plant nutrition cannot be neglected. Plants require mineral nutrient, predominantly acquired from the 
soil but also from foliar applications, to maintain normal growth and development and ensure the 
completion of life cycles. The acquisition and distribution of these elements are important targets 
because their metabolic and biochemical functions are associated with all aspects of plant physiology, 
plant biochemistry and plant molecular biology. Plant performance is crucially dependent on adequate 
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supply of all elements including those that are demanded in relatively small quantities. Although in 
nature plants have succeeded in developing different techniques to assure sufficient supply of 
microelements, in intensive growing methods where plants are pushed to their productivity limits, 
relying on the plant to feed by itself is not a good option. It was emphasized that supplying these 
elements through cheated forms is the right and only reliable way that will assure availability of these 
elements. Chelates may not be the perfect solution, yet as of today, they are well understood and already 
proven more efficient than using metal sulfate (Ronen, 2007; Mousavi et al., 2011).   

Copper (Cu) is a redox-active transition metal essential for plants as well as for all living 
organisms, in many physiological processes because it is able to exit in multiple oxidation states in vivo. 
Under physiological conditions Cu exist as Cu2+ and Cu+. The cation Cu2+ form is often bound by 
nitrogen in histidine side chains, whereas Cu+ prefers interaction with the sulphur in cysteine or 
methionine Fig.(1). Copper acts as structural element in certain metalloprotein, many of which are 
involved in electron transport in chloroplasts and mitochondria as well as in oxidative stress response. 
 

 
Fig.1: Copper pathways in Saccharomyces cerevisiae. Blue arrows represent copper fluxes. Regulatory 

loops are indicated in red (activation) and green (repression). Monovalent and divalent Cu is 
represented by dark blue and light blue circles, respectively. The first step of Cu import is the 
reduction of Cu(II) to Cu(I) by the Fre reductases, followed by the import through either high-
affinity transporters represented in green (Ctr1p) and blue (Ctr3p) or low-affinity transporters 
such as Fet proteins (red). Copper is subsequently transported in the different compartments of 
the cell cytoplasm by different protein chaperones such as Ccsp, ATX1 or ccc2. Copper transport 
is regulated by MAC1 which senses high intracellular Cu concentrations and down regulates the 
expression of the high-affinity transporters CTR1 and CTR3 and of the reductase FRE1, while 
it activates the expression of the FRE2 reductase Nevitt, et al. (2012), Labbé, et al., (1997); Ooi, 
et al., (1996) and Zhou et al,. (1993). After Jean-Loup Cadiou (2017) 

 
Cu ions act as cofactor in enzymes such as Cu/Zn-superoxide dismutase (Cu/ZnSOD), 

cytochrome c oxidase, ascorbate oxidase, amino oxidase, laccase, and plastocyanin and polyphenol 
oxidase Fig.(2). At cellular level, Cu plays an essential role in cell wall metabolism, signalling to the 
transcription and protein trafficking machinery,Oxidative phosphorylation, iron mobilization and the 
biogenesis of molybdenum cofactor (Raven et al. 1999; Yruela 2005; Gratão et al. 2005; Pilon et al. 
2006; Krämer and Clemens 2006; Puig et al. 2007). Thus, plants require Cu for normal growth and 
development, and when this ion is not available, plants develop specific deficiency symptoms, most of 
which affect young leaves and reproductive organs. On the other h and, the redox properties that make 
Cu essential element also contribute to its inherent toxicity. Redox cycling between Cu2+ and Cu+ can 
catalyze the production of highly toxic hydroxyl radicals, with subsequent damage to cells at level of 
lipids, membranes, nucleic acids, proteins and other biomolecules (Halliwell and Gutteridge 1984) 
Fig.(3). Copper usually binds to proteins, it has capacity to initiate oxidative damage and interfere with 
important cellular processes such as photosynthesis, pigment synthesis, plasma membrane permeability 
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and other metabolic mechanisms, causing a strong inhibition of plant development (Van Assche and 
Clijsters 1990; Marschner 1995; Küpper et al. 2003; Bertr and and Poirier 2005; Yruela 2005). 
 

 
Fig. 2: Chloroplast copper proteins and delivery systems. CSD2 (copper/zinc superoxide dismutase) is 

active in the stroma and receives Cu ions from CCS (the copper chaperone for superoxide 
dismutase). PC is active in the thylakoid lumen. PPO is found in the thylakoid lumen but may 
receive its Cu ion in the stroma before entering the thylakoid space via the TAT protein 
translocation pathway. PAA1 is a copper transporter in the envelope required to supply Cu ions 
to CSD2, PC and presumably PPO. PAA1 receives Cu ions from the plastid copper chaperone 
1 (PCH1). Cu ions may reach PCH1 in the inter membrane space of the envelope via diffusion 
through porins in the outer membrane, perhaps bound to low molecular weight chelators such 
as glutathione. Alternatively, PCH1 might pick up Cu ions in the cytosol and diffuse in via 
pores in the outer membrane. PAA2 is a homologs copper transporter in the thylakoid 
membrane required to deliver Cu ions to PC. A protein donating Cu ions to PAA2 has not been 
identified yet. After Guadalupe and Pilon (2016) 

 
 

 
Fig. 3: Fenton and Haber-Weiss reaction .Reduced form of transition- metals Mn  reacts through the 

Fenton reaction with hydrogen peroxide H202, leading to the generation of superoxides can also 
react with oxidized from transition metal Mn+1 in the Haber-Weiss reaction leading to the 
production of Mn,which then again affects redox cycling  

 
The inability of plants to escape from environmental stresses such as metal pollution has driven 

the evolution of multiple mechanisms to efficiently sense, respond, and therefore adapt to such stresses. 
Sensing of heavy metals by plants generates a response such as modulation of molecular and 
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biochemical mechanisms of cell. Certainly, this response is evoked by important signal transduction 
network operated in plant cell formed by several signal transduction units. The ultimate response of 
plant is shown by synthesizing metal transporter proteins and metal binding proteins helping the plant 
to counteract excessive metal stress Peng and Gong, 2014; Singh et al., 2015) Fig. (4). In many crops, 
the early sign of metal toxicity is known to be similar to other environmental stresses like osmotic or 
dehydration stress, oxidative stress in addition to defects in nutrient balance, photosynthesis, and 
development (Chen et al., 2001; Yadav, 2010; Rucinska-Sobkowiak, 2016). This similarity of the 
response reflects interconnection between intricate signaling networks. The interplay and convergence 
of these signaling pathways finally results in regulation of various transcription factors activating 
several stress responsive genes. The genes that normally get regulated in context of metal stress include 
the genes for metal chelators and transporters (Singh  et al., 2015). Several signal transduction units 
operate in response to heavy metal toxicity, with different signaling pathways acting in response to 
different species and concentrations of metals.  

 

 
Fig. 4: Metal detection, plant signaling, and sequestration. Different transporters are involved in metal 

ion uptake. Elevated level of heavy metals triggers different signaling modules that transmit the 
signals inside cell, thus triggering defense response. Metal chelators like phytochelatins and 
metallothioneins sequester the toxicity of these metals inside the cell. The chelated metals are 
then ultimately transported to the vacuoles with the help of metal transporters present on the 
vacuole membrane. PC, phytochelatins; MT, metallothioneins; GSH, Glutathione. 

 
Excess of Cu can become extremely toxic causing symptoms such as chlorosis and necrosis, 

stunting, and inhibition of root and shoot growth. At cellular level, excess Cu can inactivate and disturb 
protein structure because of unavoidable binding to proteins. Toxicity may result from: (a) binding to 
sulfhydryl groups in proteins, thereby inhibiting enzyme activity or protein function; (b)induction of a 
deficiency of other essential ions; (c) impaired cell transport processes; (d) oxidative damage. Excess 
Cu (Lexmond and van der Vorm, 1981; Yau et al., 1991; Ouzounidou, 1995) can decrease iron uptake. 
This suggests that the chlorotic symptoms on young leaves of plant experiencing Cu toxicity could be 
an induced Fe-deficiency. There is some contention over whether or not excess Cu decreases or 
increases Zn content in plants (Luo and Rimmer, 1995). If excess Cu does have an antagonistic effect 
on Zn uptake then some of the symptoms of Cu toxicity could be induced Zn deficiency. Zinc deficiency 
commonly presents on young leaves as chlorosis and reddening (Davies, 1993; Ren et al., 1993; Lee et 
al., 1996a). 

Nevertheless, either Cu deficiency or excess Cu, can cause disorders in plant growth and 
development by adversely affecting important physiological processes in plants Photo (1a&b). 

For healthy plant growth and development, Cu must be acquired from the soil, transported 
throughout the plant, distributed and compartmentalized within different tissues and its content 
carefully regulated within different cells and organelles. Thus, the acquisition and assimilation of Cu 
must be coordinated with mineral supply and plant demand and in a complex and regulated interacting 
network. Copper homeostasis processes are dynamic in nature and respond to metal availability, annual 
cycles, and growth phases.  
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Photos 1a: Illustrates Copper deficiency symptoms 
 

  

  

  
Photos 1b: Copper toxicity symptoms 
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Although the mineral nutrition of higher plants is of fundamental importance to agriculture and human 
health, many basic questions remain unanswered, particularly in relation to the accumulation of 
essential heavy metals. The use of genetic and molecular techniques such as sequence comparison to 
identify transporters, functional complementation of yeast mutants and plant transformation to regulate 
gene activities has been crucial for this development. A wide range of gene families and proteins are 
being identified in plants that are likely to be involved in Cu homeostasis.  

Zinc required in some fertilizer programs for crop production, while some soils are capable for 
supplying adequate amounts for crop production, and other is needed (Rehmm and Schmitt, 1997; 
Galavi et al., 2011; Mousavi, 2011; Yosefi et al., 2011). Zinc is essential micronutrients for proteins 
production in plants; also, is main composition of ribosome and is essential for their development. 
Amino acids accumulated in plant tissues and protein synthesis decline by zinc deficit. One of the sites 
of protein synthesis is pollen tube that amount of zinc in there tip is 150 micrograms per gram of dry 
matter. In addition, zinc will contribute on the pollination by impact on pollen tube formation 
(Marschner, 1995; Outten et al., 2001; Pandey et al., 2006). Increasing seed concentration of Zn by soil 
and/ foliar applications of zinc also brings several agronomic benefits for crop production. Applying 
zinc to plants grown under potentially zinc-deficient soils is effective in reducing uptake and 
accumulation of phosphorus (and thus phytate) in plants. This agronomic side effect of zinc fertilization 
may result in better bioavailability of zinc in the human digestive system. In addition, seedlings from 
seeds containing high zinc have better ability to withstand and adverse environmental conditions; these 
benefits are discussed in detail (Mirvat et al., 2006; Cakmak, 2008)  
 
Functions of Zinc and Copper, Acquisition and transports 

Zinc (Zn) is an essential element in all organisms. Zinc (II) is the oxidized form found throughout 
biology, which acts as a catalytic or structural co-factor in a large number of enzymes and regulatory 
proteins Maret, (2009). Plants include enzymes of carbonic anhydrase and alcohol dehydrogenase, and 
the structural Zn-finger domains mediating DNA binding of transcription factors and protein–protein 
interactions. Sriram, and Lonchyna, (2009). The use of a specific element in biological chemistry is a 
result of a complex interplay between various factors during evolution and under present-day 
environmental conditions. Among these, important factors are the bioavailability of the element for an 
organism, the efficacy and specificity of the element in fulfilling its various biochemical functions in 
comparison to elements that could be utilized alternatively, and constraints posed by the protein 
complement of the organism. Over the course of evolution, life has increasingly made use of Zn, with 
the Zn metalloproteome predicted to comprise around 5 to 6% of prokaryotic proteome and about 9% 
of the eukaryotic proteome andreini, and Bertini, (2009). Chemical properties make Zn a highly 
effective cofactor Frausto and Williams, (1991).Among metals; Zn (II) is a strong and efficient Lewis 
acid catalyst and has very high binding affinity to a variety of lig ands. Zn (II) is exceptionally flexible 
in the coordination geometries that it can adopt, under biological conditions; Zn never undergoes 
changes in redox state so that it cannot directly participate in electron transfer reactions. Metals that are 
able to accept or donate electrons themselves, such as Fe and Cu,  and Cr, Ni in between, the use of Zn 
is comparably safe in the proximity of sensitive macromolecules, in particular DNA, in the nucleus Fig. 
(5).  

 
Fig. 5: Metals generated and non-generated ROS 
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Most Cu and Zn are present as the divalent form in soils with the monovalent forms being highly 
unstable Alloway, et al., (2009), Cakmak, (2007). Hence, neither Cu nor Zn tend to be significantly 
reduced under low redox conditions (Moraghan and Macagni Jnr, 1991). However, Zn deficiency has 
been noted in flooded soils and it was suggested that this was due to the precipitation of Zn as 
compounds such as ZnFe2O4 under reducing conditions (Sajwan and Lindsay, 1986; Moraghan and 
Macagni Jnr, 1991). As such, redox conditions play a smaller role in the availability of Cu and Zn as 
compared to Mn. 

Metals that are able to accept or donate electrons themselves, such as Fe and Cu, the use of Zn is 
comparably safe in the proximity of sensitive macromolecules, in particular DNA, in the nucleus. The 
availability of Zn, which forms insoluble sulphide, has increased since the oxygenation of the Earth's 
atmosphere, and Zn concentrations are lower in aqueous environments than on l and. This is probably 
the reason why the diatom, Thalassiosira weissflogii has evolved the ability to functionally replace Zn 
in carbonic anhydrase by Cadmium (Cd) when Zn is scarce; manifesting a Cd requirement that is unique 
in biology based on our present state of knowledge Lane, and Morel, (2000).  

As there are no reliable biomarkers for Zn deficiency, its prevalence has long been underrated - 
different from Fe deficiency. Moreover, grain Zn concentrations have received little attention in 
breeding programs to date and have steadily decreased in cultivated wheat varieties since the green 
revolution Zhao, et al., (2008).In recent years, pronounced efforts have been made to increase Zn 
content and availability in staple crops. These efforts are still at an early stage because the physiological 
and developmental processes controlling Zn accumulation in cereal grains, as well as the genes 
governing them, remain poorly understood Palmgren, et al., (2008). Nevertheless, systematic efforts to 
screen natural genetic diversity for the purpose of introgressions identified target alleles are underway. 
Some pilot studies involving transgenic plants have yielded promising results Lee, et al., (2011), 
Johnson et al., (2011). A significant proportion of the Earth's arable l and is considered Alloway, et al., 
(2009), Cakmak, (2007). It is of paramount importance to take into account that Zn deficiency does not 
merely reduce crop quality and nutritive value photo (2a&b).  

Micronutrient acquisition and micronutrient use efficiency are traits that critically affect crop 
yield Hacisalihoglu, et al., (2003), Marschner (1995). This important fact has not received sufficient 
attention to date, given that there is a need to substantially increase crop yields in order to accommodate 
foreseeable population concentrations at sub-cellular resolution. Cells control internal levels of Zn 
primarily by regulating transport processes that move Zn across membranes Lichten, and Cousins, 
(2009) with considerably less experimental evidence to date for the contribution of Zn binding. In most 
organisms, Zn is acquired either from the environment or from the diet by specific membrane transport 
proteins, sometimes operating in conjunction with chelators, which increase in abundance in response 
to Zn deficiency Eide, (2006).  

Tomoki and Taiho (2016), reported that the uptake of zinc by cells, it is distributed within the 
cytoplasm (50%), nucleus (30%–40%), and cell membrane (10%) (Kambe, et al., (2015). Cellular zinc 
is then available as four pools Kambe, et al., (2015), Kambe, et al., (2004). First, it can bind tightly to 
metalloprotein as a structural component or to metalloenzymes as a cofactor; second, zinc binds 
metallothioneins (MTs) with a low affinity, which can occupy 5%–15% of the total cellular zinc pool 
Qin, et al., (2011). Third, it can be compartmentalized into intracellular organelles and vesicles for zinc 
storage and as a supply for zinc-dependent proteins, which is mediated by zinc transporters Kambe, 
(2011). Because of the second and third functions, the fourth pool of cytosolic free zinc is maintained 
at a very low concentration (pM–low nM levels) Qin, et al., (2011) Vinkenborg, et al., (2009). MTs and 
two zinc transporter families, Zrt- and Irt-like proteins (ZIP, solute carrier 39A [SLC39A]) and Zn 
transporters (ZnT, SLC30A), play crucial roles to maintain this cellular zinc homeostasis Kambe, et al., 
(2015), Kambe, et al., (2004), Eide, (2006).Fukada, and Kambe (2011), Fig. (6). In this review, we 
focus on recent progress to describe the physiological and biological functions of MTs and ZIP and ZnT 
transporters, and to provide a better understanding of zinc biology. 
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Photos 2a: Zinc deficiency symptoms 

 

Photos 2b: Zinc toxicity 
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Fig. 6: Predicted structures and transport mechanisms of Zip and ZnT transporters. 
 

Predicted topologies of the Zip (left) and ZnT (right) transporters, Bold lines indicate the His’s-
rich cluster of Zip and the His’s-rich loop of ZnT. The histidine residues in TMD IV and V essential 
for the Zn transport activity of Zip transporters and the histidine and aspartic acid residues of TMD II 
and V of ZnT transporters are indicated. Zip transporters move Zn from the extracellular space or 
intracellular compartments to the cytoplasm, but their Zn transport mechanism has not been clarified, 
as indicated. In contrast, ZnT transporters are known to function as Zn 2+ /H + exchangers, transporting 
Zn from the cytoplasm to the extracellular space or into intracellular compartments. (After Tomoki and 
Taiho (2016)  

Work in yeast suggested that external Zn can change very rapidly, requiring the presence of 
proteins acting in Zn detoxification even in Zn-deficient cells MacDiarmid, et al., (2003).  

Transporters of divalent metal cations often exhibit broad substrate specificity, so that a 
deficiency in Cu, Fe or Mg may result in enhanced uptake and accumulation of toxic amounts of Zn. In 
these situations, Zn-specific transporters are needed in order to export excess Zn from the cytoplasm 
Gaither, and Eide, (2001). This has also been observed in plants Arrivault et al., (2006). In this review, 
we focus on the recent discoveries concerning Zn homeostasis in l and plants, with a focus primarily on 
the model plant A. Thaliana and closely related species, growth, increasing need for renewable non-
food resources and the accelerating decrease in the area of arable l and. Although total Zn concentrations 
in eukaryotic cells are of the order of 100 μM, the internal concentration of free Zn is generally below 
the nanomolar range and, in Escherichia coli, below the femtomolar range Tightly controlling the 
concentrations and chemical speciation of intracellular Zn is a necessity for all organisms, because the 
binding of Zn2+ to non-target sites would inevitably render these biologically non-functional. This has 
led to the evolution of a complex homeostatic network of Zn transporters, low-molecular weight leg 
ands and, although yet unknown in l and plants, potentially metallochaperone proteins that ensure the 
targeted delivery of the correct amounts of Zn to each apo-Zn protein, cellular compartment, cell, tissue 
and organ Eide, (2006) Fig.(7). 

 
Fig. 7: Shoot responses to Zn deficiency. 
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The upper parts of transverse sections of a Zn-sufficient leaf (left) and a Zn-deficient leaf (right), 
with hypothetical pathways of Zn movement. The number of Zn symbols represents Zn concentrations. 
Zn accumulation in trichomes has been shown in several species including Zn hyperaccumulators and 
non-accumulators (Kü pper, et al., (2000a), Sarret, et al., (2002). It is thought that in Zn-deficient plants 
and in senescent leaves, stored Zn can be remobilized via the phloem. The shown model summarizes 
findings in various Brassicaceae. After Scott and Krämer (2012) 

The concerted regulation of Zn homeostasis processes allows enhanced acquisition and 
redistribution of Zn, or storage and sequestration, in response to fluctuating environmental conditions 
and locally varying internal demands throughout the life cycle.  

Copper concentration in plant varies depending on plant species or ecotypes, developmental stage 
and environmental factors such as nitrogen supply as well as soil characteristics e.g. (a) plants grown 
under high nitrogen supply require significantly more Cu; (b) bioavailability of copper gradually 
increased in acidic condition. (Marschner 1995) , reported that concentration of copper in plant tissues 
is ranged between 1 and 5 μg g-1 dry weight however average composition of copper in leaves is 10 μg 
g-1 dry weight (5-20 μg g-1 dry weight), (Marschner 1995), these concentrations can vary among plant 
species and varieties. Cu concentrations in cells need to be maintained at low levels since this element 
is extremely toxic in view of its high redox properties. The critical level of concentration of copper  is 
ranged from 10-14 to 10-16 M, (below which Cu deficiency occurs). (Marschner 1995) stated that, plants 
usually find a variable supply of Cu in the soil since typically soil solution concentrations range from 
10-6 to 10-9 M, but plants may still need to solubilize and reduce the metal. Concentrations of free metal 
ions or metal chelates in the soil solution are generally rather low although this depends on soil 
properties (Kochian 1991 and Marschner 1995). Cu ions have a high affinity for binding sites of soil 
components, as well as adsorbed onto surfaces of clays and Fe or Mn oxides, co-precipitated with 
carbonates and phosphates or present in the lattice of primary silicate minerals. Cu ions can be also 
bound to cell walls and to the outer membrane surface of plant root cells. Distribution of Cu among 
these various solid and plant components will greatly influence the chemical mobility and hence the 
amount of Cu potentially taken up by plants. At acidic pH, dissolved Cu will increase because of its 
weaker adsorption, with increasing pH; competitive adsorption will arise between organic matters in 
the solid phase and dissolved organic carbon, resulted in Cu concentration in the soil solution (Carrillo-
González et al., 2006).  

It is noticeable that soil chemical properties can differ between the bulk soil and the rhizosphere, 
so considering only properties in the bulk soil might be a poor predictor of Cu bioavailability and 
ultimately Cu uptake that rather depends on the particular properties induced by roots in the rhizosphere. 
Accordingly, contradictory results concerning the effect of pH on Cu uptake by plants are found in the 
literature. In very acidic soils, plant Cu concentration increased compared to calcareous soils in rape 
(Brassica napus L.) and tomato (Lycopersicon esculentum L.) (Chaignon et al. 2003; Cornu et al., 
2007). On the contrary, Cu accumulation in maize (Zea mays L.) was as high in calcareous soils as 
compared to acidic soils (Brun et al., 2001). However, Michaud et al., (2007) reported that no clear 
relationship between Cu uptake and soil pH particularly in durum wheat (Triticum turgidum durum L.), 
in contaminated soil with copper, probably due to the implication of root-induced changes of pH and 
dissolved organic carbon in the rhizosphere. In calcareous soils, phytosiderophores secretion leading to 
greater Cu uptake in plants.    

Copper is classified as having variable phloem mobility dependent on plant species and Cu status 
of the whole plant as well as the source and sink organs (Stephan and Scholz, 1993 and Welch, 1995). 
Pearson et al., (1996) observed that excess of copper gradually reduced phloem transport of Zn but not 
for Mn into T. aestivum grains. They also suggested that because of both Cu and Zn competed to each 
other for the same phloem loading sites. Several researchers Lexmond and van der Vorm, (1981); Yau 
et al., (1991); Ouzounidou, (1995) observed that excess of copper can decrease iron uptake. This 
suggests that the chlorotic symptoms on young leaves of plant experiencing Cu toxicity could be an 
induced Fe-deficiency. There is some contention over whether or not excess Cu decreases or increases 
Zn content in plants (Luo and Rimmer, 1995). (Davies, 1993; Ren et al., 1993; Lee et al., 1996a), 
reported that excess of Copper does have an antagonistic effect on Zn uptake some of Cu toxicity 
symptoms could be induced Zn deficiency which commonly presents on young leaves as chlorosis and 
reddening  
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Under Fe, deficiency particularly in calcareous Chaignon et al., (2002), reported that uptake of 
copper gradually increased due to increasing root secretion of phytosiderophores particularly in 
Graminaceous species. Interaction effects between metals to plant particularly in water culture can be 
completely different to those found in soil. Luo and Rimmer (1995) observed that the interactions 
between both Cu-Zn in soil were synergistic effects as compared with an antagonistic particularly in 
water culture. Luo and Rimmer (1995) reported that these attribute to the availability of metal 
adsorption phenomena on soil particles. Taylor et al., (1998) suggest that these differences are likely to 
be because most nutrient solution studies are conducted at high ionic strength as compared to soil 
solutions. 

Marschner (1995), illustrated that copper is required at least in six locations ,the cytosol, the 
endoplasmic reticulum (ER), the mitochondrial inner membrane, the chloroplast stroma, the thylakoid 
lumen and the apoplast. Number of Cu-dependent proteins in plants is generally smaller as compared 
with other metal-dependent proteins (metalloproteins). In Arabidopsis proteome can be found 105 and 
21 proteins searching “copper protein and “copper-binding protein terms, respectively (Krämer and 
Clemens 2006). The most abundant Cu proteins in green tissues are plastocyanin and Cu/ZnSOD. In 
Arabidopsis Cu/ZnSOD is present in three isoforms, of which the major isoforms are found in the 
cytosol (CSD1) and chloroplast stroma (CSD2), and the third isoform is found in peroxisome (CSD3) , 
Bueno et al., (1995). In maize four cytosol Cu/ZnSOD, isoenzymes have been found Marschner 
(1995),.In addition to plastocyanin and Cu/ZnSOD there is a large number (>32) of related proteins 
(blue-copper binding proteins) with unknown functions encoded in the Arabidopsis genome (Nerissian 
et al. 1998). For instance, the existence of a Cu protein involved in photosynthetic reactions of 
photosystem II (PSII) non-dependent of plastocyanin was reported earlier (Lightbody and Krognann 
1967; Barr and Crane 1976). More recently, Burda et al., (2002) found that Cu in an equimolar 
concentration to PSII reaction centre stimulated in vitro the oxygen-evolution activity of PSII. 
Nevertheless, little information respect to this event exists in vivo. An important characteristic of Cu+ 
is its ability to bind small molecules such as O2 as lig ands. Thus, Cu is a cofactor of a large number of 
oxidases. The best-known oxidase is the mitochondrial cytochrome c oxidase. Other members of this 
enzyme group are: (a) amine oxidase enzymes associated to the cell wall that catalyzes the oxidation of 
putrescine that produces H2O2 involved in lignification, cross-linking of cell wall proteins and 
programmed cell death (Moller and McPherson 1998) ; (b) multi-copper oxidases such as ascorbate 
oxidases that localize in the apoplast and regulate its redox state, and 8 laccases also localized in the 
apoplast but not functionally well understood although a role in lignification has been proposed, (c) 
multi-copper oxidase-like proteins such as SKU5, which are involved in cell wall formation (Sedbrook 
et al. 2002); (d) polyphenol oxidase found in the thylakoids of some plants, such as spinach (Kieselbach 
et al., 1998) but not in other species such as Arabidopsis (Schubert et al. 2002) that is involved in ROS 
defence. Cu+ can also bind ethylene. Accordingly, the ethylene receptor ETR1, which localizes in the 
endoplasmic reticulum (ER), is dependent on Cu+ (Rodriguez et al. 1999) Fig. (8).  

 

 
Fig. 8: A diagrammatic scheme of the thylakoid membrane of oxygenic Photosynthetic organisms. 

After Michelet et al., 2013) 
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They reported that photosynthetic electron transfer chain and the reduction of chloroplastic TRXs. 
In the thylakoid membrane, when photosystem II (PSII) is excited by absorption of a photon light 
energy, the reaction center chlorophyll molecule transiently loses an electron. This electron is 
transmitted to the plastoquinone pool (PQ) which takes a proton from the stroma. Upon oxidation, the 
reaction center chlorophyll is a very strong oxidizing agent that is able to accept electrons from water, 
resulting in oxygen and protons production in the lumen. The chlorophyll can then be excited again. 
Reduced plastoquinone can move through the membrane from PSII to cytochrome b6/f (Cyt b6/f). 
There, plastoquinone is oxidized and its proton is released in the lumen, leading to a proton transport 
from stroma to lumen. Its electron is further transferred to photosystem I (PSI) via cytochrome b6/f and 
plastocyanin (PC). This electron transfer allows reduction of excited PSI reaction center chlorophyll. 
Upon excitation, this chlorophyll gives its electron to stromal ferredoxin (Fd) which can reduce 
chloroplastic thioredoxins (TRX) via the ferredoxin-thioredoxin reductase (FTR) and NADP+ via the 
ferredoxin NADP reductase (FNR). Water photolysis and proton transport via plastoquinone contribute 
to the establishment of a proton gradient between stroma and lumen. This gradient is used as an energy 
source by the ATP synthase for ATP synthesis, Xu et al., 2013. Zhang et al., (2019) reported that Copper 
is an essential for plants, but excess Cu can inactivate and disturb the protein function due to 
unavoidable binding to proteins at the cellular level. As a redox-active metal, Cu toxicity is mediated 
by the formation of reactive oxygen species (ROS). Cu-binding structural motifs may alleviate Cu-
induced damage by decreasing free Cu2+ activity in cytoplasm or scavenging ROS. The identification 
of Cu-binding proteins involved in the response of plants to Cu or ROS toxicity may increase our 
understanding the mechanisms of metal toxicity and tolerance in plants Fig. (9). This study investigated 
change of Cu-binding proteins in radicles of germinating rice seeds under excess Cu and oxidative stress 
using immobilized Cu2+ affinity chromatography, two-dimensional electrophoresis, and mass spectra 
analysis. Quantitative image analysis revealed that 26 protein spots showed more than a 1.5-fold 
difference in abundances under Cu or H2O2 treatment compared to the control. The identified Cu-
binding proteins were involved in anti-oxidative defense, stress response and detoxification, protein 
synthesis, protein modification, and metabolism regulation. The present results revealed that 17 out of 
24 identified Cu-binding proteins have a similar response to low concentration Cu (20 µM Cu) and 
H2O2 stress, and 5 out of 24 were increased under low and high concentration Cu (100µM Cu). But 
unaffected under H2O2 stress, which hint Cu ions can regulate Cu-binding proteins accumulation by 
H2O2 or no H2O2 pathway to cope with excess of copper in cell.  

 

 
Fig. 9: Represents model of Cu-binding proteins in rice radicles to Cu and H2O2 stress responses. Red 

blocks show proteins accumulated only under Cu treatment; Blue blocks show proteins 
accumulated under treatment with low concentration Cu and H2O2 in the same way. (↑) and those 
with decrease marked by (↓) mark the proteins with accumulation increase 

 
Transport of zinc-copper and their roles in cellular homeostasis   

Zinc is the only metal represented in all six classes of enzymes: oxidoreductases, transferases, 
hydrolases, lyases, isomerases, and ligases (Marschner, 1995), and it plays a structural role in regulatory 
proteins (Berg and Shi, 1996). Zn deficiency is described as causing reduction of biomass, interveinal 
necrosis, deformed and chlorotic leaves, and reduction in yield. In most crops, the typical leaf Zn 
concentration required for adequate growth is approximately between 15 mg kg–1 and 20 mg kg–1 dry 
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weight (Marschner, 1995). However, high concentrations can cause toxicity. At the cellular level, 
elevated Zn concentration causes oxidative stress, resulting a decrease in accumulation of ATP, 
disintegration of cell organelles, and development of vacuoles (Sresty and Madhava Rao, 1999; Xu et 
al., 2013). Diverse techniques with different thresholds in their spatial resolution or sensitivity have 
been used to investigate Zn2+ cellular distribution in plant cells and tissues. These include electron-
spectroscopic or energy-dispersive X-ray analysis imaging (Lanquar et al., 2005), elemental mapping 
using synchrotron radiation-induced X-ray fluorescence and particle induced X-ray emission (Kim et 
al., 2006; Punshon et al., 2009; Schnell Ramos et al., 2013), or inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) after subcellular fractionation (Seigneurin-Berny et al., 2006; 
Lanquar et al., 2010). However, these approaches provide only static information on the total Zn 
concentration. Interestingly, the recent development of tools to image/monitor the dynamics of the 
cytosolic Zn, namely the combination of genetically encoded F ِ◌rster resonance energy transfer 
(FRET) sensors and Root Chip technology (Lanquar et al., 2014), offers a great opportunity to measure 
the intracellular free Zn concentrations in plants cells. These tools will certainly help to study Zn+2 
homeostasis, transport, and signalling in plant cells. 
 
Zinc transport system in plants 

Soil is the source of Zn for plants; thus, an efficient Zn uptake by plants is crucial. However, Zn 
uptake is not closely related to the Zn concentration in the soil solution (Ernst and Nelissen, 2000). The 
metal uptake by plants depends upon the solubility of metals in soils that varies considerably depending 
on the soil composition, soil pH, and soil P (Tagwira et al., 1992, 1993; Sauvé et al., 2000; Loosemore 
et al., 2004; Houben et al., 2013). Zn uptake are not completely known, transport across the plasma 
membrane is thought to be mediated by a transport system and intracellular high-affinity binding sites. 
Transporters belonging to the ZIP (ZRT, IRT-like protein) family are thought to be the primary Zn 
transporters involved in Zn uptake. The ZIP family comprises 15 members in A. thaliana (Maser et al., 
2001). AtIRT1, a member of the ZIP family from A. thaliana, localizes to the plasma membrane 
especially of root epidermal cells (Vert et al., 2002; Barberon et al., 2011), and A. thaliana mutant for 
IRTI accumulates less Zn as compared with the wild type, indicating its physiological role in Zn uptake 
(Henriques et al., 2002). Some other transporters of the ZIP family are also thought to be involved in 
Zn uptake based on results obtained during transcriptomic studies and in heterologous systems. 
Functional heterologous expression of six A. thaliana ZIP genes, ZIP1, ZIP2, ZIP3, ZIP7, ZIP11, and 
ZIP12, complemented the Saccharomyces cerevisiae Zn-uptake deficient mutant, zrt1 zrt2(Milner et 
al., 2013). At the transcriptional level, ZIP1, ZIP3, and ZIP4 are induced in Zn-starved A. thaliana roots 
(Grotz et al., 1998), while ZIP1, ZIP3, ZIP4, ZIP9, and ZIP10 are constitutively overexpressed in the 
Zn hyperaccumulator species, A. halleri, as compared with A. thaliana (Talke et al., 2006). It is worth 
mentioning that a passive Zn2+ influx can occur through the depolarization-activated non-selective 
cation channel (DA-NSCC) type as reported in the Zn-hyperaccumulating Thlaspi caerulescens 
(Pi ٌ◌eros and Kochian 2003). The transport of Zn2+ can also be mediated by the voltage-independent 
NSCCs (VI-NSCCs) which depend on the insensitivity/ permeability of these channels to Zn2+ ion 
(Demidchik and Maathuis, 2007). Metal chelators mediate zinc movement in roots: phytosiderophores 
(PSs), phytochelatins (PCs), and metallothioneins (MTs) (Palmgren et al., 2008). Metal chelators keep 
the free metal concentrations very low, and interact with and donate metals to apometalloproteins or 
transport proteins that mediate the sequestration or efflux of metal ions (Callahan et al., 2006). PSs, 
hexadenate metal chelators, are compounds of the mugineic acid (MA) family capable of forming 
complexes with iron [stable Fe (III) chelates] (Tagaki et al., 1984) and probably with Zn (Von Wirén 
et al., 2000). The graminaceous monocot plants (Strategy II-plants: secrete PSs) and most other plants 
(Strategy I-plants: do not secrete PSs) can be distinguished based on these two distinct strategies that 
they use for uptake of sparingly soluble iron from the soil. Strategy I-plants use the reduction strategy 
which is characterized by plasma membrane-localized ferric reductases coupled with Fe (II) 
transporters. Strategy II-plants use the chelation strategy through the secretion of PSs and the absorption 
of the Fe (III)–PS complex via a specific uptake systems located at the root surface (Romheld and 
Marchner, 1986) Fig. (10). 
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Fig. 10: Iron-deficient response in plant cells. The proton ATPase AHA2, Ferric chelate reductase 

FRO2 (ferric reduction oxidase), Fe2+-regulated transporters iron-regulated transporter (IRT1) 
and FER-like iron deficiency-induced transcription factor (FIT) are activated under iron 
starvation, respectively. AHA2 (H+-ATPase) increases the acidification of rhizosphere to 
facilitate iron solubilization. FRO2 reduces ferric iron to ferrous iron that is imported into the 
cell via IRT1. The expression of FRO2, IRT1 can be induced, via, FIT interaction with other 
transcription factors such as bHLHs and EIN3/EIL1 after Zhang et al., (2019) 

 
Interestingly, the release of PSs is induced under Zn-deficient conditions in cereals (Tolay et al., 

2001; Suzuki et al., 2008; Arnold et al., 2010); Fig.(11), nevertheless, whether this observation can be 
explained by an induced physiological deficiency for Fe remains an open question (Pedler et al., 2000). 
It has been suggested that Strategy II-plants may take up Zn as Zn–PS complexes (von Wiren et al., 
1996; Erenoglu et al., 2000; Tolay et al., 2001).  

 
Fig. 11: Summary of potential isotopic fractionations during transfer of Zn from the soil solid to 

absorbing roots. Arrows indicate flows of Zn (unidirectional or at equilibrium). Light, heavy 
= light, heavy isotope enrichment in reaction product relative to the reacting Zn. PS = 
phytosiderophores. Numbers refer to points in text: 

(1) Desorption or dissolution from the soil solid; (2) adsorption on root surfaces or iron oxide plaque; 
(3) Complexation by PS;    (4) diffusion though the soil solution; 
(5) uptake of free Zn2+ into roots; (6) uptake of the PS-Zn complex. 
(After ARNOLD et al., (2010) 
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Von Wiren et al. (1996) have demonstrated that Zn enters Strategy II-plants via a non-PS-mediated 
route. Nicotianamine (NA) is the precursor of MA-family PSs, and has been proposed to form stable 
complexes with many heavy metals including Zn and to play a role in their circulation in the xylem 
and phloem (Stephan and Scholz, 1993). 

Interestingly, endogenous or exogenous expression of NA synthase (NAS) genes from various 
species under the control of either constitutive or tissue-specific promoters resulted in an increase in PS 
excretion, Zn uptake, and translocation, and Zn accumulation in polished rice grains (Masuda et al., 
2009, 2012, 2013a, b; Johnson et al., 2011; Lee et al., 2011). Taken together, these data clearly illustrate 
the importance of NA in uptake and translocation of Zn in plants. NA is present in both Strategy I- and 
Strategy II-plants but does not give rise to MA in Strategy I-plants. It has been reported that Zn 
deficiency stimulates the synthesis of MA forms, resulting in more PS secretion in barley and rice 
(Suzuki et al., 2006, 2008). Under this condition (–Zn), barley takes up more Zn–MA complex than 
Zn2+ ions (Suzuki et al., 2006). The Zn–MA chelates may possibly be taken up into roots by YSL 
transporters. In line with this idea, it has been shown that the maize ys1 mutant absorbs less Zn(II)–MA 
than wild-type plants (von Wiren et al., 1996), thus revealing a physiological relevance of ZmYS1 in 
Zn–MA chelate uptake into roots. PCs are oligomers of glutathione, produced by the enzyme 
phytochelatin synthase. A role for PCs in Zn sequestration has been described in different mutants of 
yeast and A. thaliana (Tennstedt et al., 2009). MTs are small cysteine-rich proteins involved in metal 
homeostasis. Very recently, Schiller et al. (2014) reported that MT proteins regulate the concentrations 
of Zn and other metal ions, in particular during germination and grain filling in barley. Arabidopsis 
transgenic lines overexpressing a barley MT2a gene exhibited more sensitivity to Zn excess (Schiller et 
al., 2014). It has been shown using in vitro assays that AtMT2 could chelate Zn (Robinson et al., 1996). 
Functional heterologous expression of AtMT2 could partly complement Zn hypersensitivity in mutants 
of Synechococcus. A study in rice also reported the involvement of OsMT1a in Zn homeostasis (Yang 
et al., 2009). OsMT1a was found to be predominantly expressed in the roots and was induced by Zn 
treatment. Overexpression of OsMT1a caused an increase in Zn accumulation in the 
OsMT1aoverexpressing rice lines (Yang et al., 2009). Taken together, these data prove the involvement 
of the MTs in regulating Zn homeostasis in plants. Novel class of proteins ‘plant defending type I 
(PDF1s)’ were described for their involvement in cellular Zn tolerance (Mirouze et al., 2006). PDF1s 
are small cysteine-rich peptides (Yang et al., 2009).  and are constitutively highly over expressed in the 
Zn hyper accumulators; A. halleri and T. caerulescens (Van de Mortel et al., 2006; Shahzad et al., 
2013). Functional heterologous expression of PDF1s from A. halleri in yeast as well as in A. thaliana 
increased their Zn tolerance (Mirouze et al., 2006; Shahzad et al., 2013). The mechanism by which 
PDF1s play a role in Zn tolerance is still unknown. However, it seems likely that Zn might be chelated 
by the cysteines present in PDF1s. Bioinformatics analysis indeed revealed that an atom of Zn could be 
chelated by PDF1 (L. Marquès, personal communication). Specific molecular mechanisms for Zn 
loading/unloading into/from the xylem have also been proposed. The plasma membrane transporters, 
AtHMA2 and AtHMA4, members of P1B-ATPases, have been well documented for their role in Zn 
loading into the xylem (Hussain et al., 2004; Verret et al., 2004). Moreover, using A. thaliana hma2 
hma4 double mutants or over expresses of HMA4 in A. thaliana has suggested the role of this gene in 
Zn interorgan distribution (Hussain et al., 2004; Verret et al., 2004; Hanikenne et al., 2008). In the roots 
of A. thaliana and A. halleri, specific mRNA activity of HMA4 was observed in the root pericycle and 
xylem parenchyma (Hanikenne et al., 2008).  

It is noteworthy that the localization of HMA2 and HMA4 promoter activity in the vascular tissues 
of shoots and leaves indicates their possible involvement in xylem unloading as well (Hussain et al., 
2004; Hanikenne et al., 2008). In addition, the localization of HMA4 expression in the xylem 
parenchyma and the leaf cambium suggests a possible role for HMA4 in Zn distribution within the leaf 
(Hanikenne et al., 2008). Once loaded into the dead xylem, free Zn may move upward to shoots along 
the xylem sap. However, lig ands of Zn with citrate or NA have also been proposed to be involved in 
long-distance transport of Zn in the dead xylem (Suzuki and Ishioka, 2008; Hanikenne et al., 2008; 
Pineau et al., 2012). Proper functioning of cellular machinery requires a certain amount of Zn in the 
cytosol to serve the needs of cell organelles.  

Therefore, the Zn in excess of the nutritional needs is sequestered to avoid cytotoxic effects that 
can be remobilized when required. Vacuoles are assumed to be major sites of Zn sequestration and 
thereby detoxification (Martinoia et al., 2007). In A. thaliana, metal tolerance protein 1 (MTP1) and 
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metal tolerance protein 3 (MTP3), members of the cation diffusion facilitator (CDF) family, heavy 
metal associated 3(HMA3), a member of the P(1B-2) subgroup of the P-type ATPase family, and Zn-
induced facilitator1 (ZIF1), a member of a vacuolar membrane major facilitator superfamily, have been 
shown to be implicated in vacuolar Zn sequestration (Drager et al., 2004; Desbrosses-Fonrouge et al., 
2005; Arrivault et al., 2006; Kawachi et al., 2009; Morel et al., 2009; Shahzad et al., 2010; Haydon et 
al., 2012). Under Zn-deficient conditions, the Zn stored in the vacuole has to be remobilized to the 
cytosol to serve the needs of the cell. We still have very poor knowledge of the transporters that could 
be involved in this process. It is thought that possible c andidates should belong to either ZIP family 
transporters, yellow stripe1 (YSL1) family or natural resistance-associated macrophage proteins 
(NRAMPs). A transporter involved in iron remobilization, AtNRAMP4, might also be involved in Zn 
remobilization. AtNRAMP4 is a tonoplastic member of the NRAMP gene family (Lanquar et al., 2005). 
Heterologous expression of AtNRAMP4 complemented the growth phenotype of a zrt1 zrt2 S. cerevisiae 
mutant, suggesting its role in Zn transport across the membranes (Lanquar et al., 2004). Transcript 
analysis revealed that AtNRAMP4 was induced in the roots under excess Zn conditions (Van de Mortel 
et al., 2006). The previous findings have established the role of AtNRAMP4 in the remobilization of 
iron from the vacuole. Whether NRAMP4 or some other member of the NRAMP family could also play 
a role in Zn remobilization remains to be carefully examined. All these findings support the critical role 
of vacuoles that needs to be considered while developing Zn-biofortified cereals (Shahzad et al., 2014). 
The Arabidopsis ZIF1 gene and the two other ZINCINDUCED FACILITATOR-LIKE genes (AtZIFL1 
and AtZIFL2) form a distinct membrane protein family involved in regulating Zn homeostasis (Haydon 
and Cobbett, 2007) Fig. (12). The expression of the ZIF1 gene is up regulated by Zn excess, and its 
mutation affects Zn distribution (Haydon and Cobbett, 2007; Haydon et al., 2012). ZIFL genes are 
thought to accomplish a role in Zn translocation to the seeds. In Arabidopsis, ZIF1 and ZIFL1 are listed 
as c andidates for seed Zn concentrations through a study of quantitative trait loci (QTLs) (Waters and 
Grusak, 2008). 

 
Fig. 12: ZIFL family sequence signatures. After Ricachenevsky et al. (2011).  

Alignment of ZIFL and MFS_1 signatures present in the cytoplasmic loop Between TM2 and 
TM3 (MFS signature) and in TM5 (antiporters signature).  

(A)  ZIFL specific signature not found in general MFS_1 proteins. The Cys motif C-[PS]- G-C is 
observed in the N-terminal cytoplasmic loop; the His motif [PQ]-E-[TS]-[LI]-H-x-[HKLRD] is in 
the cytoplasmic loop between TM6 and TM7, before the beginning of the variable region (in 
black); the [RK]-x(2)-G-P-[IV]-x(3)-R motif is in the cytoplasmic loop between TM8 and TM9. 
The overall transmembrane topology of the ZIFL proteins is schematically shown. 

 
In barley, transcriptomic data analyses revealed that a ZIF1-like gene is expressed in the aleurone 

layer of seeds and its expression is induced in the embryo upon foliar Zn application (Tauris et al., 
2009). For Further information on the ZIFL gene family (68 family members) in plants, Ricachenevsky 
et al. (2011).  

The remobilization of metal reserves such as Zn from leaves and its continuous uptake during 
seed filling constitutes the major source of metal supply to the seed (Curie et al., 2001; Waters et al., 
2008; Inou et al., 2009). Reverse genetics have revealed a role for the YSL members in the 



Middle East J. Appl. Sci., 10(3): 407-434, 2020 
EISSN: 2706 -7947    ISSN: 2077- 4613                                        DOI: 10.36632/mejas/2020.10.3.37 

423 

remobilization of Zn from senescing leaves, in the formation of pollen, and in the Zn loading of seeds. 
In Arabidopsis, expression of YSL1 and YSL3 has been observed in leaves during senescence (Waters 
et al., 2006). Both genes are also expressed in pollen grains (Le Jean et al., 2005; Waters et al., 2006). 
Genetic evidence for the involvement of YSL1 and YSL3 in pollen development was revealed through 
the characterization of the double ysl1ysl3 loss-of-function mutant (Waters et al., 2006). All together, 
these data support the involvement of YSL1 and YSL3 in seed formation Fig. (13). 

 

 
Fig. 13: Model of location of Fe, Zn, and Cu uptake or transport genes discussed in this review.  
(A) Model of wheat plant showing the following translocation steps to the seed: 1, uptake from the  

rhizospere; 2, xylem loading; 3, root-to-shoot transfer; 4, distribution to the leaves or seed-
covering tissues; 5, phloem loading for movement to seed; 6, loading into the seed.  

(B) Detail of seed loading. Gene families potentially involved in seed mineral micronutrient transport 
are pictured in hypothetical or known localizations. Maternal tissues are shown in green, filial 
tissues in gold. Efflux transporters are shown in light blue, plasma membrane localized uptake 
transporters in dark blue, vacuolar uptake transporters in gray, vacuolar efflux transporters in red. 
Pd: plasmodesmata. After Brian and Renuka (2011) 

 
In conclusion, it has become clear that Zn transport and homeostasis in plants involve a large 

number of membrane proteins and chelators. It is necessary to undertake the task of determining the 
subcellular localization of the proteins involved in Zn transport, which would pave the way to underst 
anding the physiological significance of their co-expression, and bring us one-step closer to answering 
questions regarding their functional redundancy and/or interplay. Future challenges will be the 
purification of these large membrane proteins and obtaining their crystal structures.  
 
Copper- protein transport system in plants 

Family of Copper Protein Transporter (COPT) has been identified in plants by sequence 
homology with the eukaryotic Cu transporters named Ctr or by functional complementation in yeast 
Peña et al. (1999; Labbé and Thiele, (1999); Harris (2000); Puig and Thiele (2002); Puig et al. (2007). 
The Arabidopsis genome contains six genes encoding COPT transporters, COPT1-6. The first one, 
COPT1, is the best-characterized member of this Cu transporter family Fig. (14). 

It was identified by the ability of its cDNA to functionally complement a Saccharomyces 
cerevisiae ctr1Δ mutant defective in high-affinity Cu uptake. COPT1 transporter allows the entrance of 
Cu into cells from the exterior to the cytoplasm (Kampfenkel et al. 1995; Sancenón et al. 2003). All 
members of this protein family contain three predicted transmembrane (TM) segments and most posses 
an N-terminus methionine- and histidine-rich putative metal binding domains (Puig and Thiele 2002; 
Sancenón et al. 2003). Genetic data and in vivo uptake experiments have demonstrated that an 
extracellular methionine residue, located approximately 20 amino acids before TM1, and an MxxxM 
motif within TM2, are essential for Cu acquisition, and probably mediate metal coordination during 
transport. A symmetrical trimer organization with a novel channel-like architecture has been shown in 
the human Ctr1 transporter homolog to COPT members (Aller et al. 2004; Aller and Unger 2006). 
Metal competition experiments suggest that Arabidopsis COPT1, as for other Ctr1 family members, is 
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a high-affinity transporter with specificity for Cu+ ion (Sancenón et al. 2003) with a Km in the lower 
micromolar range (Eisses and Kaplan 2002; Lee et al. 2002). COPT transporters do not use ATP for Cu 
import, but their transport ability is stimulated by extracellular K+  Fig. (15). 

COPT1 plays an important physiological role in root Cu acquisition and accumulation since it is 
required for growth under Cu limiting conditions. Subsequent members of COPT family have been 
identified by sequence homology to COPT1 and yeast (Saccharomyces cerevisiae) complementation 
Sancenón et al. (2003), (2004). The existence of three COPT groups according to the number of N-
terminus methionine- and histidine- rich boxes has been proposed. The first one, including COPT1 and 
COPT2, displays the more high-affinity Cu transporter features being probably plasma membrane 
proteins. The second group includes the COPT3 and COPT5 transporters having only one methionine- 
and histidine- rich box, which shows partially level of both complementation and Cu transport rate. 
COPT3 and COPT5 probably participate in intracellular Cu transport. Putative target sequences to the 
chloroplast and the secretory pathway have been predicted for COPT3 and COPT5, respectively. 
COPT4 represents a third group showing high-level expression in roots that lacks methionine residues 
and motifs essential for Ctr1-mediated high-affinity Cu transport. These findings suggest a non-direct 
role in Cu transport (Sancenón et al. 2004) and its function in Cu homeostasis is currently questioned  

An additional member of COPT family, named COPT6, has been identified recently. Further 
characterization will be necessary to know its putative role in Cu transport.  
 

 
Fig. 14: Overview of Arabidopsis thaliana cellular Cu homeostasis. Cu+ uptake through plasma 

membrane transporters COPT1/COPT2/COPT6 depends on the activity of AHA H+-ATPase 
and FRO cuproreductases. COPT-mediated Cu+ transport is coupled to metallochaperones 
transfer and its delivery to targets. Cuprochaperone CCS provides Cu+ to cytosolic superoxide 
dismutase CSD1. ATX1 transfers Cu+ to P-type ATPase RAN1, located at the ER, where Cu+ 
is probably acquired by cuproproteins, such as multicopper oxidases (MCOs), the ethylene 
receptor (ETR1), and the molybdenum cofactor (MoCo). The Cu resulting from recycling and 
from the secretory pathway leftovers converges into the vacuole or into vacuolar-related 
organelles (VROs). The Cu+ supply to chloroplasts and mitochondria can take place from the 
lumen through the COPT5 efflux function. See the main text for details. Arrows indicate the 

direction of Cu+ traffic and Cu content is indicated by different intensities of blue. After 
Penarrubia et al. (2015) 
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Fig. 15: Overview of the Cu-transport system occurring at the root tip of dicots. Copper is taken up in 

the roots in its reduced form Cu+ by COPT proteins, highly selective Cu-transporters. 
Alternative, but still controversial, Cu uptake system may be non-selective ZIP proteins 
whereas Cu+2-efflux is mediated by H+/Cu+2 antiporters. In the cytosol, free Cu+ induces the 
generation of ROS thereby opening NSCCs, allowing the entry of Ca+2 and inducing root 
growth. Cu may further modulate root growth through interaction with auxin efflux carrier 
PIN1 and with the multi-copperoxidases LPR1/2. In case excessive Cu enters the roots, the 
massive generation of ROS activates also the efflux of K+ through NSCC, causing activation 
of Programmed Cell Death (PCD). ROS can be quenched by the activity of CSD1 that acquires 
Cu from CCS. To prevent ROS generarion, Cu+ is usually chelated by intracellular MTs or 
specific chaperones ATX1. Cu-transport to extracellular compartments in mediated by HMA5 
proteins. In the phloem and in the xylem, Cu in transported in Cu(II)-complexes or Cu(I)-MT 
complexes. ATX1, antioxidant protein 1; COPT1/2, Cu transporter 1/2; CCS, Cu-chaperones 
to Cu/Zn superoxide dismutase; CSD1, cytosolic Cu/Zn superoxide dismutase; FRO 4/5, ferric 
reductase oxidase 4/5; LPR1/2, low phosphate response multi-copperoxidase 1/2; MT, 
metallothioneins; NSCC, non-selective cationic channels; OsHMA5/AtHMA5, Oryza sativa 
heavy metal ATPase 5/Arabidopsis thaliana heavy metal ATPase 5; PCD, programmed cell 
death; PIN1, pin-formed 1; ROS, reactive oxygen species; ZIP, Zrt- and Irt-like protein. After 
Yuan et al., 2013), Bruno Printz et al. (2016) 

 
Conclusion  

Copper and zinc are essential metals for plants. It plays important roles in photosynthetic and 
respiratory electron transport chains, in ethylene sensing, cell wall metabolism, oxidative stress 
protection and biogenesis of molybdenum cofactor, in addition, for proteins production in plants. Zinc 
is main composition of ribosome, is essential for their development as well as in biochemical processes, 
and has a chemical and biological interaction with some other elements. Deficiency in both copper and 
zinc supply can alter essential functions in plant metabolism. Copper considers as an antifungal agent 
in agriculture. Accordingly, excess copper is present in certain regions and environments, and exposure 
to that can be potentially toxic to plants causing phytotoxicity by the formation of reactive oxygen 
radicals that damage cells or by the interaction with proteins impairing key cellular processes, 
inactivating enzymes and disturbing protein structure. High concentrations of copper in the soil solution 
reduce the availability of zinc to plants due to competition for the same sites into the plant root. Zinc 
deficiency is lead to Fe- deficiency, due to prevent of transfer from root to shoot system. Phosphorus is 
the most important element that interferes on zinc uptake by plants, reduced by increasing phosphorus 
in soil. High levels of phosphorus may decrease the availability of zinc or the onset of zinc deficiency 
associated with phosphorus fertilization may be due to plant physiological factors. 

Plants have a complex network of metal trafficking pathways to regulate appropriately such 
elements homeostasis in response to environmental level variations. Such strategies must prevent 
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accumulation of metal in reactive form (metal detoxification pathways) and to ensure proper delivery 
of this element to target metalloprotein. The mechanisms involved in the acquisition and the distribution 
of copper and Zinc have not been clearly defined, mainly obtained on copper uptake, and both intra- 
and intercellular distribution, as well as on long-distance transport, are contributing to the understanding 
of copper and Zinc homeostasis in plants and the response to elements stress. This review gives a brief 
overview of the current understanding of main features concerning copper and zinc functions, as well 
as acquisition and trafficking network.  
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	Fig. 2: Chloroplast copper proteins and delivery systems. CSD2 (copper/zinc superoxide dismutase) is active in the stroma and receives Cu ions from CCS (the copper chaperone for superoxide dismutase). PC is active in the thylakoid lumen. PPO is found in the thylakoid lumen but may receive its Cu ion in the stroma before entering the thylakoid space via the TAT protein translocation pathway. PAA1 is a copper transporter in the envelope required to supply Cu ions to CSD2, PC and presumably PPO. PAA1 receives Cu ions from the plastid copper chaperone 1 (PCH1). Cu ions may reach PCH1 in the inter membrane space of the envelope via diffusion through porins in the outer membrane, perhaps bound to low molecular weight chelators such as glutathione. Alternatively, PCH1 might pick up Cu ions in the cytosol and diffuse in via pores in the outer membrane. PAA2 is a homologs copper transporter in the thylakoid membrane required to deliver Cu ions to PC. A protein donating Cu ions to PAA2 has not been identified yet. After Guadalupe and Pilon (2016)

	They reported that photosynthetic electron transfer chain and the reduction of chloroplastic TRXs. In the thylakoid membrane, when photosystem II (PSII) is excited by absorption of a photon light energy, the reaction center chlorophyll molecule transiently loses an electron. This electron is transmitted to the plastoquinone pool (PQ) which takes a proton from the stroma. Upon oxidation, the reaction center chlorophyll is a very strong oxidizing agent that is able to accept electrons from water, resulting in oxygen and protons production in the lumen. The chlorophyll can then be excited again. Reduced plastoquinone can move through the membrane from PSII to cytochrome b6/f (Cyt b6/f). There, plastoquinone is oxidized and its proton is released in the lumen, leading to a proton transport from stroma to lumen. Its electron is further transferred to photosystem I (PSI) via cytochrome b6/f and plastocyanin (PC). This electron transfer allows reduction of excited PSI reaction center chlorophyll. Upon excitation, this chlorophyll gives its electron to stromal ferredoxin (Fd) which can reduce chloroplastic thioredoxins (TRX) via the ferredoxin-thioredoxin reductase (FTR) and NADP+ via the ferredoxin NADP reductase (FNR). Water photolysis and proton transport via plastoquinone contribute to the establishment of a proton gradient between stroma and lumen. This gradient is used as an energy source by the ATP synthase for ATP synthesis, Xu et al., 2013. Zhang et al., (2019) reported that Copper is an essential for plants, but excess Cu can inactivate and disturb the protein function due to unavoidable binding to proteins at the cellular level. As a redox-active metal, Cu toxicity is mediated by the formation of reactive oxygen species (ROS). Cu-binding structural motifs may alleviate Cu-induced damage by decreasing free Cu2+ activity in cytoplasm or scavenging ROS. The identification of Cu-binding proteins involved in the response of plants to Cu or ROS toxicity may increase our understanding the mechanisms of metal toxicity and tolerance in plants Fig. (9). This study investigated change of Cu-binding proteins in radicles of germinating rice seeds under excess Cu and oxidative stress using immobilized Cu2+ affinity chromatography, two-dimensional electrophoresis, and mass spectra analysis. Quantitative image analysis revealed that 26 protein spots showed more than a 1.5-fold difference in abundances under Cu or H2O2 treatment compared to the control. The identified Cu-binding proteins were involved in anti-oxidative defense, stress response and detoxification, protein synthesis, protein modification, and metabolism regulation. The present results revealed that 17 out of 24 identified Cu-binding proteins have a similar response to low concentration Cu (20 µM Cu) and H2O2 stress, and 5 out of 24 were increased under low and high concentration Cu (100µM Cu). But unaffected under H2O2 stress, which hint Cu ions can regulate Cu-binding proteins accumulation by H2O2 or no H2O2 pathway to cope with excess of copper in cell. 

	Fig. 14: Overview of Arabidopsis thaliana cellular Cu homeostasis. Cu+ uptake through plasma membrane transporters COPT1/COPT2/COPT6 depends on the activity of AHA H+-ATPase and FRO cuproreductases. COPT-mediated Cu+ transport is coupled to metallochaperones transfer and its delivery to targets. Cuprochaperone CCS provides Cu+ to cytosolic superoxide dismutase CSD1. ATX1 transfers Cu+ to P-type ATPase RAN1, located at the ER, where Cu+ is probably acquired by cuproproteins, such as multicopper oxidases (MCOs), the ethylene receptor (ETR1), and the molybdenum cofactor (MoCo). The Cu resulting from recycling and from the secretory pathway leftovers converges into the vacuole or into vacuolar-related organelles (VROs). The Cu+ supply to chloroplasts and mitochondria can take place from the lumen through the COPT5 eﬄux function. See the main text for details. Arrows indicate the direction of Cu+ traffic and Cu content is indicated by different intensities of blue. After Penarrubia et al. (2015)




