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Abstract: Magnesium (Mg) is the second most abundant cation in living cells. Over  

300 enzymes are known to be Mg-dependent, and changes in the Mg concentration 

significantly affects the membrane potential. As Mg becomes deficient, starch 

accumulation and chlorosis, bridged by the generation of reactive oxygen species, are 

commonly found in Mg-deficient young mature leaves. These defects further cause the 

inhibition of photosynthesis and finally decrease the biomass. Recently, transcriptome 

analysis has indicated the transcriptinal downregulation of chlorophyll apparatus at the 

earlier stages of Mg deficiency, and also the potential involvement of complicated 

networks relating to hormonal signaling and circadian oscillation. However, the processes 

of the common symptoms as well as the networks between Mg deficiency and signaling 

are not yet fully understood. Here, for the purpose of defining the missing pieces, several 

problems are considered and explained by providing an introduction to recent reports on 

physiological and transcriptional responses to Mg deficiency. In addition, it has long been 

unclear whether the Mg deficiency response involves the modulation of Mg2+ transport 

system. In this review, the current status of research on Mg2+ transport and the relating 

transporters are also summarized. Especially, the rapid progress in physiological 

characterization of the plant MRS2 gene family as well as the fundamental investigation 

about the molecular mechanism of the action of bacterial CorA proteins are described. 
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1. Introduction 

After potassium, magnesium (Mg) is the second most abundant cation in cells. Numerous 

physiological processes, such as enzymatic activities and aggregation of ribosome subunits, are  

Mg-dependent [1,2]. In plants, Mg is the central atom of the chlorophyll molecule. It is generally 

known that leaves become yellowish when Mg nutrition is limited. However, the molecular basis for 

this Mg deficiency symptom is not fully understood (for reviews, see Hermans et al. 2013 [3]).  

In addition, unlike the situation with other essential nutrients such as potassium, nitrogen, and 

phosphorus, it has long been unclear whether there is any interaction between Mg deficiency and the 

regulation of Mg2+ transport. In recent years, some reports have suggested that the system for Mg2+ 

uptake and transport in plants are regulated by external Mg conditions. In this review, critical issues in 

current studies of Mg2+ transport and Mg deficiency are summarized with particular focus on the 

potential link between them. 

2. Physiological Features of Mg Deficiency 

Long-term Mg deficiency leads to the appearance of Mg deficiency symptoms in leaves. Starch 

overaccumulation and chlorosis are the typical symptoms of Mg deficiency observed in various plant 

species [4–8]. More than one week is generally required to produce these two symptoms after the 

removal of Mg from the nutrient solution. Chlorosis may further reduce the photosynthesis rate and 

finally lead to growth defects, a condition that can be referred to as late-stage Mg deficiency. To 

identify the mechanism that produces the Mg deficiency symptoms, step-by-step analysis with time 

has been performed in several plant species. In the studies, two or three days before chlorosis or other 

visual symptoms appeared, several impairments including the accumulation of non-structural 

carbohydrates such as sucrose and starch, reduced photosynthetic CO2 fixation, and production of 

reactive oxygen species (ROS) have been detected [6,9–12]. Among these defects, the accumulation of 

sucrose was indicated to be directly linked to the decreased Mg concentration, given that the phloem 

loading of sucrose through the sucrose transporter requires an adequate Mg concentration [1,7,13–15]. 

Excess carbohydrate has been suggested to suppress Cab2 gene expression, leading to a decrease in 

photosynthesis rate [7]. Once photosynthesis activity is impaired, unused light energy could generate ROS, 

which are assumed to cause photo-oxidative damage to chlorophyll and the chloroplast membrane [16,17]. 

However, these events, which may occur in the middle stages of Mg deficiency, would not be the only 

process that results in the leaf senescence. The transcriptome profiling revealed the down-regulation of 

genes associated with the maintenance of the photosynthetic apparatus as early as several hours after Mg 

deprivation, which is certainly the early stage of Mg deficiency [18]. Similarly, the down-regulation in 

chlorophyll production, represented by the decreased expression of the genes encoding the magnesium 

chelatase subunit H, divinyl chlorophyllide a reductase, and other proteins, was seen in the rice leaf three 

days before starch was overaccumulated (unpublished data). Thus, in addition to the ROS-triggered 

degradation of the photosynthetic apparatus at the late stage, there could be transcriptional regulation 

of the photosynthetic activity operating in response to Mg deficiency at the earlier stage. Besides, 

accumulation of sucrose has not been detected before starch accumulation and chlorosis in the rice 

plant. Instead, Mg starvation was found to reduce the transpiration rate and inhibit nutrient supply to 
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the source leaf, this was suggested to be the trigger for leaf death [8]. A transpiration defect due to Mg 

shortage was also found in maize leaves, and was successfully reversed by Mg resupply either to the 

culture solution or via foliar application [19]. But the severe defect in transpiration activity could not 

be reversed by addition of Mg to the culture medium, because the resupplied Mg could not be 

transported to the impaired leaf [8]. The question then is why decreased Mg concentration affects 

transpiration activity, or probably stomatal closure, in some specific source leaves. One possibility is 

the stomatal closure via ROS production during the early to the middle stage of Mg deficiency. ROS is 

the important second messenger leading to the stomata closure in several hormonal signaling including 

ABA [20]. In fact, Mg deficiency has been implied to have some influences on ABA signaling, which 

will be mentioned later. Or, the ROS production due to the impaired concentration of metal elements 

could be another hypothesis. In response to Mg starvation, the amount of several metal elements in 

leaves can be increased [3,7,10,21], which could cause the metal stress. To define the physiological 

significance of the transpiration in the framework of the Mg deficiency, it would be useful to 

determine whether Mg starvation reduces transpiration activity in other plants, such as spinach, bean, 

and Arabidopsis. 

Another important question concerns acclimation, or positive response, to Mg deficiency. An 

increase in the activities of antioxidant defense enzymes has been reported in some plant species under 

Mg-deficient conditions [21,22]. This acclimation response caused by Mg limitation has been shown to 

confer Cd toxicity tolerance in rice [23] and in Arabidopsis [24]. However, the oxidation state of  

the key antioxidant molecules including ascorbate and glutathione was markedly elevated in response 

to Mg starvation after eight days in Arabidopsis and 12 days in rice, respectively, [10,23].  

Mg-deficiency-induced up-regulation in the leaf antioxidant system does not provide enough 

protection to Mg-deficient leaves against oxidative damage [25]. To the management against sugars 

accumulation by Mg deficiency, the expression of the sucrose transporter gene was induced in response to 

decreased phloem loading activity at the time of sucrose accumulation in sugar beet, [15]. Additionally,  

up-regulation of both glycolysis and tricarboxylic acid cycle was found in source leaves with excess 

sugars [5,26,27]. The modification of carbon metabolism found in Citrus plants may be another 

physiological system to cope with the increased requirement for consuming the excess sugars [27]. 

Comprehensive transcriptomic analysis performed at the early stage (within 28 h) and the middle stage 

(one week) in Mg-deficient Arabidopsis roots and leaves indicated that the progression of Mg 

deficiency involves the ABA and ethylene signaling network and modification to the amplitude of 

circadian clock oscillation [10,18]. The potential involvement of the hormonal network and the 

circadian clock suggests that the influence of Mg deprivation is far-reaching. In the case of ABA 

signaling, participation under Mg deficiency is suggested to be complex, considering that the  

ABA-responsive genes upregulated under Mg deficiency included both positive and negative 

regulators, that the key phosphatase in the signal cascade requires the Mg2+, and that the ABA 

concentration was unchanged [18]. In general, the root is less affected than the shoot by Mg deficiency, 

which was supported by the transcriptome profiling in Arabidopsis [10]. Recently, the proteomics 

study in the root hair in maize under macro- and micro-nutrient deprivation showed the clear 

upregulation of many ribosomal proteins particularly under the Mg deficiency [28], indicating the 

significant impact of the Mg shortage also on the protein synthesis in root hair. It is possible that an 

important function to cope with Mg deficiency is still veiled in the root. 
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It should be remembered that the progression of Mg deficiency could be modified by environmental 

conditions other than Mg concentration. For example, Mg deficiency can be aggravated under high-Ca 

conditions [29–31], or high light intensities [16,17]. Although the decreased Mg concentration is the 

primary cause of the effects on the plant, when and which symptoms appear may be affected by the 

experimental conditions and the plant tissue. 

3. Mg2+ Transporters 

3.1. Mg2+ Transporters in Microorganisms 

Prokaryotes possess four types of Mg2+ transport system. CorA protein is the dominant Mg2+ 

transporter under normal conditions [32]. Other Mg2+ transporters are MgtA, MgtB, and MgtE, which 

are induced in response to Mg deficiency. CorA has two transmembrane segments and is functional as 

the homopentamer [33]. MgtA and MgtB are P-type ATPases having 10 transmembrane segments [34–37]. 

MgtE [38] is a distinct Mg transporter having five transmembrane helices. Expression of MgtA and 

MgtB is transcriptionally induced under low Mg2+ condition through the Mg2+-regulated PhoP/PhoQ 

two-component system [39], and MgtE gene expression is controlled by an Mg2+ sensing riboswitch [40]. 

No homolog of MgtA, MgtB, nor MgtE has yet been found in the plant kingdom, although MgtE 

shows similarity to the human solute carrier SLC41A [41]. The four Mg2+ transporters in Salmonella 

show distinct property for ion transport. CorA is believed to transport Co2+ and Ni2+ in addition to 

Mg2+, and its ion transport activity is abolished by treatment with Mn2+ or cobalt (III) hexammine [42]. 

MgtE can transport Mg2+ and Co2+ but not Ni2+ [38], whereas MgtA and MgtB transport only Mg2+ 

and Ni2+ [42]. In yeast, the essential system for maintaining Mg homeostasis includes five Mg2+ 

transporters belonging to the CorA superfamily; Alr1 and Alr2 are localized in the plasma membrane [43], 

Mrs2 and Lpe10 are on the mitochondrial inner membrane [44], and Mnr2 is localized on the vacuole 

membrane [45]. As the name implies, most of the Mg2+ transporters were first identified through 

screening studies aimed to select strains mutated in sensitivity to metal ions including Co2+, Al2+, and 

Mn2+. The origin of the Mg2+ transporters is likely to be reflected in features of the CorA superfamily 

members in plants, as discussed below. 

In the Mg2+ transport mechanism of CorA protein, the characteristic tripeptide GMN motif located 

at the end of the first transmembrane segment has long been believed to play an influential role since 

this motif is well conserved among a wide variety of organisms, although the conservation of the 

primary sequences in the CorA superfamily is as low as 15%–20%. In this context, CorA-type 

transporters are referred as the 2-TM-GxN type [46]. Indeed, the essential role of the GMN tripeptide 

in ion selectivity was clearly demonstrated by mutagenesis studies showing that single amino acid 

substitutions in this motif are sufficient to abolish Mg2+ transport activity [47–50]. Recent developments 

in crystal structure analysis have further provided a unique gating model for the Mg2+ transport system 

through CorA, in which the GMN motif played a critical role for ion selectivity [33,50,51]. If Mg2+ is 

absent from the test solution, CorA can import various divalent cations including Ca2+ and Mn2+, 

acting as a nonselective cation channel [49]. Meanwhile, only a small amount of Mg2+ introduced to 

the test solution could block the Ca2+ currents with a high affinity (KD = 1.6 μM) [49], making CorA a 

Mg2+-selective channel in a physiological condition. As the first step in importing Mg2+ through CorA, 
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hydrated Mg2+ approaches the extracellular side of CorA protein, and then Mg2+ binds to the 

periplasmic mouth of the pore formed by the GMN motifs with strong electron density [52]. Cobalt 

hexamine, a structural analog of hydrated Mg2+, was shown to block the Mg2+ current by a competitive 

binding around the GMN area [49]. In addition, it is now suggested that CorA acts as a Mg2+-deactivated 

Mg2+ channel that can sense intracellular Mg2+ concentration through the cation binding site in the 

cytoplasmic domain where 10 ions can be hosted [49,50,52,53], and operates by a self-regulation 

mechanism similar to the MgtE gating system [54,55]. As the Mg2+ concentration in the cytosol is 

increasing, the cation binding site can be saturated, which leads the CorA conformation change to the 

“locked” structure incompetent for transporting Mg2+. In contrast, the decreased cytosolic Mg2+ 

concentration results in a recession of Mg2+ from the cation binding site, which causes the conformation 

change to the unlocked state [52]. In this state, the CorA pentamer shows the asymmetrically bended 

structure and the duration of hydration of the pore is prolonged [52]. In fact, the transmembrane pore 

of CorA contains highly hydrophobic constrictions and hydration is needed to open the gate [53]. The 

regulation of Mg2+ transport activity by sensing the internal Mg2+ concentration is suggested for Alr1 

protein in yeast [56,57]. Although the exact mechanisms for the regulation of Mg2+ uptake activity in 

Alr1 have not been determined, it is not likely to be the variation of Alr1 protein accumulation or 

location [57]. These new findings about the permeability, selectivity, and regulation of CorA family 

proteins have implications for the study of Mg2+ transport and transporters in plants. 

3.2. Mg2+ Transporters in Plants: The Overview 

To maintain the homeostasis of Mg in each organelle in the plant cell, specific transporters are 

believed to function in Mg2+ transport across the membrane. Amongst the proteins potentially involved 

in the Mg2+ transport, plant MRS2 family Mg2+ transporters can be the most well-investigated proteins 

(see Section 3.3). Meanwhile, the participation of other transporters in Mg2+ transport is possible. 

Examples are OsHKT2;4 in rice [58] and the SV channel in barley [59], whose Mg2+ permeability has 

been shown by electrophysiology, although OsHKT2;4 and the SV channel are believed to be the 

dominant transporters of K+ and Ca2+ ions, respectively, in plant tissues. Non-selective cation channels 

(NSCCs) are the other candidates for the functional Mg2+ transporter. One of the cyclic nucleotide-gated 

channel (CNGC) family protein, AtCNGC10, has been indicated to mediate Mg2+ influx, particularly 

in the root meristem and distal elongation zones [60]. Determining whether or not the alteration of Mg 

behavior found in the AtCNGC10 antisense line is directly linked to the function of AtCNGC10 will 

require further investigation [60]. Voltage-independent NSCC (VI-NSCC) is supposed to catalyze the 

uptake of several cations including Mg2+, Ca2+, Mn2+, and Zn2+ at the resting membrane potentials [61]. 

Considering that VI-NSCCs are sensitive to gadolinium ion (Gd3+), the reduction effect of Gd3+ on the 
45Ca2+ flux in Arabidopsis root epidermal cells [61] as well as on the 28Mg2+ uptake in rice root 

(unpublished data) could be an indication of the significant contribution of VI-NSCCs in the uptake of 

these ions. The Arabidopsis MHX protein is a vacuolar exchanger of protons with cytosolic Mg2+ and 

Zn2+ [62]. Preferential enrichment of the AtMHX gene was observed in the vascular cylinders of all 

organs, and accumulation of this protein is regulated at the translation level [62,63]. In this regulation, 

the 5′ UTR of the AtMHX gene, containing 169 nucleotides, has a role in repressing the translation of 

the coding sequence [63]. The appearance of necrotic lesions in leaves of AtMHX overexpressing 
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tobacco plants grown under elevated Mg2+ or Zn2+ indicates the critical function of AtMHX in 

balancing the concentrations of Mg2+ and Zn2+ in plant cells [62]. However, knowledge about the 

functions of other MHX proteins are lacking, although the gene is widely conserved in the plant 

genome [64]. In yeast, the mutant vps5Δ displayed a strong sensitivity to low-Mg2+ conditions and was 

suggested to missort the trans-Golgi network Mg2+/H+ exchanger on the tonoplast [65]. However, the 

molecular nature of the Mg2+/H+ exchanger itself has not been identified yet, and no clear homologue 

of AtMHX has not been found in yeast [65]. 

3.3. Plant MRS2 Family Proteins 

The plant MRS2 family belongs to the CorA superfamily and was first identified in Arabidopsis by 

two research groups at approximately the same time, and thus is called either AtMRS2 [66] or  

AtMGT [67] (Table 1). For simplicity, we refer to it as AtMRS2 in this review. 

In the characterization of the function of AtMRS2 transporters in plant, elucidating Mg2+ 

permeability is an important step. For this purpose, plasmid complementation assay using the Mg2+ 

uptake-deficient mutant Salmonella typhimurium strain MM281 and the Saccharomyces cerevisiae 

strain CM66 has frequently been performed, and evidence for the Mg2+ transport capability of 

AtMRS2 has gradually increased. Strain MM281, which lacks three genes, MgtA, MgtB, and CorA [38], 

has provided evidence for the Mg transport ability of AtMRS2-2 [68], AtMRS2-6 [69], AtMRS2-7 [70], 

AtMRS2-10 [67], and AtMRS2-11 [67]. In contrast, expression of either AtMRS2-1, AtMRS2-10 [71], 

or AtMRS2-11 [67,71] confers on CM66, an alr1 alr2 mutant strain of S. cerevisiae, the ability to 

grow and take up Mg2+ from medium containing less than 10 mM Mg2+. The capability of transporting 

other metals including Cu2+ and Zn2+ has also been indicated for some AtMRS2 members [67,70] 

(Table 1). However these assay systems sometimes yield disparate results. For example, the Mg2+ 

transport ability of AtMRS2-6 was shown by complementation assay in MM281, but not in CM66. 

Evidence for the Mg2+ transport ability of all AtMRS2 family members, including several that failed to 

confer growth ability on CM66, has been provided by complementation study using the yeast mrs2 

mutant [72]. In this context, the complementation assay using mrs2 mutant seems to work effectively. 

Nevertheless, this assay system can only be applicable to the CorA-type transporters in principle [72]. 

As Mg2+ transporters, AtMRS2 proteins are believed to participate in the control of Mg2+ 

concentration in organelles including chloroplasts, mitochondria, and endoplasmic reticulum (ER), as 

well as the cytosol. In clade B, there are three AtMRS2 members, AtMRS2-1, -5, and -10, which have 

been well studied (Table 1). Plasma membrane-localized AtMRS2-10 is expressed in the root [72]. 

AtMRS2-10 has stably exerted the Mg2+ transport property in every assay system mentioned above and 

also can be functionally reconstituted into liposomes derived from Escherichia coli without any 

accessory proteins [73]. Therefore, functions associated with Mg2+ uptake in the root have been 

expected for AtMRS2-10. Overexpression of this gene in tobacco plants caused the increased Mg 

concentration in plants and contributed to a low-Mg tolerant phenotype and, interestingly, conferred Al 

tolerance [74]. AtMRS2-1 and AtMRS2-5 are localized to the tonoplast and participate in Mg2+ 

compartmentation to the vacuoles of leaf mesophyll cells under high-Mg2+ plus low-Ca2+ conditions [29]. 

The single knockout lines atmrs2-1, atmrs2-5, and atmrs2-10 show no phenotype [72,75]. In addition, 

the double knockout atmrs2-1 atmrs2-5, both of which are localized at tonoplast, shows no phenotype. 
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Interestingly, double knockout atmrs2-1 atmrs2-10 shows severe developmental retardation under low 

Mg2+ [31], indicating the redundant system for response to low Mg condition, which is built by MRS2 

members localized in the vacuolar tonoplast (MRS2-1) and plasma membrane (MRS2-10) among the 

clade B members (Table 1). 

There are two kinds of AtMRS2 members, AtMRS2-7 and AtMRS2-4, each of which is necessary 

to survive under low Mg condition. AtMRS2-7 is an ER-localized transporter and its expression in the 

root is essential for germination in solution culture system as well as for normal growth in low-Mg2+ 

condition [30,72]. However, no modification of AtMRS2-7 gene expression in response to Mg deficiency 

has been reported to date. AtMRS2-4/MGT6 had been implied to localize on either chloroplast or 

mitochondria in shoots [29,72]. However, the recent report has identified AtMRS2-4/MGT6 as a root 

plasma membrane-localized Mg2+ transporter under lowered Mg2+ conditions whose transcript levels 

in the root increased to eight-fold within 12 h of imposition of Mg deficiency [76]. Knockdown of this 

gene drastically reduced Mg2+ uptake activity and consequently reduced Mg content, plant biomass, and 

chlorophyll content compared with the wild type within four days after the transition to the Mg-deficient 

condition [76]. This phenotype of the AtMRS2-4 RNAi plants strongly suggests the important function 

of AtMRS2-4 in the first step of Mg2+ acquisition [76]. 

AtMRS2-11 is localized to the chloroplast and believed to mediate Mg2+ influx, although knockout 

of this gene has no effect on the Mg concentration in the chloroplast and has produced no apparent 

phenotype to date [71]. AtMRS2-6 is a mitochondrial Mg2+ transporter accumulating particularly in the 

flower [69,72], and lack of this transporter leads to a defect in pollen development that is also found in 

the AtMRS2-2 knockout line [68]. There is little information regarding the role of AtMRS2-3 except its 

preferential expression in vascular tissues [72]. 

In monocots, an OsMRS2 family of nine members has been identified in rice (Oryza sativa L.) [46,77]. 

Three of the nine OsMRS2 members do not conserve the GMN motif. However, OsMRS2-4 and 

OsMRS2-5 carry AMN and OsMRS2-8 carries GIN as the sequence generally corresponding to the 

GMN motif [77]. The alteration of glycine to alanine, identified in OsMRS2-4 and OsMRS2-5, is 

exactly the case tested in an artificial mutation experiment to demonstrate the necessity of the GMN 

motif in Mg2+ permeability in the MRS2 protein [78]. The tripeptide GIN has been found in the zinc 

transporter ZntB, a distant homolog of CorA, and its function is suggested to be the efflux of Zn2+ but not 

Mg2+ [79]. The alteration of GMN to AMN and GIN appears to commonly occur in monocot  

plants [77]. Thus, determination of the molecular function of OsMRS2-4, OsMRS2-5, and OsMRS2-8 

may be especially helpful for elucidating the mechanism of Mg2+ transport and Mg2+ selectivity in the 

CorA-MRS2-ALR-type proteins, as well as for characterizing the evolution of the plant MRS2 family. 

To date, Mg2+ transport ability has been found for OsMRS2-1, OsMRS2-3, OsMRS2-6, and OsMRS2-9 

by complementation assay using the yeast CM66 strain [77]. OsMRS2-6 is suggested to be a 

chloroplast-localized Mg2+ transporter, and the transcription level of OsMRS2-6 in the leaf blade 

shows diurnal oscillation and is well synchronized with leaf maturation [77]. It is possible that 

OsMRS2-3 is localized at ER and that OsMRS2-5 is another chloroplast Mg2+ transporter, but 

resolution of this question awaits further study. OsMGT1/OsMRS2-2 is an Mg2+ transporter localized 

at the plasma membrane in both roots and shoots [80], and characterized as one of the ART1-regulated 

downstream genes [81]. The expression of OsMGT1 gene is markedly induced within 1 h after Al 

treatment under acidic conditions. The effect of Mg treatment for reducing Al stress has long been 
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known, and OsMGT1/OsMRS2-2 is now suggested to participate in this Mg alleviation system, given that 

the knockout of OsMGT1/OsMRS2-2 showed high sensitivity to Al stress that could be rescued by the 

addition of 10 μM Mg [80,82]. 

Although knowledge regarding plant MRS2 transporters is increasing, their in planta functions are 

still uncertain. The process of Mg2+ transport in plants, including root uptake, long-distance transport, 

and subcellular compartmentation, cannot be described by the MRS2 members and the MHX protein 

alone. For example, there is only a single MRS2 member, AtMRS2-6, known to localize at the 

mitochondria in Arabidopsis. However, AtMRS2-6 is expressed in very few parts of the plant [69,72], 

thus hardly seems to bear the Mg2+ flux at the mitochondoria in the whole body. Another example is 

that the cytokinin-reduced P10:CKX3 transgenic Arabidopsis showed an increased Mg content, though 

none of the eight analyzed AtMRS2 genes (AtMRS2-6 was not analyzed) showed increased expressions in 

the root [83]. In the rice plant, Mg2+ uptake is increased in response to Mg deficiency without any 

change in the expression levels of OsMRS2 genes in the root (see Section 5). 

Table 1. 2-TM-GxN type Mg2+ transporters in Arabidopsis and rice. 

Clade Plant 
Name (Number) Transport Assay 

Subcellular Localization Reference 
MRS2 MGT MM281 CM66

A 
Arabidopsis 11 10 ○ ○ Chloroplast [67,69,71,72] 

Oryza sativa 6 − − ○ Chloroplast [77] 

B 

Arabidopsis 
1 2 − ○ Vacuole [29,66,67,71,72]
5 3 − − Vacuole [29,66,67,72] 
10 1 ○ ○ Plasma membrane [66,67,71,75] 

Oryza sativa 
1 − − ○ − [77] 
9 − − ○ − [77] 

C 

Arabidopsis 3 4 − − − [66,67,72] 

Oryza sativa 
2 1 − × Plasma membrane [77,80] 
3 − − ○ ER [77] 
8 − − × − [77] 

D 
Arabidopsis 

4 6 ○ − Plasma membrane * [30,66,67,72,76]

 

6 5 ○ × Mitochondria [66,67,69,72] 

Oryza sativa 
4 − − × − [77] 
5 − − × Chloroplast [77] 

E 
Arabidopsis 

2 9 ○ × − [66–68,72] 
7 7 ○ − ER [30,66,67,70,72]
8 8 − × (pseudo gene) [66,67] 
9 − − − (pseudo gene) [66] 

Oryza sativa 7 − − × − [77] 

In the Table, “○” or “×” demote the complementation of the growth defect of the mutant strain, or not. If 

there is no information, “−” is presented. * Plasma membrane localization was shown in the root cells, while 

the localization either at the chloroplast or the mitochondria was implied in case of the shoot tissue. 
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4. Mg2+ Uptake and Transport in Plants 

Mg2+ is considered to be a phloem-mobile element in plants. The Mg concentration in the phloem 

sap in several plant species showed a similar range; 5.3 mM in barley and 4.9 mM in Ricinus [84,85]. 

The process of phloem loading has been suggested to be strictly controlled, given that the Mg 

concentration in the phloem sap tended to remain constant even under Mg deficiency or after foliar Mg 

application [84]. So how does Mg behave in reality? Some parts of the characteristic transport of Mg 

have been visualized using the radioisotope 28Mg (with half-life 21 h). In the rice root, 28Mg was found 

to accumulate preferentially at the root tip soon after absorption from the external solution [86]. In the 

aboveground part of Arabidopsis, the behavior of Mg and phosphate were completely different, at least 

within 15 h of root uptake (Figure. 1). The 28Mg gradually flows toward the upper part of the shoot, 

with steady accumulation in the lower part of the inflorescence (Figure 1). This behavior suggests that 

Mg2+ flows in the xylem vessels while circulating through the cells around the xylem and reaches the 

upper part of the inflorescence hours after root uptake. Unlike 28Mg, 32P-phosphate immediately 

disperses widely in the shoot, especially to the pods and nodes (Figure. 1). Similarly, the transport rate 

toward the shoots of rice seedlings was slightly lower for Mg than for phosphate [87]. 

The kinetics of the root uptake process in rice has been analyzed isotopically. Km and Vmax were 

estimated as 260 μM and 780 ng·min−1 g·[DW]−1, respectively, for two-week-old rice plants supplied 

with normal nutrient solution [88]. Km and Vmax of OsMGT1/OsMRS2-2 were estimated as 30 μM and 

1.4 μg·min−1 g·[DW]−1, respectively, using one-week-old rice cultured in 0.5 mM CaCl2 solution at  

pH 4.5 [80]. The difference implies the diversity of Mg2+ uptake system in the roots. In addition, the 

difference might have occurred due to the different conditions of plants. We sometimes found large 

variation in the uptake kinetic data using the same lines, probably owing to different experimental 

setups, plant ages, and culture conditions. For example, the Mg2+ uptake amount per root volume 

tended to decrease with plant maturation. Young short roots weighing approximately 20 mg [FW] in 

one-week-old rice plants showed different uptake kinetics from that in two-week-old rice plants having 

larger roots of approximately 90 mg [FW], including mature lateral and thick crown roots (unpublished 

data). Mg2+ uptake activity was different in different root segments of the main roots of one-week-old 

rice seedlings [87], indicating that a heterologous transport system for Mg2+ is active even within a 

single root. Mg2+ uptake activity is also affected by the pH of the external solution [1]. In rice, the 

Mg2+ uptake rate from a pH 4.5 solution is twice that from a pH 6.5 solution even during an uptake 

period of only 15 m [86]. In addition, it is noteworthy that the Mg2+ uptake rate doubles within 24 h 

when a six-day-old rice seedling cultured in 0.5 mM CaCl2 solution is simply transplanted to normal 

nutrient solution for further culture (unpublished data). These characteristic features of Mg absorption 

in the root should be considered when the Mg2+ transport system is investigated, or when the function 

of each Mg2+ transporter is analyzed in plants. 
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Figure 1. RRIS (real-time radioisotope imaging system [89,90]) captured each 

radionuclide image at 5 and 15 h of root absorption of (a) 28Mg; (b) 32P phosphate. 

Arabidopsis thaliana (Columbia 0) was grown with nutrient solution for 43 days under a 

light/dark cycle of 16 h/8 h at 22 °C. 

5. Potential Regulation of Mg2+ Uptake and Transport under Mg Deficiency 

In response to the withdrawal of Mg2+ from the culture solution, the Mg2+ uptake kinetics in rice 

roots was altered as soon as after 1 h [88]. The alteration has been found to be mostly due to the  

up-regulation of the high-affinity transport system functioning at low Mg2+ concentrations in the 

external solution [88]. Under this condition, rice seedlings are supposed to sense the Mg deficiency to 

control the Mg2+ transport system. Considering the early response, within hours, the existence of a 

local signaling mechanism in response to Mg deficiency can be hypothesized. For example, a sudden 

change in Mg concentration in specific cells might trigger the Mg-deficiency response. In the 

Arabidopsis root, the intracellular Mg concentration in epidermal cells showed more than 60% 

increase within 10 min of Al treatment as a consequence of a sudden Mg2+ influx [91]. Under Mg 

deficiency, total Mg amounts in both leaves and roots of rice continued to decrease [8] indicating the 

continuous release of Mg from the root. Given that an adequate concentration of Mg is essential for 

various physiological activities, a decreased Mg level in the cell due to the shutoff of Mg supply in 

combination with Mg release under Mg deficiency conditions might contribute to inducing a Mg 

deficiency response. Nevertheless, the molecular mechanism involved in the induction of Mg2+ uptake 

activity has not been clarified in rice. To date, no induction of any OsMRS2 gene expression in root 

has been detected in response to any kind of Mg deficiency treatment (unpublished data). Some 

regulation of plant MRS2 proteins at the level of translation, modification, including heterologous 

interactions [92], or gating regulation as described in the prokaryote CorA [50,52,53,93] might be the 

mechanism controlling Mg2+ uptake and transport under the Mg starved condition. Additionally, the 

participation of other proteins in Mg2+ uptake could be considered. 

On the other hand, in response to the Mg2+ withdrawal from the growth medium, the induction of 

AtMRS2-4/MGT6 expression in the Arabidopsis roots was reported recently [76]. Interestingly, the 

expression of AtMRS2-4/MGT6 in the root of one-week-old seedlings peaked at 12 h after the 

transition to the Mg starved condition and then subsequently decreased [76]. Then, the fluctuating gene 

expression may be the reason why the previous transcriptomic studies using five-week-old seedlings 

could not detect the altered expression of any MRS2 genes [10,18]. Also, the Mg2+ uptake analysis we 

have employed using 28Mg in three-week-old Arabidopsis has not provided any indication of the  
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up-regulation of Mg2+ uptake in response to several days of the Mg starvation so far (unpublished data). 

Identification of exact condition in which the AtMRS2-4/MGT6 proteins actually function in response 

to Mg limitations would be essential to further investigations to reveal the transcriptional regulation of 

this gene. On the other hand the characterization of the Arabidopsis mutant lines has provided the 

knowledge that AtMRS2-4 as well as AtMRS2-7 have the essential role in low-Mg environments since 

these mutant lines showed reduced Mg content in plants specifically under Mg-limited conditions [30,76], 

Other than these two molecules, any member of AtMRS2 family including AtMRS2-1, AtMRS2-5, 

AtMRS2-10, and AtMRS2-11 has not been indicated to have particular functions under the  

Mg deficiency. In rice plant, retrotransposon Tos17 insertion lines are available only for 

OsMGT1/OsMRS2-2. The mutant analysis has revealed the essential role of OsMGT1/OsMRS2-2 for 

alleviating the Al toxicity [80], but there is no information as to whether the knockout of this protein 

affects the Mg deficiency response in rice. 

In case of the leaf, no marked up-regulation in the expression of AtMRS2 genes [10,18] as well as 

OsMRS2 genes (unpublished data) have been observed under the experimental conditions ever tested. 

Indeed, there has been no indication about the modulation of Mg re-distribution or re-translocation in 

response to the Mg deficient conditions. Besides, the expression of OsMRS2-6 in the young mature 

leaf was shown to have decreased in the middle stage of Mg starvation (unpublished data). Given that 

OsMRS2-6 is the chloroplast localizing Mg2+ transporter and its gene expression is regulated in linkage 

with the development of chlorophyll [77], the Mg deficiency might down-regulate the OsMRS2-6 

expression similarly to other chlorophyll-related genes (see Section 2). 

6. Conclusions and Perspectives 

The characteristic function and operation of the CorA transporter has been uncovered steadily in the 

last decade. Nevertheless, our knowledge about plant Mg2+ transporters is still insufficient. The role of 

plant MRS2/MGT transporters has not been fully clarified yet, and any transporters participating in 

long-distance Mg transport have not been identified. Additionally, considering the plant as a 

multicellular organism consists of several kinds of tissue, it could be reasonable to assume the 

participation of several transporters other than those mentioned in this review in the control of Mg 

homeostasis in plants. This possibility is also deduced from the fact that at least 35 molecules have 

been supposed to mediate the potassium fluxes across the membrane [94], and the candidates for the 

potassium transporters are even increasing [95]. How the Mg deficiency progresses in the leaf has been 

gradually characterized. During the early-to-mid stage of the Mg deficiency, the leaf antioxidant 

system is up-regulated as a whole. In the root, the Mg2+ uptake rate could be increased under the Mg 

starved condition. Then, one of the important issues for the future examination could be the 

determination of the presence or absence of a signaling mechanism linking the different organs in the 

plant under Mg deficiency. 
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