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Mineral nutrients enter the cell typically in the ionic form 
through transporters across the plasma membrane, and 
shuttle between organelles and cytosol to support bio-

chemical reactions. In fungal and plant cells, a large proportion 
of minerals is stored in the vacuole that plays an essential role in 
buffering large variations in environmental nutrient status1,2. When 
external nutrients are plentiful, excessive nutrients are sequestered 
into the vacuole, preventing toxicity caused by imbalance among 
various minerals. When facing nutrient-deficient environments, 
nutrients stored in the vacuole are remobilized to support cellu-
lar metabolism3. Therefore, the vacuolar membrane (tonoplast) 
harbours a large array of transport proteins that mediate fluxes of 
minerals into and out of the storage compartment in response to 
metabolic demands and external nutrient fluctuations4,5.

Magnesium (Mg2+) is an essential mineral nutrient in all life 
forms. In photosynthetic plant cells, Mg2+ is particularly impor-
tant because it serves as the core metal of chlorophylls and is an 
essential cofactor for a number of photosynthetic enzymes6. As the 
most abundant free divalent cation in the cytoplasm, the bulk of 
Mg2+ in fungal and plant cells is stored in the vacuole7,8, stabiliz-
ing a cytosolic Mg2+ level less than one-tenth of the total Mg in the 
vacuole2,9. When external Mg2+ is high, excessive Mg2+ is seques-
tered into the vacuole to detoxify the cytoplasm. Such a vacuolar 
pool will be retrieved in fungi or plants when they encounter Mg2+ 
deficiency in the environment. Therefore, the vacuolar sequestra-
tion mechanism is critical for both fungi and plants in coping with 
fluctuating Mg2+ levels in the environment. A particular concern 
of agricultural and ecological importance is ‘serpentine soil’, with 
high Mg2+ levels toxic to most plants10. Although vacuolar Mg2+ 
sequestration is believed to be a critical mechanism for tolerance 
to high Mg11, the transport proteins involved remain elusive. Earlier 
studies favour a proton (H+)-driven transport model for Mg2+ entry 
into the vacuole, because Mg2+/H+ exchanger activity was detected 

in tonoplast vesicles isolated from plant tissues and yeast cells12,13. 
A gene encoding a Mg2+/H+ exchanger (MHX) was later identi-
fied in Arabidopsis14, but such MHX homologues have not been 
found in yeast or other fungi. Either knockout or overexpression 
of AtMHX failed to alter Mg2+ accumulation or high-Mg tolerance 
in plants11,14, suggesting that other Mg2+ transporters are involved 
in Mg2+ delivery into the vacuole to cope with high-Mg toxicity. 
Potential candidates include CorA-type Mg2+ transporters that were 
originally identified from bacteria and later found in all eukaryotes 
including fungi, plants and animals. Budding yeast possesses sev-
eral CorA homologues that contribute to cellular Mg2+ homeosta-
sis. While plasma membrane-localized ALR1 and ALR2 mediate 
Mg2+ uptake into the cell15, MRS2 is targeted to the mitochondrial 
inner membrane and is responsible for Mg2+ influx into the mito-
chondrial matrix16. Interestingly, another CorA homologue, MNR2, 
resides in the vacuolar membrane and functions in Mg2+ remobili-
zation from the vacuolar store, helping yeast cells survive under low 
extracellular Mg2+ levels17. A family of CorA-like proteins have also 
been identified as plant Mg2+ transporters (MGTs) or homologues 
of the yeast MRS2 protein (MRS2s) in Arabidopsis18,19. Members of 
the plant MGT family exhibit Mg2+ transport activity and function 
in a number of processes in plants20–22. In the context of vacuolar 
transport, one report suggested that MGT2 and MGT3 may play a 
role in controlling Mg2+ accumulation in mesophyll cell vacuoles23. 
However, mutants lacking these MGT members grew like the wild 
type under high Mg2+11, excluding a role for these two MGTs in 
high-Mg tolerance.

In animal cells, several types of transport protein, in addi-
tion to CorA homologues, function in Mg2+ homeostasis. Among 
these, one family belongs to the ‘ancient conserved domain pro-
teins’ (ACDPs), also known as cyclin M-type divalent metal cat-
ion transport mediators (CNNM) in mammals24. This family of 
proteins features a ‘domain of unknown function 21’ (DUF21) 
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that spans the membrane three or four times, followed by two 
cystathionine-β-synthase (CBS) domains in the cytoplasmic 
region25 that may serve regulatory functions26. Of particular rele-
vance is the correlation between hypomagnesaemia and the occur-
rence of mutations in the gene CNNM2, suggesting that human 
ACDP/CNNM proteins are involved in Mg2+ transport27. Indeed, 
CNNM1, CNNM2 and CNNM4 exhibit Mg2+ efflux activity when 
overexpressed in human embryonic kidney cells26. Consistently, 
disruption of CNNM4 function leads to elevation of cellular Mg2+ 
concentration, implicating CNNM4 in Mg2+ efflux across the 
plasma membrane28. Further support for ACDP proteins acting 
as Mg2+ efflux transporters comes from a study in the pathogenic 
bacterium Staphylococcus aureus, where an ACDP homologue was 
identified as ‘magnesium protection factor A’ (MpfA) that protects 
bacterial cells from high-Mg2+ toxicity, presumably through extru-
sion of excessive Mg2+ out of the cell29. In both fungi and plants, 
ACDP-like proteins are also present30 but their potential role 
related to Mg2+ transport remains unknown. In this study, we dem-
onstrate that some ACDP homologues from yeast and Arabidopsis 
are localized to the tonoplast and are required for Mg2+ transport 
into the vacuole. Such vacuolar Mg2+ sequestration mediated by 
ACDP-type transporters is not only essential for cellular Mg2+ 
accumulation and homeostasis, but is also critical to the survival of 
both fungi and plants when facing high environmental Mg2+ levels.

Results
MAM3 is required for vacuolar Mg2+ sequestration in yeast. No 
previously identified Mg2+ transporter has conferred high-Mg toler-
ance in fungal or plant cells. In an attempt to identify Mg2+ trans-
porters that play such a role, we surveyed transmembrane proteins 
in Saccharomyces cerevisiae with homology to a variety of putative 
Mg2+ transport proteins in mammalian cells31. One candidate of 
interest, originally named MAM3, shares low sequence homology 
but high structural similarity with human ACDP/CNNM proteins 
that facilitate Mg2+ transport in renal cells32. The protein MAM3 is 
localized specifically to the yeast vacuolar membrane, and knock-
out of the gene MAM3 led to tolerance to toxic levels of manga-
nese (Mn2+)33. However, MAM3 contributes neither to cellular Mn2+ 
homeostasis nor Mn2+ trafficking in yeast33. In light of studies on 
human ACDPs that appear to function in Mg2+ transport, we rea-
soned that MAM3 might also function in Mg2+ transport and that 
the high-Mn-tolerance phenotype of strain mam3Δ might result 
from antagonism between Mn2+ and Mg2+. To test this idea, we 
engineered a MAM3 deletion mutant (mam3Δ) in the background 
of a haploid S. cerevisiae strain (BY4741), followed by phenotyping 
of wild-type and mutant cells on medium supplemented with 5 mM 
Mn2+ plus various concentrations of Mg2+ or Ca2+. Consistent with a 
previous report, mam3Δ displayed stronger tolerance to 5 mM Mn2+ 
as compared to the wild type (Supplementary Fig. 1a). Interestingly, 
low levels of Mg2+ in the medium aggravated Mn2+ toxicity to both 
wild-type and mam3Δ strains, whereas elevated Mg2+ concentrations 
in the medium enhanced high-Mn tolerance in the wild-type strain 
but not in the mam3Δ mutant (Supplementary Fig. 1a). In contrast, 
varying Ca2+ concentrations (0.01–10 mM) in the medium did not 
alter Mn2+ tolerance of mam3Δ relative to wild type (Supplementary 
Fig. 1a). These results support the hypothesis that MAM3 may con-
trol cellular Mg2+ levels, thereby altering Mn2+ toxicity in yeast cells. 
Moreover, mam3Δ showed a cobalt (Co2+)-tolerant phenotype that 
was also modified by external Mg2+ levels, but not by Ca2+ levels 
(Supplementary Fig. 1b), corroborating the notion that MAM3 may 
be directly involved in Mg2+ homeostasis that, in turn, affects toler-
ance to heavy metal ions.

To understand how ion homeostasis is affected by loss of func-
tion of MAM3, we compared metal profiles of wild-type and mam3Δ 
cells grown in a modified synthetic complete (SC) medium. We 
found a dramatically reduced Mg content in mutant cells (Fig. 1a), 

suggesting that MAM3 plays a major role in Mg2+ accumulation. In 
parallel, a handful of other cations, including K, Ca, Zn and Mn, 
were slightly elevated in the mam3Δ mutant, probably to compen-
sate for the loss of Mg. We then monitored the growth of mam3Δ 
and wild-type strains on YPD medium supplemented with a variety 
of excessive divalent cations. While mam3Δ displayed greater toler-
ance to Mn2+ and Co2+, this strain was specifically hypersensitive to 
high Mg2+ (Supplementary Fig. 2) whereas it grew like the wild type 
on YPD medium containing similar levels of other cations or sor-
bitol, which would trigger similar ionic or osmotic stress (Fig. 1b).  
Because MAM3 is exclusively localized to the vacuolar membrane33, 
these data suggest that MAM3 functions as a tonoplast trans-
porter that detoxifies excessive Mg2+ in the yeast cell via vacuolar 
sequestration.

We next constructed a mnr2Δ mam3Δ double mutant to further 
dissect the role of MAM3 in vacuolar Mg2+ transport. MNR2 is a 
CorA-type tonoplast Mg2+ transporter that mediates Mg2+ efflux 
from the vacuolar lumen to the cytoplasm17. Lack of this transporter 
in strain mnr2Δ causes hypersensitivity to high levels of Mn2+ (Fig. 
1c), a phenotype opposite to that of mam3Δ, supporting the idea 
that MNR2 and MAM3 mediate opposite fluxes of Mg2+ across the 
tonoplast. If both influx and efflux transporters are deleted, the dou-
ble mutant should phenocopy the single mutant defective in vacu-
olar Mg2+ influx because Mg2+ accumulation into the vacuole occurs 
earlier and is a prerequisite for the retrieval process. Indeed, MAM3 
was epistatic to MNR2 because the double mutant mnr2Δ mam3Δ 
was hypersensitive to Mg2+ but more tolerant to Mn2+, typically 
observed in strain mam3Δ (Fig. 1c). Consistently, while mnr2Δ 
overaccumulated Mg in yeast cells, the mnr2Δ mam3Δ double 
mutant, like the mam3Δ single mutant, retained much less Mg as 
compared to the wild-type strain (Fig. 1d). These data strongly sup-
port the conclusion that MAM3 transports Mg2+ into the vacuole, 
opposite to the function of MNR2 that transports Mg2+ out.

Identification of plant ‘magnesium release’ transporters. Using 
yeast MAM3 sequence as a query, we identified nine homologues 
in the Arabidopsis thaliana genome. These nine proteins all con-
tain a DUF21 domain with three to five predicted transmembrane 
helices followed by a pair of CBS domains in the C-terminal region 
(Fig. 2a), reminiscent of the structures of yeast MAM3 and human 
CNNMs. (Supplementary Fig. 3). Because these plant transporters 
may potentially mediate Mg2+ release from the cytoplasm to either 
the vacuole (as MAM3 in yeast) or the extracellular space (like 
CNNMs in human), we named this family MaGnesium Release 
(MGR) and, accordingly, MGR1–9 in Arabidopsis (Fig. 2b). We con-
structed a phylogenetic tree comparing 88 sequences from ten plant 
and nine fungal species, as well as their prokaryotic and mammalian 
relatives (Fig. 2c). In all fungal species analysed, a single gene was 
present in each genome; however, extensive gene duplication events 
occurred in plants. Although the green alga Chlamydomonas rein-
hardtii appeared to contain five homologues clustered into a single 
and unique group, all land plants from moss to angiosperm evolved 
multiple MGRs distributed in three different clades, among which 
clade I was positioned closest to the fungal homologues in the tree. 
Clade II represented another branch with slightly more members 
than clade I, while clade III was distant from the other two plant 
clades but more closely associated with prokaryotic homologues.

We next examined the subcellular localization of the nine 
Arabidopsis MGRs in transiently transformed protoplasts, and 
found that MGR1, MGR2 and MGR3, like MAM3 in yeast, were 
localized to the tonoplast (Supplementary Fig. 4 and Fig. 3a,b), con-
sistent with a proteomic study that identified MGR1 and MRG2 as 
tonoplast proteins34. Clade II members MGR4, MGR5, MGR6 and 
MGR7 were all targeted to the plasma membrane (Supplementary 
Fig. 4), while MGR8 and MGR9 were found to reside within the 
chloroplast (Supplementary Fig. 4).
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To corroborate tonoplast localization of the three vacuolar mem-
bers, the subject of this study, we generated transgenic Arabidopsis 
plants expressing fusions MGR1–GFP, MGR2–GFP and MGR3–
GFP. We again observed fluorescence signals specifically associ-
ated with tonoplast in mesophyll protoplasts from these transgenic 
plants. Such fluorescence signal lit up tonoplast in purified vacuoles 
from mesophyll cells, demonstrating that MGR1, MGR2 and MGR3 
are tonoplast-localized proteins (Supplementary Fig. 5).

Functional analysis of plant vacuolar MGRs in a yeast model. 
Taking advantage of our new finding that MAM3 functions as 
a Mg2+ transporter required for vacuolar Mg2+ sequestration in 
the yeast cell, we employed genetic complementation of mam3Δ 
to address the function of vacuolar MGRs from Arabidopsis. 
Expression of MGR1 in mam3Δ effectively rescued its growth 
defect under high-Mg conditions, to a similar degree as expression 
of yeast MAM3 (Fig. 4a and Supplementary Fig. 6). Both MGR1 and 
MAM3 also suppressed high-Mn and high-Co tolerance of mam3Δ 
(Supplementary Fig. 7). Furthermore, Mg content in yeast mutant 
cells was restored to the wild-type level (Fig. 4b), suggesting that 
MGR1 is competent for Mg2+ sequestration into the yeast vacuole to 
detoxify excess Mg2+. We also expressed several other Mg2+ trans-
porters in the mam3Δ strain and found that, besides MGR1, vacuolar  

homologues MGR2 and MGR3, but neither MGTs nor MHX, 
substituted for MAM3 in regard to vacuolar Mg2+ accumulation 
and detoxification (Fig. 4). These data suggest that plant vacuolar 
MGRs, like MAM3 in fungi, function in Mg2+ sequestration into the 
vacuolar lumen.

Arabidopsis MGR1 is required for high-Mg tolerance and Mg2+ 
accumulation. To assess the function of the three tonoplast MGR 
members in Arabidopsis, we analysed their expression pattern and 
found that MGR1, MGR2 and MGR3 were ubiquitously expressed, 
but stronger expression was detected in above-ground tissues than 
in roots (Fig. 3d and Supplementary Fig. 8a). We also analysed their 
expression in response to different Mg2+ levels but did not detect any 
changes (Fig. 3e and Supplementary Fig. 8b,c). We further generated 
transgenic Arabidopsis plants expressing a MGR1 promoter-driven 
β-glucuronidase (GUS) reporter and detected high GUS activity 
in aerial tissues at various developmental stages (Fig. 3c). In root, 
MGR1-GUS expression was mainly observed in the vasculature 
whereas a more ubiquitous pattern was present in above-ground 
organs such as rosette leaf, flower and silique (Fig. 3c).

We isolated transfer DNA insertional mutants for the three 
MGRs and analysed their phenotypes in the context of Mg2+ 
homeostasis. While mutant mgr1 was extremely sensitive to high 
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Fig. 1 | MAM3 is required for Mg2+ homeostasis and high-Mg tolerance in S. cerevisiae. a, Ionic profiles of wild-type (BY4741) and mam3Δ strains. For 
each element, the average value in BY4741 was used as the baseline and differences in mam3Δ were calculated as percentage increases or decreases. 
Data represent means ± s.e.m. of five biological replicates. b, Hypersensitivity of the mam3Δ mutant strain to high levels of Mg2+. Yeast cells of indicated 
genotypes were initially grown overnight in liquid YPD medium. EV, empty vector. With a culture at OD600 = 1.0, 3 µl of serial decimal dilutions was spotted 
onto either agar-solidified YPD medium or YPD medium supplemented with 400 mM MgCl2, 200 mM CaCl2, 800 mM sorbitol, 800 mM KCl or 400 mM 
NaCl. Each experiment was repeated using six independent clones, with similar results. c, Phenotype of the yeast mnr2Δ mam3Δ double mutant. With an 
OD600 = 1.0 culture, 3 µl of serial decimal dilutions were spotted onto YPD medium or YPD medium supplemented with 400 mM MgCl2, 600 mM MgCl2, 
200 mM CaCl2, 0.5 mM MnCl2 or 1 mM MnCl2. Plate cultures were incubated at 28 °C and photographed after 3 d. Each experiment was repeated using 
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levels of external Mg2+, mgr2 and mgr3 were comparable to the wild 
type (Supplementary Fig. 9). We also generated mgr1 mgr3 and 
mgr2 mgr3 double mutants lacking detachable transcripts of each 
gene (Supplementary Fig. 10a). Double mutant mgr1 mgr3 exhibited  

similar Mg sensitivity to that of single mutant mgr1, whereas that 
of mgr2 mg3 was comparable to the wild type under all condi-
tions tested (Supplementary Fig. 10b,c). These results suggested  
that MGR1 functions as a major component in vacuolar Mg2+ 
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sequestration in Arabidopsis, presumably due to its dominant 
expression over the other two homologues (Supplementary  
Fig. 10d). Therefore, we focused on functional analysis of MGR1 in 
subsequent studies.

The growth of mgr1 mutant plants was inhibited by elevated Mg2+ 
levels in a dosage-dependent manner, as reflected by shorter roots, 
reduced fresh weight and lower chlorophyll content (Supplementary 
Fig. 11). This growth inhibition was specifically associated with 
high-Mg2+ toxicity because mgr1 was sensitive to all Mg2+ salts tested, 
but not to any other metal ion in the medium (Supplementary Fig. 12).  
We extended phenotypic analysis to post-germination assays. When 
grown on 1/6 Murashige and Skoog (MS) medium (containing 
0.25 mM Mg2+) for 2 weeks, the height of mgr1 mutant plants was 
comparable to that of the wild type (Fig. 5a). However, after transfer 
to medium with elevated Mg2+ levels, mgr1 mutants became severely 
stunted even in the presence of a moderate Mg2+ concentration 
(2 mM) that enhanced the growth of wild-type plants (Fig. 5a,b). In 
soil containing 60–100 mg kg–1 Mg, mgr1 plants were also stunted 
with necrosis at the leaf tips (Supplementary Fig. 13).

We grew both wild-type and mgr1 plants in hydroponic culture 
to monitor their response to Mg2+ concentrations. In the solution of 
1/6 MS salts (containing 0.25 mM Mg2+), mgr1 mutant plants were 
healthy and comparable to wild type (Fig. 5c). The addition of 5 mM 
Mg2+ to the 1/6 MS solution severely inhibited the growth of mgr1 

plants (Fig. 5d,e), resulting in leaf tip necrosis and lower chlorophyll 
content (Fig. 5f). Under 10 mM external Mg2+, although wild-type 
plants were also stressed and stunted, mgr1 plants became bleached 
and eventually died (Fig. 5c).

The mgr1 mutant (GK-322H07) harboured a tDNA insertion 
in the fifth exon of gene MGR1 (AT4G14240), as confirmed by 
DNA sequencing of the genomic locus (Supplementary Fig. 13c). 
While no full-length transcript of MGR1 was detectable in this 
mutant, nearby gene MGR2 (AT4G14230) appeared to be properly 
expressed as in the wild type (Supplementary Fig. 13d). To con-
firm that the tDNA insertional allele caused high-Mg sensitivity of 
the mgr1 mutant, we carried out a complementation test using a 
MGR1-containing genomic fragment. Indeed, transgenic expres-
sion of MGR1 in the mutant background restored MGR1 expres-
sion and fully rescued plant growth under high-Mg conditions, as 
well as in soil (Supplementary Fig. 14), demonstrating that MGR1 
is critical for high-Mg tolerance in plants. Moreover, when we 
expressed the MGR1–GFP fusion in the mgr1 mutant background 
it also fully rescued the high-Mg-hypersensitive phenotype of mgr1 
(Supplementary Fig. 15), suggesting that the MGR1–GFP fusion as 
used in our study, like native MGR1, is fully functional in planta and 
thus reflects correct subcellar localization in the tonoplast.

To understand how MGR1 regulates Mg2+ homeostasis in plants, 
we measured Mg content in mgr1 and wild-type plants. When grown 

VENUS Chlorophyll Overlay Bright field

V
E

N
U

S
M

G
R

1-
V

E
N

U
S

MGR1-VENUS CBL3-mCherry Overlay Bright field

MGR1-VENUS CBL1-mCherry Overlay Bright field

R
el

at
iv

e 
ex

pr
es

si
on

 

2.0

1.5

1.0

0.5

0

2.0

1.5

1.0

0.5

0

R
el

at
iv

e 
ex

pr
es

si
on

 

0 12 24 48 72 0 12 24 48 72

Low-Mg treatment (h) High-Mg treatment (h)

R
el

at
iv

e 
ex

pr
es

si
on

 

8

6

4

2

0

Roo
t

Ros
et

te
 le

af

Cau
lin

e 
lea

f
Ste

m

Flow
er

Siliq
ue

a

b

c

d e

Fig. 3 | Subcellular localization and expression pattern of MGR1 in Arabidopsis. a, Confocal microscopy analysis of fluorescence signals from Arabidopsis 
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reporter in transgenic Arabidopsis plants at different developmental stages (top, from left to right: 2-, 6- and 10-day seedlings; scale bars, 2 mm) and 
in various adult tissues (bottom, from left to right: root tip, scale bar, 0.1 mm; root elongation zone, scale bar, 0.1 mm; rosette leaf, scale bar, 2 mm; 
flower, scale bar, 1 mm; siliques, scale bar, 1 mm). Six independent transgenic lines were analysed, with similar results. d, Quantitative PCR with reverse 
transcription (RT–qPCR) analysis of transcript levels of MGR1 in different organs of Arabidopsis plants. Relative expression was double normalized against 
the housekeeping gene ACTIN2 (AT3G18780) and expression level in the root. Data represent mean ± s.d. (n = 4). e, RT–qPCR analysis of transcript levels 
of MGR1 under low- (left) and high-Mg (right) treatment. Relative expression was double normalized against the housekeeping gene ACTIN2 and control 
expression values that were measured at 0 h. Data represent mean ± s.d. (n = 9).
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on 1/6 MS medium, mgr1 and wild-type seedlings contained a com-
parable level of Mg (Supplementary Fig. 16). However, in the pres-
ence of an additional 2 mM or 4 mM MgCl2 in the medium on agar 
plates, Mg content in mgr1 seedlings was significantly lower than in 
wild-type samples (Supplementary Fig. 16). Importantly, the altera-
tion in ionic profile was very specific to Mg because levels of other 
major cationic elements (including K, Ca, Na, Mn and Zn) in the 
mgr1 mutant were comparable to the those in the wild type under 
all conditions tested (Supplementary Fig. 16). We also examined Mg 
content in different parts of plants under hydroponic culture. With 
increasing concentrations of external Mg2+, plants accumulated the 
majority (around 80%) of this element in shoot tissues (Fig. 5g,h). 
However, compared with wild-type plants, mgr1 shoots retained 
much less Mg under high-Mg conditions (Fig. 5h), suggesting that 
shoot accumulation of Mg2+ was impaired in mgr1 mutants.

To further address the role of MGR1 in vacuolar Mg2+ seques-
tration, we purified intact vacuoles from wild-type and mgr1 leaf 
mesophyll cells. Measurements of Mg content in the vacuolar lumen 
indicated that wild-type vacuoles displayed a high capacity for 
Mg2+ accumulation, as evidenced by a tenfold elevation in vacuolar 
Mg as external Mg2+ increased from basal (1/6 MS, 0.25 mM) and 
moderate (1 mM) to a high level (5 mM). In contrast, mgr1 mutant 
vacuoles accumulated much less Mg2+ (about 1/3) as compared to 
wild-type vacuoles (Fig. 5i) from plants treated with high exter-
nal Mg2+ (5 mM). These data suggest that mgr1 is compromised in 
vacuolar Mg2+ sequestration, particularly under high Mg2+ concen-
trations. Together with tonoplast localization and functional assay 
in both the yeast model and the high-Mg2+-hypersensitive mgr1, 
our data support the conclusion that Arabidopsis MGR1, like yeast 
MAM3, functions as an essential transporter responsible for vacu-
olar Mg2+ sequestration.

Discussion
In the fungal model budding yeast, we provided several lines of 
evidence to support the mediation by MAM3 of vacuolar Mg2+ 

sequestration. In parallel, an ACDP homologue from Arabidopsis 
(referred to as MGR1) proved to be critical for Mg2+ accumulation 
and high-Mg tolerance in plants. Because Arabidopsis MGR1 func-
tionally substituted for MAM3 in the yeast model, we conclude that 
Mg2+ sequestration into the vacuole of fungal and plant cells works 
through an evolutionarily conserved mechanism that involves the 
same family of transporters. Interestingly, while plants appear to 
have ACDPs localized to the plasma membrane, similar to their 
bacterial and animal counterparts, fungal species possess only one 
ACDP member exclusively targeted to the vacuolar membrane. This 
phylogenetic pattern suggests that prokaryotes extrude Mg2+ as the 
major mechanism for detoxification under high-Mg conditions29, 
whereas plants and fungi have evolved a more sophisticated mecha-
nism utilizing the vacuolar store to buffer cytoplasmic Mg2+ status. 
Plasma membrane ACDP members in multicellular organisms, 
such as land plants and animals, may also play a role in intercellular 
(and long-distance) transport of Mg2+ throughout the body, in addi-
tion to extrusion and detoxification functions. The fact that fungi 
lack plasma membrane ACDPs suggests that Mg2+ partitioning into 
the vacuolar compartment may be adopted as a dual-functional 
mechanism in coping with both high (by detoxification) and low 
(by remobilization) external Mg2+. In this context, a CorA-type 
Mg2+ transporter, MNR2, residing in the yeast tonoplast is shown 
to mediate Mg2+ efflux from vacuole to cytoplasm17. Indeed, our 
genetic analysis further showed that MAM3 is epistatic to MNR2 in 
yeast, supporting the notion that Mg2+ accumulation into the vacu-
ole pool (via MAM3) is a prerequisite for its subsequent retrieval 
(by MNR2). Nevertheless, it should be noted that loading of a spe-
cific ion into the vacuole may pass through more than one trans-
port system, as exemplified by vacuolar Ca2+ partitioning through 
both Ca2+/H+ antiporters and Ca2+ pumps in yeast and plants35,36. 
Hence we cannot exclude the possibility that other transporters, in 
addition to ACDPs, may also be involved in vacuolar sequestration. 
Considering the primary importance in maintaining Mg2+ homeo-
stasis and their tonoplast localization in both yeast and plant cells, 
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P = 0.0903, 1.28 × 10–5, 1.03 × 10–5. i, Mg content in purified vacuoles of wild-type and mgr1 plants grown under different external Mg2+ concentrations 
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we conclude that vacuolar ACDPs, as represented by yeast MAM3 
and Arabidopsis MGR1, serve as a major and indispensable compo-
nent required for Mg2+ translocation into the vacuole.

The soil content of Mg2+ varies widely depending on soil type, 
making Mg2+ homeostasis particularly important for plant growth 
and thus crop production. Even in soil types with a normal range 
of Mg2+, vacuolar sequestration may be critical for plant growth 
as indicated by the finding in this study that mgr1 mutant plants 
were severely stunted in regular soil. Extremely high levels of Mg2+ 
can be found in serpentine soils, imposing a serious stress on plant 
growth10. Under such stress conditions, vacuolar Mg2+ sequestration 
capacity must be enhanced to adapt to the environment. We previ-
ously established a Ca2+-dependent signalling pathway that enables 
plants to survive high-Mg conditions11,37. Two tonoplast-associated 
calcineurin B-like (CBL) proteins are presumed to sense the specific 
Ca2+ signal elicited by high-Mg2+ stress which, in turn, recruits and 
activates a quartet of CBL-interacting protein kinases (CIPKs) to 
activate vacuolar Mg2+ sequestration11. With the discovery of MGR1 
as a vacuolar Mg2+ influx transporter, future studies should test the 
possibility that MGR1 may serve as a direct target for the vacuolar 
CBL–CIPK pathway in boosting plant tolerance to high-Mg condi-
tions. On the other hand, the plasma membrane Mg2+ transporter 
MGT6 also serves as an indispensable component contributing to 
plant tolerance to high-Mg2+ stress, through a shoot-based mecha-
nism21, suggesting that Mg2+ loading into shoot cells by MGT6 may 
be a prerequisite for subsequent Mg2+ sequestration into the vacuole 
by MGR1.

Animal cells contain several ACDP homologues in the plasma 
membrane, where they function in facilitating Mg2+ efflux26–28. 
Prokaryotic ACDP homologues such as CorB, CorC and MpfA are 
also associated with cellular Mg2+ homeostasis29,38. In line with these 
studies in animals and bacteria, our results on vacuolar ACDPs have 
not only advanced understanding of Mg2+ homeostasis in fungi and 
plants, but have also provided further support to the general notion 
that ACDPs may function as highly conserved Mg2+ transporters 
in all organisms ranging from bacteria to humans. However, when 
we attempted to measure MGR1 activity by electrophysiological 
approaches, no electrical currents were detected in multiple model 

systems, implying that the transport process via MGR-type trans-
porters is either electrically neutral or requires specific conditions 
and/or cofactors to become active. Further assays are required to 
define the transport mechanism of plant MGR proteins as well as 
ACDPs in other organisms.

In addition to ACDP-type transporters, CorA-type Mg2+ trans-
porters are also highly conserved in all organisms ranging from 
bacteria, fungi and plants to animals. Interestingly, both types of 
transporter contain only a few transmembrane domains that might 
constitute a specific pore structure for Mg2+ transport. While CorA 
protein forms a pentamer with ‘cone-shaped’ channel features39,40, 
the structure of ACDPs remains to be resolved. We propose that 
CorA- and ACDP-type transporters may facilitate opposite Mg2+ 
fluxes across cell membranes, with CorA acting in Mg2+ uptake 
and ACDP mediating the release of Mg2+ away from the cytoplasm, 
either to the extracellular space or into the vacuolar compartment. 
Taking the results from this report and earlier studies, we provide 
a model to illustrate the conserved mechanisms of Mg2+ transport 
in fungal and plant cells (Fig. 6). A universal concept for nutrient 
homeostasis may be derived from this model, in which diverse 
transporters form a complex transport network charging influx and 
efflux of the same ionic substrate to establish nutrient homeostasis 
for cell growth in the face of environmental fluctuations.

Methods
Yeast strains, growth media and general methods. Saccharomyces cerevisiae 
strain BY4741 (MATa, leu2Δ, met15Δ, ura3Δ, his3Δ) was used as a wild-type strain 
in most cases of this study. To construct the mam3Δ mutant, the homologous 
recombination-based gene deletion approach was employed in the background of 
BY4741. The gene deletion cassette mam3::LEU2, containing around 42-base-pair 
homology to the upstream and downstream of the MAM3 open reading frame, 
was amplified by PCR using plasmid p415GPD41 as a template (primer sequences 
available in Supplementary Table 1). The resulting DNA fragment was transferred 
into BY4741 cells using the PEG/LiAc method, and transformants were selected 
on SD-Leu medium. Several independent clones were picked and MAM3 gene 
deletion was verified by PCR analysis. For the analysis of double mutants, strains 
DY1514 and mnr2Δ were employed as described in a previous study17. The same 
gene deletion procedure was carried out in the background of both DY1514 and 
mnr2Δ to generate either an isogenic mam3Δ mutant or a double mutant of mnr2Δ 
mam3Δ. All gene deletions introduced were also confirmed by PCR analysis. 
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Yeast cells were routinely grown in YPD or SD medium with 2% glucose, and 
required auxotrophic amino acid supplementation. For most phenotypic assays, 
YPD medium supplemented with different salts was used as indicated in each 
experiment. For the assay specifically addressing the effect of Mg2+ or Ca2+ on the 
yeast growth phenotype, a commercial yeast nitrogen base mix lacking all Mg2+ 
and Ca2+ salts (Sunrise Science) was used, and different levels of MgCl2 and CaCl2 
were added to the medium for adjustment to the final concentration of Mg2+ and 
Ca2+ as needed. In the ionomic analyses of yeast strains, yeast cells were grown in 
liquid SC medium with divalent cations added in the chloride form to give a final 
concentration of 0.5 mM Ca2+, 4 mM Mg2+, 50 µM Fe2+, 100 µM Mn2+, 100 µM Zn2+, 
20 µM Co2+ and 20 µM Cu2+. For the functional complementation test, the yeast 
vector p416GPD41 was employed to express various genes. Yeast cells of mam3Δ 
were transformed with the indicated gene expression constructs by the PEG/LiAc 
method and selected on SD-Ura medium. Mg2+ tolerance tests were performed 
with different genotypes grown on YPD medium supplemented with either 400 or 
600 mM MgCl2 for 2–3 d at 28 °C.

Measurement of Mg content and other elements in yeast. Yeast cells were 
harvested from cultures at the stage of exponential growth and washed three 
times with 1 mM EDTA-Na2 pH 8.0, followed by two washes with double-distilled 
water. Cells were then resuspended in double-distilled water in an appropriate 
volume to a final concentration at optical density (OD600) = 0.75–1.00. After 
recording the OD600 of each sample (one unit of OD600 = 3 × 107 yeast cells ml–1), 
5 ml of yeast cells was collected by centrifugation and added with 1 ml of ultrapure 
HNO3 (Sigma-Aldrich). Digested samples were further diluted tenfold, and 
concentrations of Mg2+ and other ions in solution were determined by inductively 
coupled plasma–optical emission spectrometry (ICP–OES; PerkinElmer).

Phylogenetic analysis of ACDPs. Nine sequences with significant homology to the 
S. cerevisiae MAM3 protein were identified by the BLAST tool in The Arabidopsis 
Information Resource (TAIR; https://www.arabidopsis.org), and designated 
as MGR1–9 based on the degree of identity (from high to low) with MAM3. 
Subsequently, using MGR1 as a query, further plant homologues were identified 
by searching for sequences in selected representative plant genomes in the NCBI 
protein database (http://blast.ncbi.nlm.nih.gov/) covering different stages in plant 
evolution. MAM3 homologues in diverse fungal species were also retrieved from 
the NCBI protein database. Together with three homologues in bacteria and four 
in humans, a phylogenetic tree containing a total of 88 positions was built based 
on amino acid sequences from all selected species using the maximum-likelihood 
method in MEGA7.0 software. Accession numbers of all proteins are listed in 
Supplementary Table 2.

Plant materials and general growth conditions. All wild-type, mutant and 
transgenic Arabidopsis lines used in this study were the Columbia-0 (Col-0) 
ecotype. Transfer DNA insertional mutant lines GK-322H07 (mgr1), SALK_011518 
(mgr2), SALK_043304 (mgr3-1) and SALK_054701 (mgr3-2) were obtained from 
the Arabidopsis Biological Resource Center (ABRC). Homozygous mutations 
of each gene in the background of each mutant line were confirmed using a 
PCR-based genotyping approach. Arabidopsis seeds were surface sterilized and 
sown on solidified MS medium. After stratification at 4 °C for 2 d, Petri dishes 
were maintained at 22 °C for 7 d. One-week-old seedlings were transferred to soil 
for subsequent growth at 22 °C in a growth chamber with a short-day (8-h/16-h 
light/dark) photoperiod or in the greenhouse under a long-day (16/8-h light/dark) 
photoperiodic condition.

Phenotyping of Arabidopsis plants under different conditions. For the 
germination assay, seeds were surface sterilized with 0.5% sodium hypochlorite 
for 5 min, washed three times with double-distilled water and sown on either 
1/6 MS medium (containing 1% sucrose pH 5.8, solidified with 0.8% agarose) or 
1/6 MS medium supplemented with different concentrations of MgCl2 or other 
salts as indicated in each experiment. After 2-day stratification at 4 °C, plates were 
vertically placed in a growth chamber at 22 °C. For the post-germination assay, 
seeds were first sown on MS medium solidified with 1% phytoagar (Caisson 
Labs). After germination, 5-day-old seedlings were transferred to 1/6 MS medium 
(containing 1% sucrose pH 5.8, solidified with 0.8% agarose) supplemented 
without or with different concentrations of MgCl2. For phenotypic assay in 
hydroponics, 7-day-old seedlings were transferred to liquid solution containing 
1/6 MS salts. After 2-week culture, plants were treated with solutions containing 
1/6 MS salts plus different concentrations of MgCl2.

Promoter–GUS fusion analysis and histochemical assay of GUS activity. For 
construction of MGR1 promoter-driven GUS transgenic lines, a promoter region of 
approximately 2.0 kb immediately upstream of the ATG start codon of MGR1 gene 
was amplified from Col-0 genomic DNA by PCR and verified by sequencing. The 
PCR fragment was cloned into the binary vector pCAMBIA 1381Z. The construct 
was introduced into the A. tumefaciens GV3101 strain, which was thereafter used 
to transform A. thaliana by the floral dipping method42. At least ten independent 
transgenic lines were selected, and T2 generation seedlings were subjected to GUS 
assay. For histochemical analysis to detect GUS expression, plant materials were 

incubated at 37 °C for 4 h in staining buffer (100 mM sodium phosphate pH 7.0, 
10 mM EDTA, 0.5 mM K3[Fe(CN)6], 0.5 mM K4[Fe(CN)6], 0.1% Triton X-100) 
supplemented with 0.5 mM 5-bromo-4-chloro-3-indolyl-β-d-glucuronide. To clear 
chlorophyll from green tissues, stained materials were incubated in 75% ethanol 
overnight and then kept in 95% ethanol.

Plant functional complementation. For complementation of the mgr1  
mutant, a 4.5-kb genomic fragment containing the MGR1 coding region, as well 
as around 1.5 kb of the 5'-flanking DNA upstream of the starting codon, was 
amplified by PCR from Arabidopsis genomic DNA. The PCR product was cloned 
into the binary vector pCAMBIA1300. After confirmation by sequencing, the 
construct was transformed into A. tumefaciens strain GV3101 and introduced  
into mgr1 mutant plants by the floral dip method42. Seeds of transgenic plants  
were screened on MS medium supplemented with 25 mg l–1 hygromycin.  
Resistant seedlings were transferred to soil and grown in the greenhouse  
for seed propagation. T3 homozygous transgenic plants were subjected to gene 
expression analysis and phenotypic assay, together with wild-type plants and  
mgr1 mutants.

RNA isolation and reverse transcription PCR analysis. Arabidopsis seedlings 
grown on Petri dishes were harvested and ground to a fine powder in liquid 
nitrogen. Total RNA was extracted using TRIZOL reagent (Invitrogen)  
following the manufacturer’s instructions. After treatment with DNase I 
(Invitrogen) to remove potential DNA contamination, complementary DNA was 
synthesized from RNA samples at 42 °C using SuperScript II reverse transcriptase 
(Invitrogen). The resulting cDNA products were used for PCR amplification 
or quantitative real-time PCR analysis with the gene-specific primers listed in 
Supplementary Table 1.

Protein subcellular localization. To determine the subcellular localization of 
Arabidopsis MGRs, the coding region of each protein was in-frame fused to green 
fluorescent protein (GFP) in the transient expression vector pA7-GFP. Fusion 
constructs were introduced into Arabidopsis mesophyll protoplasts prepared from 
rosette leaves by the polyethylene-glycol-mediated transformation procedure43. 
A similar fusion was performed for MGR1-VENUS specifically, and also used 
for colocalization studies with mCherry-based tonoplast or plasma membrane 
markers. For stable expression, fusions MGR1–GFP, MGR2–GFP and MGR3–GFP 
were subcloned downstream of a 35 S promoter in the pCAMBIA 1300 binary 
vector, and the resultant constructs were transferred into A. tumefaciens strain 
GV3101. Arabidopsis plants were transformed using the floral dipping method42. 
Twenty independent transgenic lines were randomly selected, and protoplasts 
were prepared from transgenic lines for subcellular localization examination. 
Plant vacuoles from the protoplast were released by osmotic shock using 500 mM 
sorbitol. Different types of fluorescence in transfected protoplasts were imagined 
using an LSM 710 confocal laser scanning microscope and processed using ZEN 
2012 software (Carl Zeiss).

Mg measurement in plant materials. Plant samples were harvested separately 
from the root or shoot tissues at the end of each phenotypic assay, and surface 
washed with double-distilled water for 30 s. Samples were then thoroughly dried in 
an oven at 80 °C. Dry matter was collected in 15-ml tubes and digested with 1 ml 
of ultrapure HNO3 (Sigma-Aldrich) overnight in a water bath at 95 °C. Digested 
samples were diluted to the appropriate concentrations with double-distilled water, 
and Mg2+ levels in the solution were determined by ICP–OES (PerkinElmer).

Vacuole isolation and vacuolar Mg measurement. Plant vacuoles were isolated 
and purified from Arabidopsis rosette leaves as previously described44. Vacuole 
purity was monitored by microscopy. Isolated vacuoles were dried at 70°C for 3 d 
and then digested with concentrated HNO3 (Sigma-Aldrich). Quantification of Mg 
was performed by NexION 300 ICP–mass spectroscopy (PerkinElmer).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available within the paper and its 
Supplementary Information files. All Arabidopsis genes involved in this study can 
be found at TAIR (www.arabidopsis.org), with the following accession numbers: 
MGR1 (AT4G14240), MGR2 (AT4G14230), MGR3 (AT1G03270), MGR4 
(AT1G47330), MGR5 (AT5G52790), MGR6 (AT4G33700), MGR7 (AT2G14520), 
MGR8 (AT3G13070) and MGR9 (AT1G55930). Yeast gene information is available 
at The Saccharomyces Genome Database (www.yeastgenome.org) as follows: 
MAM3 (YOL060C) and MNR2 (YKL064W). Other sequences can be found on the 
NCBI database (https://www.ncbi.nlm.nih.gov/), with accession numbers listed in 
Supplementary Table 2.
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