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Magnesium (Mg) is one of the most important nutrients,
involves mainly in plant growth and development. However,
the signaling pathways response to magnesium stresses
(MgSs) is known little, but several studies lately may improve
the research development. Several phytohormones such as
abscisic acid (ABA), ethylene, auxins, and their factors were
found responding to MgSs, and there may be some signal
pathways linking these hormones and downstream reactions
together, e.g., carbon fixation and transfer, starch and sugar
metabolism, ion uptaking and reactive oxygen species (ROS)
increasing. Consequently, Arabidopsis morphogenesis is
remodeled. In this review, we mainly discussed recent
literatures involving in plant response to MgSs (Mg deficiency
(MgD) and Mg toxicity (MgT)), including plant morphogenesis
remodeling, magnesium transporters and signaling
transductions. Moreover, the future study challenges related
to the responding signalings to MgSs in plants are also
presented. Regardless, the iceberg of signal transduction of
MgSs in plants is appeared.

Magnesium (Mg), a most abundant free divalent cation in a
cell, is one of the core macronutrients in organism growth and
development, including human.1-3 In particular, Mg plays a central
role in plant chlorophyll biosynthesis and carbon fixation as a
cofactor of a series of enzymes involved in carbon metabolism.4

However, the physiological and molecular functions of Mg in
plants have been neglected for decades due to its abundance in soil
(the 8th most abundant element on earth), high solubility in water
for plant absorption, and complex functionalities.3 Mg homeostasis
in plant cells has been elaborated with the discovery of magnesium
transporters (MaTRs).5-7 Surprisingly, microarray studies revealed
that the transcriptional levels of these plant MgTRs changed little
under MgSs (deficiency or excess/toxicity), whereas, numerous
other transporters were activated by MgSs.8-10 However, the signal
transduction responding to MgSs is largely unknown, although
some reports indicated that expression levels of many genes related
to phytohormone biosynthesis and signalings are significantly
changed by MgSs.8-11 Our previous studies discovered that at least
2 hormones, namely abscisic acid (ABA) and gibberellins (GA),
and their signaling factors, DELLA and ABI1, are responding to
magnesium toxicity (MgT).1 These results suggest that the

discovery of signal transduction for MgT in plants could be a gate-
way to explore the regulatory mechanisms of responses to MgSs.
The aim of this review is to summarize the current knowledge of
signal transduction responding to MgSs in plants involving mor-
phogenesis remodeling, Mg transporters (MgTRs), and signal
transduction. A model for plants responding to MgSs was also
proposed.

Morphogenesis Remodeling of Plants by
Magnesium Stresses

Mg concentrations in soil solutions are considered between
125 mM and 8.5 mM,12 however, plants encounter MgSs com-
monly in nature. Mg2C deficiency occurs generally in plants
growing in the tropical regions due to their acidic soils, high tem-
perature, high rainfall,13 and some aluminum toxic fields.14 Con-
ditions with dry soil and high levels of competing elements, such
as potassium and calcium, also result in Mg deficiency.13 Mg tox-
icity in plants usually happens in serpentine soils formed by the
weathering of ultramafic rocks,15 which widely distribute
throughout the globe across all climatic zones.16 Therefore, Mg
levels below 125 mM in soil solutions may proved to be deficient
(namely Mg deficiency, MgD) for plant growth and develop-
ment, whereas, its levels �8 .5 mM in soil solutions might be
considered excess or toxic for plant growth and development. For
Arabidopsis, as shown in Figure 1B, 1.5 mM Mg is considered
as the optimum concentration for its growth and less or more
than this level could obstruct the growth. More recently, we
found that the phenotypes of Arabidopsis plants changed signifi-
cantly above 20 mM Mg in solid medium.1 Thus, excess Mg is
defined as Mg toxicity (MgT) and MgSs include both MgT and
MgD.1,4,8

MgSs markedly inhibit plant growth, resulting in shorter
roots, smaller shoots, and necrotic spots.1,4,9,10,15,17,18 Hermans
et al.4,8 found that MgD reduced the growth of young leaves
more than the roots, but our results indicated that both root and
leaf were severely inhibited by MgD (Fig. 1B). The severity of
MgD effects could depend on plants’ development stages. For
instance, young seedlings (2 weeks age1) required more nutrients
compared with 5 weeks8 plants. Niu et al.19 reported that root
hairs of Arabidopsis decreased progressively with increasing Mg
supply, we had the same results when Mg level was too low
(0.05 mM, Fig. 1B), but MgT (Mg2C: 28 mM) improved root
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hair development.1,20 It may be due to different culture systems
(liquid medium19 and solid medium1), developmental phases
(older19 and younger1) and ecotypes (Col-019 and Ler1), 10 mM
Mg2C in our experiments had no significant changes in
phenotypes.1

In addition to carbon fixation in photosynthesis, magnesium
also acts as activator or cofactor of enzymes in carbohydrate
metabolism, e.g., fructose-1,6-bisphosphatase (FBPase), gluta-
mate synthetase, UDP-D-, ADP-D-, and GDPD-glucose pyro-
phosphorylase, and UDP-D-glucuronic acid
pyrophosphorylase.4 Therefore, loss and excess of Mg might lead
to different phenotypes, for instance, MgD resulted in over accu-
mulation, whereas, MgT induced excessive degradation of starch
and sugar in leaves (Fig. 1A). The accumulation of starch and
sugar in leaves might be due to blockage in carbohydrates loading
in phloem under MgD, and consequently impaired sucrose trans-
port from shoot to root, especially in early MgD stage. Therefore,
photosynthetic activity is disrupted that could lead to produce
reactive oxygen species (ROS) which substantially degraded chlo-
roplast constituents, such as chlorophyll and membrane lip-
ids.4,21 On the other hand, under MgT,1 the transcriptional
levels of starch biosynthesis enzymes such as SS1, SS2, GBSS1
and APL1 were severely inhibited, whereas the transcriptional
levels of starch degradation enzymes such as AtAMY1 and
BAM1, were highly improved. Accordingly, the leaves with MgT
treatment turned into translucence with iodine dye (Fig. 1A) and
starch contents were substantially decreased.1

Growth of plants on Mg deficient medium could cause
decrease in shoot and root Mg concentrations,8,17,20 but little is
known about the uptake of other ions, for instance, iron, cal-
cium, and potassium in MgD medium. However, we found that
the contents of calcium and zinc were significantly decreased,
whereas, the contents of manganese and iron were slightly
increased under MgT in Arabidopsis plants.1 These findings
were in lined with the results obtained from studies on serpentine

soils.15 MgT could also help plants to absorb excessive Mg,1,17

might be due to up-regulation of transcriptional levels of some
Mg transporters.1 Those results indicated that different response
mechanisms such as starch biosynthesis and degradation, and ion
uptake might be involved in the remodeling of plant morphogen-
esis, responding to MgD and MgT, respectively. Our former
studies suggested that these processes might be regulated by dif-
ferent signal transduction pathways, for instance, the mutant
plants (abi1-1 (a ABA- insensitive mutant) and DELLA-Q plants
(a constitutive elevated GA response mutant quadruple-DELLA
(gai-t6 rga-t2 rgl1–1 rgl2–1)) grew well with MgT treatments1

but had similar awful phenotypes as wild plants under MgD con-
ditions (Fig. 1, photos of abi1–1 and DELLA-Q plants are not
offered here).

Magnesium Transporters in Plants Responding
to Magnesium Stresses

AtMHX, a Mg2C/HC exchanger, is the first cloned MgTR in
plants5, expressed in the vascular region, particularly in the
phloem.11 Interestingly, its cis-regulons are within the leader
intron22 and 50untranslated region. The later one includes an
upstream open reading frame (uORF) to the initiation codon of
ORF. uORF significantly inhibits AtMHX expression by degra-
dation of AtMHX mRNA,11,23 and these processes may be regu-
lated by ABA and auxins.11 The novel literatures presented that
overexpression of AtMHX increased expression and activity of the
vacuolar HC-ATPase, moreover, transgenic plants were sensitive
to high Mg2C level, and got severe necrotic lesions,24,25 consis-
tent with our results that the expression of AtMHX was inhibited
by MgT.1 These possibly indicate that AtMHX mainly maintains
metal and proton homeostasis in cells, the homeostasis is essential
for photosynthesis and numerous enzymatic reactions.11 How-
ever, AtMHX and its upstream regulators in the signal transduc-
tion responding to MgSs are still unclear.

Most of the known Mg transporters (MgTRs) are CorA trans-
porters,26 referring to reviews.27,28 Ten CorA superfamily
AtMGT genes were cloned from Arabidopsis,6,29 and were con-
sidered as the primary Mg2C transporters in high plants that
could play key roles in Mg2C uptake, distribution and homeosta-
sis in cells. Moreover, the importance of these genes and trans-
porters could be verified from their diverse subcellular
localization, for instance, in plasma membrane, endoplasmic
reticulum, vacuole, mitochondria, and chloroplast.27,30 How-
ever, only AtMGT6,30 AtMGT7,31 AtMGT1,32 double
(AtMRS2–1/10) and triple (AtMRS2–1/5/10) knockout lines33

were discovered in responding to Mg starvation. The dwarf phe-
notypes of the later 2 mutants under MgD treatments could be
ameliorated with lowering Ca2C concentration,33 indicating the
role of these transporters in Ca2C and Mg2C homeostasis in cells.
It was found that atmgt1 plants had almost similar biomass and
leaf chlorophyll content with wild types under high Mg2C stress
(MgT) but the expression levels of AtMGT1, AtMGT7 and
AtMHX were up-regulated in the wild type though non-signifi-
cantly.10 Although little change in the expression levels of these

Figure 1. Phenotypes of 14 d old Arabidopsis thaliana (Landsberg erecta)
seedlings. (A) Iodine staining of starch of leaves. (B) Characteristics of
seedlings and root hair.
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MgTRs were observed in microarray analysis when the plants
were under MgSs,8-10 results obtained from real time PCR detec-
tion showed significant changes for many MgTRs, for example
AtMGT6 responding to Mg starvation.30 We recently found that
8 AtMGTs and AtMHX were responding to MgT1 and the find-
ings were consistent with results obtained from serpentine condi-
tions, where 6 MgTRs were highly expressed in the mesophyll
and some could be correlated with higher accumulation of Mg in
plants.34 These indicate that most of MgTRs are more sensitive
to MgT than to MgD.

AtMGT5 and AtMGT9 are essential for pollen development
and male fertility.34,35 Transgenic plants with overexpression of
AtMGT1 and OsMGT1 were tolerant to aluminum (Al) and
manganese toxicity14,32 might be due to increased Mg accumula-
tion in cytosol.36,37 However, low Mg status in plants enhanced
tolerance to cadmium.38 Recently, it was found that MgTR
AtCNGC10 is in charge of Mg2C uptake and long-distance trans-
port.39 Other ion transporters could take part in response to
MgSs. For example, cax1 (a member of tonoplast calcium-proton
antiporter proteins), cas3 and cax1/cax3, showed better tolerance
to serpentine soils with low Ca2C and high Mg2C.40-42 These
indicate that MgTRs may play more roles in plant development
and growth exception of Mg transportation and other ion trans-
porters may also involve in MgSs’ responses. On the other hand,
Mg may have some interactions with other ions.

However, there are still many questions to be answered: 1)
what are the functions of MgTRs in plants, especially their reac-
tion mechanisms to MgSs, since most of MgTRs has not been
exactly evaluated? 2) Are there any other undiscovered MgTRs
for Mg2C uptake or intracellular distribution exist in plants? 3)
Are AtMHX and some of AtMGTs responding to MgSs truly reg-
ulated by some uncharted signal transduction pathways, such as
ABA and auxin signalings? 4) Do MgTRs also participate in
other plant growth and development pathways, for example in
pollen development and Al tolerance? In fact, we recently found
that ABA and DELLA proteins participate in signalings response
to long-term MgT in Arabidopsis thaliana.1 A DELLA-Q
mutant, which lacked 4 DELLA proteins, showed lower Mg2C

uptake and expression levels of some MgTRs under MgT condi-
tions as compared to WT, implying some uncharted signal path-
ways from phytohormones to downstream MgTRs.

Signal Transduction of Magnesium Stresses
in Plants

MgT significantly increases the transcriptional levels of many
genes encoding enzymes in phytohormone biosyntheses, such as
ABA (9-cis-epoxycarotenoid dioxygenase), ethylene (1-aminocy-
clopropane-1-carboxylate synthase) and jasmonic acid (lipoxyge-
nase),10 these are widely considered to mediate biotic or abiotic
stress responses in plants. In Arabidopsis, we found that content
of ABA increased more than 5 times in plants treated with MgT
as compared to the untreated ones.1 The transcriptional expres-
sion levels of ABA biosynthesis genes such as ABA1 and ABA2
were also accordingly elevated in different degrees under MgT1.

Furthermore, many promoter sequences of the significantly regu-
lated genes under MgT were found containing the ABA motifs,10

and coincidentally, the expression of transporter AtMHX is
induced by auxin and ABA in vascular tissues.11 These results
suggest that ABA may play a critical role in response to MgT in
plants. Our results support this hypothesis. Plants of an ABA-
insensitive mutant abi1–1grew well under MgT conditions com-
paring with wild plants, and both exogenous ABA and MgT
treatments accumulated DELLA protein RGA,1 but RGA was
not accumulated in abi1–1 plants with ABA treatment.43

DELLA proteins (DELLAs), nuclear-localized, are core transcrip-
tional negative regulators of gibberellin signaling, and 5 members
were found in Arabidopsis genome [repressor of GA1–3 (RGA),
RGA like1 (RGL1), RGL2, RGL3 and gibberellin-insensitive
(GAI)].43 DELLAs involve many adaptive responses including
salinity, cold, drought, light and phosphate starvation, and act as
core cross-talk nodes for several phytohormone signalings such as
gibberellin, auxin, ethylene, ABA, brassinosteroid, salicylic acid
and jasmonate.44 Therefore, it could be deduced that MgT may
induce ABA biosynthesis that could improve DELLAs accumula-
tion through ABI1. Moreover, high content of DELLAs conse-
quently inhibits plant growth and development (Fig. 2). A
constitutive elevated GA response mutant DELLA-Q was used to
confirm the inference. It was observed that DELLA-Q plants
grew well, similar to phenotypes of abi1–1 plants with MgT
treatment.1 The subsequent analysis of DELLA-Q and wild
plants demonstrated that loss of 4 DELLAs could decrease Mg
and ABA excessive accumulation in plants by decreasing expres-
sion levels of some MgTRs and ABA biosynthesis enzymes.
Moreover, the mutation of 4 DELLAs could increase starch and
sugar content through slight upregulation of expression of starch
biosynthesis enzymes and down-regulation of starch degradation
enzymes1. Therefore, DELLAs could possibly be responsible for
restraining plant growth and development under MgT (Fig. 2).
Recently, Niu et al.19 reported that reactive oxygen species
(ROS) and cytosolic Ca2C could be the signal factors responding
to MgSs, hence, validated the previous hypothesis that antioxida-
tion might be one of the early responses to MgSs.9,21,45

Generally, MgD blocks sugar transport through phloem from
leaves to roots, this improves starch accumulation in leaves and
feedback inhibits photosynthesis, increases ROS in cell, and con-
sequently restrains plant growth.4,21,28 However, the signal trans-
duction reacting to MgD is known little (Fig. 2). Hermans et al8

reported that no changes of ABA contents were observed in
plants treated with MgD, even though half of the upregulated
MgD response genes in leaves are ABA responsive. However, as
reported recently, ABA levels could be significantly increased in
both plant roots and shoots treated with MgT1. Hermans et al9

also found that ethylene played a key role in response to MgD, as
the expression levels of several genes (e.g. At5g43450, At1g06620
and At2g25450) encoding enzymes in the C2H4 biosynthetic
pathway were enhanced. Consequently the MgD treated plants
produced twice as much C2H4 gas as control plants. Those
results showed that response and adaptation of plants to MgSs
have some unique signaling pathways with possible interactions
among them. Although similar phenotypes induced by MgD and
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MgT in plants, they might employ different signal transduction
pathways. However, a whole picture of MgS response signaling
in plants is still hidden. Fortunately, the newest
researches.1,19,30,33,36 offer us novel aspects on plant physiology
responding to MgSs. As shown in Figure 2, a hypothetical sche-
matic model of the signaling networks responding to MgSs in
plants is being proposed. Overly accumulation of starch in
response to MgD and degradation of starch in leaves under MgT
could either directly inhibit photosynthesis or cause loss of energy
during photosynthesis, respectively, that could lead to ROS accu-
mulation in cells. Furthermore, ROS might generate signals that
could cause disruption of subcellular organelle responding to
MgSs in plants. Recent studies indicate that some phytohor-
mones are involved in the signaling response to MgSs in
plants,1,8,9,10 for instance, ethylene to MgD,9 and ABA to MgT.1

For MgT, ABA might depend on DELLAs to inhibit plant
growth (ABA-ABI1-DELLA-plant). Significantly, MgT improves
Mg uptake, along with high expression levels of some MgTRs in
plants,1 whereas, plant Mg decreases quickly with MgD
treatments.9

Future Challenges

That ‘the tip of the iceberg’
was used to describe the discovery
of MgTRs in plants a decade
ago,7 however, functions of many
MgTRs are unclear and experi-
mental evidence is still lacking
that can prove the increased accu-
mulation of Mg in plants in
response to MgD or crop growth
improvement in MgT areas
through genetic modification of
those MgTRs. The study of sig-
naling in plants reacting to MgSs
is also just a beginning. However,
there are some challenges limiting
the efforts to unwind the func-
tional mysteries of Mg in plants.
Unlike other ions such as potas-
sium, phosphate and iron, few
Arabidopsis mutants42 were
found to be responding to MgSs.
Moreover, with the existing
knowledge about the biological
roles of Mg, we cannot distin-
guish the factors involved in reg-
ulating the signaling pathways in
response to MgSs.1-4 However,

the genomic, transcriptomic and proteomic technologies are
developed rapidly in last several years, and this will strongly boost
the research process of the signaling pathways of MgSs in plants.
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