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Abstract: Aluminum (Al) is the most abundant metal element in the earth’s crust. On acid soils, at pH 5.5 or lower, part
of insoluble Al-containing minerals become solubilized into soil solution, with resultant highly toxic effects on plant
growth and development. Nevertheless, some plants have developed Al-tolerance mechanisms that enable them to
counteract this Al toxicity. One such well-documented mechanism is the Al-induced secretion of organic acid anions,
including citrate, malate, and oxalate, from plant roots. Once secreted, these anions chelate external Al ions, thus
protecting the secreting plant from Al toxicity. Genes encoding the citrate and malate transporters responsible for
secretion have been identified and characterized, and accumulating evidence indicates that regulation of the expres-
sion of these transporter genes is critical for plant Al tolerance. In this review, we outline the recent history of research
into plant Al-tolerance mechanisms, with special emphasis on the physiology of Al-induced secretion of organic acid
anions from plant roots. In particular, we summarize the identification of genes encoding organic acid transporters and
review current understanding of genes regulating organic acid secretion. We also discuss the possible signaling
pathways regulating the expression of organic acid transporter genes.
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1 Introduction especially in the A" form, is highly toxic to living

organisms (Rengel, 2004).

Because it is the most abundant metal element in
the earth’s crust, aluminum (Al) is ubiquitous in soils.
However, it is not taken as an essential element by
living organisms, possibly because of its stronger
metal activity than comparable metal elements, such
as manganese, zinc, iron, copper, and molybdenum.
Furthermore, Al, when present in ionic form, and
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Worldwide, close to 50% of potential arable land
is acidic, with Al being solubilized into soil solution
in cationic form (von Uexkiill and Mutert, 1995). The
resultant Al toxicity is now widely acknowledged to
be one of the most serious factors limiting global
plant growth and productivity, sparking recent efforts
to understand plant Al toxicity and the Al-tolerance
mechanisms of plants grown in acid soils. Actually,
the realization that Al toxicity is related to the adverse
effects of acid soils can be traced back more than
100 years (Hartwell and Pember, 1918). Reports
concerning the “crestamento” (burning or toasting)
symptoms displayed by crops grown on certain soils
emerged in Brazil, and by 1942, these symptoms were
finally attributed to Al toxicity in low-pH soil conditions
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(Matzenbacher, 1988). These early reports were the
forerunners of our modern understanding of Al tox-
icity in acid soils and of how plants use tolerance
mechanisms to overcome that toxicity.

In this review, we provide a historical perspective
on research into plant Al toxicity and Al-tolerance
mechanisms. We particularly focus on the importance
of Al-induced root organic acid (OA) anion secretion
for Al tolerance, and provide insights into the identi-
fication of genes encoding OA anion transporters. We
also outline the mechanisms via which the expression
of these genes is regulated, describing both the work
of our own research group and that of others.

2 Plant Al toxicity

The primary visible symptom of Al toxicity is
the rapid inhibition of root growth, and this index has
therefore been widely used to measure Al resistance.
Whilst a number of possible mechanisms have been
proposed to explain Al-induced root elongation inhi-
bition, the exact mechanism remains controversial.
Because Al is such an active metal, it may simulta-
neously target sites at multiple different cellular and
molecular levels, with these combined effects collec-
tively contributing to the arrest of root elongation.
There are a number of review papers summarizing
understanding of plant Al toxicity mechanisms (Ko-
chian, 1995; Matsumoto, 2000; Barcel6 and Po-
schenrieder, 2002; Zheng and Yang, 2005; Ma, 2007;
Singh et al., 2017).

Recently, a counterintuitive explanation for the
Al-induced inhibition of root elongation has been
proposed, based on screens for mutant suppressors of
the Al hypersensitivity of the Arabidopsis als3-1
mutant (Rounds and Larsen, 2008; Nezames et al.,
2012; Sjogren et al., 2015; Sjogren and Larsen, 2017).
According to this explanation, Al-induced root elon-
gation inhibition is due to active triggering of cell
cycle arrest, terminal differentiation of the root tip,
and loss of the root quiescent center, all processes
associated with loss of DNA integrity. Four genes,
ATAXIA TELANGIECTASIA AND RAD3 RELATED
(ATR), ALUMINUM TOLERANCE2 (ALT2), SUP-
PRESSOR OF GAMMA RESPONSEI (SOGI), and
SENSITIVE TO UV 2 (SUV2), were isolated based on
the ability of loss-of-function mutations in these

genes to reverse the als3-/ phenotype. ATR is con-
sidered to be a master eukaryotic cell-cycle checkpoint
component, which detects and responds to persistent
single-stranded DNA. The other three genes appear to
be involved in an ATR-dependent DNA damage re-
sponse. However, because a chronic exposure regime
(lasting several days) was used in these studies, whilst
Al rapidly (within hours) inhibits root elongation, it is
possible that these effects are the consequence rather
than the cause of Al toxicity. The likelihood of this
latter possibility has recently been strengthened by a
study demonstrating that A7R is involved in root
growth inhibition due to internal Al toxicity, but not
in inhibition due to external Al toxicity (Zhangy et al.,
2018). Interestingly, another recent study provided
evidence that the SOG! loss-of-function mutant dis-
plays increased sensitivity to Al when higher Al
concentrations are applied in the growth medium
(Chen et al., 2019). Considering the importance of the
apoplast in the expression of Al toxicity (Horst et al.,
2010), it is likely that other mechanisms directly re-
lated to cell elongation processes will in the future be
implicated in the rapid inhibition of root elongation in
response to Al stress.

3 Plant Al-tolerance mechanisms

As early as the 1920s, genetic differences in Al
toxicity or tolerance were identified in different Bra-
zilian cereal varieties. However, the reasons under-
lying these differences remained unclear until the
1990s. Taylor (1991) proposed two potential strate-
gies by which plants might cope with Al toxicity. The
first strategy involves the exclusion of Al from the
root apex (external exclusion), whilst the second
strategy involves mechanisms of tolerance to Al once
it has entered plant cells (internal tolerance). Possible
mechanisms involved in external exclusion include
the secretion of Al chelators, increases in rhizosphere
pH, secretion of mucilage, immobilization of Al by
the cell wall and Al efflux. In contrast, possible
mechanisms involved in internal tolerance include
complexation, compartmentalization, and sequestra-
tion of internal Al. Among these several strategies
and mechanisms, the one best documented is the
mechanism of Al exclusion by the secretion of OA
anions from roots (Fig. 1). From the 1990s onwards,
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Fig. 1 Model illustrating putative aluminum (AI**)/proton (H')-mediated signal transduction and transcriptional
regulation pathways in several plant species

The model is based primarily on experimental evidence from the literatures for a number of plant species (blue, gray, brown,
and orange colors represent pathways in Arabidopsis, rice bean, rice, and wheat, respectively). AP*/H" activates unknown
receptors (R) firstly. The increase in cytosolic Ca®" leads to the activation of calmodulin (CaM), which binds to glutamate
decarboxylase (GAD), converting it from the inactive to the active form. Glutamate is then converted to y-aminobutyric acid
(GABA), which is already known to be involved in regulating Triticum aestivum TaALMT]1 activity. On the other hand, cal-
cineurin B-like protein (CBL)-CBL-interacting protein kinase (CIPK) network is involved in the regulation of expression of
AtALMTI. In addition, mitogen-activated protein kinase (MAPK) cascade pathways are implicated in regulating the expression
of organic acid (OA) anion transporter genes or transcription factors mediated by OA secretion through unidentified pathways.
In Arabidopsis thaliana, SENSITIVE TO PROTON RHIZOTOXICITY1 (STOP1) regulate Al-tolerance genes including
AtALMTI, AtMATE, and ALS3, and several H' tolerance genes, suggesting that STOP1 is a core component controlling Al and
H' tolerance in Arabidopsis. STOP2 regulated by STOP1 confers H' tolerance by regulating the expression of several H'
tolerance genes, but not for Al tolerance because of only a very limited ability to regulate At4ALMT] and ALS3 expression
(Kobayashi et al., 2014). Additional transcription factors such as CALMODULIN-BINDING TRANSCRIPTION ACTIVA-
TOR2 (CAMTAZ2) also regulates AtALMTI expression, while AtWRKY46 negatively regulates AzALMT 1, thus contributing to
Al tolerance. In Oryza sativa, ART1 regulates the expression of at least 31 downstream genes involved in Al resistance, most of
which have been shown to be involved in internal Al detoxification (including Nratl, encoding a natural resistance-associated
macrophage protein specific for AI**; Os4LS1, encoding a tonoplast-localized half-size ABC transporter; and CDT3, encoding
a plasmamembrane-localized cysteine-rich peptide) or external detoxification (including STARI/STAR2, encoding an ABC
transporter; and OsFRDL4, encoding an Al-induced MATE transporter). Additional transcription factors such as WRKY22
also regulate OsFRDL4 expression, while ART2 is involved in Al tolerance by regulating unknown Al-tolerance genes, which
is independent of the ART 1-regulated pathway. In Vigna umbellata, VaSTOP1 regulates VuMATE1 and VuMATE?2 expression
in different ways. VuSTOP1 predominantly regulates VuMATE?2 expression by interacting with an ART1-like GGGAGG
cis-acting element, but regulates VuMATE! expression by binding to promoter sequences that are not critical for the
Al-inducible expression of VUMATEI], thus suggesting that there are other unknown transcription factors activating the ex-
pression of VuMATE]
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various studies demonstrated convincingly that some
plants can indeed resist Al toxicity by releasing OA
anions from their roots. To date, there is a plethora of
reports demonstrating that root secretion of OA ani-
ons is responsible for genotypic differences in plant
Al toxicity responses (Ryan et al., 2001; Kochian et al.,
2004, 2015).

4 Physiology of plant Al-induced OA anion
secretion

The first report of plant Al-induced OA anion
secretion was from Kitagawa (1986), who investi-
gated the possible role of Al-induced malate secretion
in causing genotypic differences in wheat Al re-
sponses. Later, Miyasaka et al. (1991) reported that
Al-resistant snapbean cultivar (Phaseolus vulgaris)
secreted considerably more citrate from their roots
than did Al-sensitive cultivar. However, the most
convincing evidence that OA anion secretion plays a
role in Al tolerance came from studies of a pair of
near isogenic wheat (Triticum aestivum) lines, ET3
and ES3. These lines differ in Al tolerance, and it was
considered likely that allelic variation at a single gene
locus controlled these differences (Delhaize et al.,
1993a, 1993b). These studies enabled two critical
conclusions to be drawn. First, Al-induced malate
secretion occurs precisely in the several millimeters
length apical region of the root, which is in many
cases the region that incurs the most severe Al tox-
icity. Second, the onset of malate secretion is trig-
gered rapidly by Al, indicating that the “biochemical
machinery” for secretion was already present in the
absence of Al, and that Al simply activates it. These
findings greatly stimulated further studies on Al-
induced OA anion secretion from the roots of several
different plant species. For example, Al was shown to
induce oxalate secretion from taro (Colocasia escu-
lenta) (Ma and Miyasaka, 1998), buckwheat (Fag-
opyrum esculentum Moench) (Zheng et al., 1998),
and spinach (Spinacia oleracea) (Yang et al., 2005),
and citrate secretion from soybean (Glycine max)
(Yang et al., 2001), rice bean (Vigna umbellata)
(Yang et al., 2006a), and Cassia tora (Ma et al., 1997;
Yang et al., 2006b). In some cases, plants secrete two
different OA anions in response to Al. For example,
maize (Zea mays) and rye (Secale cereale) roots se-

cret both citrate and malate (Pellet et al., 1995; Li
et al., 2000), while amaranth (Admaranthus hypo-
chondriacus) roots simultaneously secret both oxalate
and citrate in response to Al stress (Fan et al., 2016).
Up to now, citrate, oxalate, and malate have been
identified as being the major OA anions secreted by
plant roots exposed to Al stress. Although all three of
these anions are able to chelate Al, thus making the Al
non-toxic to plant cells, their chelating abilities differ,
following the order citrate>oxalate>malate (Li et al.,
2009). Exactly why different plant species secrete dif-
ferent forms of OA anions is unclear, although Ryan
and Delhaize (2010) have proposed convergent evo-
lution of plant Al resistance as a possible explanation.

Based on the timing of Al-induced OA anion
secretion from different plant species, two secretion
patterns have been proposed (Ma, 2000). In pattern I,
Al stimulates the secretion of OA anions from plant
roots almost immediately upon exposure. In contrast,
in pattern II, there is a lag phase between the onset of
Al stress and the onset of secretion. It was also pro-
posed that the underlying basis of these two different
patterns could be attributed to the “biochemical
machinery” being either already present or needing to
be induced de novo. Taking advantage of the broad-
spectrum protein translation inhibitor cycloheximide,
we provided experimental evidence that de novo
protein biosynthesis is required for Al-induced citrate
secretion from C. fora (a pattern II plant), whereas
de novo protein biosynthesis is not involved in Al-
induced oxalate secretion from buckwheat (a pattern I
plant) (Yang et al., 2006b). More recently, we found
that Al-induced citrate secretion from rice bean root
apices consists of two phases. In the early phase, only
a little citrate is secreted in response to Al, whilst,
after longer exposure, a large amount of citrate is
secreted in a second phase. We further demonstrated
that two different citrate transporters belonging to the
same transporter protein family are specifically im-
plicated in these two distinct phases of citrate secre-
tion (Liu et al., 2018).

5 Transporters responsible for the secretion
of OA anions

Because cytoplasmic pH is approximately neu-
tral, cytoplasmic OAs exist mainly in anionic form.
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Prior to the cloning of genes encoding OA anion
permeable transporters, it was assumed that anion

channels or transporters are responsible for OA efflux.

Electrophysiological studies with maize confirmed
that Al activates inward Cl current (presumably an-
ion efflux) (Pifieros and Kochian, 2001), and Al-
induced anion channel is permeable to both malate
and citrate (Kollmeier et al., 2001). However, by
employing a suppression subtraction hybridization
approach, a new gene, ALMTI (ALUMINUM-
ACTIVATED MALATE TRANSPORTERI) was iden-
tified in wheat isogenic lines ET8 and ES8 (Sasaki
et al., 2004). The encoded ALMT1 belongs to a pre-
viously unidentified protein family, and heterologous
expression in Xenopus oocytes showed that it exhibits
malate but not citrate transport activity. Furthermore,
ALMT1 expression is constitutive in the root apices of
the Al-resistant ET8 line, consistent with previous
proposals that the “biochemical machinery” is pre-
existing. When ALMTI is introduced into barley
(Hordeum vulgare), the resultant transgenic barley
exhibits improved Al resistance and increased malate
secretion, suggesting that ALMT is a bona fide plant
Al-resistant gene (Delhaize et al., 2004). Soon after
the initial discovery of AMLT1, Arabidopsis AtALMT],
the first of what are now known to be 14 Arabidopsis
ALMT family members, was functionally character-
ized (Hoekenga et al., 2006). Subsequently, ortholo-
gous genes have been identified in rape (Brassica
napus) (Ligaba et al., 2006), rye (Collins et al., 2008),
soybean (Liang et al., 2013), Medicago sativa (Chen
Q et al.,, 2013), and cabbage (Brassica oleracea)
(Zhang L et al., 2018). It is now known that the
physiological roles of ALMTs are relevant not only to
Al resistance but also to stomata movement, anion
homeostasis, fruit quality, seed development, and re-
sponse to pathogen attack (Sharma et al., 2016).

In fact, citrate is considerably more effective as
an Al chelator than is malate (Li et al., 2009). Ac-
cordingly, much work went into the molecular iden-
tification of the gene encoding the plant Al-activated
citrate transporter. In 2007, two independent research
groups reported, at more or less the same time, the
identification of HvAACT! (aluminum-activated citrate
transporter 1) in barley (Furukawa et al., 2007), and of
SbMATE (multidrug and toxic compound extrusion)
in sorghum (Sorghum bicolor) (Magalhaes et al.,
2007), both via map-based cloning. The proteins
encoded by both of these genes are responsible for

Al-induced citrate secretion. Both HVAACT1 and
SbMATE are members of the MATE protein family,
one of the largest of plant transporter protein families.
MATE transporters are capable of transporting a
broad range of molecular substrates, including OA
anions, hormones, and secondary metabolites (Ta-
kanashi et al., 2014). In fact, prior to the characteri-
zation of HVAACT1 and SbMATE, a functional Ar-
abidopsis homolog, FERRIC REDUCTASE DE-
FECTIVE3 (FRD3), had been shown to be involved
in the translocation of iron from roots to shoots by
mediating the secretion of citrate into the xylem
(Durrett et al., 2007). To date, citrate permeable MATE
transporters have been identified in Arabidopsis (Liu
et al., 2009), wheat (Ryan et al., 2009), maize (Maron
et al., 2010), rye (Yokosho et al., 2010), rice (Oryza
sativa) (Yokosho et al., 2011), and our group has
identified them in rice bean (Yang XY et al., 2011;
Liu et al., 2018).

The mechanism of Al stress-induced plant root
oxalate secretion remains unknown, although such
secretion has been observed in taro (Ma and Miyasaka,
1998), buckwheat (Zheng et al., 1998), tea (Camellia
sinensis) (Morita et al., 2011), spinach (Yang et al.,
2005), tomato (Lycopersicon esculentum) (Yang JL
et al., 2011), and Polygonum species (You et al.,
2005). It seems that Al-induced oxalate secretion is
common to plant species abundant in oxalate (Yang
et al., 2008). Recently, we found that a gene encoding
formate dehydrogenase, which is involved in formate
catabolism, is involved not only in the Al resistance
but also in the low-pH tolerance of rice bean (Lou
et al., 2016a). Later again, we further found that the
oxalate acetylation degradation pathway is implicated
in formate production in Al stress conditions and
showed that a gene encoding acyl activating enzyme3
is involved in rice bean oxalate acetylation (Lou et al.,
2016b). Unlike citrate and malate, which are primary
metabolites of the tricarboxylic acid (TCA) cycle,
oxalate is regarded as an end-product of secondary
metabolism. We demonstrated that oxalate accumula-
tion is detrimental to cellular functions and needs to
be tightly controlled.

6 Regulation of Al-induced OA anion secretion

The identification of genes encoding Al-induced
OA anion transporters enabled investigation of the
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transcript-level regulation of these genes in response
to Al stress. These studies identified some general
expression pattern characteristics of these transporter
genes. First, their expression is higher in Al-resistant
genotypes than in Al-sensitive genotypes. Second,
they are predominantly expressed in root apices.
Third, in most cases, their expression can be further
induced by Al stress. These observations suggest
that regulation of the expression of genes encoding
transporter proteins enables adaptation to Al toxicity
conditions, although post-transcriptional regulation is
also likely involved.

6.1 Modulation of transcription factors

The first discovered transcription factor regu-
lating Al tolerance was identified by mutant screening
and map-based gene cloning. The sensitive to proton
rhizotoxicityl (stopl) Arabidopsis mutant displays
hypersensitivity to low pH (Iuchi et al., 2007), and is
also Al-sensitive, because AtALMTI expression is
abolished. STOPI encodes a C2H2 zinc-finger tran-
scription factor (STOP1), whose expression is in-
duced only by extremely high Al concentrations or
very low pH (Iuchi et al., 2007). Subsequent studies
revealed that two additional Al-tolerance genes,
AtMATE and ALS3 are regulated by STOP1 (Liu et al.,
2009; Sawaki et al., 2009). AtALMTI and AtMATE
mediate the secretion of malate and citrate, respec-
tively, while ALS3 encodes a half-type ATP-binding
cassette transporter, which participates in intracellular
Al redistribution (Larsen et al., 2005). Additionally,
comparative microarray analysis revealed that STOP1
regulates the expression of other genes regulating
proton and Al tolerance (Sawaki et al., 2009). Obvi-
ously, STOP1 is a core component controlling Al and
proton tolerance in Arabidopsis (Fig. 1). Among the
genes regulated by STOP1, STOP2 is a unique pa-
ralog of STOP1, having a shorter C-terminus than
STOP1. When introduced into stop! mutant, STOP2
is able to rescue proton tolerance by regulating the
expression of several proton-tolerance genes. How-
ever, STOP2 is not able to rescue Al tolerance of
stopl mutant because of only a very limited ability of
STOP2 to regulate AtALMTI and ALS3 expression.
Therefore, STOP1 might control Al tolerance and
proton tolerance differentially via control of its
downstream transcription factors when receiving sig-
nals from different stressors. Alternatively, the tran-

scriptional activation of major Al-tolerance genes (e.g.,
AtALMTI and ALS3) by STOP1 requires additional
mechanisms (e.g., co-activators or post-translational
mechanisms) which are themselves sensitive to
STOP1 protein structure. Recently, an F-box protein-
encoding gene regulating AtALMTI expressionl
(RAEI) was shown to regulate STOP1 protein abun-
dance. The RAE1 protein interacts with STOP1 and
hence promotes STOP1 ubiquitination and subse-
quent STOP1 degradation in the 26S proteasome
(Zhang et al., 2019). Because STOP1 also promotes
RAE] transcription via direct binding to the RAE]
promoter, STOP1 and RAEL1 together form a negative
feedback loop that regulates STOP1 accumulation
(Zhang et al., 2019). Whilst these observations further
illustrate that post-translational modification is required
for maintenance of STOP1 homeostasis in Al toler-
ance, the mechanism via which Al prevents RAE1-
mediated degradation of STOP1 remains unknown.
Amongst small-grain cereals, rice is the most Al-
tolerance crop, displaying an Al tolerance that is 610
times higher than that of other major cereals, such as
maize, wheat, barley, and sorghum (Famoso et al.,
2011). ARTI, a gene encoding ART1, a rice STOP1
ortholog, was cloned following molecular analysis of
mutants obtained in screens for Al sensitivity (Fig. 1).
However, ARTI expression, unlike that of STOPI, is
not Al-induced. Microarray analysis revealed that
ART]1 regulates the expression of at least 31 down-
stream genes involved in Al resistance, most of which
have been shown to be involved in internal Al detox-
ification (including Nratl, encoding a natural resistance-
associated macrophage protein specific for AI'";
OsALS1, encoding a tonoplast-localized half-size ABC
transporter; and CDT3, encoding a plasmamembrane-
localized cysteine-rich peptide) (Xia et al., 2010,
2013; Huang et al., 2012) or external detoxification
(including STARI/STAR2, encoding an ABC trans-
porter; and OsFRDL4, encoding an Al-induced
MATE transporter) (Huang et al., 2009; Yokosho
et al., 2011). Although Al-activated citrate secretion
plays only a minor role in rice Al tolerance, OsFRDLA4-
mediated secretion of citrate from root cells contrib-
utes to overall Al tolerance (Yokosho et al., 2011).
Recently, we found that OsFRDL4 is regulated by
binding of transcription factor OsWRKY?22 to W-box
elements in the OsFRDL4 promoter, indicating that
OsWRKY?22 is an additional essential transcription
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factor that functions together with ART1 in the control
of Al-induced OsFRDL4 expression and citrate se-
cretion (Li et al., 2018). Additionally, there are seven
STOPI homologs in rice (Huang et al., 2009), alt-
hough the functions of these genes, with the exception
of ARTI, are little understood. Nevertheless, one of
these ARTI homologs, ART2, was shown to regulate
rice Al tolerance independently of the ART1-regulated
pathway. ART? expression is induced by Al but is not
involved in activation of genes regulated by ARTI.
Moreover, the contribution of ART?2 to Al tolerance is
smaller than that of ART, suggesting that ART1 and
ART?2 regulate different Al-tolerance pathways, and
that ATR2 plays a supplementary role in rice Al tol-
erance (Che et al., 2018). Overall, these various re-
sults suggest that rice Al tolerance is a complex
quantitative trait controlled by multiple genes.

The identification and characterization of ART1/
STOP1 indicate that STOP1-like proteins are likely to
regulate the expression of multiple Al-tolerance genes
in a relatively wide range of plant species. At the time
of writing, functional STOPI-like gene orthologs
have been identified in a range of plant species, in-
cluding wheat (Garcia-Oliveira et al., 2013), tobacco
(Nicotiana tabacum), Populus nigra, Lotus japonicas,
Physcomitrella patens (Ohyama et al., 2013), Euca-
lyptus (Sawaki et al., 2014), rice bean (Fan et al.,
2015), pigeonpea (Cajanus cajan) (Daspute et al.,
2018), tea (Zhao et al., 2018), soybean (Wu et al.,
2018), sweet sorghum (Huang et al., 2018), and cot-
ton (Gossypium hirsutum) (Kundu et al., 2019).
Whilst these STOPI1-like proteins are functionally
conserved with respect to proton tolerance, their
ability to rescue Al tolerance in the Arabidopsis stop !
mutant differs. Despite having conserved C2H2 zinc
finger domains, the N- and C-termini of these STOP-1
like proteins are highly variable. Further studies are
needed to determine the structure—function relation-
ships of these STOPI1-like proteins with respect to
their differing roles in regulating the expression of
Al-tolerance genes, and especially that of OA trans-
porter genes. Furthermore, the pattern of expression
of the STOPI-like genes in response to Al stress dif-
fers in different plant species. We showed that in rice
bean, the mRNA levels of three STOPI1/ARTI-like
genes, including the previously identified VuSTOPI,
are increased by exposure to Al (Fan et al., 2019). In
addition, a constitutively expressed STOP1/ARTI-like

gene was found (Fan et al., 2019). Study of the func-
tions of the rice bean STOP1/ART1-like proteins is
expected to further reveal the role of STOP1/ART1-
like proteins in the mechanism of Al tolerance.

It is also obvious that the mechanism underlying
STOPI1-like regulation of the expression of OA
transporter genes is complicated, because several
other transcription factors (both activators and sup-
pressors) are involved, and because variation in cis-
acting elements exists among different species (Fig. 1).
Tokizawa et al. (2015) used computation of overrepre-
sented octamers to characterize eight transcription
factor-interacting cis-acting elements in the AtALMT1
promoter. In addition to STOP1 and CALMODULIN-
BINDING TRANSCRIPTION ACTIVATOR2
(CAMTAZ2) binding regions, some further unknown
regions suppressed the expression of AtALMTI. For
example, the AtWRKY46, AtALMTI repressor, was
shown in our laboratory to bind the AtALMTI pro-
moter independently of the above identified eight
transcription factor-binding regions (Ding et al.,
2013). Similarly, Tsutsui et al. (2011) identified a
consensus GGN(T/g/a/C)V(C/A/g)S(C/G) sequence
as the core binding element of rice ART1. Of the 31
promoters regulated by ART1, 29 contain this element.
However, because of the small base number and rela-
tively large sequence variation of this consensus, the
chance of accidental occurrence in any gene promoter
is very high, thus greatly limiting the utilization of this
cis element. We also found that two MATE-type
transporter genes are responsible for citrate secretion
from rice bean root apices in response to Al stress.
However, VuSTOP1 regulates VuMATE1 and VuMATE2
expression in different ways (Liu et al., 2018).
VuSTOP1 predominantly regulates VuMATE? ex-
pression by interacting with an ART1-like GGGAGG
cis-acting element, but regulates VuMATE1 expression
by binding to promoter sequences that are not critical
for the Al-inducible expression of VuMATEI, thus
suggesting that there are other unknown transcription
factors activating the expression of VuMATE] (Fan
et al., 2015; Liu et al., 2018). Sequence analysis of
STOP1-binding region in Arabidopsis AtALMTI pro-
moter also showed that the binding range of STOP1
far exceeds the length of five bases (Tokizawa et al.,
2015). These various results have revealed the com-
plexity of STOP1-regulated expression of OA trans-
porter genes, and their associated pleiotropic functions.
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6.2 Regulation of transposable elements

Accumulating evidence has suggested the in-
volvement of transposable elements (TEs) or trans-
posons in Al tolerance in plants. TEs are able to
change their position in the genome, i.e. “transpose,”
which confers them ability to regulate gene expres-
sion. To date, TE insertions have been reported to be
involved in regulating Al-resistant genes in wheat
(Sasaki et al., 2006; Ryan et al., 2010; Tovkach et al.,
2013), sorghum (Magalhaes et al., 2007; Melo et al.,
2013), barley (Fujii et al., 2012; Kashino-Fujii et al.,
2018), Holcus lanatus (Chen ZC et al., 2013) and rice
(Yokosho et al., 2016). Very recently, Pereira and
Ryan (2019) have summarized the role of TEs in the
evolution of Al tolerance in plants. Thus, in this re-
view, we will only introduce briefly to this topic.

In barley, root tips of some Al-resistant cultivars
constitutively expressed HvAACTI that facilitates
citrate secretion from barley root apices in response to
Al stress. Fujii et al. (2012) identified a 1023-bp
CACTA-like transposon inserted into the 5' untrans-
lated region (5'-UTR) approximately 4.8 kb upstream
of the HVAACT] start codon in Al-resistant barley
cultivars, and found that this insertion regulates
HvAACTI expression at root tip. Moreover, an inde-
pendent multiretrotransposon-like (MRL) sequence
insertion (at least 15.3 kb in length) affecting barley
Al resistance was detected 6.6 kb upstream of
HvAACTI (Kashino-Fujii et al., 2018). However, the
MRL insertion was not directly related to the expres-
sion levels of HvAACTI. Kashino-Fujii et al. (2018)
further found that the regulation of DNA methylation
of this MRL insertion influenced the expression of
HvAACTI. 1t is interesting for the future to clarify the
DNA methylation mechanisms in barley in response
to Al stress.

The malate secretion mediated by TaALMTI
and the citrate secretion mediated by TAMATE]1 play
important roles in detoxifying Al in wheat, with Al-
activated malate secretion being the major contributor
to wheat Al resistance. Whilst the TAALMT1 amino
acid sequence encoded by TaALMTI is conserved
both in Al-tolerant and sensitive cultivars, TaALMT1
is substantially polymorphic in the promoter region
(Sasaki et al., 2006; Ryan et al., 2010). A comparative
analysis of the promoter sequences of 69 different
accessions identified both double and triple tandem
repeats of the promoters of Al-resistant 7TaALMTI

alleles, resulting in enhanced 7aALMTI expression
(Sasaki et al., 2006). In contrast, the TaMATE 1B gene
(located on chromosome 4B) confers wheat Al re-
sistance by mediating citrate secretion from root
apices. TaMATE1B possesses an 11.1-kb TE (contains
a 3.9-kb Sukkula-like TE) insertion 25 bp upstream of
the TaMATEIB start codon, which increased 7Ta-
MATEIB expression (Tovkach et al., 2013). TaALMTI
and TaMATEIB are both constitutively and highly
expressed in Al-resistant cultivars, and some cultivars
from Brazil (e.g., cv. Carazinho, cv. IAC5-Maringa,
and cv. Toropi) combining the superior 7aALMT]I and
TaMATEB alleles, exhibit strong Al resistance (Pe-
reira et al., 2015; Aguilera et al., 2016). In contrast,
expression of SbMATE in sorghum is induced by Al.
Polymorphism analysis of SbMATE allele promoters
revealed the existence of 1 to 5 Tourist-like miniature
inverted repeats (MITEs) insertions, with the relative
abundance of Al-induced SBMATE mRNAs being
related to the number of MITEs (Magalhaes et al.,
2007). Additional trans-acting elements may also
affect SODMATE expression because the contribution
of Altsp locus (the major Al-tolerance locus in sor-
ghum) to Al resistance relies on the genetic back-
grounds where Altgp resides (Melo et al., 2013). Using
expression-quantitative trait locus (QTL) mapping
and expression genome-wide association mapping,
Melo et al. (2019) further demonstrated that SOMATE
expression is related to transcriptional interplay be-
tween cis and trans clements, and identified a WRKY
and a zinc finger-DHHC transcription factors as being
involved in the frans-activation of SODMATE.

In rice, regulation of OsFRDL4 by ART1 and
OsWRKY?22 contributes to citrate secretion and re-
sultant Al detoxification (Yokosho et al., 2011; Li
et al., 2018). Some of the phenotypic variation for Al
resistance in japonica rice lines can be explained by
increased OsFRDL4 expression linked with a 1213-bp
solo long terminal repeat (LTR) (which contains
nine ARTI-binding cis-acting elements) inserted
615 bp upstream of the OsFRDL4 transcription start
site (TSS). However, this insertion does not alter the
spatial expression of OsFRDL4 or the cellular local-
ization of OsFRDL4 (Yokosho et al., 2011, 2016).
These results indicate that the LTR insertion in the
OsFRDL4 promoter region in japonica subspecies is
responsible for an increased OsFRDL4 expression
level, due to the increased number of ART1-binding
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cis-acting elements. Similarly, Chen ZC et al. (2013)
reported that H. lanatus plants grown in acidic soils
secrete more malate than those grown in neutral soils.
The reason is that there are more ART1-binding cis-
acting elements in the promoter of the Al-resistant
HIALMT allele, thus increasing the expression of
HIALMTI.

6.3 Gene copy number

The differences between the Al resistances of
different rye genotypes are related to the relative
amounts of malate and citrate secreted by those gen-
otypes (Li et al., 2000). Collins et al. (2008) showed
that both copy number and expression level of the rye
ScALMTI gene, carried on chromosome 7RS, dif-
fered between Al-resistant and -sensitive genotypes
of rye. Whilst the Al-resistant haplotype (M39A-1-6)
contained five copies of ScALMTI, of which two
were induced by Al treatment, the Al-sensitive hap-
lotype (M77A-1) had but two copies of ScALMT1I, of
which only a single one was induced by Al (Collins
et al.,, 2008). At present, the relationship between
allele sequence difference and the different expres-
sion properties of these different rye ScALMT1 genes
is not clear. In maize, the extent of Al-induction of
expression of ZmMATEI, a gene encoding a citrate
transporter, is greater in Al-resistant lines than in
Al-sensitive lines. This difference in expression lev-
els is not ascribed to polymorphisms in either gene or
cis-regulatory regions (Maron et al., 2013). Instead,
the number of ZmMATE1 copies is associated with
gene expression, such that Al-sensitive lines (e.g.,
L53) have a single copy, whilst Al-resistant lines (e.g.,
Al237) have three copies (Maron et al., 2013).

6.4 Reversible protein phosphorylation

Although significant advances have been made
in the cloning and identification of genes encoding
OA transporters, the nature of the signal transduction
pathways regulating the expression of those genes
remains unclear. Reversible protein phosphorylation
is one potential mechanism of regulation. For exam-
ple, Osawa and Matsumoto (2001) first confirmed
that the protein kinase inhibitors K252a or stauro-
sporine inhibit wheat root tip Al-induced malate se-
cretion. Later studies showed that the Al-inducible
expression of the Arabidopsis AtALMTI gene is sig-
nificantly decreased by pretreatment with K252a or

staurosporine. Whilst malate secretion is inhibited by
K252a or staurosporine following Al pretreatment,
the expression of AtALMTI is not reduced (with
transcription being already completed), indicating
that the regulation of Al-induced malate secretion in
Arabidopsis works via effects on AtALMTI function
at both transcriptional and post-translational levels,
the latter via phosphorylation (Kobayashi et al., 2007).
Similarly, we also found protein phosphorylation to
be involved both in transcriptional activation of
VuMATE] expression and post-transcriptional regu-
lation of VUMATE]1 protein activity in rice bean (Liu
et al., 2013). Further evidence provided by Ligaba
et al. (2009) showed that the activity of wheat
TaALMT1 1is associated with phosphorylation by
protein kinase C. When the serine (amino acid residue
384) of TAALMT1 was converted to alanine, TaALMt1
activity was inhibited and the mutant protein dis-
played insensitivity to protein kinase inhibitors or
activators. In contrast to the above, Kobayashi et al.
(2007) reported that the protein phosphatase inhibitor
calyculin A solely inhibited Arabidopsis Al-induced
AtALMTI transcript level increases, but did not exert
effects at the post-translational level, suggesting that
protein regulatory dephosphorylation may occur only
at the transcriptional level for this particular gene.
These various results indicate that reversible protein
phosphorylation is involved in the regulation of Al-
induced OA secretion. However, which particular
phosphorylation/dephosphorylation enzymes are in-
volved in these processes remains to be clarified.

7 Perspective

Al-induced secretion of OA anions is one of the
most important mechanisms via which plants cope
with Al toxicity. Whilst great progress has been made
in understanding of the physiology of Al-induced OA
secretion, and with the identification of the relevant
transporter genes and transcription factors involved in
the regulation of expression of those genes (particu-
larly for citrate and malate), the genes encoding oxa-
late transporters have yet to be identified in plants.
Because cytoplasmic oxalate content needs to be
precisely controlled (Lou et al., 2016b; Chen et al.,
2017), it is possible that the genes responsible for
oxalate transport are functionally redundant, making
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it difficult to clone them via mutant screening meth-
ods. Large-scale metabolomic analysis of oxalate
content from a panel of cultivars or species may pro-
vide an alternative approach to the cloning of these
genes. In addition, understanding of the signaling
pathways enabling regulation of the expression of
these transporter genes remains elusive. When suf-
fering from Al stress, plant cells trigger the expres-
sion of specific genes to combat that stress, and a
signal transduction cascade is presumably responsible
for this differential gene regulation (Fig. 1). Indeed, it
is already well known that mitogen-activated protein
kinase (MAPK) pathways play crucial roles in signal
transmission following initial sensing of the Al stress
signal. These MAPK pathways typically consist of
three sequentially activated protein kinases: MAPK
kinase kinase (MAPKKK), MAPK kinase (MAPKK),
and MAPK. Thus, revealing the possible role of the
MAPK pathways in regulating the expression of OA
transporter genes may prove to be profitable topic for
exploration in the near future.

In addition to MAPK pathways, Ca>" often acts
as a second messenger in plant signal transduction
pathways. There are two possible ways of transducing
the Ca”" signal, firstly via calcium-calmodulin (Ca-
CaM) and alternatively via the calcineurin B-like
protein (CBL)-CBL-interacting protein kinase (CIPK)
network. Calcium and CaM are already well known to
act as second messengers of external stimuli, and
indeed, Al stress triggers changes in cytosolic Ca*"
concentrations (Zheng and Yang, 2005; Kochian et al.,
2015). The increase in cytosolic Ca®" leads to the
activation of CaM, which binds to glutamate decar-
boxylase (GAD), converting it from the inactive to
the active form. Glutamate is then converted to y-
aminobutyric acid (GABA), which is already known
to be involved in regulating ALMT activity (Ramesh
et al., 2015). In addition to CaM, the CBL-CIPK
network is involved in regulating responses to diverse
plant abiotic stresses. Recent experiments have shown
that CBL1 is involved in the regulation of expression
of AtALMTI but not of AtMATE, suggesting that
the CBL-CIPK network is involved in the regulation
of expression of genes encoding OA transporters
(Ligaba-Osena et al., 2017). Whether additional
members of the CBL-CIPK network are involved in
the regulation of expression of OA transporter genes
merits future investigation.

Finally, the mechanism via which plants sense
Al ions and transduce the Al signal to activate various
downstream Al-resistant strategies is a major funda-
mental frontier issue in plant science. Currently,
STOP1 is considered to be the central regulator in Al
signal transduction as well as in Al resistance. It was
for a long time unknown how STOP1 is responsive to
Al stress, but very recently Zhang et al. (2019) dis-
covered an F-box protein, RAE1, that mediates the
ubiquitination and degradation of STOP1. Neverthe-
less, it remains unclear how Al inhibits the degrada-
tion of STOPI, and this open question is now
amongst the most important in plant Al stress research.
Thus, future work will focus on the identification of
key genes responsible for Al-dependent accumulation
of STOP1, using genetic and biochemical approaches.
For example, a mutant library could be constructed in
the search for suppressors of Al-induced accumula-
tion of STOP1, and the post-translational modifica-
tion of STOP1 protein should also be considered. In
addition, since Al is not an essential element for plant
growth, it is reasonable to speculate that the percep-
tion of Al might operate outside of the cell, and that
the potential Al receptor or sensor might thus be an
outward-facing protein located in the plasma mem-
brane. Following this supposition, known functional
membrane protein classes such as receptor-like pro-
teins, receptor-like kinases or G proteins, and protein
classes that are usually involved in perception of exter-
nal signals and subsequent signal transduction, might
be good candidates for early Al-sensing components.
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