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ABSTRACT

The widespread occurrence of acidic soils presents a major challenge for agriculture, as it hampers productivity
via a combination of mineral toxicity, nutrient deficiency, and poor water uptake. Conventional remediation
methods, such as amending the soil with lime, magnesium, or calcium, are expensive and not environmentally
friendly. The most effective method to mitigate soil acidity is the cultivation of acid-tolerant cultivars. The ability
of plants to tolerate acidic soils varies significantly, and a key factor influencing this tolerance is aluminum (Al)
toxicity. Therefore, understanding the physiological, molecular, and genetic underpinnings of Al tolerance is
essential for the successful breeding of acid-tolerant crops. Different tolerance mechanisms are regulated by
various genes and quantitative trait loci in various plant species, and molecular markers have been developed
to facilitate gene cloning and to support marker-assisted selection for breeding Al-tolerant cultivars. This study
provides a comprehensive review of the current developments in understanding the physiological and molecular
mechanisms underlying Al resistance. Through the application of genome-wide association methods, it is expected
that new Al-resistant genes can be identified and utilized to cultivate Al-resistant varieties through intercrossing,

backcrossing, and molecular marker-assisted selection, promoting the sustainable use of acidic soils.

1. Introduction

Acidic soils (pH < 5.5) pose a significant challenge to global agricul-
ture [1]. Approximately 2.5 billion hectares of arable and potentially
arable land, accounting for 40%-50% of the world’s potentially arable
land, are acidic in nature [2]. However, mineral nutrient deficiencies,
such as phosphorus (P) deficiency, aluminum (Al), manganese (Mn), and
proton (H') toxicities, and other stress factors in acidic soils restrict
crop production and hinder the full exploitation of their agricultural
potential [3]. Paddy soil acidification has become an increasingly seri-
ous problem, exacerbated by the excessive application of nitrogen (N)
fertilizers [4]. Long-term fertilizing experiments on red soil in Hu'nan
Province have demonstrated that soil acidification results in severely re-
duced crop growth or even crop failure [5]. Soil acidification is likely
to remain a significant problem in southern China’s agricultural pro-
duction in the future. Therefore, it is of utmost importance to allevi-
ate the adverse effects of acidic soils on crop growth and to promote
the sustainable utilization of acidic soils for maximum crop production
potential.

* Corresponding author.
E-mail address: rfshen@issas.ac.cn (R.F. Shen).
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1.1. Distribution of acidic soils

Acidic soil is a common phenomenon and is primarily found in two
belts: the southern belt in the hot and humid tropical regions, which en-
compasses regions such as New Zealand, Australia, South America, and
South Africa, and the northern belt in the cold and humid temperate
zone, including Russia, South Asia, and North America [3]. Soil acidity
affects approximately 3950 million acres of arable land, with 60% of
these soils located in the subtropics and tropics, where many develop-
ing countries are located [3]. Significant portions of farmland in Sub-
Saharan Africa (56%), Latin America (31%), Southeast Asia (38%), East
Asia (20%), and some parts of North America are affected by soil acid-
ity [6-7]. In the Americas, a total of 1616 million hectares of land are
affected, primarily in South America, and approximately 239 million
hectare of agricultural land in New Zealand and Australia are acidic
[3]. In China and India, 212 million acres of agricultural land are cate-
gorized as acidic, with China’s acidic soils mainly distributed across 15
provinces (municipalities and autonomous regions) in the red soil areas
of southern China, covering 2.18 million km? and accounting for 22.7%
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of the country’s total land [8]. Acidic soils are most commonly found
in areas with high temperatures and rainy conditions, which are also
suitable for agricultural production, thereby offering substantial crop
production potential.

1.2. Causes of acidification in soil

The acidification of soil is caused by a range of agricultural and in-
dustrial practices. Such practices include acid rain [9], the use of acid-
forming nitrogen fertilizers [10], and organic matter degradation [11],
all of which contribute to increasing soil and natural acidity. The H*
ions present in acid rain interact with soil cations and displace them
from their original binding sites, causing a reduction in cation exchange
capacity and an increase in H* concentrations in soil water, leading to
leaching [12]. Harvest and removal of crops from the ground also leads
to loss of some basic components that maintain the acidity of the soil,
which contributes to an increase in soil acidity. According to Guo et al.
[10], intensive farming practices and excessive use of N fertilizers are
responsible for the widespread soil acidity in China.

1.3. Harmful effects of acidic soils

Heavy metal toxicity, nutrient deficiencies, and soil acidity are sig-
nificant contributors to the toxicity of acidic soils. As soil pH decreases,
the availability of soil nutrients is negatively affected due to high lev-
els of H* ions [13]; this results in a reduction of nutrient availability.
Furthermore, heavy metals such as zinc (Zn), Mn, copper (Cu), Al, and
iron (Fe) become more soluble at low pH levels, which can be harmful
to plant growth as these heavy metals are not a significant portion of
plant-growth requirements and many of them can be hazardous or toxic
[14].

Acid sulfate and acidic organic soils are particularly harmful to
plants because they have a pH below 4 and significant quantities of H*
[1]. In China, Al toxicity is considered to be more detrimental than H*
for two main reasons: first, Al ions are the primary elements in soil so-
lution that reduce the ability of plants to absorb nutrients; second, most
acidic soils in China have pH values above 4 [1].

1.4. Mechanisms of plant adaptation to acidic soils

Throughout the course of evolution, plants have developed various
mechanisms of tolerance to adapt to acidic soils. Al toxicity is widely
recognized as the main limiting factor for crop yields in acidic soils
worldwide [15], particularly in regions where food security is vulnera-
ble. Therefore, research on Al toxicity has garnered significant attention
and become the most extensively studied aspect of this issue, as it con-
stitutes a global agronomic challenge.

1.5. Sustainable use of acidic soil: breeding acidic soil tolerant plants

For a long time, increasing soil pH has been the primary focus of
agronomic strategies to address the toxicity of acidic soils, with the most
commonly used technique being the application of lime. The annual use
of lime in Western Australia increased by 57,143 tons from 2004 to 2010
[16]. Lime is added to soil to reduce Al absorption and improve cell
defenses [17-18]. Despite its success in enhancing plant development,
this approach has several disadvantages. The topsoil pH can be increased
by applying lime; however, the subsoil where Al toxicity is often present
remains unaffected, hindering the ability of plant roots to expand deeply
and absorb nutrients and water. Additionally, in developing countries,
the cost of application of significant quantities of lime to acidic soils may
pose a challenge. While the toxicities of H, Al, and Mn can be reduced
by adding lime, deficits in other minerals such as N and P persist [4,19].
Therefore, caution must be exercised when using lime to address soil
acidity.
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The toxicity of acidic soils has been traditionally addressed through
increasing soil pH by the application of lime. However, this method
has limitations such as the difficulty for plant roots to expand deeply
and the persistence of mineral deficits, such as N and P. An alterna-
tive solution is the application of Magnesium (Mg), which may increase
the outflow of organic acids [20], although it may become toxic when
present in excess [21]. Other chemicals, such as boron (B) and silicon
(Si), have also been proposed to mitigate Al toxicity [22-23], but their
effectiveness may depend on the species or genotype. However, the most
effective way to deal with Al toxicity remains the development of plants
that are more tolerant to acidic soils. Conventional breeding techniques
have been successful in breeding Al-resistant crops. For instance, cereals
can be bred for acidic soil tolerance using conventional breeding tech-
niques such as intercrossing, backcrossing, topcrossing, and single-seed
descent. Breeding of acidic soil-tolerant crops is becoming more suc-
cessful owing to developments in molecular methods, such as marker-
assisted selection. For more than 60 years, researchers have exploited
the significant genetic diversity of Al resistance among various crop va-
rieties to successfully breed Al-resistant crops [24-25], particularly in
tropical breeding programs [26]. Owing to the agronomic importance of
acidic soils, a large number of studies have been completed in the past
30 years on the genetically based physiological and molecular biology
of Al resistance in crops to identify Al resistance genes and their un-
derlying mechanisms [27-30]. Therefore, the aim of this review was to
complement and improve conventional breeding programs to produce
Al-resistant crops through genetically based biotechnological methods
and/or molecular breeding.

In depth research into Al resistance mechanisms has revealed that
the regulation and triggering of cellular processes play a crucial role
in a plant’s response to Al toxicity. The transcription of genes respon-
sible for Al resistance is triggered by Al, as well as the activation of
post- transcription and post-translational pathways, such as regulatory
pathways and/or proteins associated with Al resistance. In the present
review, we focus on the recent advancements in research regarding the
role of plants in Al resistance through the regulation of Al sensing and
signaling.

2. Effects of Al toxicity on plant growth

Al is the third most extensive and widely distributed metal element
in the Earth’s crust, accounting for 7% of its mass; however, its role
in biology remains largely unknown [30]. As a component of mineral
soils, its harmless aluminosilicate form, gibbsite, is present in nearly all
living organisms [31]. The acidification of soil below a pH of 5 leads
to the dissolution of Al to a certain extent, resulting in the dissolution
of monomeric Al**, which also creates mononuclear species, including
Al(OH),~, Al(OH)3;, AIOH?*, and Al(OH),* [32]; although Al3*is re-
garded as the most poisonous form [30]. In plants, the onset of Al tox-
icity manifests as a rapid suppression of root elongation, with root tips
being the most sensitive sites [28]. Moreover, the distal transition zone
of root tips, which serves as a key site for sensing and responding to
environmental stimuli or endogenous phytohormones, was found to be
the root’s most Al-sensitive area. [33-34].

3. Al-resistant mechanisms in plants

Studies on Al-resistance mechanisms in plants initially focused on
physiological aspects, leading to the identification of two main Al resis-
tance mechanisms (Fig. 1). The first mechanism, known as the Al ex-
clusion mechanism, involves the prevention of Al entry into the roots,
both symplasm and apoplasm, through the secretion of organic acids.
The second mechanism, referred to as the Al-resistant mechanism, in-
volves the fixation of Al to the cell wall or detoxification/sequestration
of cellular Al In this review, we focused on the previously identified
and/or proposed physiological and molecular Al resistance mechanisms
outlining the different mechanisms through which A3+ enters the roots.
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Fig. 1. Model generalizing the plants’ Al resistant mechanisms of exclusion and internal detoxification with some modifications according to Kochian
et al. [2]. Upon the absorption of Al3* by roots from the soil solution, a portion of the Al is subsequently transferred and accumulated in the shoots. The chelation of
AlI%* by organic acids largely occurs in the upper root, where Al exclusion and internal Al tolerance processes are established. Root exudation of organic acid anions
through multidrug and toxic compound extrusion (MATEs) or Al-activated malate transporters (ALMTs) localized in the plasma membrane are key components of
root Al exclusion mechanisms. The influx of AI** into the cytosol occurs through nodulin 26-like intrinsic protein (NIP) Al transporters and/or natural resistance-
associated macrophage proteins (Nramps). Finally, Al (either an Al-chelate complex or free Al3*+ ion) is transported into the vacuole, possibly through the action of
a vacuolar Al transporter (VALT) aquaporin transporter or an Al-sensitive 1-type ATP-binding cassette (ALS1-type ABC) transporter. Red arrows indicate Al influx
into the cells, whereas green arrows indicate organic acid anion effluxes. The capacity of the cell wall to fix Al** is modulated by plant-mediated changes in cell-wall
components, including hemicellulose rather than pectin, which constitutes an additional mechanism of Al tolerance. The translocation of Al organic acid compounds
to the shoot occurs through an unidentified mechanism, in which, either Al or Al-chelate complexes are loaded to the xylem. This translocation, largely stored in leaf
vacuoles, occurs in the Al accumulating plant species like Hydrangea macrophylla, through transport procedures involving permeases such as HnVALT, Hydrangea
macrophylla plasma membrane Al transporter 1 (HmPALT1), and aquaporins. Abbreviations: Nratl, Nramp Al transporter 1; OA, organic acid; TCA, tricarboxylic

acid.

3.1. Al exclusion mechanism

To date, the most well-documented exclusion mechanism of Al resis-
tance in plants is the secretion of organic acids from roots into the rhizo-
sphere. This mechanism is Al-dependent and operates by chelating Al3*
ions and forming nontoxic compounds that do not penetrate the roots.
Studies dating back to the 1990s have shown a correlation between in-
creased Al resistance in wheat (Triticum aestivum) and snap beans (Phase-
olus vulgaris) with their secretion of malate and citrate [35-37]. Since
then, numerous studies have shown a strong connection between plant
resistance to Al toxicity and the exudation of organic acids, including
malate, oxalate, and citrate [38]. For example, Lespedeza bicolor’s pri-
mary defense against Al toxicity involves the secretion of malate and
citrate during Al stress to protect the root apex from Al [39].

Furthermore, the Aluminum Tolerance Organic Acid transporter
(TaALMT1) gene, first discovered in wheat, encodes a malate efflux
transporter that contributes significantly to Al resistance [40]. The
TaALMT1 gene has been found to belong to a new transporter family
and regulates the selective efflux of malate. For instance, TaALMT1
in tobacco (Nicotiana tabacum) and Xenopus oocytes indicated that
TaALMT]1 regulates the selective efflux of malate rather than other
anions [41-42]. Orthologs of T;ALMT1 have been identified in various
other plant species, including BnALMT1 and BnALMTZ2 in rape [43],
AtALMT] in Arabidopsis [44], HVALMTI in barley [45], ZmALMT2 in
maize [46]. Another Al-resistance gene, MATE, which encodes citrate
transporters, was identified in barley [47] and sorghum [48], and its
homologue were then identified as OsFRDL4 (a MATE family citrate
transporter) in rice [49], VUMATE]I in rice bean [50], AtMATEI in
Arabidopsis [51], and ZmMATE1 in maize [52]. The expression of
VuMATE1, SbBMATE or ZmMATE]1 in Xenopus oocytes has been shown
to alter the efflux of citrate through a Na* or citrate/H* antiport
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mechanism [48,50,52]. Of note, the structures and functions of ALMT
and MATE are quite different, with the transport characteristics of
MATE, such as SbMATE, remaining elusive compared to those of
ALMT.

3.2. Al resistant mechanism

Al toxicity is a major abiotic stress that affects plant growth and
productivity, particularly in acidic soils. Notably, Al-resistant plant
species, such as rice (Oryza sativa), do not secrete organic acids [53].
The Al-resistance mechanisms in plants vary and involve detoxifica-
tion mechanisms associated with cell wall fixation, which accounts for
85% and/or 99.9% of root Al [54], the incorporation of Al into the
plant and its subsequent sequestration or translocation, and modifica-
tion of cell wall properties. The root cell wall, which is composed of
cellulose, pectin, and hemicellulose, is the first site of Al interaction
with the plants [55]. Al®* can not only adsorb to uncharged hemicel-
lulose polymers but also electrostatically interact with the negatively
charged carboxyl groups of pectin [56]. This interaction could poison
cell wall enzymes, including expansins, alter cell wall properties such
as plasticity and/or elasticity [56], and change cell wall composition
and/or structure, which is modified by xyloglucan endotransglucosy-
lase/hydrolases (XTHs), pectin methylesterases (PMEs), expansins, and
endo-f—1,4-glucanases [57]. The primary Al-binding site of the cell
wall has been identified as pectin due to the presence of negatively
charged carboxylic groups obtained through the action of PME in pectin.
The higher the PME activity, the higher the negative charge in pectin,
which in turn increases Al resistance in rice [58-59], maize [60], and
potato (Solanum tuberosum) [61]. However, recent studies have demon-
strated that hemicellulose, particularly xyloglucan, acts as the primary
Al-binding site in the cell wall [57,62]. Any strategy that could affect the
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content and structure of xyloglucan can affect the Al-binding capacity
of the cell wall and ultimately influence the Al resistance of plants.

Several genes and proteins have been found to play a role in Al
resistance in plants. For example, the loss function of either AtXTH31
or AtXTH17 affects the Al resistance of Arabidopsis by influencing the
activity of the xyloglucan endotransglucosylase (XET) enzyme, which
causes hemicellulose polymers to split and rejoin during cell expansion
[63], while the loss function of TRICHOME BIREFRINGENCE-LIKE27
(AtTBL27) decreases the O-acetylation degree of xyloglucan to alter
the cell wall’s Al binding capacity [64]. Modification of a-D-glucuronic
acid (GlcA) side chains in glucuronoxylan, which is controlled by the
GALACTURONOSYLTRANSFERASE-LIKE1 (AtGATL1)/ AtPARVUS that
belongs to the GAUT1-related gene family, is involved in Arabidopsis’
Al resistance through regulating its cell wall’s Al binding capacity [65].
Sensitive to Al rhizotoxicity 1/2 (OsSTAR1/2, encodes an ABC trans-
porter protein that forms a complex to regulate the efflux of UDP-glucose
into the cell wall and is associated with the Al-binding capacity of the
cell wall in rice [66].

In addition, Al transporters have been found to play a role in Al resis-
tance in plants, including the plasma membrane and tonoplasts. Despite
the widespread idea that symplastic Al is extremely toxic to plants, the
crop species rice can tolerate high Al in the cell wall, a place where a
specific protein, the natural resistance-associated macrophage protein
OsNRAT1, transports Al to the cytoplasm [67-68], where it is subse-
quently sequestered to the vacuole through the action of the vacuolar
ABC transporter OsALS1 in rice [69] and HmVALT in hydrangea [70].
Buckwheat (Fagopyrum esculentum Moench.), which is a common crop
in China’s red soils and accumulates Al, detoxifies Al through oxalate
complexation and vacuole sequestration [71]. Through this novel mech-
anism, NRAT1 may confer Al resistance by reducing toxic Al in the cell
wall, and both NRAT1 and its orthologs could be useful tools to improve
Al resistance in plants. Furthermore, the plasma membrane-localized
Mg uptake transporters Oryza sativa MAGNESIUM TRANSPORTER1 (Os-
MGT1) and OsCDT3 (a small cysteine-rich peptide) are required for Al
resistance in rice [72-73]. These findings highlight the complexity of Al
resistance mechanisms in plants and suggest that a combination of dif-
ferent strategies may be necessary to effectively improve Al resistance
in crops. Further research is needed to better understand the molecular
and biochemical mechanisms underlying Al resistance in plants.

4. Al-induced signaling in plant cells to regulate al resistant
proteins/genes

The regulation of gene expression and protein function is a crucial
aspect of Al resistance in plants, which has been the subject of extensive
research in earlier studies. Numerous studies have shown that Al expo-
sure can induce the transcription levels of several genes in various plant
species including OsFRDL2/4 [49,74], OsSTAR1/2 [66], OsCDT3 [73],
OsALS1 [69], OsNRAT1 [68], OsMGT1 [72], OsEXPA10 (an expansin
gene) [75], ABSCISIC ACID, STRESS AND RIPENING (OsASR5) [29], and
OsART2 in rice [76], ZmMMATE] in maize [52], AtMATE/AtALMT]1 in
Arabidopsis [51], and VUMATE in rice bean [50], among others. Al also
plays a role in post-transcriptional enhancement and/or activation of Al-
resistant proteins activity; for example, Al has been shown to enhance
the efflux of malate that was regulated by TaALMT1 [77]. Although the
mechanism by which Al triggers this enhancement remains unknown,
researchers have proposed two possible explanations. One is that Al in-
teracts directly with the TaALMT1 protein, while the other is that Al
may bind to an unknown Al sensor in the plasma membrane, which may
directly regulate SENSITIVE TO PROTON RHIZOTOXICITY 1 (AtSTOPI)
and OsART1 (Fig. 2) [56].

Furthermore, the entry of Al into the plant cytosol requires specific
transporters located in the plasma membrane, including HmPALT1
in hydrangea, which belongs to the NIP protein subfamily [70], Os-
NRAT1 in rice [68], and voltage-dependent cation channels generally
responsible for Ca®* influx, which can activate regulatory pathways
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Fig. 2. Illustration of the involvement of a general signaling pathway in
perception of Al stress in plant roots with some modifications according
to Kochian et al. [2]. Perception of Al stress (as indicated by purple arrows)
can occur through various pathways, including the direct interaction of Al3+
ions with one or more putative plasma membrane Al receptors (upper right
corner of the model), or indirectly through the increased cytoplasmic Al levels
caused by AI** influx via plasma membrane Al transporters, such as NIPs and
NRAMPs, and indirectly through plasma membrane signal transducers such as
Ca?* sensors (upper right) and hormones (upper left). Inhibition of membrane
transport by Al may also play a role. These modifications potentially trigger sig-
nal transduction cascades leading to the activation of mechanisms resulting in
Al resistance through two main processes. One is an Al-induced transcriptional
activation of membrane transporters and biosynthetic enzymes, which underlie
Al exclusion and internal Al resistance mechanisms (red arrows). This process
is influenced by transcription factors such as AtSTOP1, AtWRKY46 (a WRKY
domain-containing transcription factor), AtCAMTA2, AtCBL1, and AtCML24 in
Arabidopsis, and OsART1, OsWRKY22, OsASR1/5, and OsMYB30 (an R2R3-
MYB family transcription factor) in rice, which are involved in the relation-
ship between Al perception and the control of their downstream genes. The
other mechanism involves posttranslational Al activation and/or regulation at
the protein functional level (blue arrows). This involves the activation of or-
ganic acid efflux transporters by Al, through direct binding to the transport pro-
tein, or indirectly, possibly through procedures such as protein phosphorylation
and dephosphorylation and/or other protein-protein interactions that modify
the activity of the transporter. Abbreviations: IAA, indole-3-acetic acid; VDCC,
voltage-dependent calcium channel.

or signaling. Al disrupts or alters a series of cytosolic homeostatic
processes, including K*, pH, and Ca®*, which in turn can trigger
downstream events in the Al-signaling process [26]. Several studies
have uncovered the key involvement of cytoplasmic Ca®* in Al stress
[78-80]. In root cells, Al exposure rapidly induces fluctuations in free
cytosolic calcium ([Ca2+]cyt) and activates [Ca2+]Cyt transients with
biphasic and monophasic characteristics, mainly in the transition zone
of the root apexs [79,81]. This rapid increase in endogenous Ca?* levels
is thought to accelerate the binding and activation of calmodulin (CaM),
which in turn binds and activates intracellular glutamine synthetase
(GAD) to form gamma-aminobutyric acid (GABA), thereby mediating
ALMT1-regulated malate exudation in wheat [82]. Additionally, the
transcriptional regulation of ALMT1, CALMODULIN BINDING TRAN-
SCRIPTION ACTIVATORZ2 (AtCAMTAZ2), CALCINEURIN B-LKE PROTEIN
1 (AtCBL1), and CALMODULIN-LIKE24 (AtCML24) were found to be
involved in Arabidopsis’ Al resistance [80,83]. Nevertheless, the plant
mechanisms of Al signals reception and transmission through the
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cytosolic Ca?*, particularly at the molecular level the regulatory path-
ways of the cytosolic Ca?* signaling in Al resistance, remain unclear.

Phytohormones and reactive oxygen species (ROS) are two addi-
tional potential mechanisms for detecting and transmitting Al signals
[84-86]. The production of ROS has been linked to plant signaling re-
sponses and cellular damage [87]. For instance, prolonged exposure of
sorghum roots to Al (4-6 days) is necessary to induce SbMATE tran-
scription, citrate secretion, and even Al resistance [48]. This delayed
response of gene expression to Al might be attributed to the accumu-
lation of cellular signals produced by Al including ROS to a certain
extent. Al-sensitive and Al-resistant sorghum near-isogenic lines were
treated with Al for 4 days, and the Al-induced accumulation of callose,
Al cell damage, and ROS production were observed in their root tips
through microscopic analysis [88]. The expression of SbBMATE and its
protein was analyzed by Sivaguru et al. [88] through immunolocaliza-
tion and laser capture microdissection, demonstrating that the root dis-
tal transition zone, where the expression of SOMATE was highest, was
also the place where most cell damage and ROS production occurred.
This suggests that plants expressed citrate transporters where Al toxicity
is maximum, indicating that the production of ROS may be related to Al
signaling pathway. Therefore, in this region of the root, high ROS lev-
els may act as a warning signal to induce events that increase SOMATE
abundance and protect the cells from Al toxicity.

5. Transcriptional regulation of Al resistant genes induced by Al

The identification of plant Al-resistance genes into distinct categories
based on their expression characteristics is crucial for understanding
the regulation of gene expression under Al stress. Currently, Al resis-
tant genes can be divided into three categories according to their ex-
pression characteristics [2]. First, the transcription level of resistant
genes were higher in the resistant genotypes, and their expression was
confined to the root apex, which is the main site of Al toxicity. Sec-
ond, the transcription level of resistant genes were elevated by Al, such
as in the case of BnALMT1, SCALMT, SbMATE, AtALMT, ZmMATE],
ScFRDL2,VuMATE1, OsFRDL4, ABA-STRESS AND RIPENING 1/5 (Os-
ASR1/5) [29,43,48-52,89-90]. Third, the transcription level of the re-
sistant genes were constitutively expressed, and Al had no effect on
their expression, as observed in TaMATE1B, HYAACT1 and TaALMT1
[40,47,91,92]. These gene expression patterns were closely related to
the physiological traits of root citrate and malate secretion. In the case of
MATE and ALMT constitutively expressed plants, there is no discernible
lag between organic acid release and root Al exposure. However, for
Al-inducible MATE and ALMT, there is a time hysteresis between the
maximum release of organic acids and root Al exposure, with a lag of
4-6 days for sorghum and 2-6 h for Arabidopsis and maize [48,52,93].

Numerous studies have been conducted to understand the biochemi-
cal and molecular components of Al-induced gene expression pathways,
resulting in the classification of several cis-elements and trans-factors
[94]. In terms of transcription factors that participate in inducing the
expression of Al-resistant genes, two relevant members of the Cys2his2-
type zinc finger transcription factor clan, AtSTOP1 and OsART1, were
identified (Fig. 2) [95-96]. Iuchi et al. [95] identified AtSTOP1 through
the positional cloning of a low-pH hypersensitive Arabidopsis mutant,
and its loss-of-function resulted in a phenotype sensitive to Al rather
than to other toxic metals by regulating the transcription levels of
AtALS3, AtMATEI, and AtALMT1 [51,97-98]. While the expression of
AtSTOP1 does not respond to Al, the quantity, stability, and activity of
STOP1 can be mediated by complex mechanisms under Al stress, such as
posttranslational modification [99]. A series of proteins involved in the
modification of AtSTOP1 were identified through the use of rae (Regula-
tion of AtALMT]1 expression) mutants, which alter the transcription level
of AtATALMT] in Arabidopsis. For instance, an F-box protein compo-
nent of the SCF-type E3 ligase complex, AtRAE1, and RAE1 HOMOLOG
1 (AtRAH1) can degrade AtSTOP1 through ubiquitination, thus altering
the transcription level of AtALMT1 [99], while the SUMO E3 ligase SIZ1
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and SUMO protease RAE5/EARLY IN SHORT DAYS 4 (AtESD4) can alter
the transcription level of AtALMT]I through SUMOylation and deSMOy-
lation of STOP1, respectively [100-102]. AtRAE2 (AtTEX1) and AtRAE3
(AtHPR1), two components of the THO/TREX complex, are responsible
for regulating Al resistance, although unlike AtRAE3, AtRAE2 does not
mediate the mRNA export of AtSTOP1 [103-104]. Recently, Zhou et al.
[105] demonstrated that AtMPK4 could phosphorylate AtSTOP1, thus
decreasing its interaction with AtRAEland enhancing the stability of
AtSTOP1 by regulating its degradation.

A Genome-Wide Association (GWAS) method was employed to
examine the role of POLYGARACTRONASE INHIBITOR PROTEIN 1
(AtPGIP1) in Arabidopsis Al endurance [106]. The study found that
the promoter harbors the cis-elements that are recognized by AtSTOP1
and identified two pathways that regulate the transcription of AtPGIP1
under Al toxicity, a phosphatidylinositol (PI) signaling pathway that is
dependent on AtSTOP1, and an NO signaling pathway that is indepen-
dent of AtSTOP1 and participates in regulating PGIP] transcription un-
der Al toxicity. The former contains an R-R-type MYB transcription fac-
tor, NAM, ATAF1/2, and cup-shaped cotyledon 27 (AtNAC27), whereas
the latter contains TRX superfamily proteins [106]. Further analysis in-
dicated that PI signaling might also be involved in the regulation of
ALUMINUM SENSITIVE3 (AtALS3) by activating AtSTOP1, although it
is the Ca signaling pathway rather than the STOP1 pathway that is en-
gaged in this Al-enhanced transcriptional level of AtALS3 [98].

Several partners have been identified to work with AtSTOP1 in regu-
lating the transcription of Al-resistant genes. For example, AtWRKY46,
a member of the WRKY domain, has been shown to participate in Al
resistance by negatively mediating the transcription levels of AtALMT1
[107]. Additionally, AtWRKY47 has been shown to contribute to Al re-
sistance in Arabidopsis by directly regulating the expression of AtXTH17
and EXTENSIN-LIKE PROTEIN (AtELP), two genes responsible for cell
wall modification, which ultimately contributed to Arabidopsis’s Al re-
sistance [108]. Our recent research has provided new insights into the
role of two types of transcription factors in regulating cell wall compo-
sition and modification when Arabidopisis thaliana responds to Al stress
[109-110]. One such factor is AtNACO017, which determines Arabidop-
sis Al resistance by directly regulating the expression of AtXTH31 [109].
Another is an R2R3-type transcription factor, AtMYB103, which partic-
ipates in Arabidopsis Al resistance by directly binding to the promoter
of TRICHOME BIREFRINGENCE-LIKE27 (AtTBL27), a gene that controls
the level of xyloglucan’s O-acetylation [110].

In a study on Al-tolerance in rice, a map-based method was em-
ployed to clone an Al-sensitive rice mutant, leading to the identification
of AtSTOP1 homologous gene OsART1 in Arabidopsis thaliana’s [96]. Al-
though OsART] is constitutively expressed in rice, similar to AtSTOP1,
its involvement in low pH resistance has not been observed [2,96]. Com-
parative gene expression profiling between mutants that lost the func-
tion of OsART1 and wild-type rice, 31 genes were demonstrated to act
downstream of OsART1, including OsSTAR1/2 [66], OsNRAT1 [68], Os-
FRDL4 [49], OsMGT1 [72], and OsCDT3 [73]. In addition, the contribu-
tion of OsART2, an ortholog gene of OsART1, to Al tolerance was lower
compared to that of OsART1, despite its transcription was induced by
Al [76]. However, unlike AtSTOP1, whose post-translational and post-
transcriptional regulation has been extensively studied in Arabidopsis,
relatively little is known about the regulation of OsART1 (Fig. 3). There-
fore, further investigation into the upstream regulatory mechanisms of
ART1 is necessary for an improved understanding of the regulatory net-
work involved in Al tolerance in rice.

In addition to AtWRKY46 and AtWRKY47, which were previously
discussed, OsWRKY22, a member of the WRKY family, promotes Al tol-
erance in rice by working in conjunction with the core transcription fac-
tor, OsART1, to positively regulate OsFRDL4 expression and citrate se-
cretion [111]. Moreover, OsASR1 and OsASRS5 interact with each other
to regulate gene expression in response to Al stress [29]. Furthermore,
OsMYB30 has been found to be regulated through a novel mechanism
that controls cell-wall modification and Al resistance [112].
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Fig. 3. General model illustrating the post-transcriptional and translational regulation of AtSTOP1 and OsART1. Despite the extensive studies on the post-
transcriptional and translational regulation of AtSTOP1, a classical Al resistant transcription factor in Arabidopsis, little is known about the upstream regulatory
mechanism of OsART1, a counterpart of classical Al resistant transcription factor in rice. Therefore, there is a need for further research to shed light on the post-

transcriptional and translational regulation of OsART1.

A detailed gel mobility shift-based mapping of the OsSTARI pro-
moter was then conducted using the OsART1 protein and OsSTARI pro-
moter, and the results revealed the presence of a cis-acting element,
(GGN(T/g/a/C)V(C/A/g)S(C/G)), as a canonical OsART1 binding motif.
Subsequent analysis of 31 genes downstream of OsART1 revealed that
29 of these genes harbored this motif, although the mechanism by which
the signal of Al stress is transmitted to activate OsART1remains unclear.
Moreover, previous studies on cis-elements in plant Al-resistance gene
promoters have focused on promoter motifs and/or structures that af-
fect local apical expression or high expression. For instance, high ex-
pression of TaALMT1 in the root tips of wheat has been found to sig-
nificantly contribute to Al resistance and was attributed to enhancer-
triplicated and duplicated tandem repeats in TaALMT]1 allele promoters
[113], which was confirmed by the investigation of transgenic lines ex-
pressing the TaALMT1 promoter: GUS reporter. In addition, sequence
repeats have been shown to elevate the transcript levels of SDOMATE in
sorghum, as demonstrated by Magalhaes et al. [48] through the anal-
ysis of 12 sorghum varieties with different Al resistance levels. They
found that the transcription level of SP(MATE was closely related to Al
resistance and further analysis revealed the existence of a polymorphic
tourist-like miniature inverted repeat transposable element (MITE) in
their promoters, the size of which was related to the expression of Sb-
MATE’s. Through the analysis of MITE insertions in various sizes, they
found that as the number of these replicates increased, the size of the
MITE increased, and the MITEs had a repetitive sequence structure.

In the case of HVAACT1, a MATE transporter barley responsible for
citrate secretion and Al resistance, changes in physiological function and
expression have been observed as a result of the insertion of transpos-
able elements into its promoter. Initially, the role of HVAACT1 was to
secrete citrate from xylem parenchymal cells to the xylem, where cit-
rate complexes with Fe and is then transported to the shoot [114]. The
discovery of a second allele of HYAACT1, which was identified based on
the insertion of a 1kb transposable element in its promoter, revealed
interesting insights into the impact of such changes. This insertion not
only elevated the transcription level of HYAACT1I in the root apex but
also changed its localization from the xylem parenchyma to the root tip
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cortex and epidermis. Therefore, the insertion of this transposable ele-
ment into the HVAACT1 promoter resulted in alteration of its tissue and
cellular localization, ultimately altering Al resistance in barley.

6. How to adapt to acidic soils via improvement of varieties to
realize the sustainable utilization of the acid soils

The utilization of acid soils in a sustainable manner can be im-
proved through the development of plant varieties that are adapted to
such conditions. One effective approach involves creating plants that
are acclimated to acidic soils to promote their growth and develop-
ment. This strategy not only holds promise for sustainability but also for
cost-effectiveness as it potentially reduces the need for lime and fertil-
izer application requirements. Biotechnological and/or marker-assisted
breeding methods can be employed to produce such plants. The recent
identification and cloning of genes governing Al tolerance in plants has
facilitated the ability to increase Al tolerance in plants through molec-
ular and genetic methods. Currently, the main commercial, genetically
modified crops are easily altered by adding or changing genes with spe-
cific genetic characteristics [115].

A variety of advantageous polygenic features should be focused on
when considering to genetically alter target crops for growth in acidic
soils, as several pressures often coexist in these soils. Various species
have the capability to tolerate unfavorable aspects of acidic soils. As pre-
viously mentioned, the plant genome has at least three features (NH,*
preference, P uptake effectiveness, and Al tolerance). Plants that grow
in acidic soils can be bred or engineered to tolerate multiple pressures. A
transgenic barley strain expressing a wheat Al-resistance gene serves as
an effective example, exhibiting improved P nutrition and grain output
when grown in acidic soil [116].

7. Conclusion and perspective
In recent years, significant progress has been made in the sustainable

use of acidic soils and the understanding of Al resistance mechanisms in
plants. Al, one of the most prevalent metals in the crust of the planet,
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is found in large quantities in acidic soils. The increasing global pop-
ulation has amplified the need to reduce Al toxicity in acidic soils for
improved plant output. Although various methods for introducing ex-
ogenous drugs have been successful, breeding acidic soil-tolerant plants
holds the most potential.

Significant advancements in the understanding of genetic pathways,
using molecular methods, have been made in recent decades. Despite
the wide variation in Al tolerance among plants, they may share com-
mon tolerance mechanisms. Numerous studies have demonstrated the
significance of external mechanisms, particularly the secretion of or-
ganic acids, in Al detoxification. SNP, RFLP, and SSR markers, among
others, have been developed to track relevant genes and offer useful re-
sources for molecular marker-assisted selection. Marker-assisted selec-
tion has evolved from being linked to gene-specific molecular markers to
direct gene tracing. HYAACTI and TaALMT1 have been used to produce
gene-specific indicators that are effective for marker-assisted selection
[117-118].

Recent developments in marker development are expected to re-
sult in a stronger effect of marker-assisted selection in breeding. Cur-
rently, markers are distant from Al-tolerant genes, despite the efficacy
of marker-assisted selection for Al tolerance [16]; nevertheless, closer
markers, gene-specific markers, and recently developed GWAS analysis
can increase the efficacy of selection for Al tolerance. The identification
of new genes will continue to be a primary focus for increasing Al toler-
ance in crop plants, as multiple tolerance mechanisms can be combined
to provide superior tolerance. In the future, new Al-resistant genes may
be identified through GWAS analysis and Al-resistant varieties that can
grow well in acidic soils might be obtained through intercrossing and
molecular marker-assisted selection. Therefore, to achieve yield and a
sustainable utilization of acid soils, it is not imperative to improve the
acidic soil itself.
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