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Preface

Almost 40 % of world arable soil is acidic that limits plant growth and productivity
in a complex manner. Al is one of the major constituents of acid soil. It is toxic in
the trivalent (AI**) cationic form when the soil pH drops below 5.0 and AI** is
solubilized in the soil. It has been estimated that approximately 50 % of the arable
land is negatively impacted by the Al toxicity due to acidic soil. The soluble AI**
inhibits root growth, which subsequently affects a plant’s ability to take up water
and nutrients. The mechanism of Al response and tolerance is well studied in model
plants like Arabidopsis, and the knowledge thus obtained has been also tested in
crop plants which are the actual targets of Al stress. Some of the mechanisms are
conserved across plant clades showing the early evolution of strategies to tolerate
Al stress by land plants. In some crop species, there is genetic variation for Al**
resistance (exclusion of Al) or tolerance (ability to tolerate internal Al). This has
been exploited by breeders to develop cultivars that maintain productivity on acid
soils. The potential for developing improved cultivars for acid soils has recently
been augmented by the isolation of genes responsible for the natural AI** resistance
of some species as well as the over-expression of genes that enhance Al tolerance of
plants. Various physiological and molecular approaches have been adopted to
understand the Al stress adaptation in plants. However, a lot more needs to be
understood in major crops that are under threat of acid soils. Application of
functional and translational genomics along with crop physiology can reveal
newer facts for crop improvement under acid soils. This book is a sincere and
serious attempt in understanding Al stress perception and adaptation in plants that
will enhance and augment our understanding of Al stress research.

Silchar, India Sanjib Kumar Panda
Bonn, Germany Frantisek Baluska
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Aluminum Signaling and Potential Links
with Safener-Induced Detoxification in Plants

Hideaki Matsumoto, Dean E. Riechers, Anatoli V. Lygin,
Frantisek Baluska, and Mayandi Sivaguru

Abstract Aluminum (Al) toxicity limits crop productivity in over 40 % of
arable lands on this planet. Understanding the Al signaling and physiological rele-
vance of Al toxicity and tolerance/resistance is fundamental to identify and improve
crop productivity which is a better strategy than liming the soils as the latter is
labor intensive, ineffective, and expensive. In this chapter, all aspects of Al toxicity
and tolerance are discussed in a historic perspective of around a century of research,
development, and understanding on this topic; a special section regarding a
new function of existing ‘safeners’ and their potential for protection against
Al toxicity is also discussed.

1 Introduction

Aluminum (Al) is the most abundant metal in the earth’s crust comprising approxi-
mately 7 %. The chemical form of Al is dependent on pH. It exists as the octahedral
hexahydrate, often abbreviated as Al3+, which is the most toxic form at pH < 4.5 in
acidic soils. Therefore, the adverse effect of acidic soil on plant growth is strongly
related to the toxicity of AI’*. It is generally accepted that Al accumulates in
root apices including the cap, meristematic, and elongation zone. More recently,
Sivaguru and Horst (1998) demonstrated that the distal transition zone (DTZ)
locating in 1-2 mm from root tip is the most Al-sensitive zone where various
events caused by Al signal are induced. Al-targeted organs or molecules followed
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by Al-induced functional alteration in plant cells are complicated and changeable
upon the growth stage or genetic background of the plants. Therefore, the cascade
of Al perception, signaling, and its associated signaling networks are important but
unresolved research topics. Since the first report by Bennet and Breen (1991), who
proposed that the Al signal transduction is perceived in the root cap of Zea mays,
more than 20 years has passed but a unified understanding of Al signaling is still
elusive (Panda et al. 2009; Liu et al. 2014). In this article, an overview of Al
signaling related predominantly to the mechanism of Al toxicity is described, and
possible links with ROS-mediated signaling and detoxification pathways triggered
by chemicals called “safeners” are discussed and compared with Al-induced mecha-
nisms in cereal crops. During the past several decades, our collective understanding
of Al-resistance mechanisms, especially from the molecular point of view, has
accumulated dramatically. In Chap. 2 of this book, an article regarding “Transcrip-
tional regulation of Al tolerance in plants” is described. Furthermore, an intensive
review on “Signaling and sensing in plant Al resistance” was recently published
(Liu et al. 2014). Therefore, the impact of Al signaling on Al-resistance mechanisms
will not be further addressed.

2 Response of Plants to Al Signal

Our knowledge has not accumulated sufficiently to answer the question of precisely
how (and how quickly?) plants respond to Al signal in the roots. For example, it is
not yet known whether or not specific Al signal receptor(s) exist in plants. It is also
not known whether the Al signal is actually AI’* itself, or if other signaling
molecules transformed from Al toxicity signal bind to the targeted molecules or
organs in the cells exposed to Al, which results in the alteration of the function of
targeted molecules. Equilibrium constants for binding to various metal ions had
been reported. Log K values for ions are these: AI’*, 4.30; La™*, 3.34; Cu®*, 2.60;
Ca”* and Mg>*, 1.48; Na* and K*, 0 M. These values correlate well with log
K values for ion binding to many organic and inorganic ligands (Kinraide and
Yemiyahu 2007).

Understanding how the Al signal is transformed to other signaling components
in the cell, and how the Al signal is transported to the targeted organs is essential for
providing a more comprehensive understanding of Al-signaling mechanisms in
plant cells. Al signal induces wide ranges of physiological events in plant cells.
Common events induced by the Al signal are the inhibition of root/cell elongation at
the elongation zone in the root apex, accompanied by typical morphological
changes that rupture the cells therein (Kopittke et al. 2008; Yamamoto
et al. 2001; Motoda et al. 2010; Matsumoto and Motoda 2012, 2013). Inhibition
of cell elongation by Al signal occurs within 30 min in the case of Al-sensitive
maize roots (Llugany et al. 1995). Similarly, callose formation triggered by the Al
signal is a rapid response of plant cells and has been proposed as an early
consequence of Al toxicity. However, the physiological function of callose
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formation by Al signal is not known entirely. Sivaguru et al. (2000) discovered
callose accumulation in the plasmadesmata of root cells in wheat subjected to Al
and proposed that root elongation is inhibited by blocking cell-to-cell trafficking of
molecules through the plasmadesmata. This might block the transmission of various
signals regardless of Al dependent or not between the cells. The regulation of
callose level through Al signal is not yet completely understood. One possibility
for the regulation is the activity of callose synthetase, which requires free Ca>*.
Another possibility is the -1-3 glucanase activity. Recently, Zhang et al. (2015)
found that Al-sensitive sweet sorghum had higher callose synthetase activity, lower
B-1-3 glucanase activity, and more callose deposition in the root apices during Al
treatment compared with Al-tolerant sorghum. They also prepared SbGlul gene,
which encodes a -1-3 glucanase, and expressed it in Arabidopsis thaliana. Inde-
pendent transgenic lines displayed significantly greater Al tolerance than the wild
type. This phenotype was associated with greater total p-1-3 glucanase activity, less
Al accumulation, and reduced callose deposition in the root. These results indicate
that callose production through Al signaling is likely an important component of the
overall toxicity pathway leading to root growth inhibition.

3 Transport of Al Signal

Although plant responses to Al signal are slow or rapid, depending on growth
conditions including different plant age, tissue, and cell, events induced rapidly by
Al signal require the rapid uptake of Al into organs or cells. Understanding of
uptake and transport mechanism of Al signal including long distance from root to
shoot or short distance through plasma membrane in the cell is required. The graded
penetration of absorbed Al into maize roots was observed with the Al-specific,
fluorescent probe, morin. Al readily accumulates in the epidermal and outer cortical
cell layers but does not readily penetrate into the inner cortex. After prolonged
exposure, Al had entered all areas of the root apex (Jones et al. 2006). In research
with X-ray microanalysis and freeze-dried cryosections, substantial intracellular Al
accumulation was detected after a 4-h exposure of soybean root tips to 38 pM AI**
(Lazof et al. 1997). Using secondary ion mass spectrometry (SIMS), Al was found
in root tip cells after 30 min exposure of intact soybean roots. Accumulation of Al
was greatest within the first 30 um; i.e., 2-3 cell layers. SIMS analyses clearly show
substantial intracellular Al accumulation after Al exposure of only 30 min (Lazof
et al. 1997). These results suggest an early effect of Al signaling at the root apex,
such as those on cell division, cell expansion, or nutrient transport. In regards to
long-distance transport, Al taken up by the 10-mm root apex is rapidly transferred
to the xylem, which differentiates in the 10- to 15-mm root zone. Al induces the
release of oxalate from root apex but particularly from the sub-apical 6-20 mm root
zone, even when Al was applied only to the 5-mm root apex, suggesting a basipetal
signal transduction. Oxalic acid was not detected in the xylem sap. Citrate proved to
be the most likely ligand for Al in the xylem because Al and citrate transport rates
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were positively correlated in the buckwheat roots (Klug and Horst 2010). A strategy
for Al tolerance in some plants is carried out by the sequestration of Al into vacuole
in leaves. Xylem transport of Al signal complex with oxalate from the root apex to
the leaves and sequestration into vacuoles associated with an Al-citrate complex
was demonstrated in buckwheat (Ma et al. 2001).

As to the transport of Al signal through plasma membrane, several hypotheses
including Golgi-associated vesicular pathway, endocytosis, Al-specific pump in
plasma membrane, and a specific Al carrier proteins have been proposed. However,
distinct evidence for each mechanism has not been obtained. Recently, Nramp Al
transporters (Nratl) were found to be associated with Al tolerance in rice (Xia
et al. 2010). Nramp proteins are conserved in different species and are involved in
divalent ion transport. Nratl is a transporter localized in the plasma membrane of
rice root apical cells, exhibiting AI** transport activity, but not for divalent cations
or the Al-citrate complex. Nratl expression is induced by Al and is root-specific
occurring in all root cells, except for the epidermis. Knockout lines for Nratl
showed higher Al sensitivity, higher Al accumulation in the cell wall, and lower
Al concentration in root cells in the presence of AI**, suggesting that Nratl controls
intracellular AI>* uptake, with subsequent detoxification via transport and Al
accumulation into cell vacuoles, possibly mediated by OsALS1 (Xia et al. 2010;
Simoes et al. 2012). Al stress signal is sequestered into vacuole by the rice Nramp
aluminum transporter (OsNRATI). Tolerant and sensitive NRRT1 alleles were
investigated, and lower expression of NRATI in the sensitive allele and reduced
Al uptake was exhibited, suggesting that the NRATI transporter plays a major role
in rice Al tolerance mechanisms (Li et al. 2014). Similarly, transporters responsible
for Al hyperaccumulation were identified: the vacuolar and plasma membrane-
localized genes vacuolar Al transporter (VALT) and plasma membrane Al trans-
porter 1 (PALTI) (Negishi et al. 2012). These genes are members of the aquaporin
family. VALT and PALT]1 are highly expressed in specific tissues, and their over-
expression in Arabidopsis thaliana conferred Al tolerance and Al sensitivity,
respectively.

4 Direct Interaction of Al Signal with Cell Organs or
Molecules

4.1 Al Signaling and Nuclei

Several studies reported that absorbed Al accumulated in the nuclei (Matsumoto
et al. 1976; Silva et al. 2002; Naidoo et al. 1978). The preferred accumulation of Al
in the nuclei is caused by the fact that nuclei are the most negatively charged cell
organs due to their high phosphate content (Naora et al. 1961). Thus, Al with a large
positive charge in the cytoplasm can be adsorbed by nuclei and move into nuclei
through a nuclear hole (Matsumoto 2000). Approximately two-thirds of the total Al
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incorporated into nuclei in pea root treated with 1 mM Al at pH 5.5 were recovered
in the chromatin fraction. 94 % of Al associated with chromatin was recovered in
DNA. The Al binding to anionic charged phosphate in DNA strand was confirmed
by the in vitro experiment showing that Al binding to DNA was inhibited by 70 %
in the presence of equal amount of basic histone to DNA, which masks the negative
charge of DNA (Matsumoto et al. 1977). The structural changes of chromatin in the
pea root treated with Al in vivo was demonstrated by the shift of absorption
spectrum and DNase II digestion of chromatin prepared from Al-treated pea roots
(Matsumoto 1988). The results indicate that the Al signaling induced the conden-
sation and/or aggregation of chromatin resulting in its reduced template activity.
These events may be related to the inhibition of cell division by Al signaling
(Clarkson 1965; Mohanty et al. 2004). It is interesting that similar phenomena
were found in animal systems. Chromatin from the cortical area of the brain was
much more sensitive to Al than the chromatin from the liver. Moreover, nuclei from
the neuron-rich area of the brain were much more sensitive to Al, indicating that
chromatin with very short linker region between nucleosomes may be more sus-
ceptible to Al that results in an alteration in chromatin structure by Al signaling
(Walker et al. 1989).

It is known that the cell cycle is disturbed by Al signal. Sivaguru et al. (1999b)
reported that the actively dividing log-phase tobacco cells were characterized by
faint and larger phragmoplasts and unusually emerged daughter nuclei after 6 h of
Al treatment. Phragmoplasts and spindle microtubules (SMTs) were not observed
in cells having metaphase plate chromosomes, suggesting that Al signaling might
block cell division directly in metaphase. Damage of DNA was detected by an
Al-induced oxidative burst (Achary et al. 2012). Nezames et al. (2012), using
Arabidopsis mutants, reported that Al might act as a DNA-damaging agent
in vivo and affect the cell cycle checkpoint, which halts cell cycle progression
and forces the differentiation of the quiescent center. On the other hand, Doncheva
et al. (2005), using Zea mays differing in Al sensitivity, focused on the behavior of
cell cycle and observed Al signaling-induced time-dependent inhibition and stimu-
lation of cell division. They suggested the occurrence of a fast change in cell
patterning rather than a general cariotoxic effect after short-term exposure to
Al. As a specific response of nuclei in Allium roots treated with Al, Fiskesjo
(1983) found that nucleolar material was extruded from the nuclei into the cyto-
plasm, following elongated rod-like bodies that eventually divided into two, one
distinct body at each pole of the cell. Recently, Qin et al. (2013) reported the
possible association of extrusion of proteins participating in nucleolar organizing
regions (NORs) with the extrusion of nucleolar material originally detected
(Fiskesjo 1983).

4.2 Al Signaling and Plasma Membrane

Plasma membrane (PM) is the first potential target for Al signal (Ishikawa and
Wagatsuma 1998) due to high affinity of Al for binding to phosphate groups of
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phospholipids, which comprise a major component of the PM surrounding the cells.
Al-binding sites on the membrane surface are likely to be either carboxylate or
phosphate group because Al forms electrostatic bonds preferentially with oxygen
donor ligands. AI** has a greater affinity for phosphate oxyanion than it does for
carboxyl oxyanions. These neutral, zwitterionic phospholipids, phosphatidylcho-
line (PC) and phosphatidyl ethanolamine (PE), together constitute about 80 % of
the phospholipids in soybean root PMs. PC is preferentially sequestered in the outer
leaflet of the PM. Thus, Al bonding to PC on PM surface plays an important role
(Akeson et al. 1989). Upon binding to Al, PM structure and function are affected,
resulting in the alteration of ion flux and PM H*-ATPase activity, etc. (Ahn and
Matsumoto 2006). Al** exhibits a 560-fold higher affinity for the phosphatidylcho-
line surface than that of Ca®*, resulting in the reduction of membrane fluidity
(Akeson et al. 1989). The decrease of the DBI (double bond index) of total fatty
acids may signal a decrease in membrane fluidity (Chaffai et al. 2005). Changes in
lipid composition may lead to less ordered PM and compensate for the Al-induced
decrease in membrane fluidity. During recovery from Al-induced membrane stiff-
ening, alterations in PM composition, especially of sphingolipids, were reported to
be relevant in the Al resistance in yeast and maize (da Silva et al. 2006).

Al signal is reflected in the alteration of electronic signaling of the
PM. Electronic signaling caused by Al signal is composed of (1) PM transmem-
brane potential (Em) and (2) surface membrane potential (zeta potential) of PM
(Ahn and Matsumoto 2006; da Silva et al. 2006). Both electronic signaling are
caused by the Al-induced changes of the properties of PM differences of the
properties and related to the regulation of ionic flux via membrane and signal
transduction process. The Al signal-induced PM potential and zeta potential are
much more intensive in the cells of the distal than in the proximal portion of the root
(Illes et al. 2006; Ahn et al. 2001; Sivaguru et al. 2013).

4.2.1 Transmembrane Potential (Em) Regulated by Al Signaling

In early research, Olivetti et al. (1995) reported that Al-tolerant snapbean culture
“Dade” rapidly and significantly depolarized PM upon the exposure to increasing
Al concentration. In contrast, membrane potential of the Al-sensitive “Romano”
was only slightly depolarized. The difference in Al-induced membrane potential
indicated that Al reduces K* efflux channel conductance in Dade but does not affect
K* efflux channel conductance in “Romano.” Al-induced depolarization of PM is
also caused by malate released from wheat roots (Papernick and Kochian 1997).

4.2.2 Zeta Potential and Al Signaling

Cell-surface electrical potential (Zeta potential) is controlled in part by ion binding
(especially H" and metal ions) to PM and cell wall. Cell surface potentials influence
ion fluxes across membrane and may control flux rate, saturation, cis- and
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trans-inhibition, rectification, voltage gating, shifts in voltage optima (Kinraide
and Yemiyahu 2007). The binding of H* and metal cations including AI** to PM
regulates zeta potential; thereby disturbance of membranous properties is induced.
With wheat cultivars, Al-tolerant wheat (ET8) and sensitive wheat (ESS8), and
squash plant, the relationship between the alteration of zeta potential and PM H*-
ATPase is investigated under Al stress (Ahn and Matsumoto 2006; Ahn et al. 2001,
2004). Both zeta potential and H*-ATPase showed the interesting characteristics.
Zeta potential was more negative concomitant with higher H*-ATPase activity in
the 0-5 mm segments than the other distal portion (5-10, 10-15, and 15-20 mm) in
the control squash roots (-Al treatment). A significant increase (from —22.6 to
+5 mV) of zeta potential was observed only in the PM vesicles prepared from O to
5 mm segments after Al treatment. Interestingly, the H"-ATPase activity of PM
vesicles isolated from the 0 to 5 mm root segments decreased significantly under Al
stress. The decrease of H*-ATPase activity was accompanied with a decrease in
protein level. Al treatment elicited a significant depolarization of the zeta potential
of PM vesicles prepared from the root tips of ES8 (from —18.5 to 4.3 mV) but
hyperpolarized it in ET8 (from —15.1 to —17.9 mV). H*-ATPase activity in PM
vesicles prepared from the root tip of the ET8 increased but decreased in the ES8
under Al stress. The shift of zeta potential toward depolarization correlated with the
decline in H*-ATPase activity in PM vesicles prepared from squash root tips under
Al stress. The relationship between zeta potential and H*-ATPase can be explained
as follows: root cell membrane of the ES8 appears to attract a higher quantity of Al®
* than do the root cell membrane of ET8 according to the greater resting negative
zeta potential of the native PM of the ES8 when compared to that of ETS8. In the
presence of AI**, the rate of depolarization of PM zeta potential in the ES8 was
always higher than in the ET8 at Al concentrations in excess of 10 pM, which
inhibit root elongation in ES8 but not in ETS8. Therefore, the PM H*-ATPase-
dependent efflux of H" through plasma membrane might be reduced by the elec-
trical positive surface potential in ES8 under Al stress.

4.3 Al Signaling and Cell Wall

Externally added Al rapidly binds to the apoplast, ranging from 30 to 90 % of the
total absorbed Al (Horst 1995; Zhang and Yang 2005; Tice et al. 1992; Rengel and
Zhang 2003). The amount of Al binding to the cell wall depends on the density of
negative charge, which is expressed by cation exchange capacity (CEC). The
specific molecule for Al binding in apoplast is thought to be pectin, especially
free nonesterified pectin. Al treatment increased pectin content of the root apex and
more prominently in the Al-sensitive culture of maize. Pectin and Al contents in
1 mm root section decreased from the apex to the 3—4 mm zone, suggesting the
possible binding of Al to pectin. Pectin is methylated by pectin methylesterase,
resulting in the decreased binding capacity for Al. Therefore, the decrease in cell
wall pectin and its degree of methylation contribute to genotypic difference in Al
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resistance (Schmohl and Horst 2000; Eticha et al. 2005; Mimmo et al. 2009; Yang
et al. 2008). Not only pectin but also hemicelluloses metabolism is more susceptible
to Al stress signal (Yang et al. 2011a). Hemicelluloses 1 and 2 in the root apex were
significantly higher in Al-sensitive than in Al-tolerant rice in the absence of Al, and
Al exposure increased root hemicellulose content more significantly in Al-sensitive
rice. In both varieties neither organic acid efflux nor changes in rhizosphere pH
appear to be responsible for the Al exclusion. Yang et al. (2008) demonstrated that
hemicelluloses are the major pool for Al accumulation in rice, and that xyloglucan
endotransglucosylase (XET) activity is inhibited by Al. How are the properties of
plant cell walls affected by binding to Al? Al affects the biochemical and biophys-
ical nature of cell wall (Matsumoto and Yamamoto 2013). Al affects the extent of
cell wall extensibility resulting in the inhibition of cell elongation (Tabuchi and
Mastumoto 2001). The insight into the regulation of extensibility might be related
to the alteration of wall-matrix cross-links. Another target molecule of Al binding
to cell walls is Ca associated with pectin, which makes the so-called Ca-bridge in
pectin. Al may contribute the displacement of Ca from cell wall that results in tight
structure of cell wall matrix because the binding force of Al to pectin is much
stronger than that of Ca. However, this possibility is unlikely to occur (Ryan
et al. 1997; Schofield et al. 1998). Association of Al with other cell wall compo-
nents such as enzymes, extensin, and xyloglucan may also affect the functional
integrity of the cell wall. Al increased the level of covalently bound cell wall
proteins in pea root apex.

Extensions are key components responsible for modifying cell wall rigidity.
Al-binding experiments in vivo and in vitro suggested that extensin has the highest
capacity to bind Al among cell wall-associated proteins (Kenjebaeva et al. 2000).
Al induced the cell wall-associated kinase receptors (WAKT1), and overexpression
of this enzyme renders Al tolerance (Sivaguru et al. 2003a). WAK1 may play an
important role in the Al signal transduction since Al signal associated with apoplast
can be transferred into symplast via WAK. WAKI1 gene in the roots showed typical
“on” and “off” pattern. WAK proteins are localized preferentially in the peripheries
of cortical cell in the elongation zone of Arabidopsis. Furthermore, WAK1-over-
expressing Arabidopsis enhanced root growth under Al stress. The large amount of
absorbed Al localizes in cell wall, and it is known that Al damages the cytoskeleton
as described in the following section. Therefore, Al signal seems to involve the
extracellular matrix—cell wall-plasma membrane—cytoskeleton continuum as these
structures are physically connected. Any effect on the outer cells/cell wall extra-
cellular matrix is sufficient to alter the physiological status of the inner cells (Horst
et al. 1999; Baluska et al. 2003).

4.4 Al Signaling and Cytoskeleton

Dynamic cytoskeleton-based networks are associated with basic function of plant
cells including the cell elongation, cell division, and differentiation. Al toxicity
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signal is reflected to the disorganization of cytoskeleton proteins followed by their
dysfunction (Horst et al. 1999). Al-mediated alterations of microtubules (MTs) and
actin microfilament (MF) have been shown to be the most prominent in cells of the
distal part of the transition zone (DTZ) of an Al-sensitive maize cultivar (Sivaguru
et al. 1999a; Matsumoto and Sivaguru 2008). Inhibition of longitudinal cell expres-
sion and cell swelling in the elongation zone of wheat root might be related to the
disorder of the cytoskeletal network triggered by Al signaling (Sivaguru
et al. 1999a; Matsumoto and Yamamoto 2013). The behavior of actin network is
affected markedly in the plant cells under Al toxicity (Frantzios et al. 2005; Ahad
and Nick 2007; Amends et al. 2009). Al-induced significant increase in the tension
of actin might be caused by the formation of nonhydrolyzable (Al>*-ATP) com-
plexes, and the binding to actin/myosin can modify filament contraction (Grabski
and Schindler 1995). Amenos et al. (2009) reported that actin cytoskeleton and
vesicle trafficking were primary targets for Al toxicity in root tip of maize.
Visualization of boron-cross-linked rhamnogalacturonan II (RGII)-containing
brefeldin A (BFA) compartments, which was first evidenced by Baluska
et al. (2002), revealed that Al inhibited the formation of these compartments.

Al affects the reorientation of microtubules (MTs) that is clearly related to cell
elongation. Longitudinally elongating cells have transversely oriented MTs.
MT-disrupting agents promote the lateral expansion but inhibit longitudinal expres-
sion. Cortical MTs are known to be involved in the orientation of cellulose
microfibers. The disappearance of the cortical MTs in elongating cells of wheat
root was observed under Al stress, and this was correlated with the alteration of the
ratio of cell width to cell length between control cells and Al-treated cells (Sasaki
et al. 1996, 1997). The effect of Al signaling on microtubular cytoskeleton of the
suspension cells of tobacco is age dependent, and exponential phase cells are more
sensitive compared to stationary cells (Sivaguru et al. 1999b). The increase of
a-tubulin and elements of the tubulin-folding chaperone (CCT) was formed by Al
signal (Schwarzerova et al. 2002). Furthermore, extensive research examined the
effect of Al signaling on alterating microtubules during the cell cycle. Events
affected by Al signal are preprophase band of MTs, mitotic spindles, phragmoplast,
kinetochore MT bundles, daughter nuclei, and walls that are stage-dependent and
tissue-dependent (Frantzios et al. 2005; Sivaguru et al. 1999b; Seju and Lee 1998).

4.5 Case Study of Al-Induced Efflux of Organic Acid

Al-induced efflux of organic acids is an important Al tolerance mechanism, which
is called the Al exclusion mechanism. The kind of organic acid excluded is different
among plant species, and different transporters are concerned. It is known that
malate exclusion occur without a lag period after plant roots are exposed to Al
signal. Osawa and Matsumoto (2001) analyzed the mechanism of malate efflux
with excised root tips of wheat. Efflux of malate occurred after 2 min of Al exposure
and efflux continued linearly up to 15 min. When the root tips were exposed to Al
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for only 1 min followed by the removal of Al signal, efflux of malate began almost
similarly as the root tips exposed continuously but the efflux gradually decreased
after 7 min of removal of Al. These results suggest that root tips memorize Al signal
given for only 1 min, which is prerequisite for malate efflux. Al*>*-resistant cultivars
of wheat (Triticum aestivum L.) release malate through the AlP*-activated anion
transport protein Triticum aestivum aluminum-activated malate transporter
1 (TaALMT1). ALMT1 gene is constitutively expressed. With the sprit roots of
soybean, it was found that the direct contact of Al signal to the roots was essential
for the induction of citrate release. This suggests that Al signal is not transported
from Al-treated roots to non-treated roots (Yang et al. 2001). The activation of
malate efflux through ALMTT is thought to be the association of Al to transporter.
Furuichi et al. (2010) demonstrated that the extracellular C-terminal domain is
required for both basal and Al**-dependent TAALMT 1 activity. Furthermore, three
acidic amino acids (E274, D275, and E284) within this domain are specifically
required for the interaction with Al, which are also specifically required for the
activation of transport function by external AI**. Ligaba et al. (2013) further
investigated functional, structural, and phylogenetic analysis of domains under-
lying the Al sensitivity of TAALMT1. They indicate that the N-domain, which is
predicted to form the constitutive pathway, mediates ion transport even in the
absence of the C-domain. However, segments in both domains are involved in
AI** sensing. They identified two regions, one at the N-terminus and a hydrophobic
region at the C-terminus, that jointly contribute to the Al-responsive phenotype and
conclude that functional changes observed for TAALMT]1 are most likely the result
of alterations in the overall structural integrity of ALMT family proteins, rather
than modification of specific sites involved in AI** sensing.

5 Al Signal Transduction Pathway

5.1 Al Signaling and Ca**

The antagonistic relationship between Al and Ca®* is well known, and many
experiments were devoted to investigate the role of Ca®* in Al toxicity (Rengel
1992b; Pineros and Tester 1993). Ca’* associates with plasma membrane and cell
wall and play an important role for maintaining their functions. At early research on
Al—Ca interaction, inhibitory mechanisms of Al on Ca®* uptake were investigated.
The possibility of Al as a Ca channel blocker was proposed as the major mechanism
for the inhibition of Ca>* uptake by Al (Pineros and Tester 1993; Jones et al. 1998),
although other possibilities are remained. Alterations to the homeostasis of cyto-
solic free Ca ([Ca2+]cyl) as amajor event of Al stress signaling has been investigated
intensively (Jones et al. 1998; Rengel 1992a; Zhang and Rengel 1999). The source
for the increase in [Ca2+]Cyt under Al stress is extracellular through the
depolarization-activated Ca** channel and fluxes through Ca®*-permeable
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nonselective cation channel in plasma membrane as well as intracellular sources of
Ca’*. Increased [Ca2+]Cyt from the intracellular stored source might be caused by
enhancement of the Ca”* release channels in the tonoplast and the endoplasmic
reticulum membrane (Rengel and Zhang 2003). More recently, Al-induced fluctu-
ation of free [Ca2+]Cyt was investigated intensively after short period of Al treatment
(from only seconds to several minutes) (Rengel 1992a). Evidence obtained suggests
that disruption of [Ca2+]Cyt homeostasis plays a decisive role in the earliest stage of
Al toxicity.

The fine mechanism for the fluctuation of [Caz+]cy[ is still obscure, but
Al-induced elevation in [Cz;12+]Cyt suggests that the phytotoxic Al action in root
hair is not through the blockage of Ca**-permeable channels (Jones et al. 1998).
The release of [Ca2+]Cyt from stored Ca®*in endoplasmic reticulum might be
affected by inositol-1,4,5-triphophate (IP;) formed from phosphatidylinositol-4,5-
bisphosphate (PIP,) through the phosphoinositide-associated signal transduction
pathway which is inhibited by Al toxicity. Sivaguru et al. (2003b) reported that
[C212+]Cyt influx might be associated with glutamate receptors, which in animals
are ligand-gated cation channel and also known to be present in the genome
of Arabidopsis. They demonstrated that glutamate depolymerized MTs and
depolarized the plasma membrane. These responses, as well as the inhibition of
root elongation, occurred within the first few minutes of Al treatment, but were
evoked more rapidly by glutamate than Al. They speculated that Al induces the
secretion of glutamate, which binds to its receptor and triggers the influx of Ca>*
resulting in the observed depolymerization of microtubules and the depolarization
of plasma membrane. On the other hand, transient elevation of [C2:12+]Cyl was
observed in the response to glutamate, ATP, and Al in Arabidopsis. Each chemical
induced [C212+]Cyt signature. Glutamate and ATP triggered pattern among the three
treatments in regard to the onset duration and shape of the response.

Glutamate and ATP triggered patterns of [Ca2+]Cyt increase that were similar
among the different root zone, whereas Al evoked [Ca2+]Cyt transients had
monophasic and biphasic shapes, most probably in the root transition zone. The
Al**-induced [C'c12+]cyt increases generally started in the maturation zone and
propagated toward the cap, while the earliest [CaZJ']cyt response after glutamate or
ATP treatment occurred in an area that encompassed the meristem and elongation
zone. The biphasic [Ca2+]Cyt signature resulting from APP* treatment originated
mostly from cortical cells, which could be triggered in part through ligand-gated
glutamate receptors. With the comparison of other trivalent cations, the trivalent
ion-induced [Caz+]cy[ signatures in roots of an Al-tolerant or Al-sensitive mutant
were similar to those of wild-type plants, indicating that the early [Ca2+]Cyt changes
may not be tightly linked to AI’* toxicity but rather to a general response to trivalent
cations (Rincon-Zachary et al. 2010). Elevation of [Ca2+]Cyt in tobacco suspension
cells results from activation of the plasma membrane Ca**-permeable channels by
ethylene, but it is inhibited by La>*, Gd**, and AI** (Zhao et al. 2007). The effects
of Al on Ca-signaling were assessed in tobacco expressing a Ca®* monitoring
luminescent protein, aequorin, as well as in a newly isolated putative plant Ca>*
channel protein from Arabidopsis AtTPC1 (two-pore channel). Lin et al. (2005)
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reported the involvement of an Al-sensitive signaling pathway requiring TPC1-type
channel-dependent Ca®" influx in the presence of salicylic acid, a key plant defense-
inducing agent. TPC1 channels were demonstrated to be the only Al-sensitive
channel which was involved in Ca signaling (Lin et al. 2005). Furthermore, Ca®*
is important for the signal transduction with Ca-binding protein-like calmodulin,
and pmol level of free Ca”" in cytoplasm [Ca2+]cyt work as second messenger in
signal network in both plant and animal. Al signal can be transduced to Ca** signal
through different metabolic pathways that are not completely dissolved. Therefore,
maintaining homeostasis of free [Caz+]m is critical for the survival of plant cells
under Al stress.

Interactions of Al with the elements of phosphoinositide-associated signal trans-
duction pathway are primary events in Al toxicity (Jones and Kochian 1995; Haug
et al. 1994; Pejchar et al. 2010). Al inhibits a key signal transduction enzyme,
phospholipase C (PLC) (Jones and Kochian 1995). 15 was 15-20 pM Al in wheat
roots. Binding of AI’* to microsomes and liposomes was found to be lipid depen-
dent with the signal transduction element. Phosphatidylinostol-4,5-diphosphtate
(PIP,)-specific phospholipase Cs are probable interaction sites for inhibitory
actions of Al ions. Following interiorization of Al, alteration of inositol-1,4,5-
tiphosphate (IP5) which is produced from PIP, hydrolysis by PLC activity regulates
Ca”* release from endoplasmic reticulum concomitant with derangements of intra-
cellular Ca>* homeostasis (Jones and Kochian 1995). This brake of Ca-homeostasis
by Al signaling might be related to the mechanism of Al toxicity. Al disrupted
production of second messengers such as IP; and phosphatidic acid (PA) by
blocking PLC induces the degradation of Ca?* homeostasis (Chee-Gonzalez
et al. 2009). Al has been shown to affect the phospholipid-signaling pathway as
well. Phospholipase D (PLD) and diacylglycerol kinase C (DGK) activities are
stimulated by Al in Coffea arabica (Chee-Gonzalez et al. 2009). Phosphatidic acid
(PA), which is a multifunctional stress-signaling molecule in plants (Testerink and
Munnik 2006), is generated via Al-inhibited phospahtidylinositol-specific phospho-
lipase C (PI-PLC) and the diacylglycerol (DAG) kinase pathway. Al caused almost
30 % inhibition of PA which is formed by diacylglycerol kinase pathway in Coffea
arabica. The evidence was obtained that PI-PLC activity is affected by Al results in
reduced diaylglycerol formation. Taken together, PC-PLC is a target of Al signal-
ing in plants. Besides PI-PLC, it was found that phosphatidylcholine hydrolyzing
phospholipase C (PC-PLC), known as nonspecific phospholipase C (NPC) which
generates DAG through glycerophospholipid hydrolysis [mainly phosphatidyl cho-
line (PC)], is affected by Al signal in tobacco cells, which results in reduced DAG
formation. Therefore, PC-PLC is also a target of Al signal in plants (Pejchar
et al. 2010).
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5.2 Al Signaling and Oxidative Stress

Al-induced oxidative stress including lipid peroxidation in plants was reported
(Yamamoto et al. 2001, 2002; Cakmak and Horst 1991). Unlike Fe, which is a
transition metal acting as a catalyst for redox reactions, Al enhanced peroxidation
of lipids indirectly. Al has a high affinity for the head group (serine) of phosphatidyl
serine, increasing membrane rigidity, fusion, and fatty acid chain packing. Such
conformational changes in phosphatidylserine may substantially increase its sus-
ceptibility to oxidation in animal system (Matsumoto 2000; Gutteridge et al. 1985;
Yin et al. 2010a, b). Similarly in animals, Al and Fe synergistically enhanced the
peroxidation of lipids in cultured tobacco cells, which leads to alterations in
membrane permeability and eventually causes apoptosis-like cell death (Ono
et al. 1995; Yamaguchi et al. 1999) and programmed cell death (Zhan
et al. 2013). In whole-plant systems, the enhancement of peroxidation of lipids
induced by only Al without Fe has been reported. However, the peroxidation of
lipids seems not to be the primary cause leading to inhibition of root elongation in
pea roots by Al (Yamamoto et al. 2001). In many studies investigating lipid
peroxidation by Al, the detection of malondialdehyde (MDA), a product of lipid
peroxidation, was measured as an indicator of lipid peroxidation. However, the
production of MDA is not a specific indicator for lipid peroxidation, since other
oxidative stresses can also disrupt membrane integrity. Recently, Yin et al. (2010a)
reported a possible involvement of a part of the lipid-derived aldehydes such as
highly electrophilic alpha, beta-unsaturated aldehyde (2-alkeral), in the Al-induced
root elongation inhibition in tobacco. Furthermore, the transgenic tobacco plants
over-expressing Arabidopsis 2-alkenal reductase showed less accumulation of the
aldehydes, less retardation of root elongation by Al, and higher regrowth after Al
treatment, suggesting that lipid peroxide-derived aldehydes such as a 4-hydroxyl-
(E)-2-nonenal and (E1)-2-hexanol could injure cells directly under Al stress (Yin
et al. 2010a, b). Plants as well as other aerobic organisms require oxygen for the
effective production of energy. During the reduction of O, to H,O, reactive oxygen
species (ROS) such as superoxide anion radical (O,—), hydrogennperoxide (H,0,),
hydroxyl radical (+OH), and singlet oxygen atoms ('O,) can be formed. One percent
O, consumed by plants is diverted to produce ROS. ROS have the capacity to
oxidize cellular compounds which lead to cell death. So far many researchers
reported that Al toxicity mechanism is caused by Al-induced oxidative stress, and
correlation of the level of ROS is detected in the process of Al toxicity recovery in
pea roots (Matsumoto and Motoda 2012, 2013). The level of ROS increased in the
pea roots apex during Al toxicity and decreased during recovery process from Al
toxicity (Motoda et al. 2010; Matsumoto and Motoda 2012, 2013). Superoxide
anion is a major ROS that is formed by plasma membrane NADPH oxidase under
Al stress. NADPH oxidase of Arabidopsis is a membrane-associated protein that
has six membrane-penetrating domain and EF hand, which is the motif of Ca®*
binding. Therefore, the regulation of NADPH oxidase may be induced by the
changes of surrounding microenvironments with phospholipids in the plasma
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membrane and the level of cytoplasmic free Ca®" regulated by Al signal
(Matsumoto and Motoda 2012). H,O, is a versatile molecule of the ROS network
in plant and plays an important role under severe environmental condition including
Al stress. H,O, is formed in various cell organs including cell wall, cytosol,
mitochondria, and chloroplasts. H,O, is produced in part by superoxide dismutase
(SOD) from superoxide anion under stress conditions. One of the important func-
tions of H,O, under Al stress signal may be the possible participation in lignin
formation through peroxidase activity. H,O, plays an important role as an electron
donor for coniferyl alcohol peroxidase participating in lignin formation. The basal
level of H,0, in the control pea root apex without Al treatment is very low, but
increased dramatically during a 24 h Al treatment and decreased during the
recovery process after Al treatment (Matsumoto and Motoda 2012). This suggests
that H,O, associates with the mechanism of Al toxicity and recovery in pea root.
Lignin formation causes the decreased cell elongation. Phenolic compounds as
antioxidant play a role as a protectant for the increasing production of ROS (Devi
et al. 2003). The evolution of all aerobic organisms is dependent on the develop-
ment of different H,O,-scavenging mechanism including catalase (CAT), peroxi-
dase (POD), ascorbate peroxidase (APX), and glutathione reductase (GR).
Conversely, SOD plays a role in producing H,O, in plants, prokaryotes, and
eukaryotes. SOD plays an alternative important role in the antioxidant system of
the cells because of degradation of toxic superoxide anions concomitant with the
formation of H>O,. Nonenzymatic antioxidants, such as tocophenols, ascorbic acid,
and glutathione (GSH), work in concert to detoxify H,O, or lipid peroxides. Protein
oxidation is defined as a covalent modification of a protein induced by ROS or
by-products of oxidative stress. Al-induced ROS are likely to target proteins that
contain sulfur-containing amino acids and thiol group. Several researchers reported
the Al-induced program cell death is carried out possibly via a ROS-activated signal
transduction pathway (Yamaguchi et al. 1999; Pan et al. 2001). Oxidative stress can
be induced by several stress signals. So far multiple studies suggest that oxidative
stress induced by Al signaling participates in the direct mechanism of Al toxicity.
However, Novascués et al. (2012) reported that oxidative stress is a consequence
but not a cause of Al toxicity in forage legume Lotus corniculatus.

5.3 Reactive Nitrogen Species

Nitric oxide (NO) is a reactive compound and functions as a signaling molecule in
plants (Wilson et al. 2008). NO is an important signal molecule in the response of
Al toxicity (He et al. 2012b). NO may enhance Al tolerance by regulating hormonal
equilibrium in plants as a regulator of plant hormones signaling (He et al. 2012a).
The extent of Al internalization during the recovery from Al stress in living roots of
Arabidopsis thaliana was investigated. There was no detectable uptake of Al into
cells of the proximal part of the transition zone and the whole elongation region.
Moreover, cells of the distal portion of the transition zone emitted large amounts of
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NO, which was blocked by Al treatment. These data suggest that Al internalization
is related to the most sensitive status of the distal portion of the transition zone
towards Al. Al in these root cells has an impact on endosomes and NO production
(Illes et al. 2006). In roots of Hibiscus moscheutos L., exogenous NO ameliorated
the Al-induced inhibition of root elongation, and Al inhibited the activity of NO
synthase (NOS) and reduced NO concentration (Tian et al. 2007). Other treatments
including NO scavengers, inhibitors of NOS, and nitrate reductase caused the
inhibition of root elongation, suggesting that the reduction of endogenous NO
could lead to inhibition of root elongation under Al stress (He et al. 2012b). He
et al. (2012b) also reported that Al toxicity might disrupt NO homeostasis, leading
to endogenous NO concentration being lower than required for root elongation in
plants. Furthermore, it was confirmed that NO treatment reduced Al**-induced
ROS and RNS (reactive nitrogen species) toxicities by increasing the activities
and protein expression of antioxidant enzymes as well as S-nitrosoglutathione
reductase (GSNOR). Suppressing GSNOR enzymatic activity aggravated Al’*
damage to rice and increased the accumulation of RNS (Yang et al. 2013).

5.4 Al Signaling and Hormones

Hormone function is involved in the several events induced rapidly by Al signal in
plant cells. This may suggest that Al signal is transduced to signal of hormones.
Changes in ethylene evolution and changes in the content and composition of
cytokinins (CKs) in the roots of Phaseolus vulgaris L. cv Strike were determined.
The ethylene evolution reached a maximum after 30 min of Al treatment. Levels of
CK nucleotides declined after 5 min of Al treatment whereas zeatin increased
sixfold (Massot et al. 2002). Similarly, Cizkova (1995) reported that phyto-
hormonal levels induced by Al, decline of cytokinin-like substance, and stimulation
of indole-3-acetic acid are undoubtedly causes for changes in spruce roots under Al
stress (Cizkova 1995). An early study discovered that application of Al to the root
caps of Al-sensitive maize strongly promoted acropetal transport of auxin, resulting
in the reduction of auxin transport polarity (Hasenstein and Evans 1988). Basipetal
transport of exogenously applied [3H"]-indole-3-acetic acid to the meristematic
zone significantly alleviated the inhibition of root elongation induced by the
application of Al to DTZ. The primary mechanism of genotypical differences in
Al resistance is located within the DTZ and suggest a signaling pathway in the root
apex mediating the Al signal between the DTZ and elongation zone (EZ) through
basipetal auxin transport (Kollmeier et al. 2000). In wheat roots, Al treatment
increased the accumulation of endogenous IAA, but decreased the activity of
IAA oxidase in a dose-dependent manner. A strong correlation between the data
of malic acid efflux rate and endogenous IAA content was obtained (Yang
et al. 2011b). With the blocker of auxin transporter, it is speculated that the anion
channel might have been activated when IAA was involved in malic acid efflux,
suggesting that IAA was involved in Al-induced efflux of malic acid from wheat
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root. Contrary to auxin, Tian et al. (2014) found that ethylene may behave as a
negative regulator on Al-induced malate efflux by targeting TaALMTI-mediated
malate efflux by an unknown mechanism. Recently, in Arabidopsis mutants with an
internal Al detoxification mechanism, it was found that the level of endogenous
TIAA negatively regulates Al tolerance by the alteration of the transport of
symplastic AI’" to the vacuole (Zhu et al. 2013). When the wild-type Arabidopsis
was exposed to AlCl;, marked inhibition of root elongation was observed and
elicited a rapid ethylene evolution and enhanced activity of the ethylene reporter
EBS:GUS in root apices (Sun et al. 2010). Ethylene synthesis inhibitors, Co** and
aminoethoxyvinylglycine (AVG), and the antagonist of ethylene perception (Ag®)
abolished the Al**-induced inhibition of root elongation. There was less inhibition
of root elongation by AI** in mutant of auxin polar transport (aux 1-7 and pin 2)
than in the wild type. Results indicate that Al**-induced ethylene production is
likely to act as a signal to alter auxin distribution in roots by disrupting AUX1- and
PIN2-mediated auxin polar transport, leading to arrest of root elongation (Sun
et al. 2010). Massot et al. (2002) reported that Al**-induced inhibition of root
growth may be predicted by significant changes in cytokinin content and compo-
sition and enhanced ethylene biosynthesis. Ethylene production was closely asso-
ciated with Al-induced root growth inhibition in lotus (Sun et al. 2007). Abscisic
acid (ABA) increased in barley roots treated with AICl;. Treatment with AlCl; or
ABA increased both ATP-dependent and PPi-dependent H-pumping activity in
tonoplast-enriched membrane vesicle prepared from barley roots (Kasai
et al. 1993). These results may contribute towards maintaining the homeostasis of
[H'] in the cytoplasm by which plants defend themselves against hostile environ-
ments, since levels of ionized AI** due to acidification are the key determinants in
Al toxicity. Contrary to the effect of ABA on the tonoplast, plasma membranes of
Arabidopsis were affected differently. ABA induced depolarization and reduced the
proton pumping of the plasma membrane, which are Ca®*-dependent processes
(Brault et al. 2004). Exogenous application of ABA and the ABA synthesis
inhibitor, fluoride, respectively, increased and reduced endogenous ABA content
in root apices of soybean and results in the corresponding reduction and aggravation
of Al toxicity. In a split-root experiment, Al treatment in two parts of roots (Part A,
+Al; Part B, +Al) both decreased root elongation and increased ABA accumulation
in root apices of soybean. Whereas when only Part A was exposed to Al (Part A,
+Al; Part B, —Al), endogenous ABA content in root apices increased in Part A but
inversely in Part B, and root elongation inhibition only was found in Part A (Hou
et al. 2010). Using [3H*]-ABA, it was determined that [3H*]-ABA is transported at
a rate of more than 3.2 cm min~! in whole soybean plants, and A" accelerates this
rate. In addition, [3H"]-ABA was distributed in the root under Al stress (Hou
et al. 2010). ABA might therefore play an important role in regulating Al resistance
of soybean, including the possible involvement of ABA in the exudation of citrate
from soybean (Shen et al. 2004).
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5.5 Al Signaling and Phosphorylation

Protein phosphorylation plays an important role in the regulation of various bio-
logical functions in plants. Phosphorylation of particular proteins by Al has been
reported (Osawa and Matsumoto 2001; Martinez-Estévez et al. 2001). K-252a, a
broad range inhibitor of protein kinase blocked the Al-induced malate efflux in
Al-resistant wheat (cv Atlas). A transient activation of a 48-kDa protein kinase in
wheat root exposed to AI** was observed preceding the initiation of malate efflux,
which was canceled by K252a. The results firstly suggested that protein phosphory-
lation is involved in the Al-responsive malate efflux and anion-specific channel
might be a terminal target that responds to Al signaling mediated by protein
phosphorylation (Osawa and Matsumoto 2001). Furthermore, Ligava et al. (2009)
reported that S385 of TaALMTI, an Al-activated malate transporter (ALMT1)
in wheat root apex, is an essential residue regulating basal transport of malate
as well as Al activation of transport activity through TaALMT1 via direct protein
phosphorylation. With Coffea Arabica suspension cells exposed to AlCl;, in vitro
phosphorylation with cell extracts was investigated. Protein phosphorylation pat-
terns dramatically increased for 18, 31, and 53 kDa proteins, but there were no
changes detected in these protein levels in cells treated with AICl; compared to
untreated cells (Martinez-Estévez et al. 2001). Al activated the mitogen-activated
kinase (MAP kinases) with an apparent molecular mass of 58 kDa whose substance
was 58 kDa myelin basic protein. Since the activity of the 58 kDa MAP kinase was
enhanced dramatically after addition of AlCl; to the medium, it is speculated that
Al toxicity in coffee could be perceived through the MAP kinase signal transduc-
tion pathway (Arroyo-Serralta et al. 2005). Shen et al. (2004) reported the effect of
ABA on citrate efflux from soybean roots. Pretreatment or treatment with K-252a
induced a severe inhibition of Al-induced citrate efflux. Al increased endogenous
ABA levels, whereas K-252a exerted no detectable inhibitory effects on the
Al-induced increase in ABA levels. ABA is probably involved in early response
after which a K-252a-sensitive protein kinase plays a key regulatory role in the
activity of an anion channel within the plasma membrane, through which citrate is
released. Furthermore, citrate efflux from soybean root associated with the function
of PM H"-ATPase and upregulation of transcription, translation, and threonine-
oriented phosphorylation of PM H*-ATPase was detected (Shen et al. 2005). Chen
et al. (2013) reported that citrate exclusion coupled with a concomitant release of
protons increased in broad bean under Al stress. They suggested that phosphory-
lation and interaction with the vf14-3-3 protein of the VHA2 were enhanced in
Al-resistant broad bean but not in Al-sensitive variety. Al enhanced the expression
and interaction of the PM H*-ATPase and 14-3-3 proteins that lead to higher
activity of the PM H'-ATPase and more citrate exudation in Al-resistant broad
bean (Chen et al. 2013). Protein kinase and phosphatase inhibitor studies showed
that reversible phosphorylation was important for the transcriptional and posttrans-
lational regulation of AtALMTI encoding malate transporter in Arabidopsis
(Kobayashi et al. 2007).
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6 Herbicide Safeners, Detoxification, and Potential Links
with Al Signaling and Resistance Mechanisms in Plants

6.1 Background on Herbicide Safeners

Plants are frequently exposed to synthetic toxins and abiotic stress compounds that
elicit the rapid production of reactive oxygen species (ROS) and activation of plant
defense mechanisms for adaptation and survival. There are multiple scenarios in
which Al also elicits ROS production at the root apex, specifically at the distal part
of the transition zone (Sivaguru et al. 2013 and references therein). One such
mechanism of ROS adaptation is the metabolism of ROS-generating organic
compounds from abiotic origin (xenobiotics). Herbicide safeners are nontoxic
compounds that confer protection from herbicide injury in cereal crops by inducing
detoxification systems for endogenous toxins, xenobiotics, and ROS (Riechers
et al. 2010). Safeners tap into preexisting signaling pathways to promote the
expression of detoxification genes such as glutathione S-transferases (GSTs) and
cytochrome P450 monooxygenases (P450s). Safeners are thus unique and valuable
tools for studying early signaling and stress-response genes, the regulation of GST
and P450 gene expression, and for inducing the expression of other essential
components of the well-documented three-phase detoxification pathway (Kreuz
et al. 1996; Zhang et al. 2007; Riechers et al. 2010) in agricultural plants in the
absence of phytotoxicity. Recent studies in my laboratory have indicated that
safeners induce the expression of GSTs that detoxify xenobiotics mainly in the
outer three cell layers (i.e., epidermal and subepidermal) of cereal crop seedling
coleoptiles (Riechers et al. 2003). These findings have led to new hypotheses that
(a) safeners are tapping into an unidentified, preexisting signaling pathway for
detoxification of endogenous toxins, xenobiotics, and ROS in a tissue-specific
manner, and (b) safeners may be utilizing an oxidized lipid (“oxylipin” or cyclo-
pentenone)-mediated signaling pathway (Mueller 2004; Dave and Graham 2012) in
the coleoptile, which subsequently leads to dramatic but specific induction of plant
defense genes involved in detoxification in epidermal and subepidermal cell layers.

Safener treatment of cereal crops results in an increase in gene expression and
subsequent enzymatic activity of herbicide detoxification enzymes, such as GSTs,
P450s, and UDP-glycosyl-transferases (uGTs). Much information is known about
herbicide safener uptake and translocation in the plant, their effects on herbicide
metabolism rates, and the increases in GST and P450 enzymatic activity with
various xenobiotic substrates (Davies and Caseley 1999; Riechers et al. 2010).
However, detailed information is lacking regarding the biochemical and molecular
events that occur between the initial safener application and the end result (i.e.,
increased GST activity and enhanced herbicide metabolism) in safener-responsive
cereal crops.
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6.2 Safeners Enhance Herbicide Selectivity and Protect
Cereal Crops

Safeners are chemical compounds that increase the tolerance of certain grass crops
(e.g., maize, grain sorghum, wheat, and rice) to herbicides frequently used in the
Midwest for selective control of annual grass weeds (Davies and Caseley 1999).
Safeners protect cereal crop plants by increasing rates of herbicide metabolism
through induction of detoxification pathways (Kreuz et al. 1996; Davies and
Caseley 1999). The increase in metabolism results from an increase in the activity
of several key detoxification enzymes, such as GSTs, P450s, and uGTs (Riechers
et al. 2010). GST expression is induced following exposure to many stresses
(reviewed by Dixon et al. 2010; Cummins et al. 2011). GST enzymatic activity
may involve direct glutathione (GSH) conjugation to toxic electrophilic molecules,
or glutathione-dependent peroxidase activity, using GSH as reductant for the
detoxification of reactive oxygen (ROS) and lipid peroxides formed during or
after plant stress (Edwards and Dixon 2005; Dixon et al. 2010; Cummins
et al. 2011). In addition to increasing the expression of GST and P450-encoding
genes, safeners increase the enzymatic activity of vacuolar transporters of
xenobiotic-GSH conjugates (reviewed by Kreuz et al. 1996; Riechers et al. 2010).
As a result, it has become apparent that the ultimate function of GSH-mediated
detoxification in plants is to remove GSH-xenobiotic conjugates from the cytosol
by transporting them into the vacuole for further metabolic processing (Cummins
et al. 2011).

6.3 Mechanisms of Safener-Regulated Gene Expression
in Plants

Several potential models for abiotic stress signaling in response to xenobiotics have
been proposed, but none have been clearly tested using safeners (Ramel et al. 2012).
It remains difficult to distinguish between contrasting hypotheses of direct xenobi-
otic sensing and indirect sensing of xenobiotic-related modifications (Ramel
et al. 2012). In one proposed model, xenobiotic-induced gene expression may result
from oxidative stress in the cell. Possible triggers include an alteration in the
reduced glutathione to oxidized glutathione ratio (GSH: GSSG), indicating
perturbed glutathione homeostasis (Ramel et al. 2012), or the production of ROS
(Baxter et al. 2014). Safener-GSH conjugates have been identified in maize and
Arabidopsis (reviewed by Riechers et al. 2010), although it is not known if this is
nonenzymatic or GST-catalyzed GSH conjugation of safeners. Information about
the molecular components of the putative signal transduction pathway induced by
safeners is extremely limited. The biochemical and molecular events that occur
between initial safener treatment and the end result (e.g., increased GST/P450/uGT
activity and enhanced herbicide metabolism) are unknown. Possible mechanisms
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for safener-regulated signaling involving oxidized lipids (“oxylipins”) have been
proposed (Riechers et al. 2010; Skipsey et al. 2011), as has the involvement of TGA
transcription factors (Behringer et al. 2011). The potential roles of oxylipins in
safener-regulated signaling mechanisms will be described in more detail below.

6.4 Structures, Synthesis, and Roles of Oxylipins
in Signaling

Oxylipins are structurally diverse metabolites derived from fatty acid oxidation and
can be formed through either nonenzymatic or enzymatic reactions.
Nonenzymatically generated oxylipins are formed via free radical-catalyzed reac-
tions in or near cell membranes, where polyunsaturated fatty acids (such as
a-linolenic acid; Christeller and Galis 2014) serve as precursors for their synthesis,
and include different types of phytoprostanes (A; and B;), malondialdehyde
(MDA), and 4-hydroxy-2E-nonenal (Mueller 2004; Loeffler et al. 2005; Mosblech
et al. 2009). Enzymatically produced oxylipins include jasmonic acid (JA) and
12-oxo-phytodienoic acid (OPDA); this pathway has been well studied due to the
hormonal activity of JA and defense gene activation (Mosblech et al. 2009; Schaller
and Stintzi 2009). JA is synthesized via a series of steps starting with the oxygen-
ation of a-linolenic acid from membrane lipids via lipoxygenase activity (Vicente
et al. 2012; Grebner et al. 2013) and subsequent conversion to OPDA (Schaller and
Stintzi 2009). It has become clear that biological activity differs among the various
JA metabolites, as well as its biosynthetic precursors (reviewed by Schaller and
Stintzi 2009; Dave and Graham 2012; Vicente et al. 2012; Zhou et al. 2014).

Lipase-induced release of specific lipid substrates (such as a-linolenic acid) in
response to abiotic and biotic stresses enables their rapid conversion into various
classes of oxylipins, which may perceive and respond to a wide range of environ-
mental stimuli (Bonaventure et al. 2011; Schuck et al. 2014). Membranes in the
epidermal and subepidermal cell layers of plant tissues and organs are likely the
initial sites of perception for a wide range of environmental stressors (Javelle
et al. 2011; Okazaki and Saito 2014). Polyunsaturated fatty acids are major struc-
tural constituents of cell membranes that also function as modulators of diverse
signal transduction pathways triggered by abiotic stresses (Okazaki and Saito 2014;
Savchenko et al. 2014). Different stresses induce the production of different classes
of oxylipins with distinct, yet partially overlapping, transcriptional responses (Taki
et al. 2005; Mueller et al. 2008; Schuck et al. 2014). Recent results suggest that
enzymatically formed oxylipins (e.g., OPDA and jasmonates) and nonenzymati-
cally formed oxylipins (e.g., phytoprostanes) perform important but distinct func-
tions in plant defense responses (Mueller and Berger 2009; Dave and Graham 2012;
Savchenko et al. 2014). However, the specific roles of different classes of oxylipins
in plant defense and detoxification mechanisms, most notably their roles in xeno-
biotic sensing and signaling in cereal crops, remain unclear.
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Oxylipins differ not only in their origin and structures but also in their electro-
philicity. For example, strong reactive electrophilic species (RES) include the
A;-type phytoprostanes (PPA;) and OPDA, and weak RES include the B-type
phytoprostanes (PPB;) and JA (Almeras et al. 2003; Farmer and Davoine 2007).
RES oxylipins share several common properties, including a lipophilic nature that
aids in binding to hydrophobic pockets or active sites of proteins, thiol reactivity
due to an electrophilic site, and the ability to modify proteins and strongly induce
genes and enzymes involved in detoxification (Mueller and Berger 2009). Common
genes and proteins induced by both safeners and various classes of oxylipins
include several P450s, uGTs, GSTs, and glutathione-conjugate ABC transporters
(Taki et al. 2005; Dueckershoff et al. 2008; Mueller et al. 2008; Riechers
et al. 2010).

6.5 Critical Knowledge Gaps in Molecular Aspects
of Safener-Mediated Signaling in Cereal Crops

In spite of the wealth of physiological, biochemical, and phenotypic information
regarding use of safeners to protect cereal crops from herbicides (Davies and
Caseley 1999), there is comparatively little known regarding safener-mediated
signaling pathways in safener-responsive cereal crops (Riechers et al. 2010).
Most information on safener-regulated signaling mechanisms is derived from
Arabidopsis (Behringer et al. 2011) and Populus (Rishi et al. 2004), particularly
with regard to the roles of TGA transcription factors (Behringer et al. 2011) and
oxylipins (Skipsey et al. 2011). Root cultures from wild-type Arabidopsis plants
and mutants defective in fatty acid desaturation (fad3-2/fad7-2/fad8), which are
defective in forming the oxylipin precursor linolenic acid, demonstrated an atten-
uated ability to respond to safener treatment when measuring AtGSTU24 expression
(Skipsey et al. 2011). Since these fad mutants accumulate linoleic acid instead of
a-linolenic acid, they are unable to synthesize OPDA or phytoprostanes from
a-linolenic acid substrates released via lipase activities (Christeller and Galis
2014). The decreased ability of these mutant lines to respond to safener treatment
via induction of GST expression is consistent with a link between safener-regulated
responses and endogenous oxylipin signaling. Therefore, attenuated GST induction
by safener in mutants displaying a reduction in polyunsaturated fatty acids suggests
that safeners must act either in parallel or upstream of oxylipin signaling, poten-
tially through regulating the availability of these endogenous molecules via hydro-
Iytic lipase activities (Skipsey et al. 2011; Okazaki and Saito 2014). As a result, we
propose a unifying model (Fig. 1) that proposes and integrates the roles of lipase
activities, a-linolenic acid, and oxylipins in safener-regulated signaling of plant
defense gene expression and detoxification reactions in cereal crops. This diagram
will assist researchers in forming testable hypotheses to drive future mechanistic
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Fig. 1 Proposed events leading to safener-enhanced abiotic stress tolerance in cereal crops

research regarding safeners, herbicide detoxification, and tolerance to other forms
of abiotic stress (described below).

7 Similarities Between Al and Herbicide Tolerance
Mechanisms in Grain Sorghum and Maize

Specific biochemical and molecular-genetic mechanisms to overcome aluminum
toxicity at low soil pH (<5) in sorghum and maize roots involve aluminum-
activated citrate extrusion into the rhizosphere (Magalhaes et al. 2007, and refer-
ences cited therein; Maron et al. 2013). Recent cytochemical research has shown
that expression of SOPMATE (multidrug and toxic compound extrusion) genes in root
tips, specifically in the root distal transition zone (DTZ) (Sivaguru et al. 2013), is
associated with aluminum tolerance in sorghum. Within the root DTZ, aluminum-
induced ROS production and SbMATE expression were localized primarily to the
epidermal and outer cortex cell layers of an aluminum-resistant sorghum line
(Sivaguru et al. 2013). Recently, aluminum tolerance in maize was shown to
associate with copy number variation (CNV) in the ZmMATE] gene resulting
from a tandem triplication in aluminum-tolerant maize lines (Maron et al. 2013).
The cell- and tissue-specific expression pattern of SbMATE genes in aluminum-
treated sorghum roots (Sivaguru et al. 2013) is very similar to our previous findings
in Aegilops tauschii (synonymous with Triticum tauschii) coleoptiles in which
TtGST transcripts, proteins, and enzymatic activities are localized to the outer cell
layers of safener-treated Ae. tauschii shoots (Xu et al. 2002; Riechers et al. 2003).
Moreover, recent research (Sivaguru, Riechers, and Lygin; unpublished results) has
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Fig. 2 Localization of SbGSTs: Localization atelongation
ShGSTs at elongation zone

of the shoot apex, 12 hafer ~ ZOne of the shoot apex after Safener
safener treatment (top

panel), and SPOMATE at treatment (12h)

DTZ in the root apex, 3 days
after Al treatment (bottom
panel)

SbMATE: Localizationat DTZ in root
apex after Al treatment (3 d)

shown a very similar labeling pattern of safener-induced GST proteins in grain
sorghum shoot sections [Fig. 2; using the same wheat GST antiserum as used
previously in Ae. tauschii shoots (Riechers et al. 2003)]. By comparison, results
of MATE localization patterns in root apices from aluminum-tolerant maize and
sorghum lines, combined with GST localization in safener-treated wheat and
sorghum shoot apices, indicate that highly conserved signaling and detoxification
pathways are present in cereal crop seedling tissues. Future research using protein
localization methods and RNAseq expression profiling in safener-treated sorghum
coleoptile tissues will investigate the hypothesis that safeners may protect against
abiotic stresses other than herbicides (Fig. 1), including aluminum, heavy metals, or
other ROS-generating compounds, utilizing similar or parallel signaling pathways
for aluminum tolerance and plant defense (Kong et al. 2014).
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8 Potential Biochemical and Molecular Mechanisms That
Confer Herbicide Tolerance in Cereals

We hypothesize that duplication of xenobiotic-detoxifying GST genes within the
sorghum genome may confer natural herbicide tolerance in tolerant genotypes due
to increased GST copy number and basal expression levels, as well as higher
tolerance levels following safener treatment due to the combination of increased
GST copy number and transcriptional activation of these genes. Our hypothesis is
based on an analogous molecular-genetic mechanism involving ZmMATE copy
number variation that confers natural tolerance to aluminum toxicity in maize
varieties originating from tropical areas with acidic soils (Maron et al. 2013).
Although the hypothesis of GST copy number variation (CNV) has not been tested
previously as a possible mechanism for herbicide tolerance in cereal crops, sor-
ghum herbicide tolerance (either natural or safener-enhanced) demonstrates many
similarities with mechanisms for aluminum tolerance in sorghum roots (Sivaguru
et al. 2013; Maron et al. 2013). Of particular interest in our current research are the
tolerant (T) and sensitive (S) phenotypic classes that possess either increased or
decreased relative GST activity with a chloroacetamide herbicide substrate. Since
some safener-induced ShGSTs are derived from gene clusters located within the
sorghum reference genome (BTx623—a safener-responsive sorghum genotype),
both T and S phenotypes might be explained by GST CNVs.

Another possible mechanism that could account for the massive induction of
GST transcripts, protein, and enzymatic activity following safener treatment
(Riechers et al. 1997, 2003) is endo-reduplication, or DNA replication without
cell division (Larkins et al. 2001). This genetic mechanism leads to multiple
genomes per cell and is typically found in cells with terminal growth and develop-
ment, such as the shoot epidermis or seed endosperm (Larkins et al. 2001; Lee
et al. 2009). Endo-reduplication thus confers the genetic equivalent of polyploidy to
certain cells and tissues, potentially in response to various physiological stresses
(Lee et al. 2009), and might help explain the dramatic transcriptional responses to
safener treatment observed with initial RNAseq analyses in dissected sorghum
coleoptiles (Riechers, Lygin, Brown, and Moose, unpublished).

9 Plant GSTs Play Important Roles in Diverse Stress
Responses, Adaptation, and Tolerance

GST expression in plants is induced following exposure to many environmental
stresses (Wagner et al. 2002; Frova 2003), including heat shock, cold, high salt, and
UV light exposure; biotic stresses such as pathogen attack and fungal elicitors;
abiotic stresses such as heavy metals, herbicides, and safeners; and phytohormone
treatments such as ethylene, auxins, abscisic acid, methyl jasmonate, and salicylic
acid (reviewed by Riechers et al. 2010; Cummins et al. 2011). Induction of GST
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expression by so many diverse stimuli indicates that plant GSTs are critical for
plant responses and tolerance to stresses, either by directly participating in the
signal transduction process and/or via detoxification of harmful compounds pro-
duced in response to or as a result of a given stress (Cummins et al. 2011; Diao
et al. 2010). Alternatively, plant GSTs may function indirectly through playing a
central role related to antioxidant function. GST enzymatic activities can involve
direct GSH conjugation to toxic electrophilic molecules (Farmer and Davoine
2007) via nucleophilic substitution reactions (such as with numerous herbicide
substrates; Riechers et al. 2010; Cummins et al. 2011), or via GSH-dependent
peroxidase activities, using GSH as reductant for the detoxification of ROS, radi-
cals, and lipid peroxides formed during or after exposure to various stress agents
(Edwards and Dixon 2005).

Certain GST isozymes confer herbicide (Davies and Caseley 1999) or Al
tolerance (Ezaki et al. 2000) in plants, but possibly via different detoxification
mechanisms. As mentioned above, GSTs are well known for their enzymatic
activities in rapidly detoxifying herbicides via direct conjugation with GSH
(Kreuz et al. 1996; Riechers et al. 2010; Cummins et al. 2011). However, GST
involvement in ameliorating Al stress may involve a role associated with anti-
oxidant function following exposure to Al under acidic conditions. For example,
several Al-inducible genes have been identified in Arabidopsis plants and cultured
tobacco cells, including GSTs and other genes associated with oxidative stress
responses (Ezaki et al. 2000). In the root tips of transgenic Arabidopsis over-
expressing Al-inducible genes, Al-induced callose deposition decreased markedly.
Moreover, expression of a tobacco GST (parB) and tobacco anionic peroxidase in
transgenic Arabidopsis lines decreased the oxidative damage caused by Al treat-
ment (Ezaki et al. 2000, 2001), including a significant decrease in levels of
Al-induced lipid peroxidation (Ezaki et al. 2001). Additionally, a GST (named
GST27.2) was isolated from the root tips of Al-treated maize plants (Concado
et al. 2005) via differential display of mRNAs. This transcript accumulated during
a time course following Al and cadmium treatment in roots of both Al-sensitive and
Al-tolerant maize lines (Concado et al. 2005). Interestingly, this same maize GST
gene (originally termed GST-27 or GST IV) was biochemically characterized and
cloned from safener-treated maize shoots (Irzyk and Fuerst 1993, 1997; Jepson
et al. 1994) and determined to utilize the chloroacetamide herbicide metolachlor as
substrate via GSH conjugation (Irzyk and Fuerst 1997). Subsequent research with
transgenic tobacco plants that constitutively over-expressed the maize GST IV
(or maize GST-27) gene displayed tolerance to soil-applied rates of metolachlor
that would typically injure sensitive tobacco plants (Jepson et al. 1997). Compar-
ison of the maize GST27.2 and maize GST-27 gene coding regions showed 99 %
nucleotide and amino acid sequence identities, with differences in only two amino
acids, suggesting that these proteins may be encoded by a recent gene duplication in
the maize genome or that they are allelic at a single GST27 locus (Concado
et al. 2005). Whether or not the amino acid substitutions identified between
GST27.2 and GST-27 affect enzymatic activities, specificity with various substrates
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(Concado et al. 2005), subcellular localization, gene expression patterns, or toler-
ance to abiotic stresses (Fig. 1) in maize seedling tissues remains to be determined.

10 Summary, Conclusions, and Future Research
Directions

Al-resistance mechanisms are still unfolding at the molecular-genetic and bio-
chemical levels, and mechanisms to manipulate plant tolerance or resistance at
these levels offer promising areas for further crop improvement under stressful
growing conditions. The safener-enhanced expression of GSTs in grain sorghum
shoots, which shows a remarkably similar localization pattern as SbMATE in
Al-treated roots (Fig. 2), offers an exciting new area for Al signaling research.
For example, if a safener pretreatment (applied as a seed coating; Davies and
Caseley 1999) could provide Al resistance or tolerance in cereal crops growing in
acidic soils, then several new and exciting research areas for investigating xeno-
biotic and Al signaling and detoxification mechanisms would be uncovered. More-
over, it would be of great interest for plant stress physiology researchers to utilize a
safener to upregulate various molecular aspects associated with Al signaling and
resistance. The authors hope that the field of chemically enhanced abiotic stress
resistance via safener application is explored further to bring new and novel
mechanisms of enhancing Al and abiotic stress resistance to crop plants.
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Transcriptional Regulation of Al Tolerance
in Plants

Kengo Yokosho and Jian Feng Ma

Abstract Great progresses have been made in understating of molecular mecha-
nisms of Al tolerance in plants during last decade. A number of Al-tolerance genes
have been functionally characterized, especially in rice and Arabidopsis. Several
transcription factors including a C2H2 zinc finger-type ART1/STOP1 have been
identified, but only a few downstream genes regulated by ART1 and STOP1 are
similar, indicating different regulation mechanism of Al tolerance in rice and
Arabidopsis. Transcriptional regulation of the Al-tolerance genes also differs with
plant species and genes. Four different patterns have been reported including
increase of gene copy number in the genome, insertion of transposon-like
sequences, tandem repeat sequences, and increase of cis-acting element of tran-
scription factor in the promoter region. All these alternations in the genome
enhance the expression of Al-tolerance genes.

1 Al-Tolerance Genes

Plants have developed strategies to cope with Al toxicity. During last decade, great
progresses have been made in understanding molecular mechanisms of aluminum
(Al) tolerance in plants, especially in Arabidopsis and rice (Delhaize et al. 2012;
Ma et al. 2014; Kochian et al. 2015). Since the first Al-tolerance gene, ALMT1
(Aluminum-activated malate transporter), which is responsible for the Al-induced
malate secretion, was identified in wheat (Sasaki et al. 2004), a number of
Al-tolerance genes have been identified in different plant species (Figs. 1 and 2).
For example, homologs of ALMTI have been identified in Arabidopsis (Hoekenga
et al. 2000), oilseed rape (Ligaba et al. 2006), rye (Collins et al. 2008), soybean
(Liang et al. 2013), yorkshire fog (Chen et al. 2013) in addition to wheat. Genes
responsible for Al-induced secretion of citrate, AACTI/MATE/FRDL (Aluminum-
activated citrate transporter 1/Multidrug and toxic compound extrusion/Ferric
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Fig.1 Aluminum tolerance genes and their transcriptional regulation mechanisms in Arabidopsis.
AtALMTI, ATMATE, and ALS3 are involved in Al-induced secretion of malate, citrate, and
redistribution of Al from sensitive region, respectively. They are induced by low pH and Al and
regulated by the transcription factor, STOP1. By contrast, AtSTARI and ALSI do not respond to
low pH and Al, and their exact role is unknown. On the other hand, XTH31 is involved in cell wall
modification. In addition to STOP1, other transcription factors for Al tolerance have also been
identified including STOP2, WRKY46 as a negative regulator, and CAMTA?2 as an activator. For
details, refer to the text

reductase defective3 like), have also been identified in barley (HvAACTI)
(Furukawa et al. 2007), sorghum (SbMATE) (Magalhaes et al. 2007), rice
(OsFRDL4) (Yokosho et al. 2011), Arabidopsis (Liu et al. 2009), rye (Yokosho
et al. 2010), wheat (Ryan et al. 2009), maize (Maron et al. 2010), river red gum
(Sawaki et al. 2013), and cabbage (Wu et al. 2014).

In addition to these genes related to organic acid anion secretion, several
important genes involved in the external and internal detoxification of Al have
also been identified. In rice, a highly Al-tolerant species, seven genes have been
functionally demonstrated to be required for high Al tolerance in rice (Fig. 2).
STARI and STAR?2 (Sensitive to Al rhizotoxicity 1 and 2) encode an ATP-binding
domain and a transmembrane domain, respectively, of a bacterial-type ATP binding
cassette (ABC) transporter. The complex of STAR1 and STAR2 transports
UDP-glucose (Huang et al. 2009), which is used for cell wall modification, resulting
in Al fixation in the root cell wall. Nrat/ (Nramp aluminum transporter 1) encodes
an Al transporter localized at the plasma membrane, which transports trivalent Al



Transcriptional Regulation of Al Tolerance in Plants 39

/2\,:1’1
/ A! 5|gnal o \
/ . '/ \ Actwauon ? Nucleus \

Gene up mgutatuan\ \

= u»s—-ﬁﬁ-‘l‘

OsMGT1

GONYS

\C

wisiueysaw
uone|nsas jeuondisdsuel)

L e /
R} I’4

Drought tolerance Altolamnca

UDP-glucose

Al %= Gaats STAR1-STAR2
Vacuole Al Mg Citrate complex

Nratl
e Plasma membrane

sauas aouesa|0}
whnujwnje jo 3|0y

Al Mg Citrate ©~

Fig. 2 Aluminum tolerance genes and their transcriptional regulation mechanisms in rice.
Al-tolerance genes including STARI, STAR2, Nratl, OsALSI, OsFRDL4, OsMGTI, and
OsCDT3 function in Al detoxification at different cellular levels. All of them are regulated by
the transcription factor, ART1. ASRS is another transcription factor, which regulates STARI1
expression. For details, refer to the text

into the cells (Xia et al. 2010) for subsequent sequestration of Al into the vacuoles
by OsALS1 (Aluminum sensitive 1). OsALSI is a half-size ABC transporter and
localized to tonoplast of root cells (Huang et al. 2012). On the other hand, a plasma
membrane-localized Mg transporter, OsMGT1 (Magnesium transporter 1), also
plays an important role in Al tolerance by increasing Mg uptake (Chen
et al. 2012). Recently, OsCDT3, which encodes a small peptide rich in cysteine,
was also demonstrated to be involved in Al tolerance in rice (Xia et al. 2013). It is
anchored to the plasma membrane and confers Al probably by binding Al, therefore
stopping entry of Al into the root cells. All these genes are rapidly and specifically
induced by Al (Huang et al. 2009, 2012; Xia et al. 2010, 2013; Yokosho et al. 2011;
Chen et al. 2012). The proteins encoded by these genes are similarly localized at all
root cells. Knockout of either gene results in decreased Al tolerance although the
contribution to Al tolerance differs with genes.

In Arabidopsis, in addition to AtALMTI and AtMATE, two other genes (ALS/
and ALS3) confer Al tolerance (Fig. 1). ALS3 in Arabidopsis is a homolog of rice
STAR2, encoding a half-size ATP-binding cassette (ABC) transporter (Larsen
et al. 2005). It may form a complex with AtSTARI to confer Al tolerance
(Huang et al. 2010), which is probably involved in the redistribution process of
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Al from sensitive region (Larsen et al. 2005). ALS1, a homolog of rice OsALS1, isa
tonoplast-localized ABC transporter in Arabidopsis (Larsen et al. 2007). It may be
involved in internal detoxification of Al by sequestering Al into the vacuoles like
rice OsALS1 (Larsen et al. 2007; Huang et al. 2012).

Recently, genes involved in xyloglucan metabolism in the cell wall are also
reported to be involved in Al tolerance in Arabidopsis (Fig. 1; Zhu et al. 2012,
2014). For example, knockout of XTH31 resulted in an increased Al tolerance (Zhu
etal. 2012). XTH31 probably encodes xyloglucan endotransglucosylase/hydrolases
(XTHs), which cleaves and rejoins hemicellulosic xyloglucan polymers during cell
expansion. It seems that reduction of production of cleaved xyloglucans in the cell
wall increases Al tolerance.

2 Transcription Factors for Al Tolerance

Several transcription factors controlling Al tolerance have been reported. STOP1
(Sensitive to proton rhizotoxicity 1), a C2H2-type zinc finger transcription factor,
was identified from an Arabidopsis mutant sensitive to low pH and Al (Fig. 1; Iuchi
et al. 2007). Microarray analyses of sfop! mutant revealed that STOP1 regulates
43 genes including AtALMTI, AtMATE, and ALS3 (Sawaki et al. 2009). The
expression of STOP] is not induced by low pH and Al, although regulated down-
stream genes rapidly respond to low pH and Al (Sawaki et al. 2009; Liu et al. 2009),
suggesting that posttranslational process is required.

Recently, a STOP1 homolog in Arabidopsis, STOP2, was identified (Kobayashi
et al. 2014). STOP1 and STOP2 shared 40 % identity at amino acids level
(Kobayashi et al. 2014). The expression level of STOP2 is much lower than that
of STOP1, but the expression of STOP2 is regulated by STOP1 (Fig. 1; Sawaki
et al. 2009; Kobayashi et al. 2014). Over-expression of STOP2 in stopl mutant
resulted in enhanced tolerance to low pH (Kobayashi et al. 2014). Introduction of
STOP?2 in stopl mutant under the control of STOPI promoter also complemented
the expression level of ALS3 and AtMATE (Kobayashi et al. 2014). It seems that
STOP2 is a minor isoform, but it can activate transcription of some genes regulated
by STOP1 (Fig. 1; Kobayashi et al. 2014).

ART1 (Al resistance transcription factor 1) is a transcription factor for Al
tolerance identified in rice (Fig. 2; Yamaji et al. 2009). Similar to STOP1 in
Arabidopsis, ART1 is also a C2H2-type zinc finger transcription factor in rice.
However, different from STOP1, ARTI1 does not confer low pH (Yamaji
et al. 2009). ARTI1 regulates the expression of at least 31 genes (Yamaji
et al. 2009). Among these genes, seven genes, including STARI, STAR2, Nratl,
OsALS1, OsFRDLA4, OsMGTI, OsCDT3, have been functionally characterized as
described above (Fig. 2). Comparison of downstream genes showed that only two
genes (AtMATE/OsFRDL4, ALS3/STAR2) are common between STOPI- and
ARTI1-regulated genes, indicating different Al tolerance regulation mechanisms
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between Arabidopsis and rice. The core cis-acting element of ART1 is [GGN(T/g/
a/C)V(C/A/g)S(C/G)], which can be found in the promoter region of 29 genes
among 31 ART1-regulated genes (Fig. 2; Tsutsui et al. 2011). Similar to STOP1,
the expression of ART! is also not induced by Al, but the mechanism underlying
activation of ART1 is unknown.

The homologs of STOP1/ARTI homologs were also found in other plant species
including monocots, dicots, woody plants, and a bryophyte (Ohyama et al. 2013;
Garcia-Oliveira et al. 2013; Chen et al. 2013). Knockout or knockdown of STOP1/
ARTI homolog showed Al sensitive phenotype in tobacco and Moss (Ohyama
et al. 2013). Interestingly, TaSTOP1 in wheat is involved in Al tolerance, but not
through regulating TaALMT1 (Garcia-Oliveira et al. 2013), since TaALMT1 expres-
sion is not induced by Al.

Recently, WRKY46, a member of the WRKY domain-containing family of
transcription factors, was identified as a negative regulator of expression of
AtALMTI, a key Al-tolerance gene in Arabidopsis (Ding et al. 2013). It could be
bound to the AtALMTI promoter region as a repressor (Fig. 1; Ding et al. 2013),
because there are several putative W-box domains in the AtALMTI promoter
region. Knockout of AfWRKY46 resulted in increased expression of AtALMTI,
root malate secretion, and Al tolerance (Fig. 1; Ding et al. 2013). More recently,
a study by Tokizawa et al. (2015) showed that CAMTA2 (Calmodulin binding
transcription activator 2) may function as an activator of AtALMTI expression
(Fig. 1).

ASRS (Abscisic acid, stress and ripening 5) is another transcription factor for Al
tolerance identified in rice (Fig. 2; Arenhart et al. 2013, 2014). ASRS is localized in
the chloroplast, cytoplasm, and nucleus (Arenhart et al. 2013). Its transcript levels
increase in response to Al in the roots and shoots, and ASRS-silenced plants are
extremely sensitive to Al (Arenhart et al. 2013). ASRS5 is the Al-activated factor
that binds to the STAR1 promoter to enhance its expression (Fig. 2). Among ASRS5-
regulated genes, there are three genes (STARI, Nratl, OsFRDL4), which are
regulated by ART1 (Arenhart et al. 2014). The requirement of both ASRS and
ART1 for Al-induced STARI expression suggests that ASRS5 and ART1 may
interact with each other directly and function cooperatively although further work
is required.

Different from STOP1 and ART1, WRKY46 and ASRS5 are also involved in
tolerance to other abiotic stresses.

3 Transcriptional Regulation of Al-Tolerance Genes

Recent several studies have shown that some Al-tolerance genes undergo transcrip-
tion regulation although unknown translational and posttranslational regulation may
also be involved. There are four different patterns for the transcriptional regulation
depending on plant species (Fig. 3). In pattern I, the expression of Al-tolerance genes
is enhanced through increasing gene copy number in the genome. This is seen in
ScALMT1 in rye and ZmMATE] in maize. Rye (Secale cereale L.), one of the most
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Fig.3 Transcriptional regulation of Al-tolerance genes involved in Al-induced organic acid anion
secretion in different plant species. (A) Pattern I: Increase of gene copy number in the genome. The
copy number of SCALMT! in rye and ZmMATE] in maize are more in the Al-tolerant cultivars than
in the Al-sensitive cultivars. (B) Pattern II: Transposon-like insertion in the genome. A transposon-
like sequence is inserted upstream of HvAACT! in barley, TaMATEIB in wheat, and SbMATE in
sorghum, which enhance the expression of these genes. (C) Pattern III: Tandem repeat sequences
in the promoter region. Tandem repeat sequences are located at upstream of TaALMTI in wheat
and increase its expression. (D) Pattern IV: Increase of ART1 cis-acting elements in the promoter
region. The number of cis-acting element of ARTI1 is increased in the promoter region of
HIALMT! in Al-tolerant accession of Yorkshire Fog (H. lanatus), resulting in increased expression
of HIALMT1. Modified according to Delhaize et al. (2012), Ma et al. (2014)

Al-tolerant cereal crops, secretes both malate and citrate from the roots in response to
Al (Li et al. 2000). The expression level of SCALMT] in the Al-tolerance cultivar is
higher than that in the Al-sensitive cultivar, which is derived from the difference in
the genomic copy number of ScCALMT! (Fig. 3A; Collins et al. 2008). Five SCALMT1
genes are clustered together on chromosome 7R in the tolerance cultivar, of which
two are highly expressed in the root tip. On the other hand, only two copies are found
in the sensitive cultivar, of which only one copy is highly expressed in the root tip
(Collins et al. 2008). In maize, Al-tolerant cultivars have three functional copies of
ZmMATE] in the genome, which are identical and part of a tandem triplication
(Maron et al. 2013). This copy number variation is associated with both gene
expression of ZmMATEI and Al tolerance (Fig. 3A). Interestingly, maize cultivars
carrying the three-copy allele share the same geographical origin in acid-soil regions
of the South American tropics, suggesting that copy number increase is an adaptation
to acid soil.

By contrast, in pattern II, the expression level of Al-tolerance genes is enhanced
through an insertion of transposon-like elements in the upstream region of ORF
(Fig. 3B), which can be found in barley, wheat, and sorghum. In barley, the higher
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expression of HYAACTIin the root tips of Al-tolerant cultivars is associated with a
1-kb transposon insertion (CACTA-like transposon) in the upstream of the ORF
region (Fujii et al. 2012). This insertion acts as a promoter to enhance the expres-
sion level of HvAACTI (Fig. 3B). Furthermore, this insertion also alters the
expression location of HYAACT! from mature root region to the root tips, the site
of Al toxicity (Fujii et al. 2012). Interestingly, HYAACT! at the mature root region
is originally involved in the translocation of Fe from the roots to the shoots, which
have similar role as OsFRDLI1 in rice (Yokosho et al. 2009). The 1-kb insertion was
only found in barley accessions cultivated in Japan, China, and Korea, where acid
soils distribute.

In wheat, a Sukkula-like transposable element (11 kb) was found to be inserted
at the promoter region of TaMATE gene in several Brazilian wheat cultivars, which
secrete citrate constitutively in response to Al (Tovkach et al. 2013). This insertion
also enhances the expression of the TaMATE] gene (Fig. 3B; Tovkach et al. 2013).
Furthermore, this insertion was also found in other Al-tolerance bread wheat
cultivars (Garcia-Oliveira et al. 2014).

In sorghum, tourist-like miniature inverted repeat transposable elements
(MITESs) occur at upstream of the SObMATE gene, and the number of these repeats
is broadly correlated with the level of SODMATE expression (Fig. 3B; Magalhaes
et al. 2007). Recent study showed that introduction of SODMATE into different
background resulted in different expression level, suggesting that SDMATE expres-
sion is regulated at multiple levels (Melo et al. 2013). It seems that both cis- and
trans-acting elements are involved in regulating SbMATE expression.

In pattern III as seen in wheat, the expression level of TaALMT1 is controlled by
tandem repeated elements in the promoter region (Fig. 3C; Sasaki et al. 2006; Ryan
et al. 2010). The expression level of TaALMT] is not induced by Al, but the
expression level is higher in Al-tolerant cultivars than Al-sensitive cultivars (Sasaki
et al. 2006). The constitutively greater expression of TaALMTI in Al-tolerant
genotypes has a series of cis mutations in the promoter (Ryan et al. 2010).
Among these, alleles with duplications and triplications are associated with
enhanced expression of TaALMTI, increased malate efflux, and greater Al toler-
ance compared with alleles that lack these repeats (Ryan et al. 2010).

In pattern IV, expression level is associated with the number of cis-acting
element of transcription factor, ART1. In an accession of yorkshire fog (Holcus
lanatus) grown on highly acidic soils, the expression of HIALMT1 was twice as high
as in the accession grown on neutral soil (Chen et al. 2013). The number of cis-
acting elements of HIART! in the promoter region of HIALMTI was more in the
accession grown on acid soil due to nucleotide substitution (Fig. 3D), indicating
that the adaptation of H. lanatus to acidic soils may be achieved by increasing
number of cis-acting elements for ART! in the promoter region of the HIALMTI
gene, enhancing the expression of HIALMT! and the secretion of malate.

Genotypic difference in the expression of Nratl was also found in rice
(Li et al. 2014; Xia et al. 2014). Promotor analysis detected five unique SNPs,
which are not related to the cis-acting element of ART1. It remains to examine
whether these SNPs are involved in the transcriptional regulation of Nrat! in rice.
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There is also a positive correlation between OsFRDL4 expression level and the
amount of citrate secretion in rice cultivars that are differing in Al tolerance
(Yokosho et al. 2011), but the mechanism for regulating the expression of
OsFRDLA is also unknown.
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Aluminum-Dependent Root Growth
Inhibition as Mediated by DNA-Damage
Responses

Caroline A. Sjogren and Paul B. Larsen

Abstract Aluminum (Al) toxicity is a global agricultural problem that reduces
crop yields primarily due to root growth inhibition. Several advances in our
knowledge of Al resistance mechanisms have recently been made through studies
of Al exclusion, yet due to the complicated nature of studying internalized Al, it has
proven difficult to determine the biochemical basis of Al toxicity and tolerance.
Recent studies show that Al triggers a DNA-damage response mediated by the cell
cycle checkpoint ATAXIA TELANGIECTASIA MUTATED AND RAD3-RELATED
(ATR). This is an active process that forces terminal differentiation of the root
meristem and is at least in part the cause of stoppage of root growth following
chronic exposure to Al. Interestingly, unlike well-studied stressors like IR or
gamma (y) radiation, Al is a real world genotoxic stress that represents a novel
system for analysis of DNA damage in biological systems under environmentally
relevant conditions. Understanding DNA-damage response and repair pathways
following Al treatment in plant systems can offer more effective and safer agricul-
tural practices but also begs to serve as a beacon of caution about Al as a genotoxic
stress in other organisms since the cell cycle checkpoint machinery that has been
attributed to Al responses is universally found in eukaryotes.

1 Aluminum Resistance

Responses to the toxic effects of Al soils have been extensively documented from a
wide range of plant species. The primary consequence of Al exposure is severe
inhibition of growth of the primary root (Foy et al. 1978). Al exposure has been
found to impede cell division and cell elongation, nutrient uptake, IP; and hormone
signaling, cytoskeletal structure, Ca** homeostasis, vesicle trafficking, plasma
membrane integrity, and chromatin structure (Kochian 1995). Plants have adopted
two distinctly different strategies for preventing Al-dependent growth inhibition.

C.A. Sjogren « P.B. Larsen (<)
Department of Biochemistry, University of California, Riverside, CA 92521, USA
e-mail: paul.larsen@ucr.edu

© Springer International Publishing Switzerland 2015 47
S.K. Panda, F. Baluska (eds.), Aluminum Stress Adaptation in Plants, Signaling and
Communication in Plants 24, DOI 10.1007/978-3-319-19968-9 3


mailto:paul.larsen@ucr.edu

48 C.A. Sjogren and P.B. Larsen

Exclusion of Al from roots, which is considered to be an Al resistance mechanism,
is an effective and simple strategy for increasing root growth in an Al toxic
environment largely because Al does not come into contact with its biochemical
targets. Al exclusion is a distinctly different mechanism from true Al tolerance, in
which roots cope with internalized Al. The study of Al tolerance has generally been
considered to be an intractable problem largely because of the predicted complexity
of Al toxicity, with the expectation being that changes in any one target of Al would
have little positive impact on growth due to the sheer number of biochemical targets
of Al. Consequently, while Al resistance mechanisms have received a tremendous
amount of attention in recent years due to their relative simplicity, this chapter will
focus on our emerging understanding of Al toxicity and Al tolerance mechanisms,
which have largely been associated with Al acting as a genotoxin that activates the
DNA-damage checkpoint to halt cell cycle progression.

1.1 Aluminum Exclusion

Al is the most abundant metal in the earth’s crust, existing mostly in primary and
secondary mineral compounds (FitzPatrick 1986). Under acidic conditions,
Al-containing minerals in soils can dissolve, releasing Al into the soil solution as
a trivalent cation (AI’*) where it may contribute to soil acidity (Reynolds
et al. 2001). In this form, Al can be taken up into plant tissues through the roots.
Clearly, an effective and straightforward strategy for increasing root growth in Al
toxic environments is Al exclusion, where plants prevent the internalization of
Al. Certainly, based on the predicted complexity of Al-binding sites once it enters
the cellular environment, prevention of Al uptake is by far the simplest approach for
reducing Al toxicity.

Release of Al-chelating organic acids has been documented as the primary Al
resistance mechanism in multiple plant species including wheat, maize, and barley.
Organic acids excreted from roots chelate Al in the rhizosphere to form nontoxic
complexes that in some way prevent Al uptake. By not internalizing Al, the root tip
is protected from Al-related damage that can be severe enough to cause terminal
differentiation of the quiescent center (QC) in the root apical meristem (Ma 2000;
Kochian et al. 2005). Al chelation commonly occurs through exudation of malate,
citrate, or oxalate to render Al insoluble (Kochian et al. 2005). Strangely, it has
been argued that in animal systems, an Al**-citrate complex is the form that is most
readily transported across a cellular membrane (Macdonald and Martin 1988), thus
making it unclear as to why such complexes prevent internalization in plants.
Regardless, besides preventing internalization into the symplast, these organic
acid-Al complexes also reduce the capability of AI** to directly interact with the
negative charges of the apoplast such as polygalacturonic acids and other compo-
nents of the cell wall, which would normally increase wall rigidity and cause gross
physical damage upon cell elongation (Horst et al. 1999).

Organic acid-dependent Al exclusion was first reported in Al resistant snapbean
cultivars (Miyasaka et al. 1991) and subsequently studied intensively in an Al
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resistant wheat cultivar that has roots that secrete malic acid into the rhizosphere in
response to Al (Delhaize et al. 1993). Following characterization of the role of the
wheat Alt/ locus in Al exclusion, it was found that the Al resistance associated with
it was dependent on increased expression levels of ALMTI, which encodes an
Al-activated root malate efflux transporter that has subsequently been reported in
several plant species (Sasaki et al. 2004; Hoekenga et al. 2006). It has been argued
based on these studies that Al exclusion must be a rapid response to minimize Al
uptake and subsequent Al-dependent stress. Interestingly, much of the findings on
Al exclusion mechanisms have arisen from studies that move roots from a no AI**
environment to one that has highly toxic levels with the research focused on the
immediate responses to Al. It is hard to imagine a real world situation in which roots
go from an environment with little to no AI** to one that has highly inhibitory
concentrations. Therefore, it is arguable whether the approach of studying imme-
diate responses to Al is necessarily relevant to Al toxicity in soils since stoppage of
root growth in such an environment is likely due to chronic long-term exposure to
AI**. Consequently, it is of critical importance to determine the toxic effects of Al
as it accumulates within plant tissue.

1.2  Aluminum Toxicity

Since Al can exist as a trivalent cation, Al will bind to a vast array of biochemical
sites once internalized because it has a higher affinity for anionic targets in
comparison to ions such as Mg+ and Ca?*. Al is proposed to enter the symplast
via an Nramp-like transporter, Nratl (Xia et al. 2010). Al accumulation within root
tissue can be rapid upon exposure. In soybean roots, Al can accumulate in the
symplasm of the three outer cortical cell layers after only 30 min of treatment
(Barceld and Poschenrieder 2002). Rapid uptake is also observed in Arabidopsis
roots, where significant levels of Al accumulate within 1 h of exposure (Barcel6 and
Poschenrieder 2002). This accumulation of Al is not only very rapid but also
disrupts cellular activities and induces stress signaling.

Internalized Al has both apoplastic- and symplastic-binding sites. The trivalent
cation has the capability of indiscriminately binding to a wide range of negatively
charged biomolecules within the cell including sites within the nucleus. AI** can
displace other cations like Ca®*, Mg?*, and K*, thus inhibiting or altering the
function of the structures with which Al associates (Silva et al. 2000). For example,
AI** has been found to bind 107 times more tightly to ATP than Mg>*, suggesting
that AI>* is generally inhibitory to ATP requiring enzymatic reactions that depend
on an Mg-ATP complex to function (Macdonald and Martin 1988). Specific toxic
effects include inhibition of Ca®* influx across this membrane through blockage of
Ca** channels, disruption of H homeostasis and neutralization of the zeta potential
at the membrane surface, and inhibition of H" flux mediated by the H*-ATPase
(Degenhardt et al. 1998; Kochian et al. 2005).
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In response to the cellular damage caused by internalization of Al, plants must
activate signal transduction pathways in order to cope with the stress. It is well
documented that Al induces transcriptional programs in order to facilitate detoxi-
fication and redistribution of Al within the plant body. For example, ALS3 is an
Al-inducible gene that encodes an ABC-like transporter proposed to redistribute Al
away from the most Al sensitive tissues such as the root apical meristem in order to
maintain root growth (Larsen et al. 2005). Other Arabidopsis genes that are Al
inducible and have a protective role include those involved in oxidative stress such
as AfBCB (blue copper-binding protein), peroxidases, glutathione-S-transferases,
and superoxide dismutases (Richards et al. 1998). Overexpression of several of
these types of genes in Arabidopsis reduces Al toxicity symptoms in conjunction
with lowering Al-dependent oxidative damage (Ezaki et al. 2001). Such findings
clearly point to ROS as being critical to manifestation of Al toxicity symptoms,
suggesting that amelioration of Al-dependent oxidative stress may be a useful
approach for improving crop growth in an Al toxic environment.

Another well-documented hallmark of Al-inducible response is rapid deposition
of callose in the plasmodesmata, which can be observed in plants within a few hours
of treatment with Al (Wissemeir et al. 1987). Callose is a f-1,3-glucan that is
normally found very rarely within plant cells and only known to be involved in a
few specific developmental processes, such as pollen tube growth and as part of
p-protein plugs in sieve tube elements in response to wounding. Callose deposition
in plasmodesmata is a regulated response to stress, likely to isolate affected or
damaged cells from healthy ones. Because its deposition is so tightly linked to Al
exposure, callose accumulation has been a useful marker for assessing manifesta-
tion of Al toxicity (Larsen et al. 1996; Ezaki et al. 2001).

These Al-inducible responses represent just a few processes that are related to
the hundreds of genes that have been found to be upregulated following Al exposure
(Chandran et al. 2008; Kumari et al. 2008). As of now, it has been nearly impossible
to differentiate between those genes that are of central importance to Al toxicity and
stoppage of root growth and those that encode peripheral secondary factors that are
only tangentially related. Determining whether various factors are related to the
primary or secondary effects of Al-dependent root growth inhibition has proven to
be a great challenge to understanding the nature of Al toxicity and the molecular
basis of Al-dependent stoppage of root growth, although recent results suggest that
Al-dependent DNA damage may be of paramount importance.

2 Tolerance to Long-Term Aluminum Exposure

Plants are exposed to a variety of stresses with which they must constantly cope.
Their sessile nature requires that they adopt effective strategies to sense and
respond to a wide range of stresses for survival. In the case of internalized Al,
responses can be subdivided into two categories: short term and long term with the
latter likely being more relevant to the natural situation. While Al toxicity causes
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root growth inhibition by both inhibition of cell elongation and cell division,
reduced cell elongation is likely a short-term or immediate response to Al. In
contrast, arrest of cell division is argued to be a long-term or chronic symptom of
Al toxicity (Kochian 1995). As previously argued, plants growing in Al toxic soils
will reside in that environment for the entirety of the life cycle, and it is likely even
their progeny will reside in the same Al toxic soils, thus suggesting that the
cumulative effects of Al toxicity may have consequences not only for the plant
itself but also for its progeny when one considers that Al may act as a DNA-damage
agent. While many studies on Al report toxic effects from transient exposures to
highly inhibitory levels of Al, it is unlikely that plants growing in Al toxic soils will
experience a similar regimen of short, intermittent exposures to Al. Therefore, it is
of great importance to study the effects of and response to long-term, chronic Al
exposure as it most accurately replicates the true nature of the biological problem.

In addition to the importance of studying the effects of Al toxicity following
chronic exposure, it is also necessary to study plant responses to physiologically
relevant Al concentrations. This of course is complicated since Al speciation is pH
dependent, meaning that Al toxicity is not only related to concentration but also the
species that is present as a result of solution pH. For example, at or below pH 5.5, Al
speciates in soil solutions into the trivalent cation form (Macdonald and Martin
1988). This is especially true when solution pH changes from 4.5 to 4.0. This small
change in solution acidity will cause profound increases in the amount of Al that is
found in the toxic AI’** form (Tyler et al. 1987). Therefore, in order to best
understand how Al affects a plant in its environment, one must consider factors
such as length of exposure, Al concentrations, and the pH of the environment, all of
which are key determinants of the type of damage caused by Al and the severity of
response to Al by the root.

2.1 Aluminum Tolerance Mechanisms in Plants

The mechanisms of Al resistance have been intensively studied on crop species
using natural genetic variation within and across species, such as wheat and maize.
While clearly an insightful approach that has given extensive knowledge on Al
exclusion mechanisms, this work is limited based on currently existing variability
with regard to growth in the presence of Al. Mutational approaches using the model
plant species Arabidopsis have become an important complement to these studies.
Beyond the obvious advantages of using a model species, Arabidopsis has a similar
Al toxic threshold to many agriculturally relevant crop species making it a valuable
system for investigating how plants sense and respond to Al through the identifi-
cation of mutants with altered growth capabilities in the presence of Al (Larsen
et al. 1996). This has been particularly true with regard to identification of A/
sensitive (als) Arabidopsis mutants, which have reduced root growth in the pres-
ence of Al likely due to defects in mechanisms required for Al exclusion, Al
detoxification, or response to Al-dependent damage. By screening for Al sensitive
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Arabidopsis mutants, eight complementation groups were identified indicating that
Al toxicity is complex, which is to be expected considering the likely number of
factors involved in mechanisms of Al resistance and tolerance (Larsen et al. 1996).
Most importantly, as will be discussed later, identification of these als mutants has
allowed for use of a suppressor mutagenesis approach that has resulted in identifi-
cation of factors that are important for Al-dependent stoppage of root growth.

From this original mutagenesis screen, als3 was found to be a mutant with
extreme Al hypersensitivity. Analysis of the recessive als3-1 loss-of-function
mutant showed that in the absence of Al, it was indistinguishable from Col-0 wt,
thus indicating that it is at best only tangentially required for normal plant growth
and development. In contrast, growth in the presence of levels of Al that have only a
limited effect on Col-0 wt roots results in als3-1 roots that are severely stunted,
which is a consequence of the mutant roots being forced to undergo terminal
differentiation at a level of Al that does not visibly impact wild-type growth.
Clearly, based on the severity of the als3-1 phenotype in the presence of Al, it
likely represents a key factor in detoxification or redistribution of internalized Al.

Map-based cloning of als3-1 showed that it represents a defect in a gene that
encodes an ABC-like transporter homologous to bacterial ybbM, which is a metal
resistance protein from Escherichia coli. Based on this similarity and the localiza-
tion pattern of ALS3, which shows it predominantly at the plasma membrane of
root cortical cells and cells of the vasculature, it was proposed that it redistributes
Al away from the most sensitive plant tissues in order to maintain cell division
(Larsen et al. 1997, 2005). Loss of ALS3 as in the als3-/ mutant would result in
inappropriate accumulation of Al in vulnerable areas such as the root tip and would
consequently cause growth arrest at levels of Al that have no measurable effect on
wild type.

Consistent with the importance of ALS3 to Al tolerance, an ALS3 homolog was
identified in rice, called STAR2. Although both ALS3 and STAR2 are required for
plant Al tolerance, the expression patterns and cellular localization differ. STAR2 is
only expressed in roots upon Al treatment and is located in all cell types except for
the epidermal cells in the mature root zone (Huang et al. 2009). In contrast, ALS3 is
expressed at a basal level in the vasculature throughout the plant and its expression
is dramatically increased in the Arabidopsis root tip following exposure to Al
(Larsen et al. 2005). Similar to ALS3, STAR2 contains several transmembrane
domains that likely form a pore or channel that is involved in substrate movement.
Both ALS3 and STAR?2 lack an ATPase domain, making them unusual with regard
to ABC transporters that often have the transmembrane domains and ATPase
domain all as part of one protein. While a separate ATPase domain containing
protein partner has not been found for ALS3 (Larsen et al. 2005), rice STAR2 was
shown to interact with another protein, STAR1, which contains an ATPase domain
(Huang et al. 2009). The STAR1/STAR?2 complex functions together as a bacterial-
type ABC transporter that is speculated to transport UDP-glucose, although it is
currently unclear as to how the transport of UDP-glucose by STAR1/2 is respon-
sible for rice Al tolerance (Huang et al. 2009).
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Other Arabidopsis mutants that have been identified with altered responses to Al
include alsl and als7. Both alsl and als7 were identified in the original screen for
Arabidopsis mutants with Al hypersensitivity. ALS/ encodes a half type ABC
transporter that was localized to the vacuolar membrane of root tip cells, suggesting
that it may be important for compartmentalization of internalized Al (Larsen
et al. 2007). ALS7/SLOWWALKER encodes a transcription factor that among
other things is required for regulation of expression of genes whose products
participated in the production of polyamines such as spermine (Nezames
et al. 2012b). Since als7-1 has Al hypersensitive roots, it is expected that reduced
production of polyamines lowers the protective effect of these multicharged cations
because of reduced capacity to compete with Al** for binding to anionic sites within
the root tip. Anionic targets of AI>* are expected to include negative charges in the
plant cell wall as well as symplastic targets such as genomic DNA, which directly
binds to polyamines such as spermine and spermidine.

2.2 als3-1 as a Tool for Dissecting the Basis of Al Toxicity

In Arabidopsis, als3-1 has an extreme Al sensitivity phenotype in the presence of
low to moderate concentrations of Al. Its roots are stunted and swollen at the apex
due to terminal differentiation of the meristem, with root hairs and lateral roots
originating at or close to the tip (Rounds and Larsen 2008). This Al sensitivity
phenotype is easily distinguished from wild-type in the presence of Al and has
made a fantastic system for identification of secondary suppressor mutations, since
these suppressors result in long healthy roots in the presence of Al despite the
mutational loss of ALS3. This is because these Al tolerant secondary suppressor
mutants do not undergo the characteristic terminal differentiation displayed by
Al-treated als3-1 and sustain cell division and maintain root growth in the presence
of Al. Most important to the success of this approach, the extreme differential in
growth phenotypes between Al-treated als3-1 roots and roots of als3-1 suppressor
mutants has allowed for the successful use of map-based cloning to actually identify
the nature of the suppressor mutations.

As previously discussed, ALS3 encodes an ABC-like transporter that is proposed
to redistribute Al away from the most Al sensitive tissues such as the root apical
meristem in order to maintain cell division (Larsen et al. 2005). Consequently, it
was expected that a suppressor mutagenesis screen would result in identification of
gain-of-function mutations that enhance the activity of factors involved in mecha-
nisms such as Al exclusion. Surprisingly, screening for als3-1 suppressor mutations
has resulted in identification of two loss-of-function mutations that affect genes that
act as cell cycle checkpoints that are activated in response to DNA damage. This
strongly suggests that, since loss of either increases root growth even in comparison
to Col-0 wt, stoppage of root growth following Al exposure is an active process
mediated by a DNA-damage response pathway.
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The first Al tolerant suppressor of als3-1 identified was a loss-of-function
mutation in ATAXIA TELANGEICTASIA MUTATED AND RAD3-RELATED
(ATR), a highly conserved factor universal to all eukaryotes that encodes a cell
cycle checkpoint responsible for detecting and responding to DNA damage by
stopping cell division and activating repair mechanisms (Rounds and Larsen
2008). ATR is highly related to ATM (ATAXIA TELANGIECTASIA
MUTATED), with both functioning together to monitor genome integrity albeit
in different capacities. Whereas ATM is activated by accumulation of double strand
breaks in DNA (DSBs), ATR is responsive to persistent single strand DNA that
accumulates for example when the replication fork stalls (Culligan et al. 2006).
Interestingly, loss-of-function mutations for ATR or ATM result in seedlings that are
highly sensitized to various genomic stresses yet in the case of Al, loss of ATR
function confers substantive increases in Al tolerance. This intriguing conundrum
will be discussed later.

The second mutation capable of suppressing the als3-1 sensitivity phenotype
was found in ALUMINUM TOLERANT 2/TANMEI (ALT2), which also encodes a
cell cycle checkpoint that monitors and actively responds to Al toxicity through
promotion of root growth inhibition (Nezames et al. 2012a). ALT2 encodes a DWD
(DDB1-binding WD-40) motif containing protein (Lee et al. 2008) homologous to
Arabidopsis Cockayne Syndrome type A protein (AtCSA), which is an integral
component of the mechanism required for detection of UV-B-dependent DNA
damage. AtCSA is a recently described WD-40 protein that is a component of the
DNA-Damage-Binding (DDB) machinery (Biedermann and Hellmann 2010),
which is important to assess changes in DNA integrity and conformation. CSA
was originally identified in humans as being a critical factor for detection of
UV-related damage that results in DNA crosslinks (Biedermann and Hellmann
2010). At least in animals, CSA works in conjunction with CSB to scan DNA for
areas that halt the progression of RNA polymerase II, which subsequently activates
Transcription Coupled Nucleotide Excision Repair (TCNER) to remove the
crosslinked nucleotides (Saijo 2013). While it is not clear exactly how AtCSA
participates in DNA repair in Arabidopsis, the identification of a closely related
DWD motif containing WD40 protein that is required for stoppage of root growth
following Al treatment indicates that Al-dependent DNA damage is an important
theme to Al responsive root growth inhibition.

2.3 Aluminum Tolerance Genes ATR and ALT2

In higher eukaryotes, ATR encodes a cell cycle checkpoint that senses DNA damage
as part of a signal transduction pathway capable of halting the cell cycle in order to
repair damaged foci (Siede et al. 2006). In Arabidopsis, ATR is known to signal
repair of single-stranded DNA breaks and replication fork stalls that result in
persistence of single-stranded DNA (Culligan and Britt 2008). altl-1 (atr-4) is a
point mutation in ATR conferring a single amino acid substitution of G1098E in the
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highly conserved yet uncharacterized UME domain, which is speculated to function
in protein-protein interactions, whereas alt/-2 results from a L2553F substitution in
the conserved phosphatidylinositol 3- and 4-kinase domain of ATR (Rounds and
Larsen 2008). Both of these dominant-negative mutant alleles were originally
found because of their capability to suppress the hypersensitivity phenotype of
als3-1 (Gabrielson et al. 2006). Further work has shown that a T-DNA insertion
allele, atr-2, is also capable of fully suppressing als3-1, thus supporting the
argument that altl-1 (atr-4) and altl-2 are mutations that reduce the function of
ATR even though they are dominant.

This is particularly evident when one considers the response of atr-2 and atr-4 to
other DNA-damage agents, which only adds to the conundrum of why Al activates
this ATR-dependent pathway. While these mutants are Al tolerant, as demonstrated
by their capacity to maintain root growth due to failure to arrest cell cycle
progression and force QC differentiation, atr-2 and atr-4 roots exposed to different
DNA-damage agents such as the replication fork poison hydroxyurea (HU) and the
DNA crosslinkers cisplatin (CDDP) and Mitomycin C (MMC) exhibit extreme
sensitivity (Rounds and Larsen 2008; Nezames et al. 2012a). From these results,
ATR is absolutely necessary to repair stalled replication forks as well as DNA
crosslinks yet loss of this repair factor confers Al tolerance. It is difficult to
reconcile increased Al tolerance with loss of such a key DNA-damage response
factor, although it could be argued that AI** may bind to DNA in a manner similar
to covalent crosslinkers but without the extreme detrimental effects of these
crosslinkers. This argument is based on the likelihood that AI** would interact
with DNA electrostatically in a reversible manner, with binding likely holding
DNA in an unfavorable conformation that subsequently is perceived as a replication
fork stall by ATR. Interestingly, even though treatment with Al has been shown to
result in DSBs and micronuclei (Matsumoto 1988; Karlik et al. 1980; Achary
et al. 2013), a loss-of-function atm mutant was incapable of suppressing the Al
hypersensitivity phenotype of als3-1 (Rounds and Larsen 2008) suggesting that
DSBs are not important to activating the DNA-damage checkpoint following Al
treatment.

The second als3-1 suppressor mutant identified is a/t2-1, which is a loss-of-
function mutation in the cell cycle checkpoint TANMEI/ALT2. ALT2 encodes a
WD-40 motif containing protein homologous to an integral component of the
mechanism required for response to DNA damage, AtCSA, which is part of the
DNA-damage-binding (DDB) machinery (Nezames et al. 2012a; Biedermann and
Hellmann 2010). WD-40 proteins are commonly found in many different biochem-
ical pathways, serving as scaffolds for protein complexes. In some cases, such
proteins participate in SCF ubiquitin ligase complexes in order to tag target proteins
for degradation. Such a role for ALT?2 in response to Al is consistent with the
observation that CULLIN4, which is a key component of SCF ubiquitin ligases,
interacts directly with DWD motif containing proteins (Lee et al. 2008;
Biedermann and Hellmann 2010). Such a function is distinctly different from
what was previously described for human CSA, which functions in TCNER to
monitor for conformational changes in DNA as assessed by blockage of transcrip-
tion (Saijo 2013). Cooperation of a WD-40 motif containing protein with CULLIN4
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is characteristic of Global Genome Nucleotide Excision repair (GGNER) and is
independent of RNA polymerase II (Siede et al. 2006). At this point, it is unclear in
which if either NER response pathway ALT2 may participate although the potential
linkage of ALT2 to either is consistent with Al acting as a genotoxin.

Like atr-2 and atr-4, alt2-1 falls into the same conundrum since it fails to halt the
cell cycle and force differentiation of QC in the presence of a normally inhibitory
concentration of Al yet it is highly sensitive to DNA crosslinkers (Nezames
et al. 2012a). A double mutant representing the loss-of-function of both ATR and
ALT2 showed no additive Al tolerance compared with the single mutants,
suggesting that ATR and ALT2 act together to detect Al-dependent damage and
actively halt root growth. Interestingly, alt2-1 does not exhibit hypersensitivity to
the replication fork poison HU while it does show extreme sensitivity to CDDP and
MMC, which is consistent with it being a key regulator of cell cycle progression
following exposure to DNA-damage agents (Nezames et al. 2012a). Therefore, at
this point the genotoxic nature of Al has yet to be defined. However, it is clear from
the unbiased als3-1 suppressor screens, in which DDR factors were identified as Al
tolerance mutations, an ATR- and ALT2-dependent cell cycle checkpoint pathway
is key to stoppage of root growth and promotion of terminal differentiation follow-
ing Al treatment.

2.4 Aluminum as a Cumulative, Genotoxic Stress

Based on the results with ATR and ALT2, one could argue that Al-dependent DNA
damage is a critical determinant of root growth inhibition, yet the effects of Al on
the nucleus are just beginning to be elucidated. Al rapidly accumulates to high
levels in root meristem nuclei (Silva et al. 2000) and is especially concentrated
around interphase chromatin as well as mitotic figures (De Boni et al. 1974). It is
hypothesized that Al binds to the phosphate backbone of DNA (Andersson 1988),
which would be expected to result from an electrostatic attraction of AI’* to the
negative charges of the phosphodiester bonds. Such an association could increase
the rigidity of euchromatin and relax supercoiled heterochromatin destabilizing
genome topology through an ever-fluxing torsional tug-of-war. Binding of Al to
DNA or chromatin could condense DNA molecules and inhibit cell division by
reducing its capacity to provide a viable template for replication, mitotically
relevant transcriptional events, and even proper DNA separation (Matsumoto
1988). It is not unreasonable to predict that such conformational changes could
be perceived by ATR as being deleterious to replication fork progression, thus
activating this cell cycle checkpoint.

It should be noted that chromosomal aberrations resulting in DNA breakage and
intra-strand crosslinking are a reported consequence of chronic exposure to Al that
lead to micronuclei formation (Matsumoto 1988; Karlik et al. 1980; Achary
et al. 2013) although it is not clear how relevant these are to stoppage of root
growth since ATM does not appear to have a role in this process (Rounds and
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Larsen 2008). Clearly, further studies are necessary to define if and how Al interacts
with genomic DNA, especially since it is the AI** species that is predicted to bind to
the negatively charged DNA backbone, yet intracellular pH is not expected to favor
the formation of this species. In the end, utilizing Al toxicity as a real world model
to study DNA damage in plant systems presents a novel system to study DDR
without the use of rare chemotherapy drugs or types of radiation not found in
earthly environments.

Ultimately, it seems counterintuitive that a plant gains tolerance to an agent that
causes DNA damage by reducing the function of a factor necessary for
DNA-damage detection. This certainly begs the question—if atr and alt2 mutant
roots can maintain root growth even in the presence of Al, what actual
Al-dependent damage is detected by these cell cycle checkpoints? It cannot be
ruled out that inappropriate activation of the cell cycle checkpoint machinery and
the repair mechanisms that they regulate may actually be the cause of the damage
such as DSBs and micronuclei. Consequently, one explanation could be that failure
to activate this pathway prevents the program-dependent accumulation of the
damage and results in roots that can grow in normally inhibitory levels of Al.

3 DNA-Damage Responses

Determination of the nature of Al genotoxicity is currently at the initial stages of
investigation. While defining Al responsive mechanisms is suggestive of the type of
damage Al causes, it is crucial to define the genotoxic consequence of Al that
triggers this response, whether real or perceived. Additionally, unanswered ques-
tions also persist regarding which factors participate in conjunction with ATR and
ALT?2 to respond to Al-dependent damage since clearly Al responsive stoppage of
root growth is a multistep process progressing through cell cycle arrest to terminal
differentiation associated with endoreduplication or DNA replication without cyto-
kinesis. Therefore, not only is further identification of Al tolerance factors crucial to
our understanding of Al response signaling, it is also of critical importance to
determine how these factors function together to promote Al-dependent cell cycle
arrest causing terminal differentiation and subsequent plant growth inhibition.
While the genotoxic consequences of Al in plants have yet to be elucidated, it is
clear from our als3-1 suppressor mutagenesis approach that components of the
DDR machinery are mediating root growth inhibition in response to the likely
negative impact of Al on DNA structure, integrity, or conformation.

Based on evidence gained within the fields of Al toxicity and plant
DNA-damage response and repair, it can be hypothesized that ATR may trigger
Al-dependent root growth inhibition through the p53-like transcription factor
SUPPRESSOR OF GAMMA RESPONSE 1 (SOGI) to evoke a transcriptional
response upregulating a suite of yet to be discovered genes involved in the Al stress
response. In other eukaryotic species such as yeast, mice, and human, there are two
related phosphotidylinositol-3-kinase (PI3K)-related protein kinases, ATAXIA
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TELANGEICTASIA MUTATED (ATM) and ATR (Siede et al. 2006). Together
they mediate cell cycle arrest and coordinate repair proteins through the transcrip-
tion factors Chkl, Chk2, and p53 in order to regulate accurate mitotic growth
(Sancar et al. 2004). While no Chk1 or Chk2 homologues have been identified in
Arabidopsis (Yoshiyama et al. 2013b), both ATM and ATR play distinct roles in the
DNA-damage response and mediate transcriptional responses through SOGI,
which is predicted to function similarly to mammalian p53 and is required for
transition from an active cell division to endoreduplication (Culligan et al. 2006;
Yoshiyama et al. 2009).

3.1 Persistent Single-Stranded DNA Regulated by ATR

As noted earlier, in higher eukaryotes, ATR is a cell cycle checkpoint that senses
DNA damage as part of a signal transduction pathway capable of arresting cell
cycle progression in order to repair DNA damage (Siede et al. 2006). In
Arabidopsis, ATR is known to detect single-strand DNA breaks and stalled repli-
cation fork structures that interfere with DNA replication (Culligan and Britt 2008),
and this function is conserved throughout other model eukaryotic species like yeast
and metazoa (Siede et al. 2006). As part of the mechanism to locate damaged DNA
foci, ATR binds to a partner protein that is also highly conserved among eukary-
otes, ATR INTERACTING PROTEIN (ATRIP) (Cortez et al. 2001; Siede
et al. 20006).

The Arabidopsis ATRIP homologue was identified from two distinct genetic
screens for mutants hypersensitive to UVB and hydroxyurea termed SENSITIVE
TO UV 2 (SUV2) and HYDROXYUREA SENSITIVE 2 (HUS2) respectively
(Sweeney et al. 2009; Sakamoto et al. 2009). SUV2/HUS2 is the homologue of
ATR interacting protein (ATRIP) from vertebrates, Lcdl from S. cerevisiae, and
Rad26 from S. pombe (Sweeney et al. 2009, Sakamoto et al. 2009; Rouse and
Jackson 2000; Edwards et al. 1999). While the sequence of this factor is not
conserved among eukaryotes, ATRIP function is. All factors exhibit functional
conservation acting as DNA-binding proteins that partner with ATR/Mec1/Rad3
and target their respective kinase substrates to sites of DNA damage (Siede
et al. 2006). Based on the evolutionarily conserved relationship between ATR
homologues and the respective ATRIP homologues from each species, it could be
speculated that Arabidopsis atrip loss-of-function mutants will display character-
istics similar to that of the ar loss-of-function mutants and could prove to be Al
tolerant. This would be consistent with ATRIP being required for recruitment of
ATR to sites of Al-dependent DNA damage.

Based on the established DNA repair mechanisms in bacterial and mammalian
systems, ATRIP may interact with Arabidopsis homologues of the heterotrimeric
RPA complex, which is well known to bind to single-stranded DNA, as well as
RADI17 and the “9-1-1” complex (RAD9, RADI1 and HUS1), and has been shown
to participate in ATR-dependent repair mechanisms (Behailu et al. 2013; Siede
et al. 2006). While no homologues in Arabidopsis have been found of downstream
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effectors of ATR such as Chk1 and Chk2 in vertebrates, Rad53 in S. cerevisiae, or
Cdsl in S. pombe, SOGL is a transcription factor known to be capable of acting
downstream of ATM (Yoshiyama et al. 2009, 2013a, b). It is interesting to speculate
that SOG1 may also function downstream of ATR in response to Al, since Al
treatment causes hallmarks of endoreduplication in Al-treated roots of als3-/ and
even wild-type Arabidopsis.

3.2 Double-Stranded Breaks Regulated by ATM

In all eukaryotes studied that have both ATM and ATR homologues, each of the two
related PI kinases have divergent functions as they recognize different DNA-damage
lesions. While ATR recognizes persistent single-stranded DNA, single-strand DNA
breaks, stalled replication forks, and subsequently signals for their repair, ATM
mainly responds to double-strand DNA breaks (Yoshiyama et al. 2013b). SOGI
acts to link ATM with induction of responses following DNA damage (Preuss and
Britt 2003) and because of this, it can be speculated that SOG1 is also a downstream
effector of ATR. Further work on SOG1 has shown that following DNA damage, it
is responsible for entrance into endocycling in an ATM-dependent manner (Culligan
et al. 2006; Culligan and Britt 2008; Adachi et al. 2011) that results in induction of
transcription targets (Yoshiyama et al. 2009). For example, following treatment with
y-radiation, SOG1 upregulates a suite of genes including those responsible for repair
of DNA damage such as BRCAI, AtRAD17, and AtRAD51 (Yoshiyama et al. 2009).
However, as discussed earlier, there is no evidence that Al-responsive root growth
inhibition is ATM-dependent, as an atm loss-of-function mutant does not suppress
the als3-1 Al hypersensitivity phenotype (Rounds and Larsen 2008). Based on the
functional similarities between ATR and ATM, it is intriguing to consider that since
Al-dependent root growth inhibition is largely an ATR-dependent phenomenon and
Al leads to terminal differentiation coupled with endoreduplication, ATR may
function through SOG1 to regulate this response.

3.3 The Future of Aluminum-Inducible DNA-Damage
Responses

The identification of ATR and ALT2 as mediators of Al-dependent root growth
inhibition presents new strategies and opportunities to engineer crop species capa-
ble of growing in Al toxic soils. Based on the critical roles of ATR and ALT2 in
mediating Al-dependent root growth inhibition and the current knowledge gained
from the field of plant DNA damage, further studies need to be done to identify
mediators and effectors within the ATR- and ALT2-mediated Al response pathway,
especially those responsible for controlling cell cycle arrest, damage repair, and
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subsequent promotion of endocycling at the root apical meristem to stop root
growth. Our understanding of the genomic consequences caused by Al is still in
the beginning stages, and more work is needed. Continued testing of DDR mutant
responses to Al can give us the opportunity to elucidate further how genomic
maintenance factors are involved in this biological problem. In addition to the
value of gaining a better understanding the role of DDR factors and cell cycle
checkpoints in mediating Al-dependent DNA damage, Al toxicity represents a
novel and biologically relevant model to study ATR-dependent mechanisms in
the DDR in general.
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Signaling Pathways of Aluminum-Induced
Programmed Cell Death in Higher Plants

Hu-Yi He, Ming-Hua Gu, and Long-Fei He

Abstract Aluminum (Al) is the most abundant metals in the earth’s crust. Al stress
triggers the production of nitric oxide (NO) and hydrogen peroxide (H,0,). The
homeostasis between NO and H,O, may be a key decision point of cell survival or
cell death. Al toxicity can break NO and H,0, homeostasis and induce programmed
cell death (PCD) in plants, which is characterized by nucleus condensation and
crescent-shaped, marginalized chromatin aggregation, and DNA Ladder. This
multiple programming and damaged process is mediated via two signaling path-
ways. One is mitochondria-dependent pathway. The excess Al toxicity-generated
production of ROS leads to lipid peroxidation and induces the opening of MPTP,
and then causes the release of Cyt ¢ and finally results in PCD. Another is multi-
organelle and nucleus-guided mitochondria-independent pathway, which is exe-
cuted by regulating gene expressions of PCD promoter and suppressor. The pro-
moters include senescence-associated gene (SAG), vacuole processing enzyme
(VPE), poly (ADP ribose) polymerase (PARP-I), and PDCDS5. Bax inhibitor-1
(BI-1), ACCELERATED CELL DEATH2 (ACD2), and LESION SIMULATING
DISEASEL1 (LSD1I) all belong to the suppressor. There is a negative relationship
between the occurrence of PCD and Al resistance, so the negative regulation of
Al-induced PCD may be an important mechanism of Al tolerance. In this review,
we highlight the newest advances about Al-induced PCD in the context of the
relevant literature and enlarge our knowledge on cell death signaling pathways in
plants under Al stress.
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1 Introduction

Aluminum (Al) is a major limiting factor for crop production in acid soil. When soil
pH drops below 5.0, the soluble AI** is toxic to plants. The inhibition of root
elongation is the initial symptom of Al toxicity. Al initially reduces cell elongation,
thus decreasing root growth and causing damage to epidermal and cortical cells
(Blamey et al. 2004). As a DNA-damaging agent in vivo, Al halts cell cycle
progression and forces differentiation of the quiescent center. The cell cycle
checkpoint regulators TANMEI/ALT2 and ATR mediate the active process of
Al-dependent root growth inhibition (Nezames et al. 2012).

Extensive efforts have been made; plant species have evolved diverse mecha-
nisms of Al tolerance, including the secretion of Al-induced organic acids, immo-
bilization of Al at cell wall, and increasing in rhizosphere pH (He et al. 2012), but
the detailed mechanisms of Al toxicity and tolerance are still poorly understood.
Programmed cell death (PCD) is defined as a form of cell death involving a series of
orderly processes mediated by intracellular death programs, regardless of the
triggers or the hallmarks of its exhibits (Zhang and Xing 2008). PCD is a founda-
tional cellular process in plant development and elimination of damaged cells under
environmental stresses. Recently, there are some reports on Al-induced PCD in
plants, such as rice (Meriga et al. 2004), barley (Pan et al. 2001; Tamas et al. 2005),
tobacco (Yamaguchi et al. 1999), peanut (Zhan et al. 2009), onion (Achary
et al. 2008; Andrade-Vieira et al. 2011), soybean (Rath and Barz 2000), tomato
(Yakimova et al. 2007), and maize (Boscolo et al. 2003). Interestingly, Al-induced
PCD process may be controlled by different signaling pathway. The manipulation
of the negative regulation process of PCD may provide a novel mechanism for
conferring Al tolerance (Zheng et al. 2007). To elucidate the regulatory mecha-
nisms of Al toxicity and tolerance, herein we discuss cell death pathways during
Al-induced PCD in plants by combining relevant literature.

2 Al-Induced PCD in Plants

Recent studies have described some apoptotic hallmarks that appeared upon Al
treatment in plant cells (Table 1). For example, Al promoted Fe**-induced lipid
peroxidation and caused death of tobacco suspension cells (Yamamoto et al. 1997).
Under AI’* treatment with Fe**/Fe®* together, the plasma membrane integrity of
tobacco suspension cells was destructed, resulting in the inhibition of cell growth
(Ikegawa et al. 1998). In tobacco cultured cells, Al promoted Fe**-mediated lipid
peroxidation and caused cell death, which required high concentrations of cyto-
plasmic Ca”* and protease activities. This type of cell death-generated DNA
fragmentation belonged to PCD (Yamamoto et al. 2002). When tobacco cells
were treated with 50 pmol/L AlCl; for 18 h, a large number of superoxide anion
and H,0, arose from mitochondria. Subsequently, the membrane potential and
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ATP content were declined. The release of cytochrome ¢ (Cyt ¢) from mitochondria
caused PCD (Panda et al. 2008). When tobacco was exposed to 100 pmol/L APP* for
6 h, the genomic DNA of wild-type and non-transgenic plants were degraded.
Overexpression of the Ced-9 gene can inhibit Al-induced PCD in tobacco (Wang
et al. 2009). After barley was treated with 0.1-1 mmol/L Al for 8 h, root tip cells
generated DNA fragmentation but did not produce apoptotic bodies. Al-induced
cell death of barley root tip cells may be a PCD process (Pan et al. 2001). When
barley root border cells were treated with 2 mmol/L Al for 20-24 h, apoptosis-like
(AL) phenomenon occurred (Tamas et al. 2005). It was showed a distinct and
longtime increase in lipid peroxidation within 4 h upon transfer to an
Al-containing culture medium with a calculated Al activity of 15 pM soybean
cells (Rath and Barz 2000). Maize root tips were treated with 36 pmol/L APP* for
48 h; the result of TUNEL detection is positive (Boscolo et al. 2003). When rice
was treated with 80 pmol/L Al stress for 856 h, DNA breakage occurred in root tip
cells (Meriga et al. 2004). Tomato suspension cells were treated with 100 pmol/L
Al for 24 h; only 67.5 % cells emitted fluorescence by FDA staining, indicating
32.5 % cells had died (Yakimova et al. 2007). When onion root cells were treated
with 50-200 pmol/L Al, distinct trailing emerged from comet assay (Achary
et al. 2008). Therefore, the negative regulation of Al-induced PCD may be an
important mechanism of Al tolerance.

Al induced caspase-3-like activation and PCD, which provided new insight into
the signaling cascades that modulate Al phytotoxicity mechanism (Li and Xing
2011). Al induced obvious PCD morphological characteristics, including nucleus
condensation, crescent-shaped or oval-shaped, and similar apoptotic bodies. The
difference of Al-induced PCD has a negative correlation with Al tolerance of
peanut root tips (Zhan et al. 2009).

As described above, it can be seen that Al stress induces morphological changes
of plant cells significantly, exhibiting distinct characteristics corresponding to PCD
such as nucleus condensation and crescent-shaped, marginalized chromatin aggre-
gation, DNA Ladder, cytochrome C release, special gene expression, etc. And
apoptotic bodies are formed in some cases. The physiological aspects of
Al-induced PCD also are altered, including severe damage of the mitochondrial
respiratory functions, changes of the redox status and the internal structure, and
tardy responses to environmental stress.

3 NO and H,0, Homeostasis

Reactive oxygen species (ROS) and NO are highly reactive and diffusible mole-
cules, and they are known to play key signaling roles in both animal and plant cells,
regulating many physiological responses. NO has a strong relationship with another
reactive species: hydrogen peroxide. ROS are not only toxic by products of aerobic
metabolism with strictly controlled cellular levels, but they also function as signal-
ing agents regulating many biological processes and producing pleiotropic effects.
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Al treatments induced cell death possibly via a ROS-activated signal transduction
pathway (Pan et al. 2001). Roots are the major sites of Al localization, and
accumulation of Al promoted oxygen free radicals mediated peroxidation of mem-
branes (Meriga et al. 2004).

ROS have become recognized as important modulators of plant PCD with
emphasis on H,O, (Gadjev et al. 2008). Root growth inhibition by Al is probably
caused by cell death due to peroxidase-mediated H,O, production (Simonovicova
et al. 2004). Al-induced cell death of barley-root border cells is correlated with
peroxidase- and oxalate oxidase-mediated H,O, production (Tamas et al. 2005). It
has established that H,O, is a key player in stress and PCD responses (Gechev and
Hille 2005). Low concentrations of Al stimulate the production of ROS and
subsequent cell death (Yakimova et al. 2007).

Our results showed that Al stress induced ROS burst, upregulated Rboh and
COX gene expression, increased mitochondrial permeability transition pore
(MPTP) opening, decreased inner mitochondrial membrane potential (Aym),
released cytochrome ¢ from mitochondria to cytoplasm, activated caspase 3-like
protease activity. Exogenous H,O, aggravated the changes caused by Al and
accelerated PCD occurrence, but ROS scavenger CAT and AsA reversed the
changes caused by Al and inhibited PCD production (Huang et al. 2014b). Al
inhibited catalase (CAT) activity and enhanced the activities of superoxide
dismutase (SOD), guaiacol peroxidase (GPX), and ascorbate peroxidase (APX)
significantly in a dose-response manner (Achary et al. 2008). Through reactive
oxygen intermediates (ROI), the biphasic (hormetic) mode of action of Al that at
high doses-induced DNA damage and at low nontoxic doses-conferred genomic
protection was mediated (Achary and Panda 2010). Al-induced mitochondrial ROS
possibly originated from complex I and III damage in the respiratory chain through
the interaction between Al and iron—sulfur (Fe-S) protein (Li and Xing 2011). The
specificity of the biological responses to ROS depends on the chemical identity of
ROS, intensity of the signal, sites of production, plant developmental stage, previ-
ous stresses encountered, and interactions with other signaling molecules such as
NO, lipid messengers, and plant hormones (Gechev et al. 2006). Hydrogen peroxide
works synergistically with NO to stimulate or delay programmed cell death and
assist in defense responses to pathogens (de Pinto et al. 2006; Besson-Bard
et al. 2008).

NO is a freely diffusible, gaseous free radical and an important signaling
molecule in animals. In plants, NO influences growth and development, and can
affect plant responses to stress. Al affects mitochondrial functions, which leads to
ROS production, probably the key critical event in Al inhibition of cell growth
(Yamamoto et al. 2002). NO is often generated contemporaneously with HO,. The
effects of NO are the results of its interaction with ROS in some cases, and these
interactions can be cytotoxic or protective. The presence of NO donors delays the
loss of CAT and SOD that metabolize ROS, speculating that NO may be an
endogenous modulator of PCD in barley aleurone cells (Beligni et al. 2002). NO
plays an important role in protecting the plant against Al-induced oxidative stress
(Wang and Yang 2005). The reduction of endogenous NO concentrations resulting
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from inhibition of nitric oxide synthase (NOS) activity could underpin Al-induced
arrest of root elongation in H. moscheutos (Tian et al. 2007). However, by allevi-
ating Al-induced oxidative stress in red kidney bean roots, nitrate reductase (NR)-
dependent NO production plays an important role in providing protection against
Al toxicity (Wang et al. 2010). AI** induced an increase of NO in rice seedlings,
proposing that NO activated multiple pathways that enhance rice adaptation to AI**
toxicity (Yang et al. 2013). It is indicated that the contribution of NOS or
NR-mediated NO production is dependent on plant species and environmental
stimuli. NO maybe controls PCD by regulating the expression of PCD-related
genes (Zhan et al. 2011). NO was first seen as punctuate foci at the cell surface,
and subsequent NO was an intercellular signal that functions in cell-to-cell spread
of the HR (Zhang et al. 2003).

Owing to their mobility, NO and H,O, may act as signal transmission mediator
of oxidative and nitrosative stress. Elevated NO levels are sufficient to induce PCD
in Arabidopsis cells independent of ROS (Clarke et al. 2000). The simultaneous
increase of NO and ROS activated a process of death with the typical cytological
and biochemical features of hypersensitive PCD and a remarkable rise in PAL
activity. Under the simultaneous generation of NO and ROS, the cellular antioxi-
dant capabilities were also suppressed (de Pinto et al. 2002). SOD accelerates O,
dismutation to H,O, to minimize the loss of NO by reaction with O, and to trigger
hypersensitive cell death through NO/H,0, cooperation. The rates of production
and dismutation of O, generated during oxidative burst play a crucial role in the
modulation and integration of NO/H,O, signaling in hypersensitive reaction
(HR) (Delledone et al. 2001). Al exposure caused rapid depolarization of the
plasma membrane. The extent of depolarization in cells of the distal was much
more extensive than in the proximal portion of the transition zone. Cells of the distal
portion of the transition zone emitted large amounts of NO, and this was blocked by
Al treatment (Illes et al. 2006).

There is a convergence between NO and H,O, signaling, which functions at the
center of cellular stress responses. In the process of normal development, plants
maintain a tight NO and H,O, homeostasis. When plants are subjected to environ-
mental stress, if the balance between NO and H,0, production is in favor of NO,
plants show favorable stress tolerance. If the balance is in favor of H,O,, plants will
be easily injured and even die. Al toxicity can break NO and H,O, homeostasis and
induce PCD in plants. Conserved negative regulators of PCD are involved in
integrated regulation of cell survival and Al-induced PCD (Wang et al. 2009).
Eukaryotic cells have to constantly cope with environmental cues, and cell survival
or death is the only possible outcome (Cacas 2010). The homeostasis between NO
and H,O, is key decision point of cell survival or cell death. Meanwhile, alternative
oxidase (AOX), the unique respiratory terminal oxidase in plants, not only allevi-
ated excessive ROS accumulation but also suppressed NO concentration. So AOX
plays a central role in NO and ROS homeostasis in mitochondria (Gupta et al. 2012)
and was also demonstrated to play protective roles in Al-induced protoplast death
(Li and Xing 2011).
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4 Transcription Factors Related to Al-Induced PCD

Genetic and functional genomic studies have shown that many transcription factors
(TFs) play essential roles in developmental PCD and abiotic stress PCD. Three
basic helix-loop-helix transcription factors, UDT1 (bHLH164), TDR1 (bHLHY),
and EAT1/DTD1 (bHLH141), are known to function in rice pollen development.
bHLH142 acts downstream of UDT1 and GAMYB but upstream of TDR1 and
EAT1 in pollen development. In vivo and in vitro assays demonstrated that
bHLH142 and TDR1 proteins interact. Transient promoter assays demonstrated
that regulation of the EAT1 promoter requires bHLH142 and TDR1. EAT1 posi-
tively regulates the expression of AP37 and AP25, which induce tapetal
programmed cell death. The bHLH142 transcription factor coordinates with
TDR1 to modulate the expression of EAT1 and regulate tapetal programmed cell
death and pollen development (Ko et al. 2014).

It is identified that a glyoxal oxidase (GLOX1), a pectin methylesterase (VAN-
GUARDI), and an Al aspartic protease (UNDEAD) are direct targets of MYBSO0.
TUNEL assays showed that when UNDEAD expression was silenced using small
interfering RNA, premature tapetal and pollen programmed cell death occurred,
resembling the myb80 mutant phenotype. UNDEAD possesses a mitochondrial
targeting signal and may hydrolyze an apoptosis-inducing protein(s) in mitochon-
dria (Phan et al. 2011).

WRKY transcription factors have been implicated in various transcriptional
programs, including biotic and abiotic stress responses, growth, and development
(Pandey and Somssich 2009; Rushton et al. 2010, 2012; Van Aken et al. 2013). As
the most widely discussed H,O,-inducible representative of the family, WRKY52
is a senescence-related factor and its overexpression leads to accelerated senes-
cence (Miao et al. 2004). ORESARA1 SISTER1 (ORS1), a member of the NAC
transcription factor (TF) family, triggers expression of senescence-associated genes
through a regulatory network that may involve cross-talk with H,O,-dependent
signaling pathways (Balazadeh et al. 2011). A C2H2-type zinc finger transcription
factor ART1 (for Al resistance transcription factor 1), which specifically regulates
the expression of genes related to Al tolerance in rice (Oryza sativa), was identified.
ART1 regulates 31 genes implicated in Al tolerance in both internal and external
detoxification of Al at different cellular levels, including STAR1 and 2 in rice
(Yamaji et al. 2009). It had been successful in identification of cis-acting element of
ART1, which is present in the promoter regions of 29 genes out of 31 genes
regulated by ART1 (Tsutsui et al. 2011). It is regret that there are no reports on
the transcription factors related to Al-induced PCD.
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5 The Genes Related to Al-Induced PCD

The genes controlling the genotypic variation in AI** tolerance have been cloned
such as ALMTs (Aluminum-activated malate transporter) and MATEs (multidrug
and toxic compound extrusion), which have been successfully expressed in plants
(wheat, barley, Arabidopsis, and rice) as well as tobacco suspension cells (Ryan
et al. 2011). STOP1 (sensitive to proton rhizotoxicityl) and ART1 (AI*" resistance
transcription factor 1) share significant sequence similarity and appear to act as
transcription factors to enhance the expression of a range of genes in Al**-treated
roots. STOP1 is a Cys2His2-type zinc-finger protein belonging to a family of
transcription factors and localizes to the nucleus. The stopl mutant is also sensitive
to AI** (but not other metal ions). STOP1 likely functions as a transcription factor
that regulates the expression of proton and Al** responsive genes. ART1, similar to
STOPI, belongs to the family of Cys2His2-type zinc-finger transcription factors.
ART1 regulates the expression of multiple Al**-tolerance genes in rice such as
OsFRDLA4, STARI/2, Nratl (Nramp aluminum transporter 1), and OsALSI
(Delhaize et al. 2012).

Natural senescence is a genetically determined cell death progress, characterized
by upregulation of many senescence-associated genes (SAGs) (Rosenvasser
et al. 2006). A hypothesis was proposed that SAGs can serve as integrators of
different signaling pathways that control environmental responses (Balazadeh
etal. 2010). We isolated ARSAG (a senescence-associated gene) from cDNA library
of Al-stressed peanut with PCD, which Open reading frame (ORF) of AhSAG is
474 bp, encoding a SAG protein composed of 157 amino acids. The AhSAG was
transferred into tobacco. Compared to the control and the antisense transgenic
tobacco plants, the fast development and blossom of the sense transgenic plants
happened to promote senescence. The ability of Al tolerance in sense transgenic
tobacco was lower than in antisense transgenic tobacco according to root elongation
and Al content analysis. The expression of AhSAG-GFP was higher in sense
transgenic tobacco than in antisense transgenic tobacco. It showed that AWSAG
can induce or promote the occurrence of PCD in plants (Zhan et al. 2013).

In animal, one group of cysteine proteinases, the cysteine-dependent aspartate-
specific proteinases (caspases), are involved in a proteolytic signaling cascade that
controls apoptosis. The similar apoptotic caspase cascade has not been uncovered in
plants, but other proteolytic enzymes involved in PCD had been found, which are
localized in different compartments of plant cells: the cytoplasm (metacaspases),
the vacuoles (VPE), and the intercellular fluid (phytaspases). Vacuolar processing
enzyme (VPE) is a cysteine-dependent protease responsible for caspase-1 activity
in plant and is localized in plant cell vacuoles (see Fig. 1), where it participates in
the processing of vacuolar proteins, and its physiological role has been most
extensively investigated (Hatsugai et al. 2006). The Arabidopsis genome has four
VPE homologues traditionally distributed into seeds, fVPE and 6VPE, and vege-
tative tissues, aVPE and yVPE. yVPE is a vacuolarlocalised cysteine protease with
a caspase-1 like activity involved in the activation and maturation of downstream
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Fig.1 A schematic illustration of possible signaling pathways of aluminum-induced programmed
cell death in higher plants

vacuolar hydrolytic enzymes that trigger hypersensitive cell death and tissue
senescence. This work provides evidence that yVPE is strongly expressed in
Arabidopsis guard cells and is involved in water stress response (Albertini
et al. 2014). VPE functions as executioner of plant PCD through disrupting the
vacuole in pathogenesis, seed development, and abiotic stress such as heat shock
(Li et al. 2012). Real-time quantitative RT-PCR indicated that four VPE genes
(NtVPE-1a, NtVPE-1b, NtVPE-2, NtVPE-3) were more or less enhanced by the Al
exposure over the control levels. Especially, the expressions of the NtVPE-1a and
the NtVPE-1b were significantly enhanced, by 2.5-fold under the Al stress. It is
concluded that an enhancement of VPE activity by Al is controlled at transcrip-
tional level and is a key factor leading to a loss of integrity of the plasma membrane
and a loss of growth capacity (Kariya et al. 2013).

Caenorhabditis elegans apoptotic suppressor Ced-9, a Bcl-2 homologue,
inhibited both the Al-induced PCD and Al-induced activity of caspase-like vacuolar
processing enzyme (VPE) in tobacco. Furthermore, Ced-9 significantly alleviated
Al inhibition of root elongation, decreased Al accumulation in the root tip, and
greatly inhibited Al-induced gene expression in early response to Al, leading to
enhancing the tolerance of tobacco plants to Al toxicity. It suggests that Ced-9
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promotes Al tolerance in plants via inhibition of Al-induced PCD, indicating that
conserved negative regulators of PCD are involved in integrated regulation of cell
survival and Al-induced PCD (Wang et al. 2009).

PpBI-1 can attenuate Al-induced PCD and enhance Al tolerance in transgenic
yeast (Zheng et al. 2007). The programmed cell death 5 (PDCDS5) gene encodes a
protein that shares significant homology with the corresponding proteins of species
ranging from yeast to mice (Liu et al. 1999). Overexpression of OsPDCDS5 genes
induces PCD in rice (Attia et al. 2005). As a molecular chaperone, mitochondrial
HSP70 may be involved in PCD initiation by reducing Aym in mitochondrial outer
membrane (Chen et al. 2009).

6 The Signaling Pathways of Al-Induced PCD

Over the years, forward and reverse genetic screens have uncovered numerous
regulators of PCD in plants. However, to date, molecular networks are far from
being deciphered (Cacas 2010). Inside the cell, the compartments that produce the
highest amounts of ROS and NO are chloroplasts and mitochondria. The mitochon-
drial electron transport chain harbors electrons with sufficient free energy to
directly reduce O, which is considered the unavoidable primary source of mito-
chondrial ROS generation. It was suggested that the mitochondrial transmembrane
potential loss and the changes in distribution and mobility of mitochondria, as well
as the production of ROS, play important roles during UV-induced plant PCD (Gao
et al. 2008).

Based on understanding of related knowledge and NO signaling network pro-
posed by us (He et al. 2014), a new mechanism of Al-induced PCD is proposed in
Fig. 1. Al-induced PCD may be mediated via two divergent signaling pathways.
One is mitochondria-dependent pathway. Al stress provokes the activity of NADPH
oxidase, triggers ROS burst, ROS burst works as a signal of PCD production, opens
MPTP, releases cytochrome c, activates caspase 3-like protease, and then promotes
PCD occurrence (Huang et al. 2014b). Through NO/H,O, cooperation, SOD
accelerates O, dismutation to H,O, to minimize the loss of NO by reaction with
O, to trigger hypersensitive cell death (Delledone et al. 2001).

Another is multi-organelle-participated and nucleus-guided mitochondria-inde-
pendent pathway, which is executed by regulating gene expressions of PCD
promoter and suppressor, then vacuolar collapse, a loss of plasma membrane
integrity, and eventually reaching to a loss of growth capacity. The promoter
includes senescence-associated gene (SAG), vacuole processing enzyme (VPE),
poly (ADP ribose) polymerase (PARP-1), and programmed cell death
5 (PDCDS). Bax inhibitor-1 (BI-1), ACCELERATED CELL DEATH2 (ACD?2),
and LESION SIMULATING DISEASEL1 (LSD1) all belong to the suppressor. Al is
able to not only generate a signal cascade but also modulates other signal cascades
generated by other types of stress in plants (Poot-Poot and Hernandez-Sotomayor
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2011). The final output of the cascade depends on the intensity of Al stress,
NO/H,0, signaling, and two-way communication between two signaling pathways.

As a stress sensor of death signals and a dispatcher of PCD, mitochondria can
serve in plant and animal cell death (Jones 2000). In contrast, the part played by
mitochondria in the death of plant cells has little attention. High AI** concentration
treatment induced mitochondrial permeability transition pore (MPTP) opening,
increased mitochondrial membrane permeability, Cyt ¢ released into the cytoplasm,
activated caspase 3-like protease, which might induce PCD in root tip (Zhan
et al. 2009; Huang et al. 2014b). Al treatment and oxidative stress in the sensitive
maize line induced cell death in root tips cells (Boscolo et al. 2003). Al enhances
ferrous ion (Fe”*)-mediated lipid peroxidation which is the primary factor leading
to cell death in nutrient medium in tobacco cells (Yamaguchi et al. 1999). Spent pot
liner (SPL) is solid waste from the Al industry. This toxic agent, consisting of
cyanides, fluorides, organics, and metals, leads to cell damage and disturbance
(Andrade et al. 2010). SPL induces apoptosis-like PCD in root meristem cells of
Allium cepa (Andrade-Vieira et al. 2011). NO can ameliorate remarkably mito-
chondrial respiratory dysfunction resulted from Al stress (He et al. 2006). Al
induced oxidative burst at the cell surface through up- or downregulation of some
of the key enzymes of oxidative metabolism ultimately resulting in oxidative stress
leading to DNA damage and cell death in root cells of Allium cepa (Achary
et al. 2008).

Mitochondria are the main target for oxidative damage to proteins under well-
irrigated and drought conditions (Bartoli et al. 2004). As a semiautonomous organ-
elle, mitochondrion is a common factor that integrates NO/H,0, signaling. Mito-
chondria constitute a major source of ROS and have been proposed to integrate the
cellular responses to stress. Oxidative stress increased mitochondrial electron
transport, resulting in amplification of H,O, production and cell death. The
increased generation of H,O, also caused the opening of the mitochondrial trans-
membrane potential (MTP) and the release of Cyt ¢ from mitochondria (Tiwari
et al. 2002; Huang et al. 2014b). Exposure to H,O, caused the opening of perme-
ability transition pores in the inner mitochondrial membrane. Cytosolic Cyt c plays
an essential role in the execution of apoptosis (Takeyama et al. 2002). We found
that AWm loss is a common early marker in plant PCD; mitochondrial Cyt c release
is an obligatory step in PCD control also (Huang et al. 2014b). Mitochondrial
swelling and MTP loss, as well as the generation of mitochondrial ROS, play
important roles in Al-induced PCD (Li and Xing 2011). Al toxicity affects severely
the mitochondrial respiratory functions and alters the redox status studied in vitro
and also the internal structure, which seems to cause finally cell death in tobacco
cells (Panda et al. 2008).

However, it has recently been shown that PCD can still occur even when the
mitochondria are removed, revealing that there is a mitochondria-independent
signaling pathway in nucleus. Proteolytic cleavage of nuclear lamin was conserved
in plant PCD (Sun et al. 1999). The nuclear matrix largely remained intact during
the course of apoptosis, maintaining the integrity of apoptotic cells and connecting
the apoptotic bodies and apoptotic nucleus (Zhao et al. 2001). As one of the
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hallmarks of apoptosis, chromatin condensation is regulated by nucleoplasmin
(Lu et al. 2005). NO and H,0, cause an induction of caspase-like proteases
previously characterized in physiological nucellar PCD (Lombardi et al. 2010).
Using physiological, biochemical, and genetic approaches, we recently demon-
strated that AASAG could induce or promote Al-induced PCD (Zhan et al. 2013).
Although VPE is structurally unrelated to caspases, plants have evolved a regulated
cellular suicide strategy that is mediated by VPE and the cellular vacuole (Hatsugai
et al. 2004). Al induced the activity of caspase-like VPE, a crucial executioner of
PCD in tobacco (Wang et al. 2009). Bcl-2 overexpression suppresses H,O,-induced
PCD via OsVPE2 and OsVPE3, but not via OsVPEI and OsVPE4, in rice (Deng
et al. 2011).

The Arabidopsis PARP-1 shows high homology to human PARP-I, and its
activity is inhibited by the caspase-3 inhibitor (Ac-DEVD-CHO). By regulating
synthesis of PAR, PARP-1 processes diverse signals and directs cells to specific
fates (DNA repair, energy depletion, or cell death) (Luo and Kraus 2012). Because
the PDCDS5 protein can translocate rapidly to the nucleus in cells undergoing
apoptosis, overexpression of the OsPDCD5 gene induces PCD in rice (Attia
et al. 2005). PpBI-1 (Phyllostachys praecox) inhibits Al-induced PCD and pro-
motes Al tolerance in yeast (Zheng et al. 2007). The C-terminal hydrophilic region
of BI-1 is essential for the inhibition of cell death. H,O,-mediated cell death was
suppressed in tobacco BY-2 cells overexpressing ArBI-I (Kawai-Yamada
et al. 2004). The Arabidopsis ACD2 protein protects cells from PCD caused by
endogenous porphyrin-related molecules like red chlorophyll catabolite or exoge-
nous protoporphyrin IX (Pattanayak et al. 2012).

LSD1 is an important negative regulator of PCD in Arabidopsis. The loss-of-
function mutations in LSD1 cause run away cell death triggered by ROS
(Li et al. 2013). Although caspases are proteases that act as key components of
animal apoptosis, plants have no orthologous caspase sequences in their genomes.
Metacaspase-8 is part of an evolutionary conserved PCD pathway activated by
oxidative stress, so metacaspases may be the functional homologues of animal
caspases in these organisms (He et al. 2008). The prolonged activation of the
mitogen-activated protein kinase (MAPK) pathway in cells could disrupt the
redox balance, which leads to the generation of ROS and eventually cell death
(Ren et al. 2002). The PCD-related genes are mediated by TFs, redox changes,
MAPK cascades, microRNAs, and their interactions with each other.

Moreover, Cyt ¢ induced in vitro apoptosis of carrot nucleus, indicating there is a
signal communication between mitochondria and nucleus (Zhao et al. 1999). Chlo-
roplasts may be involved in mediating certain types of plant PCD (Chen and
Dickman 2004). Doyle et al. (2010) found that chloroplasts can play a significant
role in AI-PCD regulation. Distinct organelles sense a broad range of stimuli, if
necessary, engage cell death signaling pathways. The endomembrane system
(ES) seems to harbor a significant number of cell death mediators (Cacas 2010).
AtLrgB, which encodes a homolog of the bacterial membrane protein LrgB, func-
tions against cell death (Yamaguchi et al. 2012).
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7 Conclusions and Perspectives

In conclusion, Al stress not only triggers the production of NO and H,0, but also
induces PCD by breaking their homeostasis. Al-induced PCD is characterized by
nucleus condensation and crescent-shaped, marginalized chromatin aggregation,
and DNA Ladder. In the light of relevant literature, Al toxicity initiates PCD via
two signaling pathways. One is mitochondria-dependent pathway. The excess Al
toxicity-generated production of ROS lead lipid peroxidation, induce the opening
of MPTP, cause the release of Cyt c, activate caspase 3-like protease, and finally
result in PCD. Another is mitochondria-independent pathway existing in nucleus. It
is a multiple organelle-participated and nucleus-guided process, which is executed
by regulating expressions of PCD-related genes, such as SAG, VPE, BI-1, ACD2,
PDCDS5, and LSD1. Since there is a negative relationship between the occurrence of
PCD and Al-resistance in peanut (Zhan et al. 2013), the negative regulation of
Al-induced PCD may be an important mechanism of Al tolerance.

Although researches on signaling molecules, related proteins, and genes of
Al-induced PCD in plants have made some progress, its precise mechanism is
still unclear. For example, how is the relationship between PCD occurrence and
Al tolerance in different plants? Whether the mitochondria lie in the control center
of Al-induced PCD? What kinds of species are signaling factors related to
Al-induced PCD? Whether common regulatory pathway or mechanism exists?
What are the similarities and differences of Al-induced PCD mechanism at the
molecular level? Which kinds of transcription factors are related to Al-induced
PCD? The role of nuclease and specific protease in Al-induced PCD is still
unknown. Deep research on molecular mechanism and regulatory pathways of
Al-induced PCD help to elucidate the mechanisms of Al toxicity and Al tolerance
in plants, providing opportunities for enhancing the Al** resistance of plants by
marker-assisted breeding and through biotechnology.
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Mechanisms of Hyper-resistance
and Hyper-tolerance to Aluminum in Plants

Charlotte Poschenrieder, Roser Tolra, Roghieh Hajiboland,
Catalina Arroyave, and Juan Barcelo

Abstract As a widespread, permanent stress factor in acid soils, Aluminum toxi-
city has driven the evolution of different mechanisms that allow plants to colonize
these adverse environments. Even more, Al-induced stimulation of growth has
frequently been observed in highly adapted plants. Plant strategies for handling
excess Al span from highly efficient exclusion (hyper-resistance) to the tolerance of
extremely high Al accumulation within leaf tissues (hyper-tolerance). This chapter,
after considering potential mechanisms for Al-induced growth stimulation, gives an
overview of the current knowledge on Al hyper-resistance and Al hyper-tolerance
mechanisms in plants with special focus on both the highly efficient excluder
species of the genus Urochloa (former Brachiaria) and the most studied Al
accumulators, tea and buckwheat.

1 Introduction

Aluminum toxicity affects plants that are not- or only poorly adapted to acid soil
conditions. Especially in tropical areas, crop production on acid mineral soils can
be severely affected. In contrast, the natural vegetation that has evolved under these
conditions perfectly handles Al toxicity, in addition to other adverse factors asso-
ciated with these soils, such as low P and Ca availability, high concentrations of H*
and of soluble Mn and Fe, and drought stress (Fageria and Baligar 2008; Yang
et al. 2013; Kabaz-Saberi et al. 2014).
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While our knowledge about Al toxicity and tolerance mechanisms in major crop
plants has made excellent progress in recent years (see reviews, e.g., by Kochian
et al. 2005; Delhaize et al. 2007, 2012; Poschenrieder et al. 2008; Ma et al. 2014),
the research efforts addressing the natural vegetation exposed to high Al avail-
ability is still in its exploratory phase mainly focusing systematics and Al accumu-
lation patterns (Jansen et al. 2002, 2003), while mechanistic aspects are just
emerging. Most information is available on some highly adapted species of impor-
tant commercial interest, such as the tea shrub (Camellia sinensis) and signal grass
(Urocloa decumbens formerly Brachiaria decumbens).

These species have extremely contrasting strategies for managing excess
Al. While C. sinensis and other Theaceae species accumulate huge concentrations
of Al in the shoots reaching hyperaccumulation levels of more than 1000 mg kg '
(Matsumoto et al. 1976; Jansen et al. 2002; Carr et al. 2003; Osawa et al. 2013),
signal grass is a highly efficient Al excluder (Wenzl et al. 2001; Arroyave
et al. 2011). Applying Levitt’s concepts of stress tolerance and stress resistance
(Levitt 1980), tea is an extremely Al-tolerant species. In contrast, signal grass is
extremely Al resistant due to efficient avoidance of Al accumulation, even under
conditions of very high Al availability. Nonetheless, in highly resistant species or
varieties that are naturally adapted to acid or metalliferous soils, the ability of
efficient metal exclusion is further combined with higher tissue tolerance than in
non-adapted plants (Llugany et al. 2003; Arroyave et al. 2013). Multiple mecha-
nisms (i.e., genes) therefore must cooperate to achieve hyper-resistance.

Metal hyperaccumulation and metal tolerance can be genetically independent
traits (Bert et al. 2003). However, hyper-tolerance traits are required for hyper-
accumulators to survive in their natural habitats. In this sense, hyper-tolerance can
be clearly defined as a function of the high internal metal concentration achieved in
the shoots of the species without a significant growth reduction. In the case of Al
hyperaccumulators, shoot concentrations higher than 1000 mg kg~ should corre-
spond to hyper-tolerance. According to this criterion, a few cultivated species can
be considered as Al hyperaccumulators: tea, buckwheat, and Hydrangea. However,
most hyperaccumulators are wild tropical shrubs and trees, among others, from the
Melastomataceae, Rubiaceae, Proteaceae, Vochysiaceae families (Haridasan 1982;
Jansen et al. 2002; Metali et al. 2012). Aluminum hyperaccumulation has also been
reported in some Pteridophyte species growing on acid soils (Olivares et al. 2009).

(Hyper)-resistance is to be defined as function of the external concentration
available to the plant causing a standardized effect. Under field conditions, the
percent Al saturation of the cation exchange sites or the concentrations of
exchangeable Al are commonly used for characterizing the Al stress intensity,
while in hydroponic studies the activity of AI** or the sum of soluble monomeric
Al species defines the stress treatment. Hyper-resistant species like U. decumbens
can grow on soils with up to 80 % Al saturation and suffer 50 % inhibition of root
elongation at soil solution AI** activities higher than 30 pM (Wenzl et al. 2001;
Bitencourt et al. 2011). Similar hyper-resistance can be found in some legume
species of tropical origin such as Mucuna nivea, M. deeringiana, M. aterrima, and
Vigna unguiculata (Meda and Furlani 2005). Also certain upland rice varieties can
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be considered as hyper-resistant to Al suffering less than 10 % yield reduction in
soils with around 85 % Al saturation (Sarkarung 1986). Stimulation of root elon-
gation by 160 uM AI** has been observed in some extremely Al-resistant rice
varieties (Famoso et al. 2011). In comparison, a wheat variety considered to be
highly Al resistant, e.g., Triticum aestivum cv Atlas, suffers a 50 % growth
inhibition at 2-5 pM At activity (Wheeler et al. 1992; Poschenrieder et al. 2008).

2 Growth Stimulation by Al

Up-to-date no essential biological role is recognized for Al in any organism.
Nonetheless, Al-induced stimulation of growth has frequently been reported. Mul-
tiple mechanisms may account for such hormetic responses caused by low levels of
potentially toxic metal ions (Poschenrieder et al. 2013). Two main patterns in the
stimulation response to Al should be distinguished. (1) A short, transient increase of
growth mainly observed in lab studies when plants are exposed to Al in low ionic
strength nutrient solutions with low pH and (2) a permanent Al-induced increase in
productivity of Al hyper-resistant or hyper-tolerant plants.

Inhibition of root elongation is often used as a fast, reliable indicator of Al
sensitivity in genotype screening in single salt or low-ionic-strength nutrient solu-
tions with low pH. In such a system, acid soil sensitive varieties can exhibit
substantial Al-induced enhancement of root elongation for several minutes or
hours due to amelioration of H* toxicity by AI** (Llugany et al. 1995). According
to the Gouy—Chapman-Stern Model, AI** can ameliorate H* toxicity due to
electrostatic displacement from the cell membrane surface (Kinraide et al. 1992;
Kinraide 1998). Although the positive effect in sensitive plant is only transitory
because AI’* gets toxic to the roots.

However, not in all cases the Al-induced growth stimulation is transitory. Al and
proton tolerance are two independent factors, and long-term growth stimulation can
be observed in Al-tolerant species. The suboptimal growth of a Betula pendula race
at pH 4.2 was ameliorated by low Al concentrations even after 28 days of exposure
(Kidd and Proctor 2000). Contrastingly, the growth of a race that grew optimal at
this pH was not enhanced by Al. Birch is considered an Al-tolerant species.
However, detailed growth studies under different H* and AI’* concentrations
using birch races from different locations showed that the tolerance to H* and Al’
* was strictly in accordance with the prevailing soil conditions at the sites of the
plants’ origin (Kidd and Proctor 2000). There seems to be a specific proportion of
H* and AI** for optimal growth. This optimal proportion reflects the soil solution
composition at the site where the plant had evolved and is most probably condi-
tioned by the Ca®* concentration in the solution. In certain species, local adaptation
to acid soil conditions and Al toxicity can be a relatively fast process (Gould
et al. 2014).

Besides proton toxicity, other adverse inorganic factors may also drive
Al-induced growth stimulation. Due to its high prooxidant activity, cationic iron
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both in the form of Fe** and Fe>" is more toxic than AI** (Kinraide et al. 2011).
Plants can suffer from iron toxicity, visible in the form of leaf bronzing, especially
in acid soils under reducing conditions (Shabala et al. 2014). For economic reasons,
this phenomenon has mostly been investigated in rice (Becker and Asch 2005;
Mongon et al. 2014). However, few data on the interaction between Al and Fe under
acid soil conditions are available (Ayeni et al. 2014). As in the case of Al, resistance
to Fe toxicity seems mainly based on more efficient Fe exclusion, especially from
the shoots. However, shoot tolerance mechanisms are also operating in some rice
lines (Wu et al. 2014). Interestingly, in a comparative study on wheat varieties
differing in resistance to Al, Fe, and Mn toxicity, the Al-resistant varieties accumu-
lated as low or even lower shoot Fe concentrations than the Fe-resistant variety
(Khabaz-Saberi et al. 2012). Interference between Al and Fe transport seems
possible and Al may stimulate growth by alleviating Fe toxicity. In fact, under
lab conditions leaf bronzing in hydroponically grown tea plants was accompanied
by high leaf Fe concentration. Addition of 200 pM Al to hydroponically grown tea
plants reduced hematoxylin stainable Fe in the roots, alleviated the leaf bronzing
(Fig. 1a, b), and reduced root and leaf Fe concentrations, while enhancing plant
growth (Hajiboland et al. 2013b). However, even under conditions without Fe
toxicity or other apparent stress conditions, Al supply enhances growth in tea plants
(Fig. 1c). This sustained Al-induced stimulation of growth is accompanied by
enhanced photosynthesis, increased antioxidant defenses, and less cell wall lignifi-
cation (Hajiboland et al. 2013c). This could be related to the interaction of Al with
cell wall-bound phenolics and boron (see also Sect. 4.4). In fact, Al stimulates
growth not only in B-sufficient but also in B-deficient tea plants (Fig. 1c). A further
mechanism proposed for Al-induced growth stimulation in plants highly adapted to
acid soils is the favorable influence of Al on phosphorus acquisition (Osaki
et al. 1997; Watanabe and Osaki 2002) (see also Sect. 4.2).

3 Mechanisms of Al Hyper-resistance

Root tips are the primary target for Al phytotoxicity and, most probably, also the
site of Al sensing (Liu et al. 2014). Cell division, cell elongation, and root cell
patterning are highly sensitive to Al (Doncheva et al. 2005; Amends et al. 2009).
Interactions of Al with root tip cell walls, plasmalemma, cytoskeleton, vesicle
transport, mitochondria, and nucleoli have been observed after seconds to minutes
of Al exposure. The root transition zone has been proposed as most sensitive site.
Fast induction of ethylene in response to Al stress in this zone mediates auxin-
regulated root growth inhibition (Massot et al. 2002; Yang et al. 2014). Resistance
mechanisms have to avoid the accumulation of toxic Al in the root apex. Moreover,
mechanisms efficient in the exclusion of Al from the sensitive shoots must operate.
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+BI-Al  +BAAF | -BAl  -B/+Al

Fig. 1 Camellia sinensis plants grown in hydroponics. (a) Leaf of plant grown without Al
showing leaf bronzing, a symptom of iron toxicity. Leaf iron concentration 900 mg kg ' dry
weight. (b) Plants grown in solution with 300 pM Al; no toxicity symptoms, leaf iron concen-
tration 300 mg kg~' dry weight. (c) Tea plants cultivated in solution with sufficient (+B) or
deficient (—B) boron supply and either with (+Al) or without (—Al)

3.1 Molecular Basis for Al Exclusion

Al-induced exudation of organic acids, mostly citrate, malate, or oxalate is the best-
characterized mechanism responsible for Al exclusion from root tips. A single
dominant gene is responsible for this in most cereals (wheat, barley, oat), while
multiple genes seem responsible in maize and rice (Guimaraes et al. 2014; Ma
et al. 2014). As Al-induced organic acid exudation is covered in other chapters of
this book, here we will focus mainly on other mechanisms that seem relevant for
hyper-resistance to Al. In fact, there is increasing experimental evidence that in
several species, organic acid exudation is not the only mechanism contributing to
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Al (hyper)-resistance (Vazquez et al. 1999; Kidd et al. 2001; Wenzl et al. 2001,
2002).

The extraordinary high Al resistance in rice, especially upland rice, is only in
part due to Al-induced organic acid exudation. Genome-wide association mapping
and QTL analysis revealed three regions involved in natural variation of Al
resistance: ARTI, STAR2, and Nratl (Famoso et al. 2011). ART1 is a transcription
factor that regulates at least 31 genes (Yamaji et al. 2009). Several are related to Al
resistance (Ma et al. 2014; see more detailed explanations also in chapter “Tran-
scriptional Regulation of Al Tolerance in Plants”). Among those are genes for
Al-induced citrate exudation (OsFRDL4), magnesium transport (OsMGTI), and
vacuolar Al storage (Nratl). STAR1/STAR?2 coding for UDP-glucose release to the
cell wall seems involved in avoidance of Al binding in the apoplast. Taken together
these results indicate that in rice, hyper-resistance to Al implies less binding of Al in
the apoplast, due to both alteration in the composition of cell walls and chelation of
Al by Al-induced citrate exudation, enhanced Al transport into root vacuoles, and
enhanced Mg uptake. Avoidance of Al-induced Mg deficiency is crucial for the
maintenance of ATP availability in the heterotrophic root cells (Gout et al. 2014),
facilitating resistance strategies based on active transport mechanisms.

3.2 Hpyper-resistance in Urochloa sp

Urochloa decumbens (former Brachiaria decumbens; see Torres Gonzalez and
Morton (2005), for phylogenetic relations), a pasture grass of African origin, is
among the most Al-resistant Poaceae. The mechanisms behind this extraordinary
stress resistance are still not established. Amongst the Urochloa species, both Al
accumulation in the roots and Al sensitivity followed the order U. decumbens <
U. brizantha < U. ruziziensis (Arroyave et al. 2013). U. ruzizensis is a relative
sensitive species within the Urochloa genus. However, comparison of Al-induced
inhibition of root elongation among different species revealed that growth of
U. ruzizensis was not affected at AI’* activities that inhibited growth of buckwheat,
which has been described as “highly Al resistant” (Wenzl et al. 2001).

The most Al-resistant Urochloa species U. decumbens and U. brizanta are
tetraploids with a complex genome of more than 1600 Mbp (Silva et al. 2013).
Available genome data are mainly focused on marker-assisted breeding of the fast
growing, less Al-resistant U. ruziziensis with a small genome (600 Mbp). In the
more Al-resistant U. brizantha, some gene information is available. However, this
is mainly restricted to studies on differential gene expression related to apomixis
versus sexual reproduction and the development of floral organs (Silveira
et al. 2012; Lazerda et al. 2013), a topic of high interest for breeding of valuable
pasture varieties. This scarcity of genome information for U. decumbens hampers
the investigation of the genetic basis of Al hyper-resistance in these species and,
up-to-date, mainly physiological approaches have been performed.
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Attempts to relate Al resistance in U. decumbens or U. brizantha with root
exudation of organic acids failed (Wenzl et al. 2001; Ishikawa et al. 2000), while
internal detoxification by Al binding to organic acids has been suggested as an Al
tolerance mechanism inside the root tip cells of signal grass (Wenzl et al. 2002). A
further characteristic of U. decumbens is that even when exposed to 200 pM Al
(32 M AI** activity), the root tips do not stain with hematoxylin (Arroyave
et al. 2011, 2013). Only a few hematoxylin stained spots were found scattered on
the root tip surface. Morin staining revealed that Al accumulated in root hairs.
Apparently, this Al accumulation occurred inside the hair cells rather than in the cell
walls (Arroyave et al. 2011). A further unusual feature of this species is the
formation of abundant root hairs very close to the tip (300500 pm). Moreover,
roots of signal grass present a multiseriate exodermis which apparently hampers
apoplastic access to the inner cortex. Taken together, these results indicate that the
Al resistance in Urochloa implies low apoplastic binding of Al in the root tips.
Whether this is achieved by the exudation of a still uncharacterized Al-binding
substance or by changes in the cell wall composition remains to be established.
Besides the important Al exclusion from roots, U. decumbens also efficiently
restricts Al transport from roots to shoots. To what extent active Al efflux, Al
accumulation in the root hairs that have a fast turnover, and/or vacuolar storage
contribute to this is still unclear and deserves further investigation.

4 Mechanisms of Hyper-tolerance

Maintenance of a plant’s fitness even with a burden of several thousands of mg of
Al per kilo dry weight in photosynthetically active leaves requires extremely
efficient mechanisms of tolerance allowing detoxifying and compartmentalizing
the toxic AI’*. Species with such hyper-tolerance of Al share some common
characteristics: (1) with some exceptions, these plants are tropical shrubs or trees,
(2) they have a high tissue concentration of organic acids, especially oxalate and
citrate, and (3) they contain a high concentration of phenolic substances.

4.1 Predominance of Shrubs and Trees Among Al
Hyperaccumulator

The question why Al hyper-tolerance has mainly evolved in shrubs and trees and
only in a few herbaceous species is still open. The proposal of some speculative
causes may stimulate further research efforts into this question. Main differences
between the perennial shrubs or trees and herbaceous plants are size and life cycle
length. Most herbaceous plants are relatively small annuals or bi-annuals. Their
root systems mainly explore the superficial soil horizon where organic matter
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content is usually higher and, in consequence, AIP* activity is lower than in deeper
soil. If the root system of these plants is challenged by high AI** activity, organic
acid exudation is an efficient way to prevent both injuries to the sensitive root tips
and the excessive Al uptake and transport to the sensitive shoots. In shrubs or trees
with longevity of more than decades, and a size that requires much deeper root
systems, the challenge is much stronger. This especially gains relevance taking into
account that most hyper-accumulating perennials have evolved in the tropics where
subsoil acidity is much more common than in boreal and temperate regions
(Brunner and Sperisen 2013). In the tropics shrubs and trees are photosynthetically
active all over the year, and many plants have perennial leaves with large surface
areas. In these plants no unfavorable, cold winter or dry hot summer period induces
dormancy reducing metabolic activity and transpiration. Under these circum-
stances, the Al exclusion strategy may be less advantageous energetically than
internal chelation and compartmentation. However, by far, not all tropical shrubs
and trees hyperaccumulate Al in their shoots. For example, Melaleuca cajuputi,
Acacia mangium, and Leucaena leucocephala efficiently exclude Al by root exu-
dation of organic acids (Osaki et al. 1997). Also Eucalyptus species mainly exclude
Al from the shoots while accumulating it in the roots (Ikka et al. 2013). Moreover,
Al hyperaccumulation is not restricted to shrubs and trees of the tropics. The
Mediterranean Plantago almogravensis is a notable exception. This woody cushion
plant is an extremely rare endemism only occurring on Al- and Fe-rich hardpans of
the eroded podzol in SW Portugal (Serrano et al. 2011). Buckwheat, Fagopyrum
esculentum, an annual herbaceous species, is the best studied exception to the role
that Al hyperaccumulators are shrubs or trees. Al hyperaccumulation seems to be a
general characteristic of the genus because of both xylem sap Al concentrations in
the range of 2-4 mM, and high Al leaf concentrations have been observed in
different F. tataricum and F. homotropicum species (Wang et al. 2015).

Aluminum toxicity is a widespread inorganic stress of natural origin. Such stress
factors (e.g., also salinity or nitrogen deficiency) certainly are working as efficient
drivers of the evolution of different strategies that allow plants to colonize these
adverse soils. The presence of Al hyperaccumulation in Pteridophytes suggests that
the Al hyper-tolerance strategy is an ancient mechanism within the evolutionary
time scale of terrestrial plants (Olivares et al. 2009). Moreover, phylogenetic
analysis corroborates the view that this characteristic has appeared several times
during plant evolution (Jansen et al. 2002). Tropical trees seem especially prone to
evolution of different mechanisms for adaptation to soil with different nutrient
stress factors. Recent investigation on Geissois sp indicate that originating from
a single colonist, 13 different species evolved in a relative short time in
New Caledonia. Also an Al hyperaccumulator, Geissois polyphylla, was found on
non-ultramfic soil in this Island (Pillon et al. 2014). Three out of seven nickel
hyperaccumulating Geissois species growing on ultramafic soil use different Ni
chelating mechanisms. Such metabolic diversity may also operate in Al hyper-
accumulators where large concentrations of potential Al-binding substance have
been reported (Barcel6 and Poschenrieder 2002).
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4.2 The Role of Rhizosphere in Al Hyperaccumulation

Organic acid exudation by root tips is not only a characteristic of Al-resistant crop
varieties such as wheat, sorghum, or bean but also of Al hyperaccumulators.
Protection against AI’* of the sensitive root tips where active cell division and
elongation occurs is apparently also required in these hyper-tolerant species. How-
ever, in contrast to Al excluders, in Al hyperaccumulators the exudation of organic
acids does not avoid, but favor Al uptake. A distinctive feature of species native and
highly adapted to acid soils is that root tips mainly release oxalate and, to a lesser
extent, citrate, but usually not malate (Barcelé and Poschenrieder 2002). The
stability constants for Al-organic acid complexes are higher for citrate and oxalate
than for malate.

Fe and Al, together with Ca, may compete for binding to organic acids in the
rhizosphere. Speciation studies in the rhizosphere of Al-hyperaccumulating plants
are scarce and mostly refer to tea plantations. Cultivation of tea leads to intense soil
acidification, enhancement of Al and Fe bioavailability, and depletion of Ca (Wang
et al. 2010; Aleekseva et al. 2011). High oxalate and succinate concentrations in the
rhizosphere soil are correlated to the enhanced Al and Fe bioavailability (Chen
et al. 2006). In fact, exudation of oxalate by the roots of Al hyperaccumulators does
not lead to restriction of Al uptake, but rather favors Al uptake (Watanabe and
Osaki 2002). It has been proposed that oxalate exudation by the roots of hyper-
accumulator Melastoma malabathricum is an important mechanism for increasing
phosphate availability to the trees by releasing phosphate from insoluble
Al-phosphate (Watanabe et al. 2002). This tree species is able to hyperaccumulate
Al even from tropical peat soils with low Al availability (Osaki et al. 1998).

Besides oxalate exudation, young roots of tea plants also release considerable
amounts of phenolic substances. In contrast to Al-induced organic acid exudation,
however, the release of phenolics from roots of Al exposed tea plants is observed
after weeks of exposure when also exudation of phenolics of plants without Al
supply is enhanced (Hajiboland et al. 2015).

It has been proposed that the high volume of mucilage produced by the root tips
of M. malabathricum concentrate considerable amounts of Al from low Al soil
substrate. No organic acids were found in this mucilage (Watanabe et al. 2008). Due
to high charge density, this mucilage has high affinity for trivalent cations, but its
binding strength is weak because of a high degree of methylation. Therefore,
mucilage-Al remains in bioavailable form and is taken up into the root. Contrast-
ingly, in non-hyperaccumulating species, mucilage has a high binding strength and
traps Al (Li et al. 2000) hampering its uptake. This may or may not contribute to
enhanced Al resistance of Al excluding species (Horst et al. 1982; Li et al. 2000).
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4.3 Root Uptake, Radial Transport, and Compartmentation
of Al in Hyperaccumulators

Laboratory studies with Camellia oleifera seedlings growing in CaCl, solutions
spiked with different Al forms revealed higher Al uptake when supplying Al as AI**,
Al-malate, or Al-fluoride than in the form of Al citrate or Al oxalate (Zeng
et al. 2011). Also in F. esculentum much more Al was accumulated from solutions
with Al in the form of AlCl; than when exposed to Al-oxalate (1:3) complex (Ma and
Hiradate 2000). This suggests that Al is mainly taken up in its ionic form as AI**.
So while oxalate enhances bioavailability of Al in the rhizosphere of hyper-
accumulators, it reduces uptake in comparison to the ionic Al**. Whether some
dissociation of the Al-oxalate complex occurs in the root apoplast before Al enters
into the symplasm has not yet been analyzed. The Al-oxalate (1:1) complex has also
been proposed as the Al species taken up in F. esculentum (Klug and Horst 2010).
However, after entrance into the root cells of buckwheat, Al is complexed in
nontoxic form by oxalate with a metal ligand ratio of 1:3 (Ma et al. 1998).

The Al-induced release of oxalic acid from buckwheat roots occurs without lag
time (Wang et al. 2015) and increases over time at least during the first 72 h after
starting the Al exposure. During the first hours of exposure, Al induces a substantial
enhancement of the expression of FeAlS3, while its expression decreases with
increasing oxalate exudation (Reyna-Llorens et al. 2015). The FeAlS3 has 75 %
identity with ALS3 of A. thaliana which encodes an ABC transporter known to
function in Al tolerance by transporting either Al or a metabolite involved in Al
tolerance (Larsen et al. 2005). Abscisic acid supply enhanced FeALS3 expression in
a similar way, and it has been suggested that the upregulation of this gene may be
regulated by ABA, induced as an early stress response to Al (Reyna-Llorens
et al. 2015). The recently published global transcription analysis of Al-induced
genes in F. esculentum also revealed upregulation of, among others, FeALS3,
FeALS1, and FeMATEI and FeMATE? genes (Yokosho et al. 2014).

The sites of Al uptake into the root have mainly been studied in F. esculentum
and C. sinensis. In buckwheat, the 10 mm root tip is the main zone of Al uptake,
while xylem loading occurs in the older subapical region 10-20 mm from the tip
(Klug et al. 2011). In tea, staining with hematoxylin or morin showed that Al is
highly accumulated in the root tip (root caps and adjacent meristematic cells).
Towards the young subapical part, Al was found in root hairs and epidermal and
cortical cells. In more basal regions, intense staining at the endodermal level
suggests that Al entrance into the central cylinder is hampered in older root parts
(Hajiboland and Poschenrieder 2015). As in buckwheat, also in tea the Al loaded
into xylem seems mainly coming from the Al taken up in the root tips. This Al then
moves symplastically to the more basal parts where it is loaded into the newly
differentiated xylem vessels developing in this zone. The huge accumulation of Al
in the abundant root hairs suggested that Al could also be transported radially from
the root hair zone to the central cylinder. This radial transport in the subapical zone
apparently only occurs in young parts of the root system where new branchings



Mechanisms of Hyper-resistance and Hyper-tolerance to Aluminum in Plants 91

disrupt the suberized endodermal barrier. Moreover, it has to be taken into account
that lateral roots of tea plants can present an exodermis as close as 1 mm to the apex.
Such an apoplastic barrier may further contribute to inhibit uncontrolled apoplastic
Al-access to the central part of the root (Tanimoto et al. 2004). This may be of
special importance under conditions that favor plants’ transpiration. Aluminum
(hyper)accumulation is dependent on transpiration (Shen and Ma 2001). Studies
on Al uptake kinetics in hyperaccumulators agree with the view that Al uptake is a
passive process (Ma and Hiradate 2000; Watanabe et al. 2001; Ruan and Wong
2004). The high relative humidity during most time of the year in the tropical zones
where Al hyperaccumulators have preferentially evolved reduces transpiration and
may help to limit excessive Al accumulation.

Although huge amounts of Al are translocated out of the root system into the
shoots of Al hyperaccumulators, the roots also accumulate considerable Al
amounts. Therefore, besides chelation in nontoxic form, Al compartmentation in
the roots is also an important issue. Cell walls and vacuoles are potential sites for Al
storage in the roots. Al in cell wall of buckwheat roots was revealed by lumogallion
staining (Reyna-Llorens et al. 2015), while morin mainly stained the Al-oxalate in
the cytoplasmic ring surrounding the vacuoles (Klug et al. 2011).

In the root tips of tea, Al was mainly found in the cell walls (Hajiboland and
Poschenrieder 2015). In the whole root system, however, cell wall-bound Al
accounted for only 50 % of the total Al (Hajiboland et al. 2015) indicating the
importance of other compartments, mainly cytosol and vacuoles. As in buckwheat,
Al in the cytosol of tea root cells is chelated with oxalate (Morita et al. 2008), while
the binding form of Al in the cell walls of tea roots is still not clearly established.
Pectin and hemicellulose (Gao et al. 2014) as well as cell wall phenolic acids
(Hajiboland et al. 2015) have been proposed. In tea plants, high concentration of
cell wall-bound phenolics could act as a potential target for Al. Al binding to
phenolics in tea roots could be the reason for the lack of any negative influence
of Al on root elongation, which is to be expected if Al would cross-link cell wall
pectins. Moreover, Al bound to cell walls of tea is stained with morin, while morin
according to Eticha et al. (2005) is unable to stain pectin-bound Al. The increasing
Al accumulation in a non-exchangeable Al fraction in tea roots has been related to
the accumulation of phenolic compounds in the endodermis layer sequestering a
considerable amount of Al in the cell walls (Ruan and Wong 2004). Al binding to
the cell wall-bound phenolic acids would reduce their availability for subsequent
enzymatic reactions and lower lignin content (Hajiboland et al. 2015). This may
contribute to long-term Al-induced growth stimulation in the tea plants.
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4.4 Long Distance Transport and Leaf Distribution of Al
in Hyperaccumulators

Aluminum in the xylem has been visualized using morin staining followed by
fluorescence microscopy (Klug et al. 2011; Hajiboland and Poschenrieder 2015).
In F. esculentum, Al in roots is chelated by oxalate, while during its path into the
xylem a ligand exchange occurs and Al is transported in the xylem sap in the form
of a citrate complex. Also in tea and M. malabathricum (Watanabe and Osaki
2001), citrate is the main ligand for Al transport in the xylem sap (Morita
et al. 2004). The exact mechanisms determining how and where this ligand
exchange occurs, and whether active loading and unloading mechanisms are oper-
ating in the xylem transport of Al, are still unknown. Transpiration influences the
transport and in tea Al typically accumulates in the leaf margins close to the end of
the xylem vessels in the leaf epidermal cells and in the leaf hairs (Tolra et al. 2011;
Hajiboland and Poschenrieder 2015). In the leaves of both buckwheat and
M. malabathricum, Al is mainly bound to oxalate, so that also in the leaves a ligand
exchange between citrate and oxalate must occur. Oxalate again is the major ligand,
and vacuolar storage of Al-oxalate seems to be the main compartmentation strategy
in buckwheat (Shen and Ma 2001). In tea, besides organic acids, the high concen-
tration of phenolic substances has also been involved in Al detoxification. The >’ Al-
NMR technique identified a catechin—Al complex as main Al form in tea leaves
(Nagata et al. 1992). The high number of hydroxyl groups in tea leaf phenolics (five
in epicatechin and up to eight in the case of epigallocatechingallate) makes them
extraordinarily strong ligands for Al (Barcelé and Poschenrieder 2002; Tolra
et al. 2005). While in tea infusions, large amount of Al is bound to these flavonoids
reducing the bioavailability of Al to consumers of tea leaf infusions; the in vivo role
of these phenolics in Al compartmentation in the tea plant is still not clearly
established. In vivo the phenolic substances seem mainly localized in the mesophyll
vacuoles of the tea leaf, also in vascular bundles and in chloroplasts, but to a lesser
extent in the epidermis. This distribution is not in agreement with the preferential
accumulation of Al in the epidermal cells and the cuticle of tea leaves as shown by
X-ray fluorescence spectro-microscopy (Tolra et al. 2011). Compartmentation of Al
in other hyperaccumulating species is less studied. A most striking Al distribution
has been reported for leaves of Qualea grandiflora and Callisthene major
(Vochysiaceae). These species of the Brazilian Cerrado vegetation apparently
accumulated Al in their chloroplasts without damage (de Andrade et al. 2011).
These results obtained with hematoxylin staining should be confirmed using dif-
ferent localization methods.

Within the tea plant, older leaves accumulate much higher Al concentrations
than young leaves. This can already be observed in young 2-month-old plants
(Hajiboland et al. 2013c), but is even more pronounced in older plants (Carr
et al. 2003). Such a distribution suggests that Al has low mobility and is poorly
mobilized from older to young leaves. However, the possibility of phloem transport
of Al in hyperaccumulators is still under debate. Hematoxylin staining revealed the
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presence of Al in phloem of Al hyperaccumulators of the Brazilian Cerrado
vegetation (Haridasan et al. 1986). More recently, X-ray fluorescence-microscopy
also confirmed Al within the phloem tissue of tea leaves (Tolra et al. 2011). Based
on Al analysis in roots and leaves of buckwheat plants that after 12 days in
Al-spiked medium were transferred to medium without Al, it has been proposed
that Al is a phloem-immobile element. In these experiments, the Al content of the
new leaves formed after the transfer was extremely low. In contrast, in old leaves
the Al content continued to increase because of transport from the roots (Shen and
Ma 2001). Contrasting results were obtained with C. sinensis plants using a shorter,
24 h, period of root loading with Al. Under these conditions, a clear decline in the
Al content of old leaves during further growth in the Al free medium is observed.
About 20-35 % of Al loaded in the mature leaves is remobilized after 2 weeks
indicating that Al is highly mobile in this hyperaccumulator plant (Hajiboland
et al. 2015). This view is also in line with results obtained by different experimental
techniques with oil tea plants, C. oleifera (Zeng et al. 2013). Moreover, these
authors revealed that Al can be retranslocated via phloem from the shoot to the
roots and from leaves to seeds and backwards. Phloem transport thus could be an
important mechanism for controlling the Al accumulation in the different organs
avoiding excessive accumulation and damage. The form in which Al is translocated
in the phloem is still not established. Analysis of carbohydrates in tea leaf phloem
sap showed that main components are fructose, sucrose, and glucose, while no
polyols were detected (Hajiboland et al. 2013a). Interestingly, in tea plants under
boron deficiency, Al binding to cell walls is enhanced from 50 to 80 %, while the
concentration of soluble Al as the readily re-translocable form in the phloem
decreases (Hajiboland et al. 2015).

4.5 Integrated View and Outlook of Al Hyperaccumulation
in Tea

Although Al uptake is considered a passive process and Al hyperaccumulation is
enhanced by transpiration, this does not imply that the entire amount of Al of the
soil solution circulates through these plants in a completely uncontrolled process. In
the roots, uptake is mainly restricted to the apex. In the subapical root hair zone of
the young roots, the entrance into the apoplastic pathway is hindered by a suberized
exodermis that develops very close to the tip. The suberized endodermis is a second
barrier for the apoplastic transport. However, apoplastic byflow could occur at sites
of lateral root development. The symplastic pathway of chelated Al by sure is
controlled by membrane transport proteins. Moreover, efflux channels analogue to
those described, for example, for Zn xylem loading in Zn hyperaccumulators
(Papoyan and Kochian 2004) may also operate in Al hyperaccumulation. Compart-
mentation of Al in the leaves, especially vacuolar storage and export into leaf hairs
also must imply transport systems. In fact, recent studies with buckwheat leaves
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revealed 25 transporter genes upregulated upon Al exposure (Yokosho et al. 2014).
There are now convincing data that Al can be transported in the phloem, a process
that may be an important way to avoid excessive accumulation of Al to toxic levels
in sensitive sites, e.g., young leaves or seed embryos. The form(s) of Al transported
in the phloem and the regulatory mechanism(s) for this translocation need to be
explored. As tea is a high-value crop, genomic information for this species is
growing quickly. Although up to now most of these studies at the molecular
genetics level are being focused on the metabolic pathways, substantial progress
in the characterization of the molecular mechanisms underlying Al hyper-
accumulation in tea are to be expected in the near future.
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Significant Role of the Plasma Membrane
Lipid Bilayers in Aluminum Tolerance
of Plants

Tadao Wagatsuma, Eriko Maejima, Toshihiro Watanabe,
Md. Shahadat Hossain Khan, and Satoru Ishikawa

Abstract We propose a new aluminum (Al) tolerance mechanism which should be
discriminated from the exclusion mechanism: plasma membrane (PM) lipid bi-
layers barrier mechanism (Abbreviation: Plasma membrane lipid mechanism). It is
defined as the retardation of Al permeation through the PM lipid bilayers ascribed
to the specific composition of lipid molecules in the PM. The lipid phase separation
response of the PM in the root tip portion of plants caused by the binding of
phospholipids with AI** is an important first step in Al toxicity. This response
develops most strongly in the elongation zone of the root tip by increasing the
distances between solid state lipid aggregates. Sterols are independent of the action
of A" because of their electrical neutrality. Purified PMs from Al-tolerant culti-
vars showed less permeability than PMs from Al-sensitive cultivars without the
participation of organic acid anion exudation. Lowering the phospholipid content
and the increasing the sterol content of PMs from root tips produce PMs with less
surface negativity and is a common strategy for Al tolerance in several plant
species. PAH encoding phosphatidate phosphohydrolase and HMG encoding
3-hydroxy-3-methylglutaryl CoA reductase are speculated to be promising candi-
date genes for lowering the phospholipid content and for increasing the sterol
content, respectively, to generate new Al-tolerant plants. Phenolics are present in
high concentrations in plants, especially in hyper Al-tolerant plants; however, their
existence within the lipid bilayers of root PMs needs to be clarified to understand
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their potential to reduce PM permeability. Combined studies on the ionome and
lipidome of plant PMs may provide insights useful for breeding plants with multiple
tolerances to complex ionic environments.

1 Plasma Membrane Lipid Bilayers Barrier Mechanism
as a Significant and Ubiquitous Aluminum Exclusion
Mechanism

Aluminum (Al) stress responses have been considered to be controlled by two
mechanisms: exclusion mechanism and internal tolerance mechanism (Taylor
1991; Kochian and Jones 1997; Matsumoto 2003; Kochian et al. 2005; Ma 2007).
Although in many review articles and the related references, special interest has been
focused on the exudation of organic acid anions, two reviews have pointed out the
role of the plasma membrane (PM) in the Al exclusion mechanism. In one review,
release of low-molecular-weight Al-chelating ligands into the rhizosphere, root-
induced pH increase in the rhizosphere, increased binding of Al within the cell
wall, decreased permeability of the PM to Al influx, and binding of Al within the
mucigel associated with the root apex were proposed as being associated with the Al
exclusion mechanism (Kochian and Jones 1997). In their review, Kochian and Jones
(1997) also suggested that an investigation of the role of Al interactions with the lipid
layer component of the PM in Al phytotoxicity may be a useful direction for future
research. In another review, Al immobilization at the cell wall, selective permeability
of the PM, a plant-induced pH barrier in the rhizosphere, exudation of chelate ligands,
exudation of phosphate, and Al efflux were proposed as being associated with the Al
exclusion mechanism (Taylor 1991). These two groups have published their PM-lipid
related research work (Jones and Kochian 1997; Zhang et al. 1996, 1997); however,
until now, further detailed research has not been reported although Jones and Kochian
(1997) clearly showed that specific phospholipid (PL) molecules and nonenzymatic
binding domains in the PM were most likely the sites of Al toxicity in plants.
Because the Al tolerance mechanism should be defined based on its site-specific
function, we propose to divide the present definition of the Al exclusion mechanism
into two compartments: an Al detoxification mechanism on the outside of the PM
and a PM lipid bilayers barrier mechanism. The Al detoxification mechanism
includes all the items described by Kochian and Jones (1997) except for the one
related to the PM. The PM lipid bilayers barrier mechanism is defined as the
retardation of Al permeation through the PM lipid bilayers based on the specific
composition of the lipid molecules in the PM. Until now, the PM lipid bilayers
barrier mechanism has not been regarded as a major contribution factor to Al
resistance (Yermiyahu et al. 1997; Ahn et al. 2004); however, remarkable progress
on this mechanism has been reported recently (Khan et al. 2009; Kobayashi
et al. 2013; Maejima et al. 2014; Wagatsuma et al. 2015). Thus, we believe this is
an excellent time to summarize and review the studies related to this mechanism.
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2 Lipid Phase Separation by AI’** as an Important First
Step of Al Toxicity

2.1 Mechanism of Lipid Phase Separation by Polyvalent
Cations

Enlarged cracks within the lipid bilayers form the hydrophilic route for the passive
permeation of Al into the cytoplasm through the PM from rhizosphere; therefore,
phase separation of the lipid bilayers is the causal risk for greater Al permeation,
which is connected directly with high Al toxicity. To explore the neurotoxicity
mechanism of AI** and other polyvalent cations, PL model membranes have been
used. Lipid phase separation of phosphatidylserine (PS)-containing lipid vesicles
monitored by NBD (4-nitrobenz-2-oxa-1,3-diazole) fluorescence quenching was
demonstrated at less than 30 uM AI’*, whereas the effect of Cd** and Mn** on
quenching was much less pronounced and was only demonstrated in the 0.1-1 mM
range (Deleers et al. 1985). Increasing amounts of phosphatidylcholine (PC) or
phosphatidylethanolamine (PE) in the vesicles decreased Al**-induced quenching.
Maximal lipid phase separation was also demonstrated in the mixed PE-cholesterol
vesicles at concentrations of Al** between 87.5 and 125 pM, while millimolar
concentrations of Ca*, Mn**, Cd**, and Zn** had no effect (Deleers et al. 1987).
The presence of acidic PS in the mixed phospholipid (PL) vesicles was not a
prerequisite for the interaction of lipid phase separation by AI’*. Further, when
the PL vesicles contained only PE and cholesterol, AI** was the only cation that
provoked lipid phase separation. This was the first evidence that acidic PS or
negative lipids were not required for cation-induced lipid phase separation. These
findings are considered to be useful model system for the actual PM lipid bilayers,
because in the plant root PM, acidic phosphatidylglycerol and phosphatidic acid are
minor lipid classes despite of their existence mainly in the outer leaflet of the
bilayers (Larsson et al. 1990). PS is also a minor acidic PL; however, it is known to
exist in the cytoplasmic leaflet of the bilayers of normal animal cells and appears in
the outer leaflet only in apoptosis. PC and PE are the major PL classes, which
together with neutral phytosterols are the major lipid components of the PM lipid
bilayers (Yoshida and Uemura 1986; Brown and DuPont 1989). The lipid bilayers
are composed of many lipid molecules in fluid conditions that are controlled by
various forces, including repulsive and attractive forces between the head groups in
the lipid molecules, the molecular shape, the ratio between the volumes of the head
group and the hydrocarbon region, and hydration forces (Boggs 1987). The repul-
sive forces are primarily electrostatic repulsive forces between similarly charged
lipids, while the attractive forces are the electrostatic interactions between oppo-
sitely charged groups and intermolecular hydrogen bonding between charged or
neutral lipids with hydrogen-donating and -accepting groups. Structural modifica-
tions to the lipid such as increased dehydration contribute to increases in the
strength or probability of hydrogen bonding interactions (Boggs 1987).
Hydrogen-donating groups in lipid molecules include NH3*, NH,, POH, COH,
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COOH, and HNC=O, while hydrogen accepting groups include some of these
groups as well as PO, COO, OC=0, and COC with different strengths of the
hydrogen bonds between them. For example, 33-OH of sterol, a hydrogen-donating
group, could form a hydrogen bond with a hydrogen acceptor, such as the ester
oxygen atoms of glycerolipids or the amide oxygen of sphingolipids with the
carbonyl of the saturated acyl chain of PC. The number of water molecules
generally associated with PC, PE, and PS is 12, 12, and 23, respectively (Hauser
and Phillips 1979) although different numbers of water molecules also have been
reported (Cevc 1982). The creation of the surface water-flooded layer has been
considered to be a consequence of direct hydrogen bonding; i.e., coulombic and
dipolar forces between the water molecules and lipid polar residues. These water
molecules are tightly hydrogen bonded to the phosphodiester group. Cations and
water molecules compete for the same binding sites, and the expulsion of water as a
result of the interaction of divalent metal ions with the negatively charged phos-
phate groups of PL has been demonstrated by relaxation enhancement studies using
Mn?* (Hauser and Phillips 1979).

2.2 Removal of Hydrogen-Bonded Water Molecules from
Hydrophilic Polar Groups by AP* as First Step of Al
Toxicity

The order of the effective ionic radius (pm) is AI** (53.5) < Yb’* (98.5) < Ca**
(100.0) < La** (121.6), and the order of ionic potential calculated from the ratio of
valence to the effective ionic radius (nm) is AI** (56.1) > Yb** (30.5) > La>* (24.7) >
Ca** (20.0) (Ishikawa et al. 1996). APP* has the smallest size and highest valence
among these cations; therefore, the ionic potential of AI** is higher than the ionic
potential of the other three cations. When a cation with high ionic potential binds to a
polarizable anion, the covalent bond that forms will have the highest binding energy
among all chemical bonds. This highest binding has been ascribed to entropic
stability after the release of water molecules from the coordinated waters of PL by
the Eigen mechanism (Ishikawa and Wagatsuma 1998). Haller and Freiser (1976)
found that the binding of divalent cations (Ca**, Ba**, Mg®*, Zn>") or two orders of
magnitude lower concentrations of trivalent cations (La**, Ce*") to acidic PL
(PS) black lipid membranes reduced the electrostatic repulsion of the polar group
causing the film to condense. The water concentration within the hydrophobic core of
a lipid layer should be about 100 mM, assuming a volume of 250 cm for a mole of
hydrocarbon chain (Miller 1987; Meier et al. 1990). It has been postulated that the
lipid bilayers are traversed by chains of water molecules held together by hydrogen
bonds. These trapped water molecules are extruded from the hydrocarbon core of the
bilayers by the condensation.

Based on these extensive studies of lipid membrane physics, the interaction of
AI** with the lipid bilayers can be summarized as follows. The binding affinity of
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AI** with the phosphate groups of PLs is strong. Therefore, Al** can remove
hydrogen-bonded water molecules from these surface hydrophilic polar groups as
well as extrude the trapped water molecules from the hydrocarbon core of the
bilayers. The extrusion of the water molecules disrupts the normal membrane
fluidity, inducing the dispersed aggregated domains composed of several numbers
of PL molecules, and the membrane, which is now in a crystal state, becomes rigid
and gel-like. Finally, considerable phase separation occurs between each aggre-
gated domain, and the newly formed phase separation spaces expand as the cells
grow (Ishikawa and Wagatsuma 1998). This expansion induces greater Al perme-
ation through the PM lipid bilayers into the cytoplasm. The remarkable PM
destruction and Al accumulation observed primarily around the root elongation
zone (Sivaguru and Horst 1998; Wagatsuma et al. 2005) support this scheme.

3 Less Al Permeation Through PM Lipid Bilayers
as Determinant for Al Tolerance

3.1 Effects of DNP, CCCP, or N, on Membrane Permeability
and Al Uptake

The effects of anaerobic conditions (N,) or 2,4-dinitrophenol (DNP) on the integ-
rity of PMs have been investigated from when mineral physiological studies first
began. Strontium uptake by the non-vacuolated sections of the primary root of
maize (Zea mays L.) increased considerably under N, conditions compared with in
normal aerobic conditions, which suggested that the PM was destroyed by anaero-
biosis (Handley and Overstreet 1963). Excised roots of barley (Hordeum vulgare
L.) lost organic acid anions (OA), amino acids, and K* and CI ions when treated
with N, or DNP, indicating that these non-metabolic conditions injured the PM
(Hiatt and Lowe 1967). Uptake of Al by the excised roots of cabbage (Brassica
oleracea L.), lettuce (Lactuca sativa L.), and kikuyu grass (Pennisatum
clandestinum Chiov.) was also enhanced by DNP (Huett and Menary 1979).
Various kinds of metabolic inhibitors, especially chloroform gas and DNP, signif-
icantly increased Al uptake by the excised roots of several plant species
(Wagatsuma 1983). Potassium in the roots of Japanese radish (Raphanus sativus
L.) decreased under N, gas treatment, indicating the destruction of the PM. The
increase in the Al uptake caused by exposure to N, was in the order barley, edible
burdock (Arctium lappa L.), and spinach (Spinacia oleracea L.) > pea (Pisum
sativum L.) > rice (Oryza sativa L.). This order is similar to the levels of Al
tolerance among these plant species because the increase in Al uptake under N,
was highest in the Al-sensitive plant species. On the other hand, Al uptake by
Al-tolerant wheat cultivars increased when the cultivars were treated with DNP,
while Al uptake by Al-sensitive wheat cultivars was relatively unaffected (Zhang
and Taylor 1989). Al transport across the PM in single cells of Chara corallina was
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measured using the rare °Al isotope, accelerator mass spectrometry (an emerging
technology), and a surgical technique for isolating subcellular compartments
(Taylor et al. 2000). Al transport across the PM was detectable within 30 min of
the cells’ exposure to Al. DNP and carbonylcyanide m-chlorophenylhydrazone
(CCCP) increased Al transport through the PM by 12- to 13-fold. Al uptake in
protoplasts isolated from 1-cm root-tip portions by DNP treatment was greater in an
Al-sensitive maize cultivar (XL61) compared with in an Al-tolerant cultivar
(DK789) (Ishikawa et al. 2001). Taylor et al. (2000) discussed the possible causes
of the considerable increase in the Al transport across the PM under DNP or CCCP
treatment; however, their data did not allow them to determine whether the
increased Al uptake was a result of increased PM permeability or the disruption
of a metabolism-dependent exclusion mechanism. The amounts of exuded citrate
and malate in the Al media were greater in the Al-tolerant DK789 cultivar than in
the Al-sensitive XL61 cultivar (Ishikawa et al. 2000), indicating at least one of the
metabolism-dependent exclusion mechanisms may have contributed to the greater
Al tolerance in the Al-tolerant maize cultivar. The effectiveness of DNP treatment
on the enhancement of Al uptake by protoplasts isolated from the Al-sensitive maize
cultivar (Ishikawa et al. 2001) suggested the increased Al uptake may be the result of
increased PM permeability rather than the disruption of the OA exudation-
dependent exclusion mechanism because the OA exudation was lower in the
Al-sensitive cultivar than in the Al-tolerant cultivar. Protoplasts isolated from
1-cm root-tip portions of young seedlings of rice, maize, pea, and barley were
treated with 100 pM AICl; in the presence of isotonic 0.7 M mannitol for 10 min.
Protoplast ghosts were prepared by treating protoplasts from the same sources with
0.2 mM CacCl, in the absence of 0.7 M mannitol and subsequently with 100 pM
AICl; for 10 min. Protoplast ghosts (burst protoplasts) took up more Al than the
intact protoplast in all the plant species tested, but the ratios of the Al content of
protoplast ghosts to protoplasts were in the order rice > maize > pea, barley, which
is the same order as the Al tolerance in these plants. Greater Al exclusion barrier
potentials of the PMs in the root tips of Al-tolerant plant species were suggested as a
possible explanation for this observation (Table 1) (Ishikawa and Wagatsuma 1998).

In isotonic 0.7 M mannitol and in the absence of Al, 0.2 mM CaCl, induced no
abnormal PM permeability in protoplasts isolated from the root-tip portions of both
the Al-tolerant and the Al-sensitive pea cultivars. On the contrary, in moderately
hypotonic 0.55 M mannitol in the presence of 100 pM AICl;, only the PMs of the
protoplasts from the Al-sensitive pea cultivar were permeabilized considerably
(Ishikawa et al. 2001). PM permeabilization in the protoplasts from the

Table 1 Al content of protoplasts and protoplast ghosts (fmol Al/protoplast or ghost) and their
ratios (Ishikawa and Wagatsuma 1998)

Rice Maize Pea Barley
Protoplast (A) 209143 58.7+2.0 48.6+5.9 623132
Protoplast ghost (B) 59.9+4.2 104.3+9.2 579+1.7 74.4+7.8
(B)/(A) 2.87 1.78 1.19 1.19
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Al-sensitive pea cultivar occurred in moderately hypotonic conditions that may have
enlarged the Al-bound PM. The investigations described above indicate that N,
DNP, and other inhibitors can permeabilize the PM lipid bilayers, and low Al
permeation through the PM lipid bilayers is the determinant for Al tolerance in plants.

3.2 Immature Research Status on the Severely Toxic
Cytosolic Al

Although the amount of Al that permeates through the PM is considered to be the
determinant of Al toxicity, accurate measures of Al concentrations in the cytosol
together with accurate estimates of the volume of the cytosol of cells in the critical
root-tip portions of plants are scarce. This lack of data makes it difficult to provide
detailed cytosolic physiological insights into the mechanisms of Al toxicity,
although in pea root cells, accumulated Al was found to trigger ROS production,
inhibit respiration, and deplete ATP, all of which could be correlated with inhibi-
tion of root elongation (Yamamoto et al. 2002). To evaluate the function of the Al in
the cytoplasm, several points need to be considered. Some of these points have been
reviewed previously (Martin 1994; Harris et al. 1997); however, until recently, no
useful information was available regarding: (1) the Al concentration in the cytosol;
(2) the concentrations of physiologically essential ligands that can complex with Al
ions resulting in the less vital cell status, for example, PPi, glucose-6-phosphate
(G6P), fructose-6-phosphate (F6P), ATP, ADP, uridine diphosphate glucose
(UDPG), NAD, protein phosphates, phosphorylated histones, and OAs, and
(3) the form and concentration of each Al complex.

In Chara corallina, using the intracellular perfusion technique, inorganic pyro-
phosphate (PPi) was found to be present predominantly in the cytosol at a concen-
tration of 193 pM; it was present in the vacuole at a concentration of only 2.20 pM.
Inorganic phosphate (Pi) was distributed almost equally in the cytosol (12.0 mM)
and the vacuole (6.70 mM) (Takeshige and Tazawa 1989). Using a metabolomics
approach based on combined capillary electrophoresis and mass spectrometry
(CE-MS), the metabolomics of a giant internodal cell of Chara australis was
investigated (Oikawa et al. 2011), and the following concentrations were found in
the cytoplasm: 138 pM ADP, 193 uM ATP, 360 pM F6P, 3099 uM G6P, 715 pM
UDPG, about 200 pM citrate, and about 200 pM malate. However, in vitro
*'P_.NMR analyses showed that the Pi concentrations in the cytosol of sycamore
(Acer pseudoplatanus) and Arabidopsis cells were much lower than the cyto-
plasmic Pi concentrations that were usually considered (60-80 pM rather than
>1 mM) and that the levels dropped very rapidly following the onset of Pi
starvation (Pratt et al. 2009). G6P, nucleotide triphosphates, and UDPG were also
found in the cytoplasm; however, their specific positions in either the cytosol or the
organelles could not be determined. Although low Al permeation through the PM
lipid layer is considered to be a determinant for Al tolerance, several complex steps
need to be elucidated to obtain a clear understanding of the symplastic Al functions.
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3.3 Relationship Between Al Tolerance and Al Absorption
to Cell Wall

Pfeffer et al. (1986) suggested that the enhanced Al uptake under a N, atmosphere
(Wagatsuma 1983) may simply be a consequence of the more pronounced absorp-
tion of Al to the highly charged cell walls; thus, the excessive Al accumulation in
the cell may reflect cell wall entrapment rather than cell penetration. However,
the cation exchange capacity (CEC) values of cell walls isolated from the root tips
(01 cm) of rice and barley were about 10 cmol kg™ dry weight (Ishikawa and
Wagatsuma 1998). On the other hand, under N, conditions, Al accumulation in rice
hardly increased while, in barley, Al accumulation increased considerably. The
differences in Al accumulation in the roots of these two plants did not correspond to
differences in the Al absorption to the charged cell walls, but rather to differences in
Al permeation through the PM lipid bilayers. No differences were found between
the CEC values (CECs measured at pH 5.0, similar to the pH of the Al treatment) of
the purified cell walls isolated from the root tips (O—1 cm) of cultivars of five plant
species (rice, maize, pea, wheat, and sorghum) (Fig. 2) with different Al tolerances
(Fig. 1) (Ishikawa et al. 2001). Uptake, intoxication, and alleviation correlated well
with ion concentrations at the PM surface computed assuming the PMs were bathed
directly in the rooting medium with no effect from the cell walls (Kinraide 2004).
The cell wall may have a small effect on ion uptake by the PM or on intoxication or
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Fig. 1 Difference in Al tolerances between each two cultivars of five plant species. Al tolerance
was expressed as the relative net elongation of the longest root in an Al-free solution for 24 h
following Al pretreatment for 1 h. Al-pretreatment conditions containing 0.2 mM Ca were as
follows: 100 pM Al (pH 4.5) for rice, 50 pM Al (pH 4.7) for maize, 20 pM Al (pH 4.9) for wheat
and pea, 10 pM Al (pH 5.0) for sorghum. A/-T Al-tolerant cultivar, A/-S Al-sensitive cultivar
(Ishikawa et al. 2001)
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Fig.2 Cation exchange capacity (CEC) (at pH 5.0, which is similar to the pH in the Al treatment)
of cell walls isolated from the root tips (O—1 cm) of five plants. Al-T cv and Al-S cv, CECs of the
root tips of Al-tolerant and Al-sensitive cultivars, respectively, without Al treatment; Al-treated
Al-T cv. and Al-treated Al-S cv., CECs of the root tips of Al-tolerant and the Al-sensitive cultivars,
respectively, treated with 0.2 mM Al at pH 4.5 for 3 h (Ishikawa et al. 2001)

alleviation of intoxication originating at the PM surface. The investigations
described here all suggest that the increase in Al uptake in Al-sensitive plant species
under N, conditions can be ascribed not to entrapment of Al by the cell wall but to
Al penetration through the PM; thus, the contribution of the cell wall to differences
in Al tolerance is considered to be minor. However, some research groups have
stressed the significant role of the cell wall in the Al tolerance (Yang et al. 2008;
Horst et al. 2010).

3.4 Callose Formation as Early Indicator of PM
Permeabilization

In the 1-2 mm root zone from the apex, high levels of Al-induced callose formation
and Al accumulation were found (Sivaguru and Horst 1998). The distal part of the
transition zone of the root apex, where the cells undergo a preparatory phase for
rapid elongation (Baluska et al. 1996), has been accepted as the primary target of Al
in an Al-sensitive maize cultivar. Callose concentrations in the root tips were
correlated closely and positively with Al-induced inhibition of root elongation in
37 maize cultivars (Horst et al. 1997). Al-induced callose formation in the root tips
appears to be an excellent indicator of Al injury, which can be used as a selection
criterion for Al sensitivity. Callose deposition in the epidermal cell layers of maize
roots was observed within minutes of exposure to Al (Jones et al. 2006). Chitosan
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and other polycations (poly-L-Lys and poly-L-Orn) can elicit callose synthesis, as
can certain amphipathic compounds (polymyxin B, echinocandin B, acylcarnitine,
and digitonin) that may be regarded as analogous to the nonspecific toxins produced
from fungal hyphae in contact with the cells of an infected plant (Kauss 1987).
Specific perturbation of membrane permeability is considered to be a prerequisite
for callose formation; however, no quantitative correlation has been found between
the degree of leakage and the extent of callose formation when different elicitors
were compared (Kohle et al. 1985; Kauss and Jeblick 1986). This point should be
kept in mind when elicitors are compared for their effectiveness of callose forma-
tion (Schmohl and Horst 2000; Schmohl et al. 2000). All of these findings suggest
that Al permeability through the PM lipid bilayers is a determinant for Al toxicity.

3.5 New Technique for PM Isolation, and Direct Evidence
of Significant Role of PM Permeability in Al Tolerance

There are two aspects to the Al exclusion mechanism: one is the exclusion ascribed
to the PM lipid bilayers, and the other is the exclusion ascribed to PM proteins such
as the OA transporters. This point was the next step for further clarification of the
exclusion mechanism. We developed a technique for PM isolation as an alternative
to the laborious two-polymer phase partitioning method that was commonly
applied, as follows: (1) separation of protoplasts from 1-cm root-tip portions by
enzymatic digestion; (2) attachment of the purified protoplasts to glass plates coated
with positively charged polylysine; and (3) preparation of PM ghosts by successive
burst of the attached protoplasts using three separate solutions (25 mM PIPES,
5 mM EDTA, and 2 mM MgCl,, at pH 7.0) with slow stirring for 60 s (Wagatsuma
et al. 2005). The PMs were confirmed to be devoid of organelle membranes by
fluorescence microscopy (DAPI for nucleus, DiOCgq for membranes of the mito-
chondria and endoplasmic reticulum, FM4-64 for tonoplast), thin layer chromato-
graphy (DGDG for plastid membrane, cardiolipin for mitochondria inner
membrane), and western blot (V-ATPase and V-PPase for tonoplast, ADP
ribosylation factor for endoplasmic reticulum/Golgi membranes, H*-ATPase for
PM). PMs were solubilized with hot chloroform (50 °C), and the solubilized
fraction was separated by shaking with 0.1 M KClI to remove proteins, concentrated
to dryness under N, gas, and solubilized with dodecane. Following these proce-
dures, about 1.25 x 10® protoplasts were obtained from 100 g fresh weight of root
tips, and 6 mg PM lipids were obtained from 10® protoplasts. We also established a
system to examine lipid permeability using synthesized nylon-2,8 ultrathin and
porous capsules (by mixing ethylenediamine, NaOH, chloroform, cyclohexane, and
terephthaloyl dichloride) trapped previously with 0.1 % (W/V) methylene blue
(MB) solution and coated thereafter with the PM lipid isolated from the root tips
(Wagatsuma et al. 2005). Permeability of the PM lipid measured photometrically
(Aggo) over time in 0.2 mM Ca with or without 50 pM AICl; was significantly
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Fig. 3 Relative permeability of the PM lipids isolated from the root tips of two maize cultivars in
0.2 mM Ca with or without 50 pM Al (pH 4.6). Permeability was measured photometrically (Aggo)-
The numbers (Y axis) are the Aggo ratios at each measuring time (X axis) of the PM lipid-coated
nylon capsules to the non-coated nylon capsules at 30 min. Closed circles on the dotted line,
non-coated capsule; closed triangle on the solid line, Al-sensitive cv. Snowdent (with Al); closed
circle on the solid line, Al-tolerant cv. Neopirika 90 (with Al); open triangle on the broken line,
Al-sensitive cv. Snowdent (without Al); open circle on the broken line, Al-tolerant cv. Neopirika
90 (without Al) (unpublished data)

greater in the Al-sensitive triticale line ST22 (Wagatsuma et al. 2005) and the
Al-sensitive maize cultivar Snowdent-125 (Fig. 3). This was the first direct evi-
dence showing the primary and early role of the PM lipid in Al tolerance without
involvement of OA or other protein-related exclusion mechanisms. The technique
using nylon capsules is not simple to use, and some skill is required. An easier to
use in vitro model of passive permeation, the parallel artificial membrane perme-
ation assay (PAMPA), was established earlier by Kansy et al. (1998). PAMPA has
been used widely to screen the permeation of medicinal substances through artifi-
cial lipid membranes (Di et al. 2003) and may be an alternative technique for
research related to PM permeability in plant species.

4 PM Surface Negativity, Al Tolerance,
and Related Molecular Background

4.1 Relationship Between the PM Surface Negativity
and Al Tolerance

Membrane potentials were calculated by McLaughlin and Murray (2005) using a
modified version of Delphi (Gallagher and Sharp 1998) and visualized with GRASP
(Nicholls et al. 1991). The 2:1 PC/PS bilayers showed an equipotential —25 mV
profile located flatly about 1 nm from the surface of the bilayers. McLaughlin
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(1989) applied the electrostatic Gouy—Chapman theory to an atomic model of the
bilayers and found it to be surprisingly consistent with a wide range of experimental
studies on membranes.

Five plant species with different Al tolerances, rice, oats, maize, pea, and barley
were used, and the relationship between the surface negativity of root protoplasts
and Al tolerance was investigated (Wagatsuma and Akiba 1989). Higher average
zeta potentials of the protoplasts isolated from 0-0.5 cm tip portion of roots were
observed in the Al-tolerant plant species compared with the Al-sensitive species.
Lower zeta potentials were observed in the protoplasts isolated from 0 to 0.5 cm tip
portions than in the protoplasts isolated from O to 2 cm tip portions. The basic MB
dye was adsorbed strongly by the PMs of root cells in the tip portions of
Al-sensitive plant species (Wagatsuma et al. 1991), and a simple and rapid tech-
nique to discriminate Al-tolerant protoplasts from an original protoplast population
was developed. A technique for the collection of Al-tolerant plant cells was
also developed (Wagatsuma et al. 1995), as follows. Equal volume of freshly
prepared, positively charged silica microbeads (PCSMs) with a diameter 0.014 pm
(0.05 % w/v) and purified protoplasts derived from the root tips (2 x 105 mL ") of
rice, maize, or pea were mixed and then centrifuged on a discontinuous Ficoll
gradient. Intact protoplasts from the Al-tolerant plant were recovered mostly in the
bottom fraction, those from the Al-sensitive plant were recovered at the uppermost
interface, and those from the intermediate Al-tolerant plant were collected at the
middle interface. The mechanism for the isolation of the Al-tolerant protoplasts can
be explained by the DLVO theory (Derjaguin and Landau, Verwey and Overbeek) as
follows: the largest size of the aggregates of the protoplasts from the Al-tolerant
plant PCSMs precipitated based on their relatively low surface negativity. The
results described here suggest that the root-tip cells in Al-tolerant plant species
have less surface negativity than the root-tip cells of Al-sensitive plants. Two types
of molecules in PMs (polypeptides and PLs) have the ability to generate surface
negativity. The amino acid residues in polypeptides, including glutamic and aspartic
acid residues that can carry negative charges, were found to be very similar in the
PMs of barley leaves and barley roots; however, the leaves contained 50 % more
negatively charged PLs (Larsson et al. 1990), and the outer surface of the PMs from
the leaves was more negatively charged than the PMs from the roots. Therefore, the
observed differences in charge densities can probably be explained by differences in
numbers of negatively charged PLs in the PMs.

Zhang et al. (1996) studied the effects of Al on the lipid composition of
microsomal membranes isolated from 5-mm root tips of Al-resistant (PT741) and
Al-sensitive (Katepwa) cultivars of Triticum aestivum L. The ratio of steryl lipids to
PLs and the free sterol content tended to be higher in the Al-resistant cultivar.
Zhang et al. (1996) also studied the relationship between the PM lipid composition
and Al resistance in these two wheat cultivars; however, contrary to their expect-
ations, the ratio of steryl lipids to PLs and the free sterol content in purified PMs
from whole roots were higher in the Al-sensitive cultivar. In spite of the inter-
specific difference in the membrane electronegativity by Wagatsuma and Akiba
(1989) and Wagatsuma et al. (1991, 1995), Zhang et al. (1997) could not identify
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the consistent physiological basis on the intraspecific differences in PM lipid
composition in wheat.

The intrinsic surface charge density of PM vesicles isolated from 5-mm root
tips of two wheat cultivars was 26 % more negative for PM vesicles from
Al-sensitive cv Scout than for PM vesicles from Al-tolerant cv Atlas (—37.2
vs. —29.5 mC m~?) (Yermiyahu et al. 1997). Sorption of Al by the PM vesicles
from the root tips of cv Scout exceeded the sorption of Al by the vesicles isolated
from the tipless roots of cv Scout and from the vesicles isolated from any parts of
the roots of cv Atlas. The differences in PM surface negativity and Al sorptive
capacity were evaluated to account for some of the difference in sensitivity to AI**,
but the major part of the difference was speculated to arise from other tolerance
mechanisms expressed in the cv Atlas root tips reduced the amount of Al** that
could reach the PM; for example, OA exudation. The Al sorptive capacity was
compared based on the unit amount of protein in the roots of the two cultivars. It is
possible that the differences in Al sorptive capacity would be greater if the
capacity was estimated based on the unit amount of lipid instead of the unit
amount of protein, because the protein content in PMs is greater in the root tips
than in other proximal regions of roots, and the difference in protein content in the
root-tip PMs between the two cultivars was unclear. Ahn et al. (2004) compared
the zeta potential of PM vesicles, which lacked OA exudation ability, from 10 mm
root-tip portion of two near-isogenic wheat lines, and found a slightly higher
negative value in the Al-sensitive ES8 (—18 mV) than in the Al-tolerant ET8
(—15 mV). They evaluated the lower negativity of the zeta potential in ET8 as a
partial contribution to Al tolerance because ET8 exudes 10 times greater malate
than ES8. However, Ahn et al. (2001) found that the PM vesicles prepared from
the root-tip portion (—23 mV at 0—-5 mm from tip) had more negative zeta potential
than the PM vesicles from the proximal portion (—18 mV at 5-20 mm from tip) of
squash (Cucurbita pepo L.) roots. Wagatsuma and Akiba (1989) had already
reported the more negative zeta potential of protoplasts isolated from the more
root-tip portion of Al-sensitive plant species (0—5 mm vs. 0—-20 mm). Considering
all these findings, the surface negativity of the PMs in root-tip portions is consid-
ered to contribute to the different Al tolerance capacities among plants. The
applicability of root cell PM surface electrical potential to the bioavailability and
toxicity of various cations and anions has been characterized further by various
researchers (Vulkan et al. 2004; Kinraide 2006; Wang et al. 2011, 2014). Short-
term Al tolerance was screened, and the MB stainability of protoplasts isolated
from root tips were measured using samples from 18 different plant species,
cultivars, and lines (Wagatsuma et al. 2005). Microscopy observations showed
that the MB dye was not only adsorbed on the surface of the protoplasts but also
permeated into the protoplasts. MB stainability was negatively correlated with Al
tolerance suggesting the importance of the permeation characteristics of the root
PMs in addition to the PM negativity for Al tolerance in a wide range of plant
species, cultivars, and lines.
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4.2 Higher Sterols and Lower PL/Sterols Ratio in Root-Tip
Cells of Al-Tolerant Plants

Research on the lipid composition of roots has also been carried out in connection
with Al tolerance. Al tolerance among the temperate japonica rice ancestor culti-
vars of the Al-tolerant cv Sasanishiki, permeability of PM, Al uptake, OA release,
and lipid composition of the PM of root-tip portions have been investigated (Khan
et al. 2009). The Al-sensitive cultivar showed increased PM permeability and
greater Al uptake in the root-tip portion by Al treatment; however, Al tolerance
could not be explained by the OA release from the roots. The tolerant cultivar had a
lower ratio of PLs to free sterols than the sensitive cultivar, suggesting that the PMs
of the tolerant cultivar were less negatively charged and less permeabilized than the
PMs of the sensitive cultivar. In addition, the tolerant cultivar showed a similar
level of Al sensitivity when the ratio of PLs to free sterols was increased to match
the ratio found in the Al-sensitive cultivar after treatment with uniconazole-P, a
triazole-type fungicide that inhibits obtusifoliol-14a-demethylase (OBT 14DM), a
key enzyme in the post-squalene sterol biosynthetic pathway (Benveniste 2004). Al
tolerance was negatively correlated with the lipid ratio (PL/free sterol) in the root-
tip portion (Fig. 4). The concentration of PL and galactolipids (GL) in the roots of
the rice receiving —P pretreatment were lower in PL and higher in GL than those
receiving +P pretreatment, and the seedling receiving —P pretreatment showed
enhanced Al tolerance accompanied by the decrease in Al accumulation in the roots
(Maejima et al. 2014). —P pretreatment slightly decreased the amount of free sterols
in the roots together with a negligible decrease in uronic acid in the pectin and
enhanced the low-Ca tolerance of the roots under low pH conditions at pH 4.2.
Phosphatidate phosphohydrolase 1 (PAH1) and PAH2 were found to be responsible
for the eukaryotic galactolipid synthesis pathway, and the membrane lipid
remodeling mediated by these two enzymes was reported to be an essential
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adaptation mechanism to cope with P starvation (Nakamura et al. 2009). The
pahlpah2 double mutant of Arabidopsis (Arabidopsis thaliana) showed enhanced
Al sensitivity under low-P conditions where greater levels of negatively charged PL
occurred in the PM. The resultant increased PM surface negativity compared with
wild-type plants increased {AlI**}py and Al uptake in the roots (Kobayashi
et al. 2013). Compared with the Al-tolerant pea genotypes, the Al-sensitive geno-
type accumulated more Al in the root tips, had less intact PM, and showed a lower
expression level of PsCYP51, which encodes OBT 14DM (Wagatsuma et al. 2015).
The ratio of PL to free sterols was higher in the sensitive genotype than in the
tolerant genotype, suggesting that the free sterol biosynthetic pathway play an
important role in Al tolerance (Fig. 5).

A transgenic Arabidopsis line with knocked-down ArCYP51 expression showed
an Al-sensitive phenotype with greater reduction of root elongation (Fig. 6a) and
PM permeability, greater accumulation of Al in the root-tip portion, and lower free
sterols and higher PL/free sterol ratios (Fig. 6b) than the wild-type. Uniconazole-P,
an inhibitor of OBT 14DM, suppressed the Al tolerance of the Al-tolerant geno-
types of maize, sorghum (Sorghum bicolor), rice, wheat, and triticale
(XTriticosecale Wittmark cv. Currency). These results suggested that the higher
free sterol content, regulated by CYP5/, with concomitant lower PL content in the
root tips results in the lower negativity of the PM. This mechanism appears to be a
common strategy for Al tolerance among several plant species.
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Fig. 6 (a) Al tolerance of Arabidopsis Col-0 and CYP51 knocked-down (KD) line. Three-day-old
synchronously germinated Arabidopsis seedlings of Col-0 and CYP57-KD line were treated with
or without 4 pM AICI; (pH 5.0) for 7 days. Al tolerance was calculated as the ratio of root length in
Al treatment to that in the control. (b) PL or free sterol content (/eft Y axis) and PL/free sterol ratio
(right Y axis) in Arabidopsis seedlings of Col-0 and CYP5/-KD line. After 7-day treatment with or
without 4 pM AICl; (pH 5.0), PL and free sterols were extracted from whole seedlings and then
quantified. Free sterol is expressed as p-sitosterol equivalents (Wagatsuma et al. 2015)

4.3 Significant Role of HMG in Al Tolerance

These results suggested that it may be possible to obtain plants with greater Al
tolerance if the amount of free sterol in the root tips could be increased. Transgenic
Arabidopsis plants that overexpressed CYP51, however, showed no change in sterol
profiles and morphology (Kim et al. 2005). However, Schaller et al. (1995) showed
that transgenic tobacco lines with the increased expression levels of HMG mRNA
had sixfold increased levels of total sterols compared with wild-type lines. HMG
encodes 3-hydroxy-3-methylglutaryl CoA reductase (HMGR), which is considered
to be a key limiting enzyme in the upstream biosynthesis of phytosterols passing
through the mevalonate pathway (Schaller et al. 1995). HMGI expression in
Arabidopsis seedlings was found to increase under dark treatment (Enjuto
et al. 1994; Learned 1996); however, its expression in roots was unresponsive to
the illumination conditions and was confined to the elongation zone (Learned and
Connolly 1997). In the roots of 4-day-old rice seedling (japonica-type cultivar
Ilpumbyeo), the expression of HMG2 was found to be slightly higher under dark
conditions, while the expression of HMG3 was similar in both light and dark
conditions (Ha et al. 2001). Except for the two rice cultivars with extreme difference
in Al tolerance, Kasalath, (Ka) the most Al-sensitive, and Rikuu-132, (R;3,) the
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Fig. 7 Al tolerance of six
rice cultivars under
different light conditions.
Five-day-old rice seedlings 807
were treated for 24 h with
10 pM AICl; in the presence
of 0.2 mM CaCl, (pH 4.9).
The bars from left to right
indicate the illumination
conditions light, dark, and
dark in the presence of

1 mM mevalonate and

1 mM glucose, respectively.
Ka Kasalath, Ko
Koshihikari, R20 Rikuu-20,
No Norin-21, Hi
Hidekomochi, R/32 Rikuu-
132 (unpublished data)
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most Al tolerant, the Al tolerance of other japonica-type rice cultivars with
intermediate Al tolerances increased under 24 h dark conditions, especially in the
presence of 1 mM mevalonate and 1 mM glucose (DMG) compared with their Al
tolerance under light conditions (Fig. 7). Under DMG, Al accumulation in the root-
tip portion was unchanged in the two cultivars with extreme difference in Al
tolerances (Ka and R;3,); however, Al accumulation decreased significantly in
the Al-sensitive cultivar Koshihikari (Ko) compared with its accumulation under
light conditions (data not shown). Relative transcript levels of HMG2 and HMG3
compared with 18S rRNA in Ko and R;3, were higher under DMG than under light
conditions (data not shown). Under DMG, the relative value of the total sterols in
the root tips (0—1 cm) in the Al treated cultivars compared with the control was
considerably higher in the Al-sensitive Ko than that in the Al-tolerant Rs3»;
however, this was reversed under light (Fig. 8). (Sterols contribute to Al tolerance
by reducing PM permeability.) Al tolerance of the Al-sensitive japonica-type rice
cultivar was enhanced under dark conditions especially in the presence of the
HMGR-related intermediates (mevalonate and glucose), which have been associ-
ated with increased root-tip sterols and HMG expression. These results may provide
promising insights for breeding new Al-tolerant plants in the future.



116 T. Wagatsuma et al.

Fig. 8 Relative value of Light Dark
each sterol in the Al treated
cultivars to total free sterols _

0.2 -

in the control. Within each s
bar, from the fop to the §
bottom; isofucosterol, c 10 B
sitosterol, stigmasterol, @
campesterol, and 2 =
24-methylene cholesterol. :c:> 08 -1 L M [
Light, treatment under light IS ' 91
conditions; dark, treatment £ e oL
under dark with mevalonate 8 g 1
and glucose (unpublished E 06411 [
data) < |

5 7

Q

k7]

504 - E

o

(%)

“

o

(%}

=

©

>

[

2

©

©

o

e
Ryz Ko Rz Ko

S Contribution of Phenolics to PM Lipid Bilayers
Permeability in Highly Al-Tolerant Plants

5.1 Higher Amounts of Root Phenolics in Highly Al-Tolerant
Plants

Plants contain a high proportion of phenolics with diverse structures and functions.
The contribution of phenolics to greater Al tolerance has been reported in many
plants species. Common woody plants, namely Pinus thunbergii Parl. (Sanshu
black pine), Camellia sinensis L. (tea), Gleditsia triacanthos L. (honey locust),
Robinia pseudoacacia L. (black locust), Picea abies Karst. (Norway spruce), and
Cryptomeria japonica (Japanese cedar), were found to be more tolerant to com-
bined stress conditions, including high Al, low P, and low pH, than rice, which is
known to be one of the most tolerant crop plants (Ofei-Manu et al. 2001). The Al
tolerance of woody plants was positively correlated with the concentration of
soluble phenolics in their roots. In vitro binding affinity to Al ions at pH 7.0,
which mimics cytosolic pH, was significantly higher at equimolar concentrations
of quercetin, catechin, and chlorogenic acid, but lower with citric, oxalic, and malic
acids, suggesting the contribution of higher amounts of root phenolics to the
detoxification of Al ions in the cytosol. Based on the water content of the fresh
roots for younger woody plants, the actual concentration of the phenolics in the
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cytoplasm was estimated to be high; for example, 9.9 mM for G. triacanthos,
40.5 mM for P. abies, and 57.2 mM for C. sinensis. Thus, phenolics were found
to be effective detoxifiers of Al ions in the cytoplasm before the formation of [Al
(H_,Cit)] ', [AI(OH)(H_,Cit]*", or [Al;(H_,Cit)3(OH)]*", which has higher sta-
bility constants than the AI-ATP complex at near neutral pH (Harris et al. 1997).
High concentrations of phenolics in the roots may be connected with the hyper
Al-tolerance of these woody plants. Tropical forage grass Brachiaria decumbens
(signal grass) contains high concentration of the phenolics in the root-tip portions
and is a higher Al-tolerant plant than the most Al-tolerant rice cultivar Rikuu-132
(Watanabe et al. 2011). Mangrove trees grow under reductive and sometimes acidic
conditions, both of which are injurious to plant growth; however, mangrove roots
contain large amounts of tannins that combine with ferric ions existing at toxic
levels in the soil environment (Kimura and Wada 1989). This mechanism is similar
to the alleviating effect of the root phenolics, which can form complexes with metal
ions. Phenolics found in the roots of the hyper Al-tolerant woody plants can
combine with Al and contribute to Al tolerance. They include the proanthocyanins
(polymers of catechin and epicatechin) for Cinnamomum camphora (camphor tree)
(Osawa et al. 2011) and oenothein B (a dimeric hydrolysable tannin with many
adjacent phenolic hydroxyl groups) for FEucalyptus camaldulensis (Tahara
et al. 2014). Proanthocyanins were predominant in the cytosol (but may also be
located near cell wall area based on our assumption), and oenothein B was thought
to be located mostly in the symplast, especially in the vacuole.

5.2 Interaction of Phenolics with Membrane Lipid Bilayers

Biopolymer lignin is built from reactive monolignols and is essential to terrestrial
plants (Boija et al. 2007). Monolignols glucosides are aromatic monomers
(p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol) that are synthesized
in the cell, glycosylated, and transported from the vacuole to the cell wall (Whetten
and Sederoff 1995). The monomers are transported through the PM by a mechanism
which is not fully understood; i.e., exocytosis, specific transport systems, or
partition-dependent diffusion (Boija and Johansson 2006). The partitioning of
phenolic compounds into the lipid bilayer discs and liposomes was used to create
lignin precursor models (Boija et al. 2007). The lignin precursor models could be
partitioned well into all types of model membrane, indicating that passive diffusion
is a possible mechanism in the transport of monolignol and dilignol through the PM
as demonstrated by the interaction involving both hydrophobic effects and polar
interactions. This possibility was supported by experiments using a bilayer disk
technique with lipid bilayers with a similar lipid composition as the PM of maize
roots.

The effects of representative flavonoids, isoflavonoids, and their metabolites on
membrane fluidity and their preferential localization in the membrane were investi-
gated using large unilamellar vesicles as membrane models. The flavonoids and
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isoflavonoids partitioned into the hydro-phobic core of the membrane and caused a
dramatic decrease in the lipid fluidity in this region of the membrane (Arora
et al. 2000). Sophorafla-vanone, which has intensive antibacterial activity, reduced
the fluidity of outer and inner layers of the membranes after partitioning into the
membranes (Tsuchiya and Iinuma 2000). The galloyl moiety of epicatechin gallate,
a green tea polyphenol, contributed to an increase in the hydrophobicity of catechin
molecules, and consequently to the high affinity of galloyl-type catechins for PL
membranes, as well as to stabilization by cation-n interaction between the galloyl
ring and quaternary amine of the PL head-groups (Uekusa et al. 2011). The partition
coefficients of catechins in an n-octanol/PBS system were the same as partition
coefficients of catechins incorporated into liposomes (Kajiya et al. 2001). These
results indicate that in addition to the number of hydroxyl groups on the B-ring and
the presence of a galloyl moiety, the stereochemical structure of the C-ring also
governs the hydrophobicity and affinity of catechins for the lipid bilayers. Together
these findings indicate the reducing properties of phenolics on membrane lipid layer
fluidity by their solubilization into the lipid layer. Some of the physiological effects
of tea consumption (antioxidant activity, antibacterial effect, anticarcinogenic
effects, antihypercholesterolemia, improvement of hyperglycemia, and cutaneous
photoprotection from UV radiation) may be attributable to a decrease in membrane
fluidity as a result of the incorporation of these catechins into the membranes.

If phenolics synthesized in the cytoplasm are transported through the PM by
exocytosis and/or partition-dependent diffusion (Boija and Johansson 2006), these
phenolics may be solubilized at different depths within the lipid bilayers and reduce
the fluidity of the membrane lipid bilayers. The reduction of membrane fluidity and
permeability are major contributory factors for the enhancement of Al tolerance.
Identification of the phenolics within the PM lipid bilayers is considered to be an
important future task for the clarification of the hyper Al tolerance mechanism,
especially in woody plants.

6 Combined Studies on Ionome and Lipidome
for Comprehensive Recognition of Ionic Stress Response
in Plants

The interactions between membrane lipids and the responses of plants to diverse
ionic environments have been investigated widely. Not only Al but also heavy
metal ions have been reported to decrease sterols in the roots and increase the
permeability of root PM. Seven days exposure to 50 pM cadmium (CdCl,) or
copper (CuSO,) decreased the contents of glycolipids, PL, and neutral lipids in
the roots of tomato plants (Solanum esculenttum L.) (Ouariti et al. 1997), and 50 pM
CdSO, decreased the free sterols in the root PM of pea (Hernandez and Cooke
1997). On the contrary, P starvation decreased PL and increased free sterols
inducing less negatively charged PM of the roots. P starvation decreased the PM
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phosphoglycerolipids and increased DGDG in the roots of oat (Avena sativa L.)
(Andersson et al. 2003). DGDG was not the only non-phosphorus-containing lipid
that replaced PL; the glucosylceramides and sterylglycosides content also increased
in the PM of P-starved oat roots (Andersson et al. 2005). P starvation triggered
membrane lipid remodeling, a process that converts significant portions of the PL to
the non-phosphorus-containing galactolipids, indicating that PAH1 and PAH2 are
the essential enzymes for adaptation to P starvation (Nakamura et al. 2009). The
increase in the (Z)-isomer of sphingolipids makes the PM of the transgenic
Arabidopsis more rigid, thereby conferring greater Al tolerance (Ryan
et al. 2007). Perturbation of sphingolipid biosynthesis in the Arabidopsis tsclOa
mutant led to an altered leaf ionome, including increases in Na, K, and Rb and
decreases in Mg, Ca, Fe, and Mo (Chao et al. 2011). The Purdue Ionomics
Information Management System (PiiMS) provides integrated work flow control,
data storage, and analysis to support high-throughput data acquisition, along with
integrated tools for data search, retrieval, and visualization for hypothesis devel-
opment (Baxter et al. 2007). It has been speculated that Ca requirement will be low
in the PM of the P-deficient rice roots (Maejima et al. 2014). The contents of the
roots of the Arabidopsis pahlpah2 mutant were higher in cationic nutrients (Ca, Cu,
Mn, and Zn), but similar in the neutral B and anionic Mo nutrients under P-starved
conditions compared with these nutrients in the wild-type. These ionomic charac-
teristics can be explained by the greater negativity of the root PM in the mutant
plants (data not shown). These data indicate the significant role of PM lipids in
multiple tolerances to complex ionic stresses and also provide a promising future
research direction. Combined studies on the ionome and lipidome should reveal
new insights into the role of PM in plants’ responses to ionic stresses.
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Breeding for Al Tolerance by Unravelling
Genetic Diversity in Bread Wheat
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Abstract Globally, Aluminium (Al) toxicity not only restricts cultivation of crop
plants but also causes substantial losses in their production in areas where acidic
soils are more prevalent. As plants are sessile, their roots are continuously exposed
to Al when growing in acid mineral soils. Thus, the evolution of Al tolerance
mechanisms is a prerequisite for plants to perform in these soils. Wheat is a major
crop consumed by most of the human population around the world, and its demand
is ever increasing. However, wheat is rather sensitive to Al toxicity, more than other
major cereal crops, especially rice and maize. In this context, it has become
imperative to develop Al-tolerant wheat cultivars which will help ameliorate this
problem in a sustainable manner. Therefore, in order to develop improved cultivars
for Al tolerance, information on both the manifestation of Al toxicity and the
existence of natural variation is a prerequisite which facilitates the further elucida-
tion of different mechanisms on the physiological, genetic and molecular levels.
The improvement of any trait by plant breeding mainly relies on the availability of
efficient screening techniques, but the pace of improvement depends on easy and
reliable phenotyping techniques. In this chapter, we presented the advances made
so far on Al tolerance in wheat with special focus on future perspectives, aiming to
help for further improvement of Al tolerance in wheat in a sustainable way.

1 Introduction

Adverse environmental conditions cause more than 50 % crop loss worldwide
(Bray et al. 2000). However, the degree of losses due to abiotic stresses varies
and depends upon the intensity and duration of the stress. For instance, one-third of
the world’s soils is alkaline (Guerinot 2007) and nearly one-half is predicted to be
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acidic (Granados et al. 1993). In all those zones where acidic soils are widespread,
the suboptimal plant performance can usually be attributed to a combination of
abiotic stress factors, such as aluminium (Al), manganese (Mn) and hydrogen
(H) toxicity coupled with nutrient deficiency, particularly phosphorus (P), iron
(Fe), molybdenum (Mb), magnesium (Mg) and boron (B).

Wheat is one of the major food crops on which more than half of the world
population is directly or indirectly dependent for their food requirements. Globally,
it is grown on more land area than any other commercial crop due to its ability to
grow in a wide range of climatic environments and geographic regions (Dixon
et al. 2009). In comparison to other major cereal crops like maize or rice, wheat is
considered as rather sensitive to Al toxicity. This results in low crop productivity
and reduced yield potential in regions where Al toxicity is more prevalent. Thus, Al
toxicity has attracted the attention of wheat researchers to unprecedented levels.
The present chapter overviews Al toxicity and tolerance in wheat with special
emphasis on updated knowledge of the genetic variability, the different underlying
mechanisms at the physiological, genetic and molecular level, as well as the
screening techniques for Al tolerance in wheat. Finally, we describe the present
status of wheat improvement for Al tolerance using conventional and molecular
approaches. Future perspectives are discussed.

2 Relevance of Al Toxicity

In the earth crust, Al is the third most abundant element after oxygen and silicon.
Under low pH conditions (acidic soils), Al dissolves in various ionic forms [A1+3,
Al(OH)*? and AI(OH),"]. Among these ionic forms, AI** is the most phytotoxic
form for rhizosphere of wheat. Additionally, AI(OH)** and AI(OH),"* appear to be
toxic for dicots (Delhaize and Ryan 1995; Kochian 1995). In order to remediate Al
phytotoxicity in acidic soils, the application of lime is a common agronomic
practice. This enhances the soils’ pH which is the best way to correct soil acidity
to some extent. Unfortunately, this is not always economically or physically
feasible because of either or both the huge amount of lime required greatly
depending upon the soil’s pH and texture and subsoil acidity. Liming is poorly
effective in correcting subsoil acidity. Moreover, heavy application of lime may
have adverse effects on crop plants or even cause deficiencies of certain nutrients
(Whitten 1997). Thus, an alternative effective and more eco-friendly solution is to
develop and use Al-tolerant cultivars.

2.1 Al Phytotoxicity in Wheat

Since the identification of poor plant growth and ‘crestamento’, a burning effect in
wheat on acid soil in Brazil, the symptoms and effects of Al phytotoxicity in wheat
have been extensively investigated. The primary symptoms and effects of Al
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phytotoxicity particularly the inhibition of root growth is well known and can be
noticed on wheat roots as earliest within few seconds to minutes (Ownby and
Popham 1990; Ryan et al. 1992). Wheat roots upon expose to Al stress respond
by an initial acute inhibition of their elongation followed by later chronic effects
(Parker 1995), resulting in a reduced and damaged root system. This impairs water
and mineral nutrient uptake at later stages. In wheat, Al also causes extensive
damage in other cellular components and processes such as inhibition of DNA
synthesis (Wallace and Anderson 1984), alteration of cell membrane potential
(Kinraide 1988) and reduction of root apex H efflux (Ryan et al. 1992).

Kinetic studies indicate that the Al uptake by roots in wheat is biphasic,
consisting of an initial rapid uptake followed by a linear uptake phase (Zhang and
Taylor 1989, 1990). Comprehensive analysis of Al uptake during the linear phase
also suggested two mechanisms: metabolism-dependent Al binding in the apoplasm
and permeation of the cell membrane (Zhang and Taylor 1989, 1990). Toxic levels
of Al accumulate within 6 h in the root’s apical region (2 mm) of sensitive cultivars
reaching higher concentration (about seven- to eightfold) than tolerant cultivars
(Rincén and Gonzales 1992). However, the remarkable differences in the Al uptake
by the roots of Al-tolerant and sensitive genotypes could already be observed within
4 h of exposure to Al stress (Delhaize et al. 1993a). The degree of Al sensitivity was
clearly related to differences in Al accumulation in the growing root tissues of
wheat plants (Samuels et al. 1997).

2.2 Genetic Diversity for Al Tolerance

Probably wheat is the first crop in which evidence of intraspecific natural variations
for tolerance to Al phytotoxicity was reported by Brazilian scientists already during
the second decade of the last century. Several, well-documented studies clearly
demonstrate that substantial genetic variation for Al tolerance exists in wheat
(Carver and Ownby 1995; Hu et al. 2008; Raman et al. 2010). By far, the most
appropriate donor lines for increasing Al tolerance in bread wheat have been
originated from Brazil and Portugal where vast extensions of land have acid soils
(Rajaram et al. 1988; Silva et al. 1991). In addition, Chinese collection of wheat
landraces distributed mainly within regions of China where acidic soils are pre-
dominant could also be an alternative source of Al tolerance for the regions where
soil acidity is not so strong, because Chinese accessions exhibit moderate level of
tolerance to Al phytotoxicity in comparison to the genotypes originated from Brazil
and Portugal (Han et al. 2013).

Most of the modern wheat cultivars have source of Al tolerance from Brazilian
landraces which were utilised in the wheat breeding programme at CIMMYT. Thus,
there is an urgent need to further identify the novel source of Al tolerance in wheat,
for which a systematic emphasis on the primary gene pool of wheat that includes
hexaploid, tetraploid and diploid species, from regions where Al toxicity is a major
problem, should be explored.
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Generally, cultivated members of the tribe Triticeae such as rye and triticale
could also provide an opportunity to introgress the novel alleles for Al tolerance in
wheat, as the level of tolerance to Al phytotoxicity in rye and triticale is higher than
in wheat. It is noteworthy that the high degree of tolerance to Al phytotoxicity of
Portuguese bread wheat genotypes such as Barbela-derived lines has been attrib-
uted to the possible introgression from rye (Silva et al. 1991; Ribeiro-Carvalho
et al. 2001) as both crops were simultaneously and nearby cultivated by farmers in
Tras-os-Montes region of Portugal. Portuguese rye genotypes have also been
reported to exhibit outstanding performance under Al stress conditions (Pinto-
Carnide and Guedes-Pinto 1999).

Besides the primary and secondary gene pools, the tertiary gene pool which
includes wild relatives such as Aegilops species and Leymus racemosus
(an allopolyploid perennial grass) can enrich the bread wheat particularly at the
point of identification of Al tolerance genes and associated regulatory regions
which could accelerate the improvement of Al tolerance in bread wheat. In the
past, high levels of tolerance have been identified in the Aegilops uniaristata
(Berzonsky and Kimber 1986) and introgressed successfully into wheat (Miller
et al. 1997). Recently, Mohammed et al. (2013) investigated the wheat—Leymus
racemosus addition and wheat—Leymus racemosus substitution lines for Al toler-
ance and found that Leymus racemosus chromosomes E had the greatest tolerance
even at a very high level of Al stress.

3 Mechanisms of Al Tolerance in Wheat

3.1 Physiological Mechanisms

The physiological basis of Al tolerance has been extensively investigated in wheat.
Various studies conducted on a collection of different wheat cultivars so far seem to
suggest that differences in tolerance to toxic concentrations of Al are based on
several mechanisms. Broadly, these mechanisms can be divided into two catego-
ries: (A) external detoxification and (B) internal detoxification of Al.

3.1.1 External Detoxification

The mechanisms of external detoxification of Al enhance plant tolerance to Al
stress by restricting the Al uptake. These mechanisms reduce the harmful interac-
tions of toxic forms of Al with sensitive sites in the apoplast, such as the plasma
membrane and the cell wall and decrease the quantity of Al reaching sensitive sites
in the symplasm. Mechanisms for Al exclusion can implicate several mechanisms
such as efflux of organic acid anions that chelate the Al in the rhizosphere in
nontoxic form, root-induced changes in rhizosphere pH, production of root-cap
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mucilage, secretion of secondary metabolites from root apices, changes in cell wall
chemistry and the active export of Al from cells (Delhaize et al. 2012a).

3.1.2 Exudation of Al-Chelating Organic Acid Anions

So far, the efflux of Al-chelating organic acid (OA) anions from root apex has been
shown to be one of the most effective and widespread Al exclusion mechanisms in
wheat which is demonstrated by strong genetic and molecular studies (Delhaize
et al. 1993b; Ryan et al. 1995a, b, 2009; Tovkach et al. 2013; Garcia-Oliveira
et al. 2014). It is hypothesised that OAs form harmless complexes with Al in the
apoplast that protect the sensitive root apex and reduce uptake of Al into the roots
by preventing Al from binding to the fixed negative sites of the cell wall and plasma
membrane. Several OAs of low molecular weight such as malate, citrate, oxalate,
succinate, tartarate and fumarate have been found to be excreted from wheat roots
(Foy et al. 1990; Christiansen-Weniger et al. 1992; Delhaize et al. 1993b; Basu
et al. 1994; Ryan et al. 2001). Higher rates of Al-induced exudation of malate in
Al-tolerant than in Al-sensitive varieties have been observed in most studies
comparing wheat genotypes (Delhaize et al. 1993b). More recently, however, it
has been observed that not only the exudation rates but also the kind of organic
acids differ among the wheat genotypes. For instance, some Brazilian and Portu-
guese Al-tolerant bread wheat genotypes constitutively secret high level of citrate
both in the presence or absence of Al (Ryan et al. 2009; Garcia-Oliveira et al. 2014).

The efflux of malate has been shown to be triggered by external Al from the roots
of different Al-tolerant wheat genotypes (Delhaize et al. 1993b). Recent pharma-
cological evidence indicates that direct protein phosphorylation by protein kinase C
(PKC) is a prerequisite for the activation of the TaALMT1 transporter and subse-
quent enhancement of malate efflux transport activity by extracellular Al (Ligaba
et al. 2009). Generally, in response to Al stress, OAs exudation from roots of
different plants follows two types of pattern. In Pattern I type, plant roots secrete
the OAs immediately after contact with Al stress whereas in Pattern II type plants
roots need a lag time of several hours before the start of Al-induced secretion of
OAs. Wheat follows Pattern I for malate exudation (Delhaize et al. 1993Db).
Although in case of citrate exudation, it was noticed that genotype Carazinho
releases it constitutively under control and Al stress, whereas Barbela 7/72/92 starts
to release citrate only after 2 h of Al exposure. However, it also showed constitutive
release under control condition (Ryan et al. 2009; Garcia-Oliveira et al. 2014).
Thus, it seems that the kind, timing and quantity of OAs secreted by roots of wheat
are genotype dependent.

3.1.3 Production of Root-Cap Mucilage and Other Metabolites

The outer layer of root cap of several plant species secretes mucilage, a gelatinous
polysaccharide substance which has high capacity of Al binding and acts as a
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diffusion barrier to Al. Pioneering work by Horst et al. (1982) showed that tolerance
to Al phytotoxicity in cowpea correlated with mucilage on the root. Similarly, there
is also evidence that mucilage contribute to the reduction of Al toxicity in wheat.
Puthota et al. (1991) observed higher mucilage production in the Al-tolerant wheat
cultivar Atlas 66 than in a sensitive cultivar. Henderson and Ownby (1991) also
found a positive association between the amounts of mucilage produced by wheat
roots and the levels of Al tolerance and suggested that the organic acids present in
mucilage might chelate Al before it comes in contact with the cell surface.
Archambault et al. (1996) found that Al bound to the mucilage of wheat root
accounted for approximately 25-35 % of Al remaining after desorption with citric
acid. Interestingly, it was noticed that in some wheat genotypes, mucilage only
occurs in some roots, but not in all roots of the same plant (Garcia-Oliveira,
personal communication).

Other mechanisms include the exudation of phosphate and polypeptide from
roots (Pellet et al. 1996; Basu et al. 1997). In root exudation experiments,
Al-resistant wheat cultivar Atlas exhibited phosphate as well as malate release in
response to Al exposure, and it was suggested that both exudation processes act in
concert to enhance Al exclusion and Al resistance in Atlas (Pellet et al. 1996).
However, further studies were unable to support the report that phosphate efflux
contributed to the Al resistance of Atlas 66 (Ryan et al. 2009). Similarly, Basu
et al. (1994) reported that treatment of wheat seedlings with Al leads to the
accumulation of suite of polypeptides in root exudates. Al-resistant wheat cultivar
Maringa showed enhanced accumulation of polypeptides (12-, 23- and 43.5-kDa) in
root exudates, and the 23-kDa polypeptide co-segregated with the Al-resistant
phenotype in F, populations (Basu et al. 1999). Exudation of phosphate and
polypeptide seems to be an important Al exclusion mechanism, but, so far, no
conclusive data have been presented which suggest the minor role of these mech-
anisms in differential Al tolerance in wheat (Tang et al. 2002).

3.1.4 Binding Al in the Cell Wall

Another hypothesis for differential tolerance to Al in wheat relates to the negative
electrical charges present at the cell surface. In general, it is usually believed that
binding of Al to charged sites on the cell surface is a prerequisite for its uptake and
toxicity. Earlier reports exhibited the negative correlation between root cation
exchange capacity (CEC) and Al tolerance in plant species, including some wheat
cultivars (Foy et al. 1967; Blamey et al. 1990, 1993). However, this assumption is
still controversial, and it has been suggested that such mechanisms do not play a
significant role in the differential Al tolerance in wheat (Kinraide et al. 1992).
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3.1.5 Internal Detoxification

Some plant species like tea (Camellia sinensis), buckwheat (Fagopyru esculentum)
and Hydrangea species have the remarkable ability to accommodate high amounts
of Al in their root and shoot tissue without exhibiting any adverse effect on their
normal growth and development. Usually, these species are endemic to regions
with acid soils which seem to evolve internal detoxification mechanisms to cope
with Al phytotoxicity either by chelating the toxic form of Al in their cytosol or by
sequestering it to organelles (see Chap. 5). Although, a substantial body of litera-
tures wind up with a common conclusion of external detoxification of Al in wheat,
there is also evidence suggesting that internal mechanisms for Al detoxification also
exist in wheat. For instance, Zhang and Taylor (1988) reported that Al-tolerant
wheat cultivars accumulate more Al in their root than Al sensitive one. Recently,
Silva et al. (2010) also found that the Al-tolerant wheat genotype Barbela 7/72/92
has the ability to accumulate more Al in the shoots than the Al-sensitive wheat
genotype, Anahuac. More recently, we also observed the high transcript level of
TaALMT1 (Triticumaestivumaluminium-activated malate transporter) and
TaMATE1 (Triticumaestivummultidrug and toxic compound extrusion) in the
shoots of Barbela 7/72/92 compared to the roots of Al-sensitive genotype Anahuac
(Garcia-Oliveira et al. 2014). Furthermore, we also noticed a significant induction,
at the transcript level, of TAALMT]1 in the shoots of Barbela 7/72/92 after 6 h of Al
exposure; the expression remained at the same high level for more than 24 h which
indicates the important role of TaALMT1 for internal detoxification of Al in the
aerial part of the Barbela 7/72/92. Until recently, to our knowledge, there is no
comparative report on the amount of organic acids present in the wheat tissues
particularly roots and aerial parts of the Al-tolerant and -sensitive genotypes of
wheat genotypes under Al stress.

More recently, Mohammed et al. (2013) also reported that addition of Leymus
racemosus (a wild relative Allopolyploid Triticeae) chromosomes A and E to wheat
not only significantly enhanced the Al tolerance of alien addition lines A and E but
also maintained the same amount of Al in the roots of these lines as Chinese Spring.
Specifically, line E also translocates a high amount of Al to their shoots. Consid-
ering these recent results, it gets evident that at least in wild relatives of wheat,
internal detoxification of Al plays an important role in Al tolerance mechanisms.

3.2 Genetic Mechanism
3.2.1 Inheritance of Al Tolerance

On the basis of segregation pattern observed in F, generation derived from a cross
between Al-tolerant and -sensitive genotypes, Beckman (1954) suggested the
presence of a single dominant gene for Al tolerance in bread wheat. Similarly,
Kerridge and Kronstad (1968) also reported that a moderately Al-tolerant cultivar,
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Druchamp, differed from a sensitive cultivar, Brevor, by a single gene governing
seedling root growth under Al stress. Subsequently, in the last quarter of the
twentieth century, the wider recognition of Al phytotoxicity as the predominant
growth-limiting factor in acid soils has swung the pendulum of attention to Al
tolerance and its genetic control (Carver and Ownby 1995). Contrarily to earlier
speculations, wide genetic range of Al tolerance observed in the wheat germplasm
indicated that Al tolerance inheritance was much more complex (Lafever
et al. 1977). However, most of studies suggested that Al tolerance in bread wheat
is mainly governed by one to two dominant genes (Choudhry 1978; Camargo 1981,
1984; Campbell and Lafever 1981). The result of these classical bi-parental crosses
performed during late 1970s and early 1980s were further supported by QTL
mapping studies in the era of molecular markers during the first decade of the
present century (Table 1) which is described in the following section.

3.2.2 Chromosomal Distribution of Loci Conferring Al Tolerance

Among cereal crops, wheat offers high buffering capacity and can tolerate a high
degree of aneuploidy because of its polyploidy nature. Historically, a series of
unique and valuable cytogenetic stocks have been developed by using traditional
cytogenetic techniques (Sears 1954), which are still widely used to locate genes and
DNA markers to individual chromosomes in wheat (Garcia-Oliveira et al. 2013).
Aniol and Gustafson (1984) and Papernik et al. (2001) identified a number of
genetic loci on chromosome arms 2DL, 3DL, 4BL, 4DL, 6AL, 7AS and chromo-
some 7D, using ditelosomic and nullisomic-tetrasomic lines of Chinese Spring
wheat stocks that are important for conferring Al tolerance. Nevertheless, it was
unclear whether all these loci identified from the deletion lines contribute to the
natural variation for Al tolerance found in wheat germplasm.

In the last decade of twentieth century, with the advent of molecular markers,
availability of different mapping populations and development of robust statistical
analysis methods not only facilitated the identification of number of genetic loci
that involved in complex traits but also helped to understand the gene action and
their relative contributions in governing such traits. Further refinement in DNA
technology also enabled plant scientists to elucidate the genes that underlie the QTL
detected in the studied mapping population. At the molecular level, Riede and
Anderson (1996) tagged the first major QTL influencing Al tolerance in bread
wheat with DNA marker Xbcd1230 on chromosome 4DL using RFLP analysis of
RIL populations derived from a cross between an Al-tolerant genotype BH1146 and
an Al-sensitive genotype Anahuac which exhibited 85 % of the phenotypic varia-
tion for Al tolerance, showing the greatest effect on root growth of wheat plants in
Al containing nutrient solutions. Subsequently, with the availability of TaAALMT1
sequence in bread wheat, Raman et al. (2005) mapped the TaALMT1 in two
different mapping population of wheat and was co-localised with the QTL for Al
tolerance on chromosome 4DL which was previously reported in aneuploid stocks.
Ryan et al. (2009) identified that Al tolerance mechanism in a Brazilian bread wheat
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genotype Carazinho relies on constitutive citrate efflux. The authors developed two
segregating population by crossing Carazinho as a common parent with
EGA-Burke and Egret. Using DArT and SSR analysis of both segregating
populations, they identified QTL, Xcec, at chromosome 4BL that accounts for
more than 50 % of the phenotypic variation in citrate efflux from roots of
Carazinho.

Numerous QTL mapping studies were performed using different types of map-
ping population derived from diverse parents, and most of these studies demon-
strated that one to three QTL might be involved in Al tolerance in bread wheat
(Table 1). It is noteworthy that in spite of large number of loci identified for Al
tolerance in wheat through aneuploid stocks, only few QTL were reported in
different mapping population. The outcome of these studies suggests that it might
be possible that the same casual allele exists in the population as traditional linkage
mapping population is mainly based on bi-parental crosses. Thus, in such mapping
populations, only two alleles at a given locus are analysed simultaneously, and low
recombination frequencies can lead to poor resolution of QTL at a time.

Recently, QTL identification without the analysis of a mapping population has
become possible with genome-wide association mapping which represents a com-
plementary approach to the linkage mapping studies and is based on linkage
disequilibrium in genetically diverse germplasms. Association mapping emerged
as a potential genomic tool to identify alleles and loci that show significant effects
on the target trait particularly complex traits. A genome-wide association analyses
of wheat Al tolerance identified at least 16 genetic loci on chromosomes 1A, 1B,
2A,2B, 2D, 3A, 3B, 4A, 4B, 4D, 5B, 6A, 6B, 7A and 7B associated with this trait in
wheat (Raman et al. 2010). Some of these loci on chromosome(s) 2A, 2DL, 3BL,
3DL, 4BL, 4DL, 5AS, 6AL, 6D and 7AS correspond to previous genetic and
cytogenetic studies that identified loci for Al tolerance in wheat (Aniol and
Gustafson 1984; Papernik et al. 2001; references in Table 1), whereas others
appeared to be novel. Interestingly, both genome-wide mapping and gene-specific
functional markers identified the major locus TaALMTI on chromosome 4D as
being significantly associated with Al tolerance which has previously been
established in most of the bi-parental populations (Table 1) and among accessions
of modern cultivars, landraces and subspecies (Raman et al. 2008, 2010). Notice-
ably, among the markers targeting TaALMTI, those that detected alleles in the
promoter predicted most of the phenotypic variation for Al tolerance in diverse
wheat germplasm comprising cultivars, landraces, subspecies of T. aestivum, and
the wild ancestor of wheat, Aegilops tauschii (Sasaki et al. 2006; Raman et al. 2008,
2010).

Although association mapping overcomes some barriers of QTL mapping appli-
cation in plant breeding in direct way, but, it is necessary to consider some
important aspects of this methodology for avoiding the false associations between
trait-markers. Thus, considering the limitation of association mapping, in order to
establish whether these loci are responsible for the natural variation in Al tolerance
in wheat, it would need to be verified by other methods, such as linkage mapping
with bi-parental crosses.
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3.3 Molecular Mechanism
3.3.1 Al Tolerance Genes in Wheat

Among cereals, wheat has been employed extensively in exploring many aspects
related to Al phytotoxicity. However, fewer studies have been performed on the
identification of genes conferring tolerance to Al phytotoxicity in wheat than in
other cereals, particularly rice. As described in earlier section of this chapter,
several loci for Al tolerance have been identified in wheat using genetic and
cytogenetic stocks, but, so far only few genes have been cloned in wheat.

3.3.2 Al Chelating Organic Acid Anions Transporters

Physiological evidences in favour of organic acids efflux helped to identify two
genes namely TaALMTI and TaMATE] underlying loci at 4DL and 4BL, respec-
tively, and are considered as major genes for Al tolerance in wheat, because the loci
harbouring these genes have been described as responsible for most of the geno-
typic variation for Al tolerance in bread wheat.

3.3.3 TaALMT1

A solid understanding of the genetics and physiology of Al tolerance in wheat
facilitated the identification of first Al tolerance gene TaALMTI in plants which
drives natural variation in wheat for tolerance to Al phytotoxicity (Sasaki
et al. 2004). TaALMTI encodes an Al-activated anion channel on the plasma
membrane, and the absence or loss of this gene coincided with the loss of both Al
tolerance and malate efflux from root apices (Raman et al. 2005; Yamaguchi
et al. 2005). Henceforth, ALMTI was extensively studied for Al tolerance and
characterised from several plant species. In bread wheat, ALMTI underlies a
major Al tolerance locus called Altgy, which was previously mapped to the long
arm of chromosome 4D. Several alleles have been identified on the basis of
differences in coding sequences of ALMT]I, although none of them associated
with Al tolerance in wheat. Interestingly, the transcript level of TaALMT1 expres-
sion exhibits positive correlation with Al tolerance. Promoter analysis of TaALMT1
showed a specific pattern of variations which can be classified into eight categories
viz. types I to type VIII. Type I pattern revealed to have the simplest structure,
while the other patterns presented blocks of sequence in duplicates and triplicates.
In addition, types VII and VIII are a variation of promoter type VI (Sasaki
et al. 2006; Garcia-Oliveira et al. 2014).

The blocks of sequences in the ALMT1 upstream region contains different cis-
acting regulatory motifs, such as block A which contains several recognition
sequences for MYB and MYC transcription factors and ABA-responsive elements
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(Sasaki et al. 2006). Block C contains the ATATT motif previously found in rolD
promoter in Agrobacterium and correlated to strong root expression (Elmayan and
Tepfer 1995). In addition, blocks A and C share the ACGT and CACT motifs which
had been implicated in the plant responses to dehydration stress and carbon
metabolism whereas blocks B and C share the GATA box motif which has been
implicated in the high tissue-specific expression of some genes (Sasaki et al. 2000).
More recently, Tokizawa et al. (2015) performed the promoter scanning analysis
using an Arabidopsis dataset (i.e. overrepresented octamers in the promoter of
suppressed genes in the stopl mutant) and showed that the TaALMT1 promoter
of wheat contains a set of STOP1-binding motifs and cis-acting elements for
CAMTAs and was associated with cis-acting elements for TCP-domain transcrip-
tion factor(s)/ASRS. Interestingly, Al-tolerant wheat near-isogenic line (ET8)
contained three sets of STOP1/CAMTA binding sites, whereas an Al-sensitive
near-isogenic line carried a single set (Tokizawa et al. 2015).

These cis-acting regulatory motifs located within different blocks observed in
the promoter sequences might modulate the relative expression of ALMTI gene. To
further promote typology, putative protein phosphorylation was also indicated to be
involved in the Al responsive malate exudation from roots (Osawa and Matsumoto
2001) where the organic anion-specific channel could be a terminal target that
responds to Al signalling. This was further confirmed in Xenopus heterologous
system (Ligaba et al. 2009) where N- and C-terminal domains were shown to be
involved in the Al response of plants through TaALMTI gene (Furuichi et al. 2010;
Ligaba et al. 2013).

In wheat, ALMT1 transcript is highly expressed in roots (Sasaki et al. 2006;
Ryan et al. 2009); however, a relatively higher level was also noticed in the shoots
of Al-tolerant genotype when compared to the roots of sensitive genotype (Garcia-
Oliveira et al. 2014). For Al-tolerant genotypes such as Barbela 7/72/92, transcript
of TaALMT1 gene was found highly expressed under control conditions.

3.34 TaMATE1

In plants, the first MATE (Multidrug And Toxic Compound Extrusion)/AACT (Al-
activated citrate transporter) gene involved in Al tolerance was identified by fine
mapping the major Al tolerance loci Altsp and Alp in sorghum (Magalhdes
et al. 2007) and barley (Furukawa et al. 2007), respectively. In both crops, the
relative tolerance to Al phytotoxicity was observed to be highly correlated with the
level of MATEI transcript. In bread wheat, Ryan et al. (2009) identified Xce,. locus
on the chromosome 4BL accounting for more than 50 % of the phenotypic variation
in citrate efflux from roots of Brazilian cultivar Carazinho. A subsequent study has
demonstrated that Xce,. locus encodes a citrate transporter (TaMATE1), and it was
concluded that upstream variation [Sukkula-like transposable element (TE) insert]
in TaMATE1B homoeologue extends its transcript expression to the root apex in
Carazinho where it confers citrate efflux and enhances Al tolerance (Tovkach
et al. 2013). Similarly, constitutive citrate efflux in Portuguese bread wheat
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genotype Barbela 7/72/92 was also observed and seems to be correlated with the
high level of TAMATEIB transcript. In addition, a similar TE, inserted 25 bp
upstream of the ATG start site of TaMATEIB homoeologue, was identified in
Al-tolerant genotype Barbela 7/72/92 (Garcia-Oliveira et al. 2014).

Earlier it was considered that upstream variation in the TaMATIB is a rare
event, but our group showed that the presence of Sukkula-like transposable element
in the TaMATE1B promoter is common in the Portuguese Al-tolerant bread wheat
genotypes. It is interesting to note that Al-tolerant genotypes possessing this TE
also differed in their root regrowth and citrate exudation levels which indicate the
presence of different cis elements in the TE insert upstream of TaMATEIB gene
that might be associated with varied level of citrate efflux. In addition, significant
differences in the transcript level of TaMATE1D homoeologue were also detected
between the Al-tolerant and susceptible genotypes whereas TaAMATE1A seemed to
be silent (Garcia-Oliveira et al. 2014).

4 Other Candidate Gene(s) for Al Tolerance

In wheat, a number of Al responsive genes such as wali (wheat aluminium induced),
war (wheat aluminium regulated) and ManSOD (manganese superoxide dismutases)
that belong to general and/or specific stress related proteins have been cloned and
considered to be potential candidates for Al tolerance in wheat (Snowden and
Gardner 1993; Hamel et al. 1998; Basu et al. 2001). Recently, Navakode
et al. (2014) identified a new locus for Al tolerance on 1DL chromosome in
wheat and was assigned to the chromosomal bin 1DL2-0.41-1.00 where an Al
responsive candidate gene wali5 was previously identified in wheat (Snowden
and Gardner 1993). Although, Arabidopsis plants over-expressing wheat wali5
did not exhibit tolerance to Al toxicity (Ezaki et al. 2000).

More recently, we also cloned a candidate gene TaSTOP! in bread wheat which
belongs to a member of Cys2His2 zinc finger transcription factor family proteins
(Garcia-Oliveira et al. 2013). TaSTOPI loci were localised on the long arm of
homoeologous group 3 chromosomes [3AL (TaSTOPI-A), 3BL (TaSTOP1-B) and
3DL (TaSTOP1-D)]. Earlier, important loci associated for Al tolerance in wheat on
long arm of homoeologous group 3, particularly 3BL, have been consistently
reported in classical studies using chromosomal manipulation (Aniol and Gustafson
1984; Papernik et al. 2001), QTL mapping (Zhou et al. 2007; Cai et al. 2008; Dai
et al. 2013), and genome-wide association analysis (Raman et al. 2010; Navakode
et al. 2014). The role of a zinc finger transcription factor ART! identified through
mutational analysis in rice has also been shown in natural variation of Al tolerance
in rice, earlier which was suggested that it was not involved in Al tolerance
(Famoso et al. 2011). Thus, in the light of recent findings, TaSTOPI and wali5
seem to be strong candidates for Al tolerance in wheat, and it would be very
interesting to map the location the these genes in bi-parental population or in
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association panel of wheat for further understanding on their role in the natural
variation of Al tolerance in wheat.

5 Transgenic Approach

Transgenic approach offers unique opportunities for validating gene function in Al
tolerance and could also be an alternative technology to increase crop production in
acidic soils through development of Al-tolerant cultivars by genetic engineering.
Since the first transgenic tobacco plant developed by using the bacterial citrate
synthase gene (de la Fuente et al. 1997) for enhanced Al tolerance, transgenic
approach is being pursued actively throughout the world to generate transgenic
lines in different plant species including crop plants for improved tolerance to Al
phytotoxicity. So far, a range of genes originating from bacteria, nematode and
plants have been used to generate transgenic plants for enhanced level of Al
tolerance (Garcia-Oliveira et al. 2015), but only few transgenic approaches in
wheat were tested to date (Table 2).

It is general indication that plant genes induced by a particular stress often serve
to protect against that stress. Considering this hypothesis, two Al stress responsive
genes Wali5 and MnSOD1 from wheat were transferred in Arabidopsis and canola,
respectively (Ezaki et al. 2000; Basu et al. 2001). Transgenic Arabidopsis over-
expressing TaWali5 expressed transcript at high levels, but appeared unlikely to be
a good strategy for improving Al tolerance in plants. Contrarily, transgenic oilseed
rape plants over-expressing MnSOD1 gene had 1.5- to 2.5-fold higher SOD activity,
and at least exhibited significantly better root growth under Al stress than the root
growth of wild type plants. With the cloning of a wheat gene ALMTI which
co-segregated with Al tolerance, the major emphasis of plant biotechnologists has
been on engineering genes that encode organic anion transporter proteins such as
ALMTI and MATEI. Wheat ALMTI was transferred in rice, but it was noticed that
transgenic rice plants overexpressing the TaALMT1 gene did not exhibit increases
in Al resistance (Sasaki et al. 2004) and concluded that this was because of the
natural high Al resistance observed in rice plants. However, the same gene
exhibited most striking results in barley followed by wheat, and Arabidopsis
which showed greater relative root growth by 20, 8, and 4-fold, respectively
(Table 2).

Circumstantial evidences favour the role of regulatory genes (transcriptional
factors) in plant tolerance to abiotic stresses because transcription factors are at the
top of the cascade that triggers the expression of several genes involved in plant
defences against Al toxicity. One of the best examples of the expression of a single
transcriptional factor that triggers plant defences is the case of the rice ARTI gene
which activates several genes including ALMTI and MATEI (Yamaji et al. 2009).
Recently, the contribution of ART/ locus to the natural variation for Al tolerance in
rice has also been identified by QTL analysis (Famoso et al. 2011). As mentioned
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earlier, we cloned the TaSTOPI from bread wheat in the recent past (Garcia-
Oliveira et al. 2013), but still needs to confirm its function in wheat.

By far, in all the studies constitutive promoters either CMV35S or maize
ubiquitin have been used which are expressed in most of plant parts. It is notewor-
thy that the site of Al phytotoxicity is the root apex; thus, in future; a wise approach
would be to use the promoters that express transgenes only in this region, because it
would avoid the waste of metabolic energy and undesirable phenotype due to
ectopic expression. Furthermore, a desirable promoter for engineering Al tolerance
would be highly expressed in the root apex and only in the presence of Al.

6 Screening Techniques for Al Tolerance

Screening of germplasm is a pre-requisite step in any plant improvement
programme, and breeders require an easy and reliable phenotyping technique for
a trait of interest. During the previous 50 years, considerable advances have been
made in the screening techniques to efficiently discriminate the tolerant plants from
sensitive to Al phytotoxicity in crop plants including wheat. These screening
techniques can be broadly grouped into hydroponic and soil media-based
techniques.

6.1 Hydroponic Techniques

Under field conditions, it is difficult to isolate the factors affecting nutrition of
plants and mechanisms of element uptake, due to spatial heterogeneity of soil
chemical and physical properties that simultaneously impact plant development.
Thus, hydroponic culture is an ideal and most useful screening methodology that
allows to understand the Al phytotoxicity in plants including wheat, because it
provides not only an easy access to the root systems for Al analyses, but also it
enables the application of accurate concentrations of minerals coupled with tight
control over nutrient availability and pH. Moreover, hydroponic culture also per-
mits non-destructive measurements of Al tolerance based on root growth, and the
interpretation of the specific Al effect on the plant at defined vegetative stage is
highly accurate (Carver and Ownby 1995). For assessment of Al tolerance in wheat,
most of researchers studied root growth parameters such as root tolerance index,
relative root growth and net root growth due to the easiness to measure such
parameters. Even faster scoring of wheat and other species can be achieved visually
using different staining techniques such as hematoxylin, eriochrome cyanine R,
morin, Schiff’s reagent or Evans blue staining (Table 3). Among these histo-
chemical assays, hematoxylin and eriochrome cyanine R staining are widely used
to screen for Al tolerance in wheat because of their consistent reliability in the
staining patterns. Since the first evidence of role of malate efflux in Al tolerance of
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wheat provided by Delhaize et al. (1993b), stimulated studies quantify the amount
of different organic acids efflux in Al-tolerant bread wheat genotypes. This resulted
in the identification of role of citrate efflux in some Al-tolerant bread wheat
genotypes (Ryan et al. 2009). At present, exudation of organic acids is the most
promising mechanism of Al tolerance in wheat yet studied, which must be included
as an essential part of screening methodology for Al tolerance in bread wheat.

6.2 Soil Bioassay

Screening using soil bioassay is the most suitable methodology for studying the
long-term effect of Al phytotoxicity specifically on the aerial plant parts, because
free Al is directly toxic to plant roots and, in most cases, is little absorbed or
translocated to the aerial plant parts. Therefore, small pots either may be filled with
pre-washed and air dried sands impregnated with nutrient solution or may be filled
with acid soils collected from the target regions. However, the estimation of effect
of Al phytotoxicity on economic yield of wheat is imperative, because the improved
genotypes for Al tolerance will ultimately grow in those areas which have major
problem of Al phytotoxicity. Furthermore, large population can be screened with
relatively low cost and less efforts under field condition. Although, the soil matrix
may manifest multiple biotic and abiotic stresses which can complicate or affect the
output.

7 Breeding for Al Toxicity Tolerance

Last comprehensive physiological and genetic studies have contributed signifi-
cantly to understanding of the role of genetic variability in wheat response to Al
toxicity. Collaborative research, involving the Brazilian wheat breeding
programme and CIMMYT (International Maize and Wheat Improvement Center),
has not only facilitated the development of Al-tolerant lines/cultivars but also
distributed worldwide which helped in the development of segregating populations
and near-isogenic lines for Al tolerance in wheat.

7.1 Conventional Breeding

Historically, numerous Al-tolerant wheat cultivars, such as Fronteira, Surpresa,
Minuano, Jesuita and Guarani were developed by Brazilian wheat breeders using
Al-tolerant genotypes Alfredo Chaves and Polissu (Rajaram et al. 1988). Subse-
quently, several improved bread wheat cultivars tolerant to Al phytotoxicity such as
BH1146 and Carazinho in Brazil and Atlas 66 in USA were developed using the
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same source of material (Alfredo Chaves 6-21) which are well known for their high
level of tolerance to Al phytotoxicity and still remain today as the standard of
performance for Al tolerance. Most of the modern bread wheat cultivars tolerant to
Al phytotoxicity developed in different countries have Brazilian material in their
pedigree.

7.2  Genomic Assisted Breeding

Undoubtedly, molecular markers have potential to facilitate and accelerate the
wheat breeding programme for Al tolerance through precise transfer of chromo-
somal regions tightly linked with a marker allele or a gene(s) governing Al
tolerance. With the advances in marker technology, a number of random DNA
markers based upon RFLP, AFLP, SSR and DArT have been developed and also
tagged with Al tolerance loci using traditional mapping population in wheat
(Table 1). Unfortunately, only limited candidate genes have been so far cloned in
wheat. Among these candidate genes, TaALMTI and TaMATE] genes have been
mapped that accounts for phenotypic variation for Al tolerance. Functional markers
derived from these candidate genes have been also developed to screen the wheat
germplasm (Sasaki et al. 2006; Raman et al. 2005, 2010; Garcia-Oliveira
et al. 2014).

As mentioned earlier in this chapter, Raman et al. (2010) identified several loci
using random DNA markers along with functional markers derived from candidate
gene TaALMT] for Al tolerance in wheat. It is expected that candidate gene-based
functional markers will be better suitable for genomic assisted breeding than
random DNA markers associated with the trait of interest. Therefore, for
pyramiding of Al tolerance loci/gene(s), functional markers derived from additional
candidate genes need to be tested via association mapping approach to determine
allelic diversity within the genes conditioning Al tolerance in wheat. Thus in the
future, both the random as well as gene-specific markers validated in different
genetic backgrounds will be better suitable for marker assisted selection to tap the
novel alleles for Al tolerance in bread wheat.

8 Future Perspectives

Among cereals, rice serves as model plant species, and numerous candidate genes
including regulatory and structural genes in rice for Al tolerance have been cloned
and functionally validated. However, the identification of such candidate genes in
bread wheat is far behind than in other cereal crops. Previous studies in bread wheat
rely on only few genotypes like ‘BH1146’, ‘Chinese Spring’, ‘Carazinho’, ‘Atlas
66°, ‘ET8’ and ‘FSW’, which have Brazilian cultivars in their ancestry except
‘Chinese Spring’ ‘and ‘FSW’ that originated from China.
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Over the years, Al toxicity research has mainly focused on acidic soil conditions,
and researchers have also gained a better understanding of its physiological, genetic
and molecular basis (Kochian 1995; Delhaize and Ryan 1995). Compelling evi-
dences indicate that Al phytotoxicity also restricts development of plant roots
including wheat, even at high pH (Ma et al. 2003) which led the researchers to
realise that Al phytotoxicity can occur both under acidic and alkaline conditions.
Very recently, Brautigan et al. (2012) showed that as pH rose above 9.2, anionic
species of Al became more prevalent and the phytotoxic effect increased due to this
form, not the quantity of Al present because the amount of Al entering stems and
leaves at high pH and low pH was similar. Considering the knowledge gained from
the model plants and cereals including wheat, the following area of research on Al
tolerance in wheat await future results:

1. By far most of studies indicate that Al tolerance in wheat is not a widespread trait
and the most of donor parents are identified from Al toxicity prone areas. Recent
physiology orientated studies clearly identified the new mechanism (citrate
efflux) of Al tolerance in wheat (Ryan et al. 2009; Garcia-Oliveira
et al. 2014). Thus, attention in future should focus on systematic efforts on the
screening of accessions of bread wheat where Al toxicity is prevailed.

2. Most of studies to date reported low Al uptake in root of Al-tolerant bread wheat
genotypes as a general mechanism of Al tolerance. However, information
regarding genetic variation for Al transported from roots is lacking. This was
observed as an important feature for Al tolerance in the wheat Leymus
racemosus addition line (Mohammed et al. 2013) and in a wild species of
Poaceae, Andropogon virginicus L. (Ezaki et al. 2013), that could be one of
the useful strategies to confer Al tolerance by maintaining its toxic content
below a critical level in roots.

3. Besides external detoxification of Al, internal detoxification could be another
important mechanism conferring tolerance. Of special importance seem to be the
sequestration of toxic metals in specific subcellular compartments of particular
tissues whose nature depends on the plant species and organs involved. In the
case of Al, accumulation in leaf spikes and secretion from the trichomes.
especially after long-term exposure to Al stress may play a role.

4. Development of rapid and new screening techniques would be another area to be
worked on, as most of studies in wheat to date rely on organic acids efflux
particularly malate efflux by taking the species-dependent nature of response
into consideration. Conversely, more recent experiments identified other
dependable parameters such as citrate efflux which has much stronger chelation
activity than malate. Although, OAs seem to be the most important contributor
to detoxification of Al in bread wheat, there are clearly other mechanisms
operating in wheat that do not rely on organic acids efflux such as root hair
formation but to date little is known about such mechanisms.

5. Considering the high intra- and interspecific variability found in tribe Triticeae,
such as rye has one of the most efficient groups of genes for Al tolerance that
could offer alternate source of tolerance genes for wheat (Triticum ssp.). It had
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been proposed that the ability of triticale to release citrate from the roots when
exposed to Al stress is inherited from the rye parent, but it is the wheat parent
that determines the rate of OAs exudation (Stass et al. 2008).

6. At the molecular level, recent evidences are supporting the importance of
regulatory genes (transcription factors) in plant tolerance to Al phytotoxicity,
as Al may trigger resistance mechanisms either by directly binding to transcrip-
tion factors or by indirectly activating different signalling pathways. Fast induc-
tion by Al of changes in the cytosolic Ca** levels (Rengel 1992), reactive oxygen
species (Ramirez-Benitez et al. 2011), and phytohormone-mediated signal trans-
duction in plants (Massot et al. 2002) need further studies to connect with the
expression of Al resistance mechanisms.

7. The epigenetic control of the expression of transcription factors and other genes
of the responsive network under Al stress conditions is still completely missing,
especially the role of small RNAs has to be elucidated.

8. By far, numerous loci associated with Al tolerance have been identified using
cytological and molecular approaches in bread wheat. An immediate challenge
to molecular approaches is to identify genes directly involved through their
allelic variation for Al tolerance underlying these QTL and their validation
through segregation or mutation/transgenic approaches so that they can be
used to complement and enhance traditional breeding programmes by gene
pyramiding.

9. The role of protein phosphorylation in the transport activity of the wheat root
malate efflux transporter TAALMT1 by extracellular Al has been clearly dem-
onstrated by integrative pharmacology, electrophysiology and site-directed
mutagenesis approaches. In future, studies on the structural and functional
analysis of the ALMT-type transporters need to be focused to further clarify
the molecular basis of Al activation in wheat.

9 Conclusions

The improvement in grain yield has always been the top priority in wheat breeding
programmes because the global demand for wheat is increasing as a consequence of
burgeoning population along with incremental growth in income and also an ever
increasing demand for animal products. Being a staple food, roughly wheat pro-
duction needs to be double to keep up with the large expected demand in 2050. As
mentioned in the beginning of this chapter, wheat is grown in diverse environmen-
tal conditions including both acidic and alkaline soils where Al phytotoxicity
appears to be one of the major constraints for higher productivity of this cereal.
Thus, to accommodate the rising wheat demand, development of improved bread
wheat cultivars having higher tolerance to Al phytotoxicity is likely to offer an
additional opportunity for yield gain in such areas. Although substantial progress
has also been made in genetically modifying wheat to enhance its Al tolerance
through conventional breeding, biotechnologists need to develop new strategies to
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assist the conventional breeders for rapid characterisation of wheat gene pools
along with efficiently utilising the genetic variation for Al tolerance in wheat. In
conclusion, considerable progress has been made regarding understanding the
physiological and genetic mechanisms of Al tolerance in wheat, but much still
needs to be learned in relation to the molecular mechanisms which is far behind
among the cereals particularly rice.
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Abstract One of the major constraints on crop production is the ability of plants to
grow in acidic soils, where aluminum (Al) is soluble in its toxic form (Al3 ).
However, some plants can address this Al toxicity by utilizing different strategies
such as exclusion (an external mechanism) and detoxification (an internal mecha-
nism). Rice, an important food source, is one of the most Al-tolerant crops, but the
mechanism of this tolerance is not well understood. In this review, we provide an
overview of Al-tolerance mechanisms in rice and show that this species can employ
several strategies that together provide tolerance to Al toxicity.

1 Introduction

Under acidic conditions, aluminum (Al), which is a major worldwide environmen-
tal concern, is solubilized in its trivalent ionic form (Al3+) and interacts with plants.
This phenomenon causes major problems in agriculture because Al is the most
abundant metal in the soil and because up to 50 % of the world’s arable land has
acidic soil (Von Uexkull and Mutert 1995).

A plant’s root apex plays a major role in Al recognition and response and also
serves as the primary site for Al toxicity (Kollmeier et al. 2000). The first symptom
of Al toxicity is the inhibition of root growth, which is caused by the inhibition of
cell wall expansion and elongation and, after long exposures, cell wall division
(Matsumoto 2000; Panda et al. 2009). The effects of these injuries include poor
uptake of water and nutrients, the disruption of cytosolic calcium (Ca®*) and proton
activity (H"), oxidative stress, and other problems; these consequences are
discussed in detail in Kochian et al. (2005).
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Nevertheless, through the course of evolution, plants have developed mecha-
nisms that allow them to cope with Al in the soil. Two main types of mechanisms
account for Al tolerance: external detoxification systems and internal detoxification
systems. External detoxification, which is the better-documented mechanism,
occurs via the efflux of organic acid anions (malate, citrate, and oxalate) from the
roots; these anions form chelating complexes that prevent the entrance of Al into
the cells. Internal detoxification mechanisms occur by the chelation of Al with
organic acid anions and sequestration in vacuoles. For a detailed review of these
Al-tolerance mechanisms, readers can consult (Kochian et al. 2002; Hoekenga and
Magalhaes 2011).

Rice (Oryza sativa—Poaceae) is the most Al-tolerant crop under field conditions
(Foy 1988) and the most Al-tolerant cereal grass under controlled conditions
(Famoso et al. 2010). However, an explanation of the exact mechanism of this
resistance is still lacking. Both Al internalization and Al exclusion seem to occur in
rice (Xia et al. 2010; Yokosho et al. 2011). Indeed, rice is up to six times more
tolerant of Al than other members of the Poaceae family, such as maize, wheat, and
sorghum (Famoso et al. 2010), suggesting that Al tolerance among these grasses
was acquired due to selection during the domestication process.

One can hypothesize that Al-tolerance traits could have been selected in these
grasses according to their origin of domestication. For example, maize was domes-
ticated in Mexico from Balsas teosinte approximately 8000 years ago (Doebley
2004; Doebley et al. 2006), whereas wheat was domesticated in the Fertile Crescent
from Triticum dicoccoides approximately 10,000 years ago (Ozkan et al. 2002), and
the domestication of cultivated rice occurred in southern China (Huang et al. 2012).
A soil pH map'indicates that the regions where cultivated rice was domesticated
have acidic soil and that the regions where maize and wheat were domesticated
have neutral to basic soils (Fig. 1a).

Within O. sativa, two main subspecies from several genetically differentiated
variety groups exist: japonica and indica (Garris et al. 2005). Based on genetic
evidence, all rice varietal groups descended from the wild species Oryza rufipogon
(Huang et al. 2012). O. sativa japonica rice was first domesticated from a specific
population of O. rufipogon around the center of the Pearl River Basin in southern
China, and O. sativa indica rice was subsequently developed from crosses between
japonica rice and local wild rice as the initial cultivars spread into Southeast and
southern Asia (Huang et al. 2012). O. rufipogon is, in general, very tolerant to Al
(Nguyen et al. 2003; Cao et al. 2011), whereas O. sativa japonica and O. sativa
indica are less tolerant. In all, Indica subspecies are less tolerant of Al than japonica
subspecies (Ma et al. 2002; Famoso et al. 2011). Molecular evidence shows that the
japonica group has less genetic diversity than the indica group (Garris et al. 2005).

! The soil pH map (from 2000 to 2010) was retrieved from www.globalsoilmap.com and does not
represent the pH of the soil 10,000 years ago, during the period in which rice was domesticated.
However, until the 1800s, most acidic soil remained untouched and under forest cover. There was
only some encroachment into regions with acidic soils in densely populated regions of the world,
such as East Asia (Von Uexkull and Mutert 1995). For the map source, please see Hengl (2009).
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Fig. 1 Global map of soil pH. (a) Map representing the mean soil pH, predicted using a
correlation with world maps (Hengl 2009). The origins and location of maize, wheat, and rice
cultivation are indicated by black boxes. Maize and wheat were first cultivated in soil with a
neutral to basic pH, while rice was cultivated in acidic soils. (b) The O. rufipogon accessions that
originated O. Sativa (Japonica) are shown as blue spots, and the O. rufipogon accessions that
originated O. Sativa (Indica) are shown as red spots. Magnification of the map showing the soil pH
in south Asia. The spot dots are based on data retrieved from Huang et al. (2012)

A good explanation for this phenomenon was proposed by Kovach et al. (2007). A
climate change resulted in the return of glacial-like conditions across Northern Asia
from 11,500 to 13,000 years ago (Higham 2002; Lu et al. 2002). The colder weather
would have eliminated a large portion of the japonica-like wild ancestors in the
Yangtze River Valley. Humans were forced to rely on a narrowing gene pool,
forcing a more rapid movement toward the domestication of rice in this region. In
contrast, the warmer tropics of South and Southeast Asia would have maintained
larger, more diverse populations of indica-like O. rufipogon, which could have been
foraged by humans for a longer time, resulting in a more gradual domestication
process. Crosses between O. rufipogon and japonica from this region may have
contributed to the less Al-tolerant indica group (Fig. 1b).

Another clue for this comes from Zhao et al. (2013). Nitrogen (N), which plays a
crucial role in plant growth, is present in the soils as ammonium and nitrate (two
major types of inorganic N sources), with ammonium being more available in
acidic soils and nitrate being more available in neutral to basic soils. Indica rice
cultivars are generally Al-sensitive and nitrate-preferring, while Japonica cultivars
are Al-tolerant and relatively ammonium-preferring. This Al tolerance was nega-
tively correlated with their nitrate preference, suggesting that Al tolerance in rice is
antagonistic with nitrate preference and synergistic with ammonium preference
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under acidic conditions (Zhao et al. 2013). However, acidic soils are distributed in
regions where both japonica and indica can grow, suggesting that other factors
besides N and Al could have driven the differentiation of japonica and indica and
should therefore be evaluated (Zhao et al. 2013).

Despite the lower degree of Al tolerance of the Indica group compared to the
japonica group, subspecies of the indica group are still more Al-tolerant than other
grasses. How indica subspecies became less tolerant to Al is still an open question.

2 Mechanisms of Al Tolerance in Rice

2.1 Organic Acid Release

The ability of rice to tolerate toxic levels of Al began to be understood in the end of
the 1980s (Foy 1988). At the beginning of the 2000s, rice researchers focused on
searching for QTLs for Al tolerance (Ma et al. 2002; Nguyen et al. 2002, 2003). The
first study regarding Al tolerance in rice demonstrated that the japonica variety was
more Al-tolerant than the Indica variety and that japonica accumulated less Al in
the root apex, indicating that Al exclusion rather than internal detoxification played
major role in rice (Ma et al. 2002). However, recent evaluations of the Al concen-
tration in the root apex showed no difference between japonica and indica varietal
groups, demonstrating no relationship between Al exclusion and Al tolerance in
rice (Famoso et al. 2010). Organic citrate is secreted in response to Al in both
japonica and indica, and the cultivars do not differ significantly in the amount of
secreted citrate; there is also no evidence of citrate secretion in response to
increasing Al concentrations. Indeed, the amount of citrate that is secreted by rice
was not significant, being one tenth of the citrate secreted by rye (Ma et al. 2002),
which has a similar Al tolerance to rice (Famoso et al. 2010). This outcome implies
that mechanisms to reduce or to mask the toxic forms of Al in the apoplast and
symplast other than citrate release may determine the degree of Al tolerance in rice.
Meanwhile, it was shown that the expression level of an Al-induced citrate trans-
porter is positively correlated with the amount of citrate secretion in rice cultivars
that differ in their Al tolerance (Yokosho et al. 2011).

This contradiction between rice citrate levels and Al tolerance may be explained
by the following hypothesis: one portion of the citrate may function in Al exclusion,
forming Al-citrate complexes in the rhizosphere, and another portion may function
in Al sequestration into vacuoles. Even though the primary mechanism is Al
exclusion, rice can tolerate certain intracellular amounts of Al. For example, an
Al-tolerant rice cultivar (Pusa Basmati) accumulated more Al in the roots than an
Al-sensitive cultivar (Vikas) (Meriga et al. 2004). Indeed, rice plants accumulate Al
(Xia et al. 2010) and sequester it into vacuoles by a specific transporter (Huang
et al. 2011). The Al hyperaccumulator Hydrangea macrophylla detoxifies Al by
forming complexes with citrate in a 1:1 molar ratio in the leaves (Ma et al. 1997). In
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Fagopyrum esculentum, another Al hyperaccumulator, Al is bound to oxalate ions
in the roots and leaves and to citrate ions in the xylem (Ma et al. 1997; Zheng
et al. 1998). The most studied Al hyperaccumulators usually use citrate—Al com-
plexes in the xylem, raising the hypothesis that this is a major Al transport route
(Grevenstuk and Romano 2013).

2.2 The Antioxidant Defense System, Cell Wall and Plasma
Membrane Composition

Under adverse environmental conditions, plants produce increased reactive oxygen
species (ROS), leading to the oxidation of biological macromolecules and, as
consequence, to lipid peroxidation, membrane damage, and enzyme inactivation.
To alleviate oxidative injury, nonenzymatic systems (such as reduced glutathione
(GSH), ascorbic acid (AsA), carotenoids, and phenolics) and enzymatic systems
[such as superoxide dismutase (SOD), ascorbate peroxidase (APx), catalase (CAT),
peroxidase (POD), glutathione reductase (GR), and glutathione POD (GPX)] are
activated (Ma et al. 2012). Al stress generates ROS in rice plants and consequently
increases the levels of ROS scavenging proteins (Sharma and Dubey 2007; Pandey
et al. 2013). Under low concentrations of Al (up to 40 pM), a rice Al-tolerant
cultivar will show higher levels of ROS-scavenging enzymes compared to an
Al-sensitive cultivar; this will be accompanied by the lignification of the roots in
an Al-sensitive cultivar, most likely due to the failure to scavenge ROS products
such as hydrogen peroxide (H,O,) (Ma et al. 2012).

Moreover, rice plants in which cytosolic APx1/2 is silenced show a higher
tolerance of moderate Al concentrations (up to 150 pM) compared to wild type
plants (Rosa et al. 2010). However, at high Al concentrations (up to 750 pM),
APx1/2-silenced plants become Al sensitive because the low levels of cytosolic
APx are not sufficient to compensate for more stressful conditions, resulting in a
more Al-sensitive phenotype (Arenhart et al. 2013).

Lipid peroxidation, a symptom of Al toxicity, varies between Al-tolerant and
Al-sensitive cultivars. Two scenarios have been proposed: (1) the lipid composition
of plants may be variable, making some less susceptible to peroxidation, or
(2) plants with highly effective Al exclusion mechanisms suffer less lipid peroxi-
dation because less Al** reaches the plasma membrane (Hoekenga and Magalhaes
2011). However, decreases in the activities of SOD and APX due to prolonged
exposure to Al lead to DNA damage; this suggests that lipid peroxidation is a
consequence rather than the cause of Al injury to plant roots (Meriga et al. 2004).
The exogenous application of magnesium (Mg), calcium (Ca), salicylic acid
(Sa) (Pandey et al. 2013), or nitric oxide (NO) reduced the toxicity of Al in rice
seedlings by regulating the expression and activity of antioxidant enzyme activities
and reducing ROS levels, but with the exception of NO, the relationship between
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rice Al tolerance and the endogenous concentrations of these molecules has not
been described (Yang et al. 2013).

Nitric oxide, an important signaling molecule, alleviates Al-induced oxidative
stress in Phaseolus vulgaris and Cassia tora (Wang and Yang 2005; Wang
et al. 2010). However, endogenous NO responses to Al seem to be related to higher
degrees of Al tolerance. For example, in Arabidopsis root apex transition zone,
local release of large amounts of NO is blocked by Al treatment (Illés et al. 2006).
Nevertheless, in rice, NO increases significantly after Al treatment (Yang
et al. 2013). Moreover, rice seedlings that were pretreated with sodium
nitroprusside (SNP, a NO donor) were more tolerant of Al treatment (Zhang
et al. 2011). Despite the fact that genetic analyses have not implicated ROS
scavenging genes or their regulators in natural variation in Al tolerance (Hoekenga
and Magalhaes 2011), the ROS scavenging system appears to contribute to internal
and external Al tolerance in rice.

Rice plants that were pretreated with SNP became more tolerant of Al and had
lower pectin and hemicellulose levels, lower Al accumulation in the root tips and
cell walls, a higher degree of methylation of pectin, and a lower cell wall
Al-binding capacity than roots that were exposed to Al but not pretreated with
SNP (Zhang et al. 2011). Consistent with this, the levels of cell wall polysaccha-
rides (pectin, hemicellulose 1 and 2) in the root apex were reported to be signifi-
cantly higher in an Al-sensitive cultivar than in an Al-tolerant cultivar in the
absence of Al, and Al exposure increased the root apex hemicellulose content
more significantly in an Al-sensitive cultivar (Yang et al. 2008). Furthermore,
root cell wall pectin methyl esterase activity was constitutively higher in an
Al-sensitive cultivar than in an Al-tolerant one, and this was accompanied by a
higher proportion of demethylated pectins. The Al adsorption and desorption
kinetics of the root tip cell wall also indicated that more Al was adsorbed, and the
Al was more tightly bound in Al-sensitive plants. These data were consistent with
Al content, pectin methylesterase activity, and pectin demethylesterification,
suggesting that cell wall polysaccharides are important in Al exclusion, specifically
from the rice root apex (Yang et al. 2008). Moreover, a rice cultivar that contains
mutation affecting the root outer cell layers (epidermis, exodermis, and scleren-
chyma) accumulated more Al than wild type rice (Huang et al. 2009b). In this
mutant, the exodermal cells were changed into sclerenchyma-like cells, experienc-
ing a decrease in cell size and a thickening of cell walls.

In addition to the cell wall, the composition of the plasma membrane seems to
play a role in Al tolerance in rice. In rice and other Al-tolerant species, the
membrane surface is less negatively charged than in Al-sensitive ones (Wagatsuma
et al. 2005). This plasma membrane negative charge is one mechanism that may
underlie variations in Al tolerance within species (Khan et al. 2009). An
Al-sensitive rice cultivar showed increased plasma membrane permeability and
greater Al uptake than an Al-tolerant cultivar. The lipid composition of the plasma
membrane differed between these cultivars, with the Al-tolerant cultivar presenting
a lower ratio of phospholipids to major neutral lipid A%-sterol than the sensitive
cultivar, suggesting that the plasma membrane of the Al-tolerant cultivar is less
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negatively charged and has reduced permeability compared to that of the
Al-sensitive cultivar (Khan et al. 2009).

In another study, four rice cultivars that differ in their Al tolerance were
compared, and a decrease in the lipid and fatty acid content was observed in the
sensitive cultivars. In the roots of the susceptible cultivars, the levels of phospho-
lipids such as phosphatidylcholine decreased, whereas the amount of lipid remained
unchanged in the tolerant cultivars. The study suggests that the stability of lipid
composition and the capacity to maintain lipid biosynthetic activities may help rice
under Al stress (Huynh et al. 2012).

2.3 The Role of the Root Border Cells

Root border cells (RBCs) are special living cells that are attached to the root apex
and play key roles in plant development. RBCs are released from the root tip and
secrete a mucilage to protect plants from environmental factors. Recently, Driouich
et al. (2013) published detailed review of RBCs and their involvement with plant
responses to stress. Mucilage also protects P. vulgaris from Al toxicity because the
physical removal of RBCs from the root tips resulted in a higher Al accumulation in
the root tips and a more severe inhibition of root elongation (Miyasaka and Hawes
2001). In rice, the physical removal of the RBCs from root tips resulted in a more
severe inhibition of root elongation and a higher Al accumulation in the root tips in
an Al-sensitive cultivar than in an Al-tolerant cultivar (Cai et al. 2011). Further-
more, the Al content of the root tips was lower in roots surrounded by RBCs than
that in roots deprived of RBCs, and cell viability and Al-induced mucilage exuda-
tion were always higher in the RBCs from the Al-tolerant cultivar than from the
Al-sensitive cultivar (Cai et al. 2011).

The dissociation of root cap cells from root tissue is essential for RBC separa-
tion. For this, pectate lyases act to depolymerize pectic polysaccharides by cleaving
internal linkages. However, these enzymes have little activity on methylated pectin,
which predominates in plant cell walls (O’Neill et al. 1990). Pectin methylesterase
de-esterifies pectin by removing methoxyl groups to produce methanol and PGA, a
substrate that is susceptible to degradation by pectate lyase. In fact, the release of
RBCs is dependent on pectin methylesterase activity (Stephenson and Hawes 1994;
Wen et al. 1999).

RBCs attached to roots seem to help rice avoid Al toxicity, and one possibility is
that Al-tolerant rice cultivars have more attached RBCs than the sensitive cultivars
because the Al-sensitive cultivars have a higher degree of pectin methylesterase
activity under Al stress (Yang et al. 2008), which may cause premature RBC
release. RBCs are most likely one of the first Al barriers in the roots and should
be considered as one component of high Al tolerance in rice.
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2.4 The Al-Tolerance Genes in Rice

Searches for rice Al-tolerance genes have been the focus of many studies over the
last few years, and many candidate genes have been found using various distinct
approaches: differential display reverse transcription-PCR (DDRT-PCR) (Zhang
et al. 2007), cDNA amplified fragment length polymorphism (cDNA-AFLP) (Mao
et al. 2004), proteomic analysis (Yang et al. 2007, 2013), semi-quantitative and
real-time polymerase chain reaction (Zhang et al. 2010), microarrays (Yamaji
et al. 2009; Tsutsui et al. 2012), genome-wide associations and QTLs (Famoso
et al. 2011), and RNA-Seq (Arenhart et al. 2014). Despite the volume of data that
has been generated, the comparison of all these data to identify Al-tolerance genes
is not an easy task, because different cultivars, time, and Al concentrations were
used. Moreover, many of the Al-responsive genes represent reactions to Al-toxicity
and are not actually involved in the Al-tolerance mechanisms. Nevertheless, some
important rice Al-tolerance genes have been characterized over the past years. For a
review of the genes that are involved in Al-tolerance mechanisms in important crop
species, please see Delhaize et al. (2012).

At least two transcription factors seem to play a role in Al tolerance in rice:
ART1 (Aluminum Resistance Transcription Factor 1) and ASRS (Aba, Stress and
Ripening). ART1 is constitutively expressed in the roots and is not induced by
Al. However, an artl-knockout mutant is highly Al-sensitive (Yamaji et al. 2009),
indicating a central role for ART1 in the Al-tolerance mechanisms in rice. In the
same way, ASRS is also expressed in the roots, and transcript levels are increased in
response to Al (Arenhart et al. 2013). In addition, ASRS5-silenced plants are
Al-sensitive. Furthermore, both ART1 and ASRS regulate genes that are important
in the response to Al (Yamaji et al. 2009; Arenhart et al. 2014).

Seven ARTI1-regulated genes have been characterized so far; Nratl (Nramp
aluminum transporter 1) is a specific Al transporter that is involved in the uptake
of Al to cells for sequestration to vacuoles. The silencing of Nratl resulted in
decreased Al uptake, increased Al binding to the cell wall, and enhanced Al
sensitivity (Xia et al. 2010). ALS1 (Aluminum Sensitive 1), a half-size ABC
transporter, is also involved in the sequestration of Al to the vacuoles (Huang
et al. 2011). MGT1 (Magnesium Transporter 1), a Mg transporter, confers Al
tolerance in rice by increasing the concentration of Mg in the cell and decreasing
Al-binding sites (Chen et al. 2012). CDT3 (cadmium tolerance 3) anchors to the
plasma membrane and functions as a chelator, binding Al and preventing its
entrance into the cells (Xia et al. 2013). Silencing CDT?3 results in decreased Al
accumulation in the root plasma membrane and cell wall but increased Al concen-
tration in the cell sap. FRDL4 (Ferric Reductase Defective3-like 4), a citrate
transporter, secretes citrate from roots, chelating Al in the rhizosphere (Yokosho
etal. 2011). Finally, STAR1 and STAR?2 (sensitive to aluminum rhizotoxicity 1 and
2), an ATP-binding domain and a transmembrane domain, respectively, transport
UDP-glucose, which is implicated in cell wall modifications that mask Al-binding
sites in the cell wall (Huang et al. 2009a). ASRS regulates at least 36 genes in
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response to Al in rice but only STARI is well characterized so far (Arenhart
et al. 2014).

3 Concluding Remarks

Under acidic conditions in the soil, AI** (the rhizotoxic form) is formed and
incorporated by plants, subsequently inhibiting root elongation and expansion and
resulting in several other injuries to the plants. Due to the reactivity of Al, the
nucleus, cell wall, plasma membrane, and cytoskeleton can be targets of Al injury
(Kochian et al. 2004). A considerable number of different Al-tolerance mechanisms
have been proposed, and it is likely that multiple Al-tolerance mechanisms are
employed by different plant species (Kochian et al. 2004).

Al transport systems in the plasma membrane/tonoplast of rice appear to be key
contributors to the Al tolerance of rice compared to other crops because even the
most rice Al-sensitive aus lines, which possess a functionally deficient NRAT]1
transporter (Li et al. 2014), are still more Al-tolerant than other cereal species,
including maize, sorghum, and wheat (Famoso et al. 2010). Rice, one of the most
Al-tolerant crops, seems to employ several mechanisms in response to Al that,
when combined, result in a greater tolerance of Al (Fig. 2). A summary of these
mechanisms is listed below; note that these mechanisms do not necessarily occur in
this order:

3.1 External Detoxification Mechanisms

* Mucilage secretion: Rice root border cells attached to the root apices secrete a
thicker mucilage that binds to Al and prevents Al entrance into the root cells (Cai
et al. 2011).

e Regulation of plasma membrane lipid composition: A lower ratio of phospho-
lipids to major neutral lipid A-sterol leads to a decreased negative charge and a
reduced permeability of the plasma membrane, preventing Al entrance into the
symplast (Khan et al. 2009). Furthermore, the stability of the plasma membrane
lipid composition (e.g., phosphatidylcholine) may act in plasma membrane-
mediated prevention of Al binding (Huynh et al. 2012).

e Regulation of cell wall composition: a lower content of cell wall polysaccharides
such as pectin and Hemicellulose 1 and 2 as well as a higher degree of
methylesterification result in fewer carboxylic groups that serves as Al-binding
sites, also preventing Al entrance into the root cells (Yang et al. 2008).

e Regulation of nitric oxide: After Al exposure, NO levels increase, and NO acts as
an antioxidant molecule, helping in the ROS defense system (Yang et al. 2013)
and blocking the increase in pectin content (Zhang et al. 2011).
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Fig. 2 Summary of rice mechanisms to cope with Al stress. In response to Al, rice utilizes several
mechanisms to prevent the entrance of Al to cells. These mechanisms include the production of a
mucilage in the attached root border cells to bind Al; the modification of the plasma membrane and
cell wall components; increases in the levels of nitric oxide which acts as an antioxidant molecule
in ROS defense system and as signaling molecule to block increases in pectin content; the release
of citrate into the apoplast and rhizosphere; the release of UDP-Glucose in cell wall to mask
Al-binding sites; the regulation of magnesium content in cell to decrease Al-binding sites, and the
chelation of Al in plasma membrane by the CDT3 protein. Because some Al may enter the
symplast and cause an increase in ROS content, rice can alleviate the toxicity of Al by regulating
the expression of ROS scavenging genes. Finally, a portion of the Al in the symplast is transported
and accumulated in vacuoles. Black arrows: aluminum efflux; orange arrow: citrate efflux; red
arrow: magnesium efflux; green arrow: UDP-Glucose efflux; red dashed arrows: genes that are
possibly regulated by ASRS, ART1, or another transcription factor (TF); blue arrows: ART1- and
ASRS5-regulated genes; blue dashed arrows: protein localization in the cell; black dashed arrow:
mucilage induced by Al in the root border cells
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e Release of citrate: The release of citrate into the apoplast and rhizosphere leads
to Al-citrate complex formation, reducing Al entrance into the root cells
(Yokosho et al. 2011).

e Use of UDP-Glucose in the cell wall: UDP-Glucose binds to the cell wall,
masking potential Al-binding sites (Huang et al. 2009a).

e Regulation of the magnesium content in the cell sap: Increasing the Mg content
also decreases Al-binding sites on a cell (Chen et al. 2012).

e Al chelation in the plasma membrane: A specialized plasma membrane protein is
able to chelate Al, preventing its entrance into the cell (Xia et al. 2013).

3.2 Internal Detoxification

e Induction of ROS scavenging systems: As consequence of Al toxicity, ROS
injury is alleviated by increasing ROS scavenging proteins (Ma et al. 2012).

e Sequestration of Al into vacuoles: Specific proteins transport Al to less toxic
compartments such as vacuoles (Xia et al. 2010, 2013).

Despite some Al sequestration into vacuoles, rice is essentially an Al-excluder
because most of the mechanisms employed by rice attempt to prevent the entrance
of Al into the cell. In conclusion, there are many mechanisms that act synergisti-
cally to protect rice from Al exposure. Furthermore, with new technologies for
broad analysis of data, more Al-regulated genes should be discovered that might
help to elucidate this puzzling and complex mechanism.
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Abstract Plants have evolved a variety of aluminum (Al)-resistance mechanisms
that are regulated by complex biological systems. Two distinct categories of Al
resistance were proposed in the late 1980s, namely “exclusion” of Al from the
symplasm and “internal tolerance.” Exclusion mechanisms reduce the amount of
rhizotoxic Al (AI’*) in the symplasm of cells and internal tolerance mechanisms
reduce Al toxicity, and the resulting damage occurs once Al has entered the cytosol.
Since these concepts were introduced, many studies have identified physiological
and genetic mechanisms of Al resistance that provide support for “exclusion” and
“internal tolerance” at the molecular level. Excretion of organic anions (OA) from
root cells, which detoxify Al by chelation, appears to be the most common
mechanism of Al exclusion in plants. In addition, modification of the chemical
properties of the plasma membrane and cell wall contribute to a reduction of Al
rhizotoxicity in the root tips. Sequestration of Al in the vacuole, translocation of Al
to the shoot, and enhanced capacity to cope with Al-inducible reactive oxygen
species are important mechanisms of internal Al tolerance. Various genes that
control these traits, such as genes encoding OA transporters, have been identified
in plants. Studies of the transcriptional regulation of these genes by STOP1/ART1-
type zinc finger transcription factors show that multiple Al-resistance genes are
likely co-regulated by the same signal transduction pathway in different plant
species. In addition, regulation of Al-resistance mechanisms is coordinated with
resistance to other stress factors associated with the acid soil syndrome.
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l3+

1 Molecular Physiology of Al°" Rhizotoxicity

Many crops grow poorly on acid soils due to acid soil syndrome. This syndrome
consists of multiple stress factors, including toxicities of aluminum (AI**), manga-
nese (Mn*), and protons (H") and deficiencies of calcium (Ca®*) and phosphates
(PO42_; Taylor 1991; Kochian et al. 2004). While these stress factors induce
complex stress conditions, AI’* rhizotoxicity is considered to be the most harmful
in terms of yield loss, particularly under conditions of drought stress. If a plant is
incapable of developing an adequate root system as a result of AI** rhizotoxicity, it
becomes susceptible to drought because it cannot access water in the subsoil (Foy
1992; Lynch and Wojciechowski 2015).

Molecular mechanisms of Al rhizotoxicity have been reported in several studies
making use of the model plant, Arabidopsis (Arabidopsis thaliana). The harmful
effects of AI>* appear at growing root tips because Al** disturbs essential processes
involved in cell division, elongation (Matsumoto 2000), and genotoxicity (Nezames
et al. 2012b). A study with corn demonstrated that cells in the distal transition zone
(DTZ), where cells are preparing to undergo elongation, is one of the most sensitive
parts of the root to AI’* toxicity (Sivaguru and Horst 1998). One of the mechanisms
that regulates this process has been clarified by a molecular physiological study of
Arabidopsis. By combining reverse genetics of Al-inducible genes and character-
ization of ethylene signaling mutants, Yang et al. (2014) concluded that inhibition
of root growth is driven by a localized increase in IAA biosynthesis in the DTZ,
which in turn is regulated by ethylene signaling. However, a loss of function
mutation in the cell cycle -checkpoint regulator TANMEI (ATAXIA
TELANGIECTASIA-MUTATED AND RAD3-RELATED) conferred Al resistance
(Nezames et al. 2012b), suggesting that AI** is also genotoxic and targets cell
division in the root tip.

The bulk of Al in neutral and basic soils exists in nontoxic forms such as Al
oxide and aluminosilicates. In acid soils, Al is mobilized as rhizotoxic A13+, the
most toxic of the monomeric ions (Kinraide 2003). Aluminum toxicity in acid soils
can be amended by liming, which neutralizes soil acidity (Kinraide 1998). Alumi-
num in soil solution is controlled at sufficiently safe levels for sensitive root cells if
the soil pH is >5.5, but overtreatment with liming may induce harmful effects
through alkalinity. Application of gypsum (CaSQOy) to partially neutralized soil
(e.g., pH 5.0-5.5) eliminates the harmful effects of Al in the soil. CaSO, is a neutral
salt (i.e., no neutralization of acidity) that can increase Ca concentrations in the soil
solution more effectively than CaCOj3; (Sumner et al. 1986). A molecular physio-
logical study of Arabidopsis provided experimental evidence that explains the
complexity of Al rhizotoxicity in acid soils, including the ameliorative effects of
CaSO, (Kobayashi et al. 2013b; Fig. 1).

Electrostatic studies have modeled the rhizotoxicity of Al for growing roots of
wheat and other plant species. These studies predicted that rhizotoxicity is deter-
mined by AI’* activity at the plasma membrane (PM) surface ({Al>*}py), as
opposed to APY activity in the bulk-phase solution ({A13+}bu]k; Kinraide 1994,
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Fig. 1 Mechanism of Al rhizotoxicity and Ca alleviation in weakly acidic soils. Aluminum
rhizotoxicity is determined by {AI**} at the plasma membrane (PM) surface ({Al3+}PM). At
pH>5.0, {A’*} in the bulk-phase soil solution decreases compared with that at pH 4.5. By
contrast, the negative charge of weakly acidic ligands (phospholipids) increases at pH > 5.0
compared with lower pH. Through the balance of these two factors, {AI**}py is maintained at
pH 5.0-5.5 and shows rhizotoxicity. The toxicity can be efficiently negated by increasing
{Ca®*}py by application of a soluble Ca fertilizer such as gypsum (see Kobayashi et al. 2013b)

1998). The activity of {AI**}py1, the AIPT attracted to the PM surface, is determined
by both the {Al3+}bulk and the electronegativity at the PM surface. In the pH range
of 5.0-5.5, {Al3 *}ouik is decreased compared with that at lower pH (e.g., pH 4.5). In
contrast, the electronegativity of the PM increases owing to dissociation of H" from
weakly acidic phospholipids. Within this pH range, Al-sensitive mutants of
Arabidopsis show Al-induced inhibition of growth that completely fits predictions
of the electrostatic model. Application of a sufficient amount of Ca®* removes
{Al3+}PM by masking negative ligands on the PM surface by increasing {Ca2+} PM
(Ryan et al. 1993). This may account for the alleviative effects of gypsum on Al
rhizotoxicity in partially neutralized soils. In fact, an Arabidopsis mutant (the
double mutant of phosphatidate phosphohydrolase 1 and 2) that has a greater
negative charge on the PM surface, because of its inability to convert phospholipids
to electrically neutral lipids (Eastmond et al. 2010), is more susceptible to Al
rhizotoxicity than the wild type in partially neutralized acid soil. Growth of
pahlpah2 is recovered by application of gypsum (Kobayashi et al. 2013b).
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2 Molecular Mechanisms of Al Resistance

Two distinct categories of Al resistance were proposed in the late 1980s, namely
“exclusion” of Al from the symplasm and “internal tolerance” (Taylor 1987, 1988,
1991). These categories broadly reflected monographs by Levitt (1980) that cate-
gorized resistance mechanisms as either “avoidance” mechanisms or “tolerance”
mechanisms. In the context of Al, exclusion mechanisms were defined as those that
reduce the amount of rhizotoxic Al (AI**) in the symplasm of cells. Internal
tolerance mechanisms were defined as those that reduce Al toxicity and the
resulting damage that occurs once Al has entered the cytosol. A more modern
view might be that exclusion mechanisms are those that reduce the amount of
rhizotoxic Al (AI**) in the symplasm and at sensitive sites within the apoplasm
(e.g., the plasma membrane surface), while tolerance mechanisms reduce Al tox-
icity and the resulting damage that occurs once Al has access to these sensitive sites.

Since these concepts were introduced, many studies have identified physiolog-
ical and genetic mechanisms of Al resistance that provide support for “exclusion”
and “tolerance” at the molecular level, including a series of studies with
Arabidopsis and rice that have identified molecular mechanisms of Al resistance
that protect sensitive root tips from Al toxicity. In this section, we review our
current understanding of molecular mechanisms of organic anion (OA) excretion
and internal Al tolerance.

2.1 Molecular Mechanisms of Organic Anion Excretion
Jrom Roots

Excretion of OA from roots plays a critical role in protection of root tips from Al
rhizotoxicity in many plant species (Kochian et al. 2004). Organic anions such as
citrate, malate, and oxalate can detoxify Al in the rhizosphere by chelation, since
chelated forms are less toxic than AI**. Differences in both the form and amount of
OAs that are excreted determine varietal differences in resistance to Al among
many plant species (Ma et al. 1998; Zheng et al. 1998; Wenzl et al. 2001; Kobayashi
et al. 2005). The amount of OAs excreted from roots is usually not sufficient to
detoxify {Al3+}bulk, but it may protect sensitive root tips by reducing {Al3 oM A
modeling study suggested that excretion of OAs is likely optimized to avoid unnec-
essary carbon loss, while still reducing Al uptake across the PM (Kinraide
et al. 2005). This process is controlled by transcriptional regulation of transport
genes that mediate OA excretion and activation of OA transporters by Al

Genes that encode OA transporters capable of mediating Al resistance have been
isolated from a variety of plant species during the last decade. A gene for a malate
transporter involved in Al-induced malate excretion was first isolated from wheat
(Sasaki et al. 2004). This gene, TaALMT1 (Triticum aestivum ALUMINUM ACTI-
VATED MALATE TRANSPORTER]I), encodes a malate transporter localized at the
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plasma membrane, which is activated by exogenous addition of Al. Similar patterns
of Al-induced excretion have been observed for citrate excretion. Genes that encode
the citrate-transporting MULTIDRUG AND TOXIC COMPOUNDS EXTRU-
SION (MATE) transporters were first isolated from barley (Furukawa et al. 2007)
and sorghum (Magalhaes et al. 2007). Functional orthologous genes have been
isolated from Arabidopsis (Liu et al. 2009), various crop species (Liu et al. 2013;
Yokosho et al. 2011), and woody plant species (Sawaki et al. 2013). The expression
pattern of specific OA transport genes determines a plant’s overall pattern of OA
excretion. For example, the expression level of the ALMTI from Arabidopsis
(AtALMT]) is higher than that of AtMATE, which explains why it excretes a larger
amount of malate than citrate (Sawaki et al. 2009).

Aluminum-inducible excretion of OAs is regulated at both the transcriptional
and posttranslational levels. Although TaALMT1 was reported to be a constitutively
expressed gene (Sasaki et al. 2004), expression of orthologues of both ALMT] and
MATE in a variety of plant species is Al-inducible. In Arabidopsis, pharmacological
studies using inhibitors of protein phosphatases and kinases suggest that
Al-inducible expression of AtALMTI involves protein phosphorylation/dephos-
phorylation (Kobayashi et al. 2007). A protein kinase inhibitor (staurosporine)
and a protein phosphatase inhibitor (calyculin A) both inhibit Al-induced expres-
sion of AfALMTI and a citrate-transporting MATE in eucalyptus (Sawaki
et al. 2013). Specific protein kinases and protein phosphatases involved in this
response are yet to be identified, but these results strongly suggest that protein
phosphorylation is involved in the activation of OA transporter proteins by Al.

Studies of TaALMT1 demonstrate that exogenous Al can trigger malate-
transport activity (Sasaki et al. 2004). When TaALMT1 is expressed in Xenopous
oocytes, addition of Al to the incubation solution activates malate transport.
Substitution of negatively charged amino acids of ALMT]1 that are conserved
among a variety of species inactivates transport activity, suggesting that binding
of AI’* to specific negatively charged amino acids in the protein is essential for
malate excretion (Sasaki et al. 2014). In addition, studies with Arabidopsis suggest
that protein phosphorylation plays a critical role in Al activation of malate transport
by ALMT1 (Kobayashi et al. 2007). Normally, Al-induced malate excretion
abruptly ceases if Al is removed from the incubation solution. However, addition
of a protein phosphatase inhibitor results in continued malate excretion when plants
are moved to an Al-free solution. This suggests that protein dephosphorylation is
required for the inactivation of AfALMT1. In addition, mutation of several amino
acids in putative target sites for protein phosphorylation altered the Al activation of
TaALMT]1 (Ligaba et al. 2009). These reports suggest that Al activation of ALMTI1
for malate excretion is regulated in a complex manner that involves chemical (i.e.,
Al binding) and biological (i.e., protein phosphorylation) processes.

In Arabidopsis, Al-induced expression of AfALMTI shows time- and dose-
dependent responses across a wide dynamic range (e.g., 100 times that of control).
This suggests that expression of AtALMT]I is regulated by multiple transcription
factors (Kobayashi et al. 2013a; Tokizawa et al. 2015). In fact, a series of transcrip-
tion factors have now been identified (Tokizawa et al. 2015) (Fig. 2). A zinc finger
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Fig. 2 Promoter structure and transcription factors controlling AtfALMT1 for Al-inducible gene
expression. STOP1 transcription factors are critical for AtALMT] expression and are involved in
the early response to Al. CAMTA2 (a transcription activator) and WRKY46 (a transcription
repressor) regulate the late phase of the Al response. Expression of these genes is suppressed
(WRKY46) and induced (CAMTA2) by Al. Multiple transcription starting sites are regulated by
corresponding TATA boxes

protein SENSITIVE TO PROTON RHIZOTOXICITY1 (STOP1) is essential for
induction of AtALMTI expression (Iuchi et al. 2007, 2008). A WRKY-DOMAIN
CONTAINING TRANSCRIPTION FACTOR 46 (WRKY46) functions as a tran-
scriptional repressor (Ding et al. 2013), and a CALMODULIN-BINDING TRAN-
SCRIPTION ACTIVATOR2 (CAMTA?2) functions as a transcriptional activator
(Tokizawa et al. 2015). Expression of WRKY46 is repressed by Al, while CAMTA2
expression is induced. The AtALMTI promoter possesses cis-elements that interact
with unidentified repressors and activators that determine its specific expression in
the root tip. In addition, the AtALMT1 promoter carries multiple TATA boxes, which
is a common characteristic of stress-responsive genes that show a wide-dynamic
range of expression (Yamamoto et al. 2011; Fig. 2). Such activation is highly
sensitive to {A13+}pM. For example, AtTALMTI expression is induced at a lower
{AP*}py than that required to induce toxicity in the Aralmt! mutant, which is
hypersensitive to Al. This finding suggests that the Al-sensing system for activation
of AtALMTI is sufficiently sensitive to provide protection from Al toxicity at
physiological relevant concentrations (Kobayashi et al. 2013b).

Excretion of OAs is likely linked to the biosynthesis and metabolism of OAs. It
has been shown that overexpression of citrate synthase confers Al resistance by
enhancing citrate excretion (de la Fuente et al. 1997; Anoop et al. 2003).
Overexpression also improves phosphate acquisition from sparingly soluble
Al-phosphate present in soil (Koyama et al. 1999, 2000). Immobilization of phos-
phate by Al is a common problem in acidic soil, and thus this approach should be
useful for molecular breeding of acidic soil-tolerant varieties that show both Al
resistance and efficient utilization of P from Al-phosphate. Other metabolic engi-
neering procedures, such as overexpression of phosphoenolpyruvate carboxylase,
have been also reported in various plant species (Trejo-Téllez et al. 2010). How-
ever, the interaction of OA metabolism and regulation of OA transporters remains
unclear.
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2.2 Internal Al Tolerance: Sequestration, Efflux of Al,
and Adaptation to Al-Induced ROS Damage

Notwithstanding its polyvalent nature, Al quickly enters the cytoplasm after Al is
attracted to the PM surface. A study using the “°Al isotope to measure short-term Al
influx in Chara corallina determined that Al can enter the cytoplasm within a few
minutes (Taylor et al. 2000). Subsequently, Al present in the cytoplasm was
sequestrated into the vacuole. Recently, a vacuolar Al transporter and a plasma
membrane Al transporter were identified as key components of Al resistance in rice.
Aluminum-resistant cultivars showed a higher expression level of NRAMP ALU-
MINUM TRANSPORTERI (NRATI) than sensitive cultivars (Li et al. 2014).
Enhanced uptake of Al is ultimately linked to higher sequestration in the vacuole
and may reduce the amount of Al at the PM surface and/or cell wall (Li et al. 2014).
These results suggest that sequestration of Al into the vacuole is an important
strategy for Al resistance. A homologue of ALUMINUM SENSITIVE 1 (ALS1) in
rice (OsALS1; Huang et al. 2012) has been characterized as a vacuolar Al trans-
porter. Aluminum uptake by NRATI and sequestration into the vacuole by
OsALS1 might be coordinately regulated. The vacuolar sequestration of Al appears
to be dependent on the activity of the vacuolar H -ATPase. Dysfunction of the
vacuolar H*-ATPase in yeast results in an Al-hypersensitive phenotype (Hamilton
et al. 2001a, b).

Aluminum efflux (export) from the cytoplasm is one mechanism of internal Al
tolerance. An Al-sensitive mutant of Arabidopsis, aluminum sensitive 3 (als3),
accumulates Al in the root tips and decreases amounts of Al in the shoots (Larsen
et al. 2005). These results suggest that ALS3 is involved in translocation of Al from
roots to shoots. ALS3 encodes a half-type ABC transporter (bacterial type), and the
homologue SENSITIVE TO ALUMINUM RHIZOTOXICITY2 (STAR2) has been
isolated by positional cloning of a rice Al-sensitive mutant (Huang et al. 2009).
In rice, the STARI-STAR2 complex transports UDP-glucose rather than Al. This
suggests that ALS3-like proteins transport UDP-glucose and are associated with Al
efflux from the cell by a currently unknown mechanism (Fig. 3).

Treatment with Al triggers production of free radicals, and a subsequent antiox-
idant response is induced in a wide range of plant species. Production of reactive
oxygen species (ROS) by Al is seemingly induced in a complex manner. In tobacco
BY-2 cells, Al induces ROS production, which in turn initiates membrane lipid
peroxidation. The harmful effects of Al are sharply enhanced in the presence of
Fe?* (Yamamoto et al. 1997, 2002). This suggests that production of free radicals
might be enhanced biochemically as a result of Fenton-like reaction mechanisms.
This is supported by studies of solution chemistry in which a pro-oxidant activity of
Al is observed where Al activates the Fenton reaction in conjunction with Fe
(Mujika et al. 2011; Ruipérez et al. 2012). In addition, Al treatment induces a
series of physiological events that increase ROS production. For example, Al
treatment transiently increases the Ca®* concentration in the cytosol (Bhuja
et al. 2004), and it can activate NADPH oxidase of the PM, resulting in production
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Fig.3 Sequestration and export of Al from the cytosol by multiple transporters. An NRAMP-type
Al transporter (NRAT1) transports Al and possibly maintains {A**}py at a low level. In the
cytosol, ALS1 and other vacuolar transporters sequester Al into the vacuole. Research on
Arabidopsis suggests that ALS3 exports Al from the cytoplasm, but the rice homologue STAR2
(by interaction with STAR1) is reported to transport UDP-glucose, but not Al

of superoxide radicals (0,®~) (Sagi and Fluhr 2001). Histochemical analysis of
transgenic Arabidopsis expressing a gene for a pH-sensitive green fluorescent
protein showed that Al acidifies the cytosol (Moseyko and Feldman 2001) and
disturbs redox homeostasis through inactivation of the reduction capacity of thiol
reductants at pH < 7.0. Taken together, these findings indicate that Al induces ROS
production in the cytoplasm after its attraction to the PM.

Plant cells express a variety of genes that encode ROS-scavenging enzymes in
response to treatment with Al (Richards et al. 1998). Research on transgenic plants
reveals that overexpression of these ROS-responsive genes confers Al resistance.
For example, Ezaki et al. (2000) demonstrated that ectopic expression of NtPox
(tobacco peroxidase) and parB (tobacco glutathione S-transferase) confers Al
resistance in transgenic Arabidopsis. Basu et al. (2001) reported that
overexpression of MnSOD (superoxide dismutase) confers Al resistance in Brassica
napus. It has been suggested that enhanced transcription of genes for
ROS-scavenging enzymes is involved in Al resistance (Basu et al. 2001). By
analogy to work yeast, other components of the ROS-scavenging system such as
phospholipid  hydroperoxide  glutathione  peroxidases (PHGPX) and
UREidosuccinate transport (URE2) might also play a role in mediating resistance
(Basu et al. 2004) (Fig. 4).

Transcriptome analyses indicate that many metabolic pathways are altered in
response to treatment with Al, including the nitrogen and sulfur assimilation
pathways. These responses suggest that metabolic reprogramming might play an
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Fig. 4 Aluminum-induced reactive oxygen species (ROS) stress. Aluminum increases cytosolic
Ca concentrations, which triggers activation of NADP-oxidase. This process produces H,O,,
which then amplifies ROS production by a Fenton-like reaction. Aluminum is known to acidify
the cytosol, and acidification is known to be a factor that induces metabolic crisis. Aluminum also
shifts mitochondrial respiration to an alternative pathway. Overexpression of genes for peroxidase,
alternative oxidase (AOX), and other enzymes confers Al resistance in some plant species and
yeast

important role in adaptation to Al toxicity. Metabolic reprogramming helps to
detoxify ROS and maintain the cellular energy status under stress conditions
(Baena-Gonzalez et al. 2007). Overexpression of a plastid-localized malate dehy-
drogenase, which performs roles in malate metabolism and redox homeostasis,
confers Al resistance in alfalfa (Tesfaye et al. 2001). Recently, an Al-sensitive
mutant of Arabidopsis that synthesizes lower amounts of polyamines (including
spermine) than the wild type has been isolated (Nezames et al. 2012a). Polyamine
synthesis plays roles in adaptation to ROS stress in a wide range of organisms
(Alcazar et al. 2010).

Aluminum-induced ROS production results in mitochondrial dysfunction, which
is a critical event in the inhibition of cell growth in tobacco cell lines (Yamamoto
et al. 1997). More recent studies have shown that ROS signaling activates the
alternative oxidase (AOX) pathway, which has a protective role in the stress
responses in plants (Panda et al. 2008). The contribution of AOX upregulation to
Al resistance is further supported by the finding that tobacco cells overexpressing
AOX show improved resistance to Al (Panda et al. 2013). Upregulation of genes
encoding components of ROS scavenging pathways plays a role in other mecha-
nisms active in Al resistance, in particular recovery from oxidative damage.
Altogether, we infer that alteration of metabolic pathways involving metabolic
reprogramming is involved in ROS-mediated transcriptomic adaptation.
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3 The STOP1/ART1 System Controls Expression
of Al-Resistance Genes

The zinc finger transcription factor SENSITIVE TO PROTON
RHIZOTOXICITY1 (STOP1) was identified by positional cloning of an H-sensi-
tive mutant of Arabidopsis (Iuchi et al. 2007). Root growth of the stop! mutant was
inhibited by low pH (H'-rhizotoxicity). Interestingly, the mutant also showed
hypersensitivity to Al. Furthermore, AtALMTI expression was completely
suppressed. Further investigation showed that multiple Al-resistance and H*-resis-
tance genes are co-regulated by the same regulatory system (Fig. 5). For example,
the major Al-resistance genes ALS3 and AtMATE were co-repressed in the stop!
mutant (Sawaki et al. 2009). A rice orthologue of STOPI, ALUMINUM-RESIS-
TANCE TRANSCRIPTION FACTORI (ARTI), was also identified by positional
cloning of an Al-sensitive mutant (Yamaji et al. 2009). The art/ mutant shows
repression of homologues of ALS3 (rice; STAR2) and AtMATE (rice; OsFRDL4). In
addition, a magnesium transporter (Chen et al. 2012) and a plasma-membrane-
localized cysteine-rich peptide (Xia et al. 2013) are critical for Al resistance in rice,
and their expression is regulated by the ART1 transcription factor.

It has been suggested that the STOP1/ART1 pathway (Fig. 5) is shared by a wide
range of plant species. This suggestion has been further analyzed in various plant
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Fig. 5 STOP1/ARTI regulatory genes involved in resistance to Al and proton toxicity. Functional
analyses of STOP1 in Arabidopsis and ART1 in rice show that multiple genes controlling Al and
proton resistance are coordinately regulated by STOP1/ART1 zinc finger transcription factors.
MGT1, magnesium transporter 1; ALMT, aluminum-activated malate transporter; MATE, citrate-
transporting MATE; STAR2/ALS3, aluminum-sensitive 3 protein; GDH, glutamate dehydroge-
nase; ME, malic enzyme; GAD, gamma butyric acid decarboxylase; PGIP, polygalacturonase
inhibitor protein; AKT1, Arabidopsis K*-transporter; CIPK23, CBL-interacting protein kinases
(regulator of AKT1); CDT3 (Cys rich small protein in rice)
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species, including woody plants [e.g., Eucalyptus, Sawaki et al. (2014)], monocots
[e.g., wheat, Garcia-Oliveira et al. (2013), and bryophytes (Ohyama et al. (2013)].
Knockdown of the STOP1 orthologue in the moss Physcomitrella patens suppresses
Al resistance (Ohyama et al. 2013). These findings indicate that the STOP1/ART1
system may be ubiquitous among land plant species.

Reverse genetics of STOP1 orthologues provides a powerful approach to
uncover molecular mechanisms of Al resistance in plant species. Knockdown of
the STOP1 orthologue in tobacco results in an Al-sensitive phenotype. Aluminum-
responsive citrate excretion plays a critical role in Al resistance in this plant species
and is transcriptionally regulated by a citrate-transporting MATE that is regulated
by the STOP1 orthologue. A similar approach may be useful to clarify unidentified
Al-resistance mechanisms at the molecular level. For example, knockdown in
buckwheat and tea plants may enable identification of the gene encoding the oxalate
transporter that contributes strongly to Al resistance of these plants (Zheng
et al. 1998).

The STOP1/ART1 system involves other transcription factors in the Al signaling
process (Fig. 5). Arabidopsis carries a unique homologue of STOPI1, namely
STOP2, whose expression is regulated by STOP1 (Kobayashi et al. 2013c). Func-
tional analyses show that STOP2 cannot activate transcription of AtALMT], but can
activate AtMATE and ALS3. ABSCISIC ACID, STRESS AND RIPENING 5 (ASRS)
has been identified in rice and coordinately regulates expression of STAR/ with ART1
(Arenhart et al. 2014). Interestingly, a genome-wide BLAST search indicates that
Arabidopsis does not possess an ASRS orthologue, but target cis-elements that have
been coordinately identified in the promoter of AtTALMTI with the cis-element of
STOPI (Tokizawa et al. 2015). In wheat, the same combination is conserved in the
promoter of TaALMT1, which suggests that a series of orthologous transcription factors
coordinately regulate Al-resistance genes in various plant species.

A recent study utilizing a systems biology approach clarified that in the stopl
mutant, many genes encoding proteins that contribute to H' resistance are
suppressed (Sawaki et al. 2009). For example, the regulatory proteins of the
major K*-transporter ARABIDOPSIS K-TRANSPORTERI (AKTI) and sulfate
transporter SULFATE TRANSPORTER 3.1 (Surtr 3.1), which play an important
role in ion homeostasis, are repressed in the sfop/ mutant. As another example,
genes encoding enzymes that belong to pH-regulatory pathways such as the bio-
chemical pH-stat and GABA (y-amino butyric acid shunt)-shunt (Bouche and
Fromm 2004) are repressed in the stop/ mutant. In addition, two genes that are
involved in stabilization of the cell wall pectic-polysaccharide network,
POLYGALACTURONASE INHIBITING PROTEIN 1 and 2 (PGIPI and PGIP2;
Spadoni et al. 2006), are also repressed in the stop/ mutant. These genes are
controlled by STOP2, and the growing root tips of pgip/ and pgip2 show enhanced
cellular damage in low-pH solution that is associated with the stability of the pectin
network. Co-regulation of Al- and H"-resistance genes by the same transduction
pathway is reasonable because H* rhizotoxicity is apparent in naturally acidic soils
in which Al becomes soluble.
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In Arabidopsis, a variety of Al-resistance genes are also inducible by H". We
suggest that AI** and H* generate an identical signal, although the sensory mech-
anisms (e.g., the receptor protein) of each stressor remain unknown. However,
Al-resistance genes play pleiotropic roles in other stress responses. For example,
malate excreted via the functioning of AfALMT1 recruits beneficial rhizobacteria to
the root surface. The recruitment of rhizobacteria may activate systemic-induced
resistance. Infection of aerial tissues by pathogenic bacteria or the FLG22 peptide
(a conserved peptide pattern in bacterial flagella) induced expression of AtTALMTI1
in roots (Kobayashi et al. 2013a). These results reflect the dual function of
AtALMTT in Al resistance and plant immune responses. Similarly complex regu-
lation has been observed for ALMT1 in soybean. Transcription of that gene is
activated by Al- and P deficiency (Liang et al. 2013). This finding is consistent with
the proposed role of OA excretion in increased P acquisition.

Membrane-binding proteins, such as receptors or other proteins that can induce
signals (e.g., changes in pH and Ca®* concentration in the cytoplasm, H,O,
production), may be involved in the initial step of Al signaling. Further research
is needed to identify the molecular mechanisms underlying these processes. In
addition, longer exposure to Al can initiate ABA signaling because depressed root
growth can lead to water deficiency in aerial tissues, thereby inducing ABA
signaling (Zhang et al. 2006). As well, longer exposure to Al can initiate IAA
accumulation as a result of ethylene-mediated signaling at the root tips by Al (Yang
et al. 2014). ROS-mediated signals and ROS-induced disruption of respiration and
metabolic pathways may also trigger complex signals. For example, specific
metabolites such as Fe—citrate can activate transcription of several genes involved
in primary metabolism (Finkemeier et al. 2013).

As described above, many genes and proteins that are directly involved in
mediating resistance to Al and genes and proteins involved in regulation of resis-
tance have been reported in last decade. These findings have enriched our knowl-
edge of the molecular basis of Al resistance in a wide variety of plants. Collectively,
these studies suggest that various resistance mechanisms are coordinately regulated
in a complex manner. Further research is required to elucidate the complex signal-
ing systems that mediate Al resistance and the mechanisms to repair Al-induced
damage in plants.
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Physiological and Molecular Regulation
of Aluminum Resistance in Woody Plant
Species

Marjorie Reyes-Diaz, Claudio Inostroza-Blancheteau, and Zed Rengel

Abstract Aluminum (Al) is the main limiting factor for plant growth in acid soils.
Woody plant species are well adapted to acid soils with high AI** concentration.
The external resistance mechanisms comprise Al immobilization in the rhizosphere
(Al excluders) and internal ones include complexation of Al in cells
(Al accumulators). This chapter provides a critical analysis of the physiological
and molecular regulation of Al-resistance mechanisms in woody plant species.

1 Introduction

Acid soils are prevalent in many regions of the world and represent one-third of the
available terrestrial land worldwide; moreover, the acidity problem is being aggra-
vated due to the extensive use of ammonium fertilizers (von Uexkull and Mutert
1995). The wide distribution of acid soils is specific to boreal and the tropic regions
that correspond with location of woody plant species. Acid soils typically have pH
in water <5.0-5.5 and are associated with several stress factors, such as toxicity of
Al, Mn**, and H" and deficiency of P and Ca**. However, ionic aluminum (Al) is
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considered as the main limiting factor for growth and productivity of plants
(Kochian et al. 2004; Mora et al. 2004; Osawa et al. 2011). Aluminum is the third
most abundant element in the Earth’s crust, after oxygen and silicon. Acidity
solubilizes Al from nontoxic silicate or oxide forms into phytotoxic Al (mainly
trivalent ion AI**) (Tahara et al. 2008a). Aluminum can inhibit root growth in many
plant species at micromolar concentrations, suggesting Al interferes with dividing
and expanding root cells to inhibit root elongation (Mora et al. 2005; Tamas
et al. 2006). This inhibition limits uptake of water and nutrients and increases
plant susceptibility to other stresses in the root zone, i.e., low pH, Ca** imbalance,
etc. (Koyama et al. 2001; Grisel et al. 2010; Inostroza-Blancheteau et al. 2012).

Most studies regarding Al stress are focused on roots, where Al effects are
manifested first (Yamamoto et al. 2001; Barcelé and Poschenrieder 2002). Inhibi-
tion of shoot growth, in turn, appears to be a secondary response to Al, being
mediated through interactions between root Al and nutrient translocation to shoots
(Lidon et al. 1999). In fact, restricted shoot growth becomes evident only after root
growth was limited by exposure to toxic concentrations of Al ions (Rengel 1996).

Despite decades of extensive efforts to decipher the mechanism(s) of Al phyto-
toxicity, the primary cause of Al remains largely speculative (Horst 1995; Kochian
1995; Rengel 1996; Matsumoto 2000; Barceld and Poschenrieder 2002). Aluminum
has a strong binding affinity for oxygen donor compounds such as inorganic
phosphate, nucleotides, RNA, DNA, proteins, carboxylic acids, and phospholipids
(Ma 2000). Aluminum cannot catalyze redox reactions, but instead triggers lipid
peroxidation and production of reactive oxygen species (ROS) in roots (Yamamoto
et al. 2002; Tamas et al. 2006). Most of Al associated with roots is located in the cell
wall, having displaced calcium (Rengel 1992, 1996; Rengel and Zhang 2003).
Calcium is also present on the surface of the plasma membrane, interacting with
proteins and phospholipids and affecting membrane fluidity and thereby its func-
tionality (Hanson 1984; Kaus 1987); Al can displace Ca from the plasma membrane
binding sites as well as provoke a disruption of Ca homeostasis in the cytosol
(Rengel and Zhang 2003). However, more evidence is needed to prove any of these
mechanisms operating in woody plant species.

Several Al-resistance mechanisms (external and internal) have been proposed
(Watanabe and Osaki 2002; Ryan and Delhaize 2010; Inostroza-Blancheteau
et al. 2012). External resistance mechanisms comprise Al immobilization in the
cell wall, selective permeability of the plasma membrane, root-induced increase in
the rhizosphere pH, and exudation of chelating ligands (Wagatsuma and Yamasaka
1985; Delhaize et al. 1993; Basu et al. 1994; Emmanuel and Peter 1995; Pellet
etal. 1995). Internal resistance mechanisms include complexation of Al by proteins
and other ligands in the cytosol, compartmentalization in the vacuoles, evolution of
Al-tolerant enzymes, elevation of enzyme activity, and induction of biosynthesis of
specific proteins (Keltjens and Ulden 1987; Kasai et al. 1992; Taylor et al. 1997).

Plant species that have internal Al tolerance mechanisms can sometimes accu-
mulate Al at high concentrations (Al-accumulators), ranging from 0.2 to 40 g
Al kg_1 DW (Table 1). In this context, Al-accumulator species are those accumu-
lating over 1 g Al kg~' DW in their leaves (Jansen et al. 2003). However, until now,
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Table 1 Al accumulation in leaves several woody plant species

Al accumulation

Plant species (gkg™' DW) Classification References
Vaccinium 0.4 Non-accumulator | Reyes-Diaz et al. (2009,
corymbosum 2010)
Ugni molinae 0.3 Non-accumulator | Reyes-Diaz
et al. unpublished
Diospyros 1.0 Accumulator Masunaga et al. (1998)
sumatrana
Ganua mottleyana 1.0 Accumulator Masunaga et al. (1998)
Palaquium 1.0 Accumulator Masunaga et al. (1998)
abovatum
Canthium 1.8 Accumulator Jansen et al. (2003)
confertum
Danais fragrans 9.0 Accumulator Jansen et al. (2003)
Gouldia terminalis 1.9 Accumulator Jansen et al. (2003)
Miconia albicans 6.0 Accumulator Haridasan (2008)
Miconia pohliana 5.0 Accumulator Haridasan (2008)
Qualea parviflora 4.0 Accumulator Haridasan (2008)
Populus hibridus 0.2 Accumulator Wannaz et al. (2012)
Eucalyptus rostrata | 0.7 Accumulator Wannaz et al. (2012)
Pinus spp 0.1 Accumulator Wannaz et al. (2012)
Camellia sinensis 30 Hyperaccumulator | Matsumoto et al. (1976)
Miconia albicans 11 Hyperaccumulator | De Medeiros and
Haridasan (1985)
Faramea marginata | 16 Hyperaccumulator | Britez et al. (1997)
Melastoma 10 Hyperaccumulator | Watanabe et al. (1998)
malabathricum
Faramea marginata |18 Hyperaccumulator | Britez et al. (2002)
Coptosapelta 10 Hyperaccumulator | Jansen et al. (2003)
olaciformis
Craterispermum 30 Hyperaccumulator | Jansen et al. (2003)
laurinum
Vochysia rufa 28 Hyperaccumulator | Haridasan (2008)
Vochysia 36 Hyperaccumulator | Haridasan (2008)
thyrsoidea
Vochysia 40 Hyperaccumulator | Haridasan (2008)
tucanorum
Salvertia 28 Hyperaccumulator | Haridasan (2008)
convallariodora
Qualea multiflora 20 Hyperaccumulator | Haridasan (2008)
Conostegia 19 Hyperaccumulator | Gonzalez-Santana

xalapensis

et al. (2012)
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there is no clarity on the concept of Al-hyperaccumulator species, considering the
published evidence and the wide range of species that accumulate Al (Table 1). We
suggest that leaf Al concentration of more than 10 g Al kg~' DW is a suitable
criterion for defining Al-hyperaccumulator plant species (Table 1).

Even though plants can be classified as Al excluders or Al accumulators,
depending on whether Al is chelated by organic anions in the rhizosphere, or is
taken up by roots and transported to shoots (Jansen et al. 2003), it is important to
bear in mind that plant responses to Al toxicity are highly dependent of the species
or cultivar under study (Kochian 1995; Rout et al. 2001; Barcel6 and Poschenrieder
2002). Also, wild species are frequently more resistant to Al stress and can
accumulate higher concentrations of Al in their leaves than cultivated species
(Kochian 1995; Pineros et al. 2005).

2 Physiological Aspects of Aluminum Toxicity
and Resistance in Woody Plants

At the physiological level, several studies showed that Al can affect negatively
photosynthesis, photoprotective compounds, water content, mineral nutrition, etc.
Aluminum negatively affected net photosynthesis in several plants species
(Moustakas et al. 1995; Pereira et al. 2003; Chen 2006). In Quercus glauca,
Akaya and Takenaka (2001) found leaf concentration of Al increasing and that of
P decreasing, accompanied by a decrease in water absorption by roots, suggesting
that Al may affect uptake and transport of water and nutrients.

The most abundant organic acid anion exuded from roots of woody species in
response to Al toxicity is citrate, followed by oxalate and to a lesser extent malate
(Table 2). Mitochondrial metabolism is a key in the regulation of organic acid
biosynthesis in plants under Al stress (Nunes-Nesi et al. 2014). For example, the
citrate synthase activity in Secale cereale roots can be increased by 30 % after 6 h of
exposure to Al stress just before an increase in citrate efflux (Li et al. 2000).
Similarly, in the Al-resistant tree species Paraserianthes falcataria, the activity
of citrate synthase in roots was increased together with the quantity of transcript
when the tree was exposed to Al toxicity (Osawa and Kojima 2006).

In woody species, root exudation of phenolic compounds into the rhizosphere
was proposed as an Al-exclusion mechanism (Kidd et al. 2001; Barceld and
Poschenrieder 2002). However, complexation of Al by phenolic compounds may
be less important that the formation of complexes with organic acid anions because
phenolics are less efficient than, e.g., citrate in complexing Al (Ofei-Manu
et al. 2001).

A new Al-binding ligand was recently described in Eucalyptus camaldulensis
roots; it is hydrolyzable tannin (oenothein B) with many adjacent phenolic hydroxyl
groups (Tahara et al. 2014). Oenothein B was not detected in other woody plants
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Table 2 Aluminum-activated release of organic acid anions from roots of different woody plant

species

Plant species

Organic acid anion

Tissue from which exudation
was measured

References

Horticultural species

Citrus junos Citrate Whole roots Deng et al. (2009)
Camellia sinensis | Oxalate Root tips Morita
et al. (2011)
Citrus grandis Citrate, malate Root tips Yang et al. (2011)
Citrus sinensis Citrate, malate Root tips Yang et al. (2011)
Forest species
Picea abies Succinate, oxalate ‘Whole roots Heim et al. (2001,
2003)
Pinus sylvestris Oxalate Whole roots Ahonen-Jonnarth
et al. (2003)
Pinus densiflora | Citrate Whole roots Tahara
et al. (2005)
Cryptomeria Citrate, oxalate Root tips Hirano
Jjaponica et al. (2012)
Eucalyptus Citrate Root tips Ikka et al. (2013)
camaldulensis
Eucalyptus Citrate, malate Root tips Silva et al. (2004)
globulus
Eucalyptus Citrate Root tips Silva et al. (2004)
grandis
Eucalyptus Citrate, malate, Root tips Silva et al. (2004)
euophylla oxalate
Populus tremula | Citrate oxalate Root tips Qin et al. (2007)
Populus Citrate, malate, oxa- | Root tips Naik et al. (2009)
tremuloides late, succinate
Populus Citrate, malate, oxa- Root tips Naik et al. (2009)
trichocarpa late, succinate
Pinus thunbergii | Citrate, oxalate Root tips Hirano

et al. (2012)

Ornamental species

Acacia Citrate, oxalate Whole roots Nguyen
auriculiformis et al. (2003)
Melaleuca Citrate, oxalate Whole roots Nguyen

cajuputi et al. (2003)
Melaleuca Citrate Whole roots Nguyen
leucadendra et al. (2003)
Melastoma Citrate Whole roots Watanabe and
malabathricum Osaki (2002)
Lespedeza Citrate, malate Whole roots Dong et al. (2008)
bicolor

Paraserianthes Citrate Root tips Osawa and Kojima
falcataria (2006)

(continued)
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Table 2 (continued)

Tissue from which exudation
Plant species Organic acid anion was measured References
Melaleuca Citrate Root tips Tahara
bracteata et al. (2008b)
Cinnamomum Citrate Root tips Osawa
camphora et al. (2011)

such as Melaleuca bracteata and Populus nigra and neither in the model herba-
ceous species Arabidopsis.

For tree species, callose induction after exposure to Al has been reported in the
seedlings of Castanea sativa (Hirano et al. 2006), Picea abies (Jorns et al. 1991;
Wissemeier et al. 1998; Hirano et al. 2004), Populus spp. (Qin et al. 2007; Smith
et al. 2011), and some tropical species (Tahara et al. 2005). Callose is a defense-
related cell wall polysaccharide (1,3-[p]-glucan) in root apices; it has been used as a
physiological indicator in differentiating Al-sensitive and Al-resistant crop geno-
types because its formation is induced within a few hours after Al exposure
(Wissemeier et al. 1987; Horst et al. 1997; Eticha et al. 2005). In the coniferous
Pinus thunbergii, callose was induced after 1-day exposure to Al and was distrib-
uted mainly in the root apex (Jones et al. 2006). However, no induction of callose
was recorded in Camellia japonica after the exposure to Al in contrast to other tree
species (Tahara et al. 2005; Stass et al. 2008). This could be related to Al distribu-
tion within the Camellia japonica roots, i.e., little Al in the inner root cells such as
cortical cells and stele, which differed from that in other tree species. These results
raised a possible additional mechanism of Al resistance (based on Al distribution in
root cells) in tree species adapted to acid soils. However, more evidence is eagerly
awaited.

3 Aluminum Effects on Photosynthesis in Woody Plants

Comparatively less is known about the effects of Al in leaves than roots. There is
relatively little Al translocation from roots to the above-ground parts. Nevertheless,
Al toxicity induces stunted, dark-green leaves; purpling of stems, leaves, and veins;
and collapse of growing points or petioles, which in some cases is due to Ca**
deficiency or to a reduced Ca**-transport problem (Rout et al. 2001). Aluminum
toxicity may lead also to malformations in chloroplast, even though detectable
amounts of Al may not be observed, indicating indirect effects on chloroplast
functioning (Moustakas et al. 1995). Aluminum toxicity decreases both total
chlorophyll content and photosynthetic rate in some species (Akaya and Takenaka
2001; Rout et al. 2001; Chen et al. 2005a, b; Chen 2006). Aluminum decreases CO,
assimilation in many plant species including Sorghum bicolor (Peixoto et al. 2002),
Zea maize (Lidon et al. 1999), and the woody plant species Citrus (Pereira
et al. 2000; Chen et al. 2005a, b; Jiang et al. 2008, 2009).
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In Citrus, Al decreased net photosynthesis by inhibiting CO, assimilation (Chen
et al. 2005a). A decrease in the rate of CO, assimilation in this species could be
associated with structural damage of thylakoids and a decrease in some photo-
chemical parameters such as the rate of variable fluorescence (Fv) to initial fluo-
rescence (FO) (Pereira et al. 2000). Similar behavior was observed in net
photosynthesis in Quercus glauca, but no changes were observed in the chlorophyll
fluorescence and chlorophyll content with and without Al exposure (Akaya and
Takenaka 2001; Chen et al. 2005a).

Yang et al. (2012) reported that Citrus grandis exposed to Al showed higher or
similar intercellular CO, concentration as the control plants, indicating that an
Al-induced decrease in CO, assimilation was primarily caused by non-stomatal
factors, as previously reported for another species of Citrus (Chen et al. 2005a, b;
Jiang et al. 2008, 2009). In Citrus grandis, despite decreased CO, assimilation, Al
increased or did not affect non-structural carbohydrates in leaves. This may be due
to a decreased demand for reduced C in growing sink tissues and the less dilution
due to growth inhibition (Yang et al. 2012).

Moustakas et al. (1995) point out that Al stress inhibits photosynthesis as a result
of a partial inhibition of photosynthetic electron transport in photosystem II (PSII)
and closure of PSII reaction centers. In addition, chloroplast elemental loss and
intra-thylakoid acidification have also been observed (Lidon et al. 1999). Reyes-
Diaz et al. (2009) showed that a short-term exposure to Al differentially affected
photochemical efficiency of photosystem II in Vaccinium corymbosum cultivars.
Photochemical parameters decreased substantially in the Al treatments in Bluegold
cultivar (up to 98 % inhibition) and Legacy cultivar (up to 80 % inhibition) without
total recovery. In contrast, Brigitta cultivar showed a better PSII performance and
root growth than the other cultivars, suggesting that Brigitta is the best cultivar for
use in acid soils with Al toxicity, followed by Legacy, whereas Bluegold was the
most sensitive. These results were confirmed by Reyes-Diaz et al. (2010), with the
photochemical parameters being affected more in Bluegold than Legacy cultivar. In
Citrus rootstocks treated with Al in the nutrient solution, Pereira et al. (2003) found
that leaf area and dry mass of leaves decreased, suggesting a lower production of
photoassimilates and less plant growth. In accordance, Pereira et al. (2000) indi-
cated that reduced photosynthesis rate by Al caused a decrease in leaf area.

As mentioned above, Al toxicity negatively influences total chlorophyll in woody
plants species. However, Wannaz et al. (2012) found an increase in total chlorophyll
content concomitant with an increase in leaf Al concentration. Total chlorophyll
was similar between deciduous tree species and was greater in conifers. In this
study, chlorophyll degradation parameters were also measured (Phe-a/Chl-a), show-
ing the highest values in Pinus spp. A positive correlation in Pinus needles was
found between Al concentration and total chlorophyll (r=0.37) and a negative
correlation between total chlorophyll and Phe-a/Chl-a (r = —0.48). On the contrary,
Yang et al. (2012) indicated that Al affected chlorophyll content less than
CO, assimilation, suggesting that a decrease in chlorophyll content by Al is prob-
ably not the primary factor limiting CO, assimilation. This suggestion was
previously reported for Fagus sylvatica (Ridolfi and Garrec 2000), Citrus reshni
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(Chen et al. 2005b), and C. grandis (Jiang et al. 2008, 2009). According to Pereira
et al. (2000) and Chen et al. (2005a), only a fraction of the absorbed light energy was
used in electron transport in Al-treated Citrus leaves. That resulted in excess
excitation energy with respect to the control leaves, which was not totally dissipated
as heat by the antenna pigment complexes of the PSII as indicated by the lower NPQ
(non-photochemical quenching). NPQ is highly correlated with the concentration of
antheraxanthin (A) + zeaxanthin (Z) (Demmig-Adams and Adams 1996). However,
some studies have shown no correlation between NPQ and A + Z concentration
(Forster et al. 2001; Cousins et al. 2002).

Although the effects of many environmental stresses (water, temperature, nutri-
ents, and salt) on xanthophyll cycle-dependent thermal energy dissipation have
been examined in some detail (Niyogi et al. 1997; Logan et al. 1998; Ruban and
Horton 1999; Adams et al. 2004; Zuniga et al. 2006), little is known about the
response of xanthophyll cycle-dependent thermal energy dissipation to Al toxicity.
Yang et al. (2012) observed lower Fv/Fm in C. grandis leaves treated with Al
compared with control ones, indicating that photoinhibitory damage to PSII com-
plexes occurred (Maxwell and Johnson 2000). A decrease in Fv/Fm was due to an
increase in Fo and a decrease in Fm. The higher Fo may be caused by both the
damage of the oxygen-evolving complex and the inactivation of some reaction
center of the PSII as indicated by Yamane et al. (1997). It is also supported by the
finding that Fv was decreased in Al-treated leaves along an increase in Fo, which is
the characteristic of photoinhibitory damage to the PSII acceptor side (Setlik
et al. 1990). Hence, multiple lines of evidence suggest that Al could affect the
photosynthetic apparatus; however, exact mechanisms are yet to be completely
elucidated.

4 Molecular and Transcriptional Regulation of Aluminum
Resistance in Woody Plant Species

At molecular level, several genes of crop and model plant species that were linked
to better adaptation to elevated Al concentration in acid soil have been isolated and
characterized. For example, the first malate transporter gene was identified in wheat
(Triticum aestivum Al-activated malate transporter, TaALMT]I) in response to Al
toxicity (Sasaki et al. 2004). Indeed, much effort and progress has been made in
understanding the physiological and molecular mechanisms underlying Al toxicity
in herbaceous plants (e.g., Inostroza-Blancheteau et al. 2012; Soto-Cerda
et al. 2015).

In herbaceous species, a release of organic acid anions into the rhizosphere in
response to Al toxicity is mediated by ALMT genes that encode an anion channel
specifically induced by Al, allowing malate efflux from roots (Schroeder
et al. 2013). These genes have been characterized in different species such as:
Triticum aestivum, Secale cereale, Oryza sativa, Zea mays, Brassica napus,
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Arabidopsis thaliana, and others. In addition, genes associated with release of
citrate from roots are multidrug and toxic compound extrusion transporter in
Sorghum bicolor (SODMATE) and Al-activated citrate transporter 1 in Hordeum
vulgare (HvAACTI), both belonging to the MATE family (Delhaize et al. 2012).
However, little is known about the transcriptional regulation of Al-resistant genes
in woody plants. Recently, four genes highly homologous to citrate-transporting
multidrug and toxic compounds extrusion gene were isolated in FEucalyptus
camaldulensis. One of the homologues was named EcMATEI; this gene was
expressed more strongly in roots than shoots in response to Al toxicity and low
pH (Sawaki et al. 2013). In addition, an analysis of transcriptome in Populus
tremula revealed a total of 175 significantly upregulated and 69 downregulated
genes. Two genes showed strong induction in roots and were closely related to
Arabidopsis Al tolerance genes ALS3 (for Al-sensitive 3) and MATE, suggesting an
important role in Al tolerance in Populus tremula (Grisel et al. 2010).

In Vaccinium corymbosum, two cDNA libraries were established using
Al-resistant and Al-sensitive genotypes with an aim of understanding the mecha-
nisms of Al resistance in highbush blueberry (Inostroza-Blancheteau et al. 2011). In
this study, a cDNA-amplified fragment length polymorphism (cDNA-AFLP)
method was used to identify differential gene expression in Brigitta (Al-resistant)
and Bluegold (Al-sensitive) cultivars. Seventy transcript-derived fragments (TDFs)
were identified as being Al responsive, 31 of which showed significant homology to
genes with known or putative functions. Several genes associated with stress
responses such as glutathione S-transferase, S-adenosylmethionine decarboxylase,
aldehyde dehydrogenase, vacuolar H*-pyrophosphatase, and others were detected,
but not the specific genes such as ALMTs in response to Al toxicity. However, this
situation could be due to the limitations of the technique used.

We reported the first cloning and characterization of a calmodulin gene,
VcCaM1 (Vaccinium corymbosum Calmodulin 1), in this woody shrub induced
by Al toxicity (Inostroza-Blancheteau et al. 2013). According to qRT-PCR and
enzymatic analysis, it appeared that VcCaM! was not directly involved in Al
resistance, but might be involved in improving plant performance under Al toxicity
through regulation of Ca®* homeostasis and antioxidant systems in leaves.

Recently, in a leguminous tree Acacia mangium, 44 full-length sequences were
identified and cloned using differential display and semi-quantitative RT-PCR and
other molecular techniques. These include MATE- and ATP-binding cassette trans-
porters and a plasma membrane ATPase gene that has been associated with
responses to H and Al toxicity in other species (Mizuno et al. 2014).

In herbaceous species (e.g., wheat, barley, rice, maize, sorghum, rye, and
Arabidopsis), only ALMT and MATE genes have so far been described as major
genes in response to Al toxicity. However, some studies suggest that regulatory
genes coding for the transcription factors have an important role in Al resistance
(Sawaki et al. 2009; Yamaji et al. 2009). Studies performed in Arabidopsis showed
that a zinc-finger protein STOP1 (Sensitive TO Proton rhizotoxicity 1) is a critical
transcription factor for proton (H") and Al tolerance in acid conditions (Iuchi
et al. 2007). In tobacco plants, NtSTOP1 regulated Al tolerance concomitant with




196 M. Reyes-Diaz et al.

the upregulation of MATE gene and release of citrate in response to Al stress
(Ohyama et al. 2013). More recently, a STOP1-like protein that regulated tran-
scription of MATE and ALS3 gene was identified in Eucalyptus roots (Sawaki
et al. 2014). Even though the activity of STOP-like protein has not been evaluated
yet, bioinformatics tools and database searches showed that other woody species
(e.g., conifers) contain a putative orthologue of this protein. This finding suggests
the STOP1-like protein and the genes it regulates are ancestral and might be shared
by a wide range of plant species. These advances together with progress in tree
biotechnology (e.g., cloning, gene transformation, and overexpression) could be
useful for molecular breeding of Eucalyptus and other tree species, with the
capacity to produce transgenic plants shortening the genetic improvement cycle
in these species.

5 Future Direction

In recent years, a wide range of studies described the identification and character-
ization of candidate genes and transcription factors that were upregulated by Al
toxicity. With the recent advances in genetic engineering, there is an opportunity to
enhance Al resistance of sensitive genotypes through the overexpression of appro-
priate endogenous genes or introduction of foreign genes. However, little informa-
tion exists on the complete sequence of genes associated with Al resistance in
woody plant species. Hence, it is indispensable to conduct more research at the
molecular level to characterize the genome of woody species. Finally, it is neces-
sary for breeders and researches to develop new strategies and protocols of genetic
transformation to increase Al resistance using biotechnological tools.
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Abstract Acidic conditions limit crop production on 40 % of the world’s soils.
These soils are characterized by a pH between 4.5 and 5.5, low phosphorus
(P) availability, high contents of aluminum (Al) and manganese (Mn), and low
soil basic cations. Edaphic conditions of acidic soils limit plant growth, mainly due
to AI** phytotoxicity, which reduces water and nutrient acquisition from soils and
severely limits root growth of sensitive species. However, the association of
symbiotic arbuscular mycorrhizal (AM) fungi with plant roots often modifies
plant response to acid soil factors through enhanced P acquisition and reduced Al
exposure. Several management practices are implemented to mitigate the negative
effects of acidic soils on plant growth, among which are lime application, P
fertilization, and the use of Al-tolerant plants. In this regard, the inoculation with
AM fungi appears as another management alternative, because of the well-
documented AM contribution to plants growing in acidic soils. Several reports
have demonstrated that AM fungal structures and glomalin-related soil protein
(GRSP) protect plants against stress produced by high levels of Al. However,
there is broad functional diversity among AM fungal genera or species in their
capacity to confer Al-resistance to host plants in acidic soils. Therefore, the aim of
this review is to summarize AM fungal diversity present in acidic soils as well as
relate their presence with the potential to alleviate Al phytotoxicity.
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1 Introduction

Crop production is limited by soil acidity on approximately 30-40 % of the world
soils (von Uexkiill and Mutert 1995). Soil acidification results from natural pro-
cesses, such as high rainfall and intense biological activity, and from anthropogenic
activities, including the use of ammonium fertilizers and deposition of strong
mineral acids in precipitation, that induce soil base cation leaching and changes
in aluminum (Al) solubility and speciation (Campbell 1998; Emmett 1999; Szott
et al. 1999). Generally, acidic soils are characterized by high levels of solution and
soil-bound Al, which are broadly toxic to plants (Kochian et al. 2005). Such soils
have additional disadvantages to crop production, such as high P adsorption
capacity, high H" levels, and low base soil cations (Mora et al. 1999, 2002). The
most important diagnostic index of potential Al toxicity is Al saturation (%) of
effective cation exchange capacity, which corresponds to the proportion of Al to the
total amount of exchangeable Ca, Mg, K, Na, and Al (USDA 1996).

Aluminum is one of the most prevalent metals generating phytotoxicity due to its
strong negative effects on plant root growth, directly reducing the capacity for
water and nutrient acquisition (Kochian et al. 2005; Ma et al. 2001). In non-tolerant
plants, Al exposure leads to broad disruptions in physiology and metabolism,
including altered membrane transport processes, cell membrane structure, oxidative
stress, and cell wall lesions (Kochian et al. 2005; Ma et al. 2001). To mitigate the
negative effects of acid soils on plants, several management practices are typically
implemented, such as lime application, P fertilization, and selection/use of
Al-resistant plant genotypes. In addition, the inoculation/preservation of plants
and soils with symbiotic arbuscular mycorrhizal (AM) fungi is another manage-
ment alternative (Borie et al. 2010).

Arbuscular mycorrhizal fungi are obligated symbionts of about 80 % terrestrial
plants, some of them growing in soils with serious constraints (Smith and Read
2008). Arbuscular mycorrhizal symbiosis is an association, which is established
between soil fungi and most vascular plants, allowing a bidirectional interchange of
nutrients and energy (Barea et al. 2013; Smith and Read 2008). Essentially, host
plants improve their water and nutrient absorption capacity, and fungi receive
carbon compounds (Barea et al. 2013).

Numerous studies have demonstrated that the AM symbiosis protects plants
against stress produced by high levels of diverse toxic elements, including heavy
metals (Gonzalez-Guerrero et al. 2008; Bissonnette et al. 2010; Janouskova and
Pavlikova 2010; Miransari 2010) and Al (Borie and Rubio 1999; Cumming and
Ning 2003; Klugh and Cumming 2007; Klugh-Stewart and Cumming 2009).
Importantly, there is wide functional diversity among AM fungal genera and
species in their capacity to alter the rhizosphere (Clark and Zeto 2000; Kelly
et al. 2005; Klugh and Cumming 2007), which can determine the outcome of AM
fungi on Al phytotoxicity alleviation in acid soils.
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2 Phylogeny and Taxonomic Identification of AM Fungi

The AM fungi have been identified by morphological and molecular analyses
which have allowed their taxonomic organization into the phylum Glomeromycota,
which contains three classes: Glomeromycetes, Archaeosporomycetes, and
Paraglomeromycetes (Table 1). Within these classes, 5 orders and 14 families
with 29 genera have been identified and grouped through concomitant morpholog-
ical and molecular phylogenetic analyses (Oehl et al. 2011c). A more recent,
slightly diverging classification was presented by Redecker et al. (2013). Following
the most recent updates, 15 families and 38 genera are currently counted in the
Glomeromycota (Blaszkowski et al. 2015; Marinho et al. 2014; Sieverding
et al. 2014). They are listed and attributed to their orders and classes in Table 1.

Arbuscular mycorrhizal fungi have been evaluated by several methods based on
their three forms present in soil, either as spores, hyphae, or colonized roots.
Taxonomic classification requires the isolation of spores from soils/roots either
from field-collected soils or from “trap cultures,” in which fungi in collected soils
are sustained to sporulation on a suitable host plant. Fungal spores are then
collected by techniques such as wet sieving and decanting method (Gerdemann
and Nicolson 1963; Sieverding 1991), differential water-sucrose centrifugation
(Allen et al. 1979), sucrose gradient centrifugation (Ianson and Allen 1986), and
adhesion and flotation-centrifugation (Horn et al. 1992). However, after spore
isolation, it is necessary to complement these observations with morphological
and molecular identification. Finally, appropriate results interpretation and AM
fungi species identification are performed by accessing available databases such
as INVAM (invam.caf.wvu.edu) and identification manuals (Btaszkowski 2012;
Schenck and Pérez 1990).

In some genera, the morphological characters, which may be included in AM
fungi identification, have been scarce; therefore, the identification by means of
molecular techniques has made a substantial contribution to AM fungal ecology
due to its simplicity because only a simple colonized root or spore is required
(Redecker 2000, 2002). However, also morphological identification has made
outstanding progresses lastly, and the combination of morphological and molecular
tools has led to major advances in the taxonomy and classification of these fungi.
The AM fungi diversity identification associated to the rhizosphere can be obtained
by morphological studies, which allow the understanding of the interactions
between plant species or cultivars and communities associated with AM fungi
(Aguilera et al. 2014).

In AM fungal studies, the development and use of the monoxenic culture using
transformed roots with one mycorrhizal fungus growing under in vitro conditions
have become a common approach for molecular research (Bécard and Piché 1992;
St-Arnaud et al. 1996). This approach generates adequate amounts of AM fungi
under sterile conditions and has allowed the study of fungi under specific environ-
mental conditions (Bago et al. 2004). In addition, several metabolic and molecular
aspects of AM symbiosis have been reported using monoxenic culture, such as
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Table 1 Classification system of the phylum Glomeromycota after Oehl et al. (2011c), updated

Class

Order

Family

Genus

Glomeromycetes

Glomerales

Glomeraceae

Glomus
Dominikia

Funneliformis

Kamienskia

Rhizoglomus

Sclerocystis

Septoglomus

Simiglomus

Entrophosporaceae

Claroideoglomus
Albahypha

Viscospora
Entrophospora

Diversisporales

Diversisporaceae

Diversispora

Corymbiglomus

Otospora
Redeckera
Tricispora

Sacculosporaceae

Sacculospora

Pacisporaceae

Pacispora

Acaulosporaceae

Acaulospora

Kuklospora

Gigasporales

Gigasporaceae

Gigaspora

Scutellosporaceae

Scutellospora

Bulbospora

Orbispora

Dentiscutataceae

Dentiscutata
Fuscutata

Quatunica

Intraornatosporaceae

Intraornatospora

Paradentiscutata

Racocetraceae

Racocetra
Cetraspora

Archaeosporomycetes

Archaeosporales

Ambisporaceae

Ambispora

Archaeosporaceae

Archaeospora

Intraspora
Palaeospora

Geosiphonaceae

Geosiphon

Paraglomeromycetes

Paraglomerales

Paraglomeraceae

Paraglomus

responses to oxidative stress produced by Cu (Gonzalez-Guerrero et al. 2007) and
Zn (Gonzalez-Guerrero et al. 2005). In some genera, the morphological characters
available for AM fungi identification are limited. In these cases, therefore, the use
of molecular techniques aids in AM fungal identification due to the simplicity of
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their application and without the need for implementing trap cultures or
transformed root systems (Clapp et al. 1995; Kriiger et al. 2011; Oehl et al. 2005,
2006; Redecker 2000). Molecular methods can be directly applied to roots and
rhizosphere soils allowing in situ assessment of AM fungal diversity under a variety
of environmental conditions in the field or greenhouse (Daniell et al. 2001). Tech-
niques such as temporal temperature gel electrophoresis (TTGE) analysis, using
nested PCR on the NS31-Glo1 region of 18S rDNA, has been used in the identifi-
cation of Glomus species colonizing roots of Trifolium repens and Sorghum vulgare
(Cornejo et al. 2004). Denaturing gradient gel electrophoresis (DGGE) was used to
assess AM fungi community structure of roots of Zea mays differing in P efficiency
(Oliveira et al. 2009). Restriction fragment length polymorphism (RFLP) analyses
have also been applied to characterize AM fungal community structure in agricul-
tural ecosystems (Daniell et al. 2001).

In the AM fungi diversity studies, several molecular techniques have been used
in the last years which have allowed many advances and they have been based
principally on ribosomal DNA (rDNA) sequencing (Opik et al. 2010, 2013). The
rDNA has highly conserved regions as well as variable regions and can be used for
phylogenetic identification from the level of phylum to species (Raab et al. 2005).
The small subunit portion has been amplified by using PCR, where NS31, AM1,
AML1, and AML2 primers have been commonly used for Glomeraceae, Diversis-
poraceae, Gigasporaceae, and Acaulosporaceae (Helgason et al. 1998; Lee
et al. 2008). Several studies have shown that AM fungi cannot be identified reliably
below the genera level using morphological characters, necessitating the use of
molecular methods (Helgason et al. 1998, 1999).

3 Diversity of AM Fungi in Acidic Soils

Arbuscular mycorrhizal fungi are generally adapted to the edaphic environment
from which they were isolated, and they can be found colonizing plants growing in
soils with pH between 2.7 and 9.2 (Clark 1997; Siqueira et al. 1984). Although it
has been reported that low pH and high Al concentrations in soil can negatively
impact AM colonization (Goransson et al. 2008), local adaptation of AM fungi may
play a central role in the functional success of mycorrhizae and their host plants in
inhospitable soils (Jansa et al. 2008; Opik et al. 2009). Indeed, functional diversity
exists among AM fungal genera and species under diverse environmental stresses,
which may reflect the operation of stress-specific adaptation mechanisms that
modulate stresses associated with specific environments (Klugh and Cumming
2007; Klugh-Stewart and Cumming 2009; Medeiros et al. 1994a, b). Such func-
tional diversity analyzes are focused on traits that the AM fungi provide to the host
plant in regard to stress resistance, nutrient efficiency, and root system morphology
resulting from changes in gene expression patterns in the AM symbiosis
(Feddermann et al. 2010).
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From acidic mountainous soils of the Sierra Nevada in Spain, two new
Acaulospora species, Ac. pustulata and Ac. tortuosa, were described using also
concomitant morphological and molecular analyses (Palenzuela et al. 2013)
confirming that especially Acaulospora is an AM fungi genus with high diversity
of species adapted to acidic soils (Oehl et al. 2011a, b).

Several species have been reported in acidic soils with high Al contents
(Table 2). Morton (1986) described three new species from abandoned coal
minesoils. Species were identified by using pot culture; subsequently, their taxo-
nomic classification was made by morphological characterization. These species
were: Ac. dilatata, Ac. lacunosa and Ac. rugosa. Whereas, other species have been
found in acidic soils from upland Scotland. These species were established in pot
culture, then they were analyzed by morphological and molecular methods, and
finally, they were identified as Ac. alpina and Ac. brasiliensis (Kriiger et al. 2011).

On the other hand, Acaulosporaceae, Glomaceae, and Gigasporaceae families
have been found by using DGGE in maize rhizosphere from acidic soils of Brazil.
The PCR amplification of 18S was made by means of nested PCR by using NS1,
NS4 VANSI, and NS21 primers. Other primers were used for each specific AM
fungus (Oliveira et al. 2009).

A large number of AM fungal genera and species are found in acidic soils with
high Al contents (Table 2). Evaluation of these reports indicates that species richness
declines slightly with soil pH over the range of 5.6-3.7 (P = 0.044 for the pH effect),
but is independent of both method of isolation (i.e., field soil versus trap isolation) and
method of identification (i.e., spore characteristics versus molecular fingerprint),
although the data for identification based on molecular methods are limiting. The
greatest diversity of species identified is in the Glomus (23) and Acaulospora
(45) genera, with species within other genera being much less numerous (Table 2).
Across all studies summarized in Table 2, Ac. laevis, Ac. scrobiculata, Gi. margarita,
Gl. diaphanum, Gl. fasciculatum, Rh. intraradices, and Fu. mosseae were found in
five or more of the studies.

Arbuscular mycorrhizal fungi can influence ecosystem sustainability, as they
promote establishment of plants growing under unfavorable environmental condi-
tions. In this regard, several of the reports on AM diversity in acidic soils have
compared undisturbed and disturbed ecosystems. AM fungal diversity was studied
in native and reforested Araucaria angustifolia forests with soils of pH 3.7
(Moreira-Souza et al. 2003). In this study, Acaulospora (eight species),
Entrophospora (one species), Gigaspora (two species), Glomus (nine species),
Scutellospora (four species) were found (Moreira-Souza et al. 2003). While these
genera were generally shared between native forest soils and reforested sites,
reforested sites had lower species richness (14 vs. 21 for field soils and 8 vs.
11 for trap cultures) (Moreira-Souza et al. 2003).

Land use also influences AM fungal diversity (Jansa et al. 2002, 2003; Oehl
et al. 2003, 2009). In this regard, Oehl et al. (2010) reported AM fungal diversity
present in temperate climate location of Europe obtained from AM fungi
reproduced in trap culture. In this study, large differences in species richness
were evident between grassland and arable systems on acidic soils, with an average
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Table 2 Arbuscular mycorrhizal fungal diversity associated to host plant growing in acidic soils.

Classification updated

Arbuscular
mycorrhizal fungi

Host plants

Soil pH

Identification
method

References

Acaulospora dilatata
Ac. lacunosa

Ac. rugosa
Acaulospora sp.
Fuscutata
heterogama

Glomus diaphanum
Paraglomus occultum
Entrophospora sp.

Abandoned coal
mine, USA
Andropogon
virginicus (field)
Sorghum sudanense
(trap)

pH H,0 3.6-4.2

Morphology

Morton
(1986)

Gigaspora margarita
Rhizoglomus
aggregatum
Funneliformis
caledonius

Rh. clarum-like
Septoglomus
constrictum
Claroideoglomus
etunicatum

Rh. fasciculatum

Fu. geosporus

Rh. microaggregatum
Fu. mosseae
Sclerocystis
rubiformis
Scutellospora
aurogloba-like

S. callospora

Converted meadow,
Canada

Hordeum vulgare
(field)

pH H,0 5.2

Morphology

Hamel
et al. (1994)

Ac. bireticulata

Ac. mellea

Ac. trappei
Acaulospora spp. (4)
Gigaspora gigantea
Gi. rosea

Gi. ramisporophora
Rh. clarum
Septoglomus
constrictum

Rh. fasciculatum
Ambispora leptoticha
Fu. mosseae

Glomus spp.(4)

S. calospora
Fuscutata hetrogama
Cetraspora pellucida
Dentiscutata
reticulata

Grassland, USA
Anthoxanthum,
Panicum, Plantago
(field)

Sorghum vulgare
(trap)

pH 5.0

Morphology

Bever
et al. (1996)

(continued)
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Arbuscular
mycorrhizal fungi

Host plants

Soil pH

Identification
method

References

Ac. bireticulata
Ac. foveata

Am. gerdemannii
Ac. laevis

Ac. scrobiculata
Ac. spinosa

Ac. rehmii
Acaulospora spp. (2)
Kuklospora
colombiana

Gi. margarita

Gi. decipiens

Rh. agreggatum
Rh. clarum

Gl. diaphanum

Cl. etunicatum
Rh. fasciculatum
Gl. geosporum
Gl. macrocarpum
Gl. microcarpum
Gl. pansihalos
Cetraspora gilmorei
Dentiscutata nigra
Ce. pellucida
Scutellospora sp.
Unidentified (1)

Araucaria forest,
Brazil
Araucaria (field)
Sorghum bicolor
(trap)

pH CaCl, 3.7

Morphology

Moreira-
Souza
et al. (2003)

Ac. dilatata

Ac. koskei

Ac. laevis
Acaulospora sp. (2)
Entrophospora
schenckii
Archaeospora sp. (1)
Fu. coronatus

Gl. diaphanum

Cl. etunicatum

Rh. intraradices

Gl. macrocarpum
Sclerocystis
rubiformis

Glomus sp. (2)

S. calospora
Scutellospora sp. (3)
Pacispora dominikii
Diversispora spurca

Agricultural field,
Chile

Avena sativa and

Triticum aestivum
rotation (field)

pH H,0 5.5

Morphology

Castillo
et al. (2006)

(continued)
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Arbuscular
mycorrhizal fungi

Host plants

Soil pH

Identification
method

References

Ac. mellea

Ac. morrowiae
Ac. scrobiculata
Ac. spinosa

Gi. decipiens

Rh. clarum

Cl. etunicatum
Paraglomus occultum
Fuscutata
heterogama

Ce. pellucida
Racocetra persica

Apple orchard,
Brazil

Malus domestica
(field)

Sorghum bicolor
(trap)

pH 4.0

Morphology

Cavallazzy
et al. (2007)

Ac. mellea
Archaeospora
myriocarpa

Ac. spinosa
Dentiscutata
reticulata

Gi. margarita

Cl. claroideum
Sclerocystis
coremioides

Rh. fasciculatum
Sclerocystis sinuosa
Racocetra verrucosa

Papaya plantation,
India

Carica papaya
(field)

pH H,0 4.4-5.0

Morphology

Khade
et al. (2010)

Fu. caledonius
Fu. mosseae
Septoglomus
constrictum

Fu. geosporus
Cl. etunicatum
Paraglomus occultum
and Paraglomus
albidum

Gl. diaphanum
Gl. fasciculatum
Rh. clarum

Rh. intraradices
Diversispora
versiformis
Dominikia aurea
Dominikia compressa
(Gl. sp. BRY)
Rh. invermaium
Gl. macrocarpum
Gl. microcarpum
Gl. heterosporum
Gl. mortonii

Gl. sp. BR17

Grassland, pasture,
maize-wheat rota-
tion, Rhine Valley,
Germany

Lolium perenne,
Trifolium pratense,
Plantago lanceolata
(traps)

pH H,0 5.6

Morphology

Oehl
et al. (2010)

(continued)
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Arbuscular
mycorrhizal fungi

Host plants

Soil pH

Identification
method

References

Gl. sp. BR12
Gl. sp. BR18
Gl. sp. BR8
Gl. sp. BR6
Simiglomus hoi

Archaeospora trappei

Ar. sp. BR21
Ambispora fennica
Am. sp. BR10
Entrophospora
infrequens

Ac. paulinae

Ac. laevis

Ac. cavernata
Ac. longula

Ac. scrobiculata
Ac. thomii

Ac. sieverdingii (Ac.
sp. BR19)

Ac. polonica

Ac. sp. BR 20

Ar. myriocarpa
Kuklospora
colombiana

S. calospora

S. dipurpurescens
Ce. armeniaca
Ce. pellucida

Gi. margarita

Ac. laevis
Acaulospora sp. (1)
Ac. sieverdingii
Ac. longula
Pacispora dominikii
Cl. etunicatum

Cl. claroideum
Dominikia aurea
Gl. diaphanum
Glomus sp. (2)

Fu. mosseae

Rh. intraradices
Septoglomus
constrictum
Simiglomus hoi

S. calospora

Ce. gilmorei
Cetraspora sp (1)
Am. gerdemannii
Ambispora sp (1)

Agricultural

field, Chile
Triticum aestivum
(field)

pH Hzo 4.7

Morphology

Aguilera
et al. (2014)

(continued)
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Arbuscular
mycorrhizal fungi

Host plants

Soil pH

Identification
method

References

Ar. trappei
Ar. myriocarpa
Archaeospora sp (1)

Pa

raglomus occultum

Ac
Ac
Ac

. longula
. rugosa
. scrobiculata

Maize hybrid trials,
Brazil
Zea mays (field)

DNA
(DGGE)

Oliveira
et al. (2009)

Ac. morrowiae
Archaeospora sp.
Gi. margarita
Fu. caledonius
Sclerocystis
coremioides

Rh. manihotis
Fu. mosseae
Dentiscutata
cerradensis

pH H,0 4.6-5.1 | SSUrDNA Alguacil

et al. (2010)

Ac. mellea
Ac. rugosa
Ac. spinosa
Rh. intraradices
Rh. fasciculatum
Glomus spp. (4)

Legume pasture,
Venezuela
Centrosema
macrocarpum
(field)

of 32 species recovered from native soils compared with 18 from tilled systems
across sandstone and granitic sedimentary parent materials. Agricultural manage-
ment of these systems also affected reduced species-level diversity, with Shannon-
Weaver Index being 1.8 compared to 2.5 for native acidic soil grasslands (Oehl
et al. 2010).

Additionally, AM fungal diversity characterization has been carried out in forest
and agricultural ecosystems of Southern Chile. In these soils about 39 AMF species
were found, some of them reported for the first time. The genera found in the order
of the highest to lowest abundance were: Acaulospora, Glomus, Scutellospora and
Archaeospora. Whereas, in agricultural ecosystems, 22 AM fungal species were
found belonging to the genera Glomus spp., Acaulospora spp. and Scutellospora
spp. (Castillo 2005; Castillo et al. 2005).

Taken together, these reports suggest that the diversity of AM fungi in acidic
soils is high, although estimates vary widely. The variation may be associated with
the intensity of effort undertaken to assess the AM species in a given soil. For
example, the highest species estimates in Table 2 (44) were from Oehl et al. (2010),
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and these were derived from both field and trap culture assessments, with the traps
utilizing multiple species and multiple sample dates. Bever et al. (1996), Moreira-
Souza et al. (2003), and Aguilera et al. (2014) also utilized intensive approaches to
assessing AM fungal diversity (Table 2).

4 Contribution of AM Fungi to Aluminum Phytotoxicity
Alleviation

Phytotoxicity caused by Al in acidic soils has been investigated in numerous studies
and is due principally to the negative effects of the AI** on root physiology and
growth (Kochian et al. 2005). Root tips are the first specific sites exhibiting the
negative effects of Al exposure, with rapid inhibition of cell elongation and division
(Kinraide et al. 1992; Ryan et al. 1992). Aluminum resistance in plants primarily
results from mechanisms that reduce the interactions of the toxic Al** with root tip
cells. Several researches carried out with genotypes of Triticum aestivum tolerant
and sensitive to Al has shown that Al-tolerant plant root meristems accumulate less
Al, suggesting that these plants have a mechanism of exclusion allowing to protect
tissues against Al phytotoxicity (Rincén and Gonzales 1992; Silva et al. 2000). The
AM symbiosis is involved in plant adaptation to stressful soil conditions (Seguel
et al. 2013). Several studies have reported that AM fungal species promote growth
and providing protection against acid soils factors, including limited P (Rubio
et al. 2003), excess Al (Borie et al. 2010; Borie and Rubio 1999; Clark and Zeto
2000; Cumming and Ning 2003; Lux and Cumming 2001; Mendoza and Borie
1998; Klugh-Stewart and Cumming 2009), and elevated Fe and Mn (Rohyadi
et al. 2004; Yano and Takaki 2005). Although often dependent on both host
species/genotype investigated, the benefits of AM fungal for growth under acidic
soil conditions have been shown for crop species, including Hordeum vulgare
(Borie and Rubio 1999; Mendoza and Borie 1998), Ipomoea batatas (Yano and
Takaki 2005), and Vigna unguiculata (Rohyadi et al. 2004), wild native species,
such as Andropogon virginicus (Cumming and Ning 2003; Klugh-Stewart and
Cumming 2009) and Panicum virgatum (Clark et al. 1999a, b), and tree species,
including Liriodendron tulipifera (Klugh and Cumming 2007; Lux and Cumming
2001), Malus prunifolia (Cavallazzy et al. 2007), and Musa acuminata (Rufyikiri
et al. 2000).

The association of AM fungi with roots improves plant performance on acid soils
or under Al exposure due broad changes in root access to soil resources. In many
cases, but not all, colonization allows plants to improve their ability to acquire water
and nutrients (Borie et al. 2010; Borie and Rubio 1999; Rufyikiri et al. 2000). The
acquisition of P, which is often found at low concentrations in the soil solution and
bound to soil minerals, is a major limitation on acidic soils and AM fungi, through
their extensive hyphal exploration of soils, may access distal P pools as well as
solubilize pools otherwise not available to plants (Borie and Rubio 1999). This access
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to bound or insoluble P is facilitated by the production of metal-binding compounds
by roots, such as the organic acids citrate and malate, which is maintained by acid-
adapted AM fungi species under Al exposure (Klugh and Cumming 2007). In
addition to fostering P uptake, the exudation of organic acids will improve the uptake
of cations, notably Ca and Mg, which are often depressed under acid soil conditions
(Borie and Rubio 1999).

Studies carried out with AM colonized plants frequently exhibit a decrease of Al
or Mn binding to roots and translocation to leaves (Klugh and Cumming 2007;
Rohyadi et al. 2004). The mechanisms underlying reduced metal accumulation are
related to chelation of metals in the rhizosphere or sequestration in AM fungal
structures, both of which reduce the direct availability of the metal ions, reducing
their phytotoxicity. Chelation by organic acids (Cumming and Ning 2003; Klugh
and Cumming 2007; Klugh-Stewart and Cumming 2009) is one mechanism pur-
ported to be active in the root zones of mycorrhizal plants. Additionally, novel AM
fungal compounds, such as the glycoprotein glomalin, may play a role in seques-
tering and detoxifying Al in the soil solution (Aguilera et al. 2011). In addition,
studies reported by Cuenca et al. (2001) have shown that Al is present in the
mycelium of the AM fungi, principally in vesicles, suggesting that AM fungi may
directly absorb and sequester Al and perhaps other metals in their hyphae.

In studies where multiple AM fungal species have been screened for attenuation
of acidic soil stresses, there is a wide range of variation in effectiveness across AM
fungal species investigated. In maize, three species, Gl. diaphanum, CI. etunicatum,
and Rh. intraradices, were equally effective at promoting growth on acid soils
(Clark and Zeto 1996). Cavallazzy et al. (2007) noted that CI. etunicatum and
S. pellucida were most effective at conferring resistance to Al in Malus prunifolia.
Glomus clarum was superior in conferring Al resistance to Liriodendron tulipifera
(Klugh and Cumming 2007), and Rh. clarum and S. heterogama were most effec-
tive in protecting Andropogon virginicus (Klugh-Stewart and Cumming 2009).
Interestingly, S. heterogama was not effective in protecting M. prunfolia
(Cavallazzy et al. 2007). This variation in acidic soils resistance may be due to
broad differences in resistance among AM fungal isolates within species or changes
in resistance in isolates during maintenance culture (Kelly et al. 2005).

Mechanisms such as chelation or sequestration have been reported to influence
stress attenuation of heavy metals, because it reduces the direct availability of the
metal ion, reducing phytotoxicity in the rhizosphere (Cumming and Ning 2003;
Rufyikiri et al. 2000, 2003). Studies reported by Cuenca et al. (2001) have shown
that Al is present in the mycelium of the AM fungi, principally in vesicles.
Recently, a study describing the effect of Al-tolerant wheat cultivars growing in
an Andosol with phytotoxic Al levels on the AM fungi diversity was carried out and
the authors have suggested the existence of a degree of co-adaptation among wheat
cultivars and AM fungal communities that could have greater specialization.
Additionally, there is a tolerance differential between the different plant species
and plant cultivars with respect to the Al tolerance which confirm the fact that the
AM fungal communities composition can be influenced by different management
practices, tillage systems, crop species, and even plant cultivars within a plant
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species. In addition, The AM fungal species may have dominance when they are
under stress conditions. In particular, species belonging to Scutellospora and
Acaulospora genera were found in this study (Aguilera et al. 2014).

4.1 Species of AM Fungi Included in Technological
Application Based on Acidic Condition Tolerance

Some AM fungal species have been recognized for their tolerance to acidic
conditions (Table 3). Yano and Takaki (2005) studied beneficial aspects of
Gigaspora on plant growth parameters at pH 4.2 and 5.2 (with lime application)
and found that this fungus favored Al tolerance of Ipomea batatas growing in acidic
soils with high Al levels. Whereas, Cavallazzy et al. (2007) selected AM fungi for
improving the establishment of plants in acidic soils with high levels of Al and Mn
and demonstrated that Cl. etunicatum and S. pellucida were the most efficient
inocula. In these conditions, C!I. etunicatum and S. pellucida promoted plant growth
and nutrient absorption.

Inoculation of RhA. clarum, S. heterogama, and Cl. etunicatum genera at high Al
levels has demonstrated an increase in citrate and malate exudation from colonized
plant roots. Additionally, inoculated plants presented the highest P amount and
lowest Al concentration in their shoots. Both fungi and plant parameters were
favored (Klugh-Stewart and Cumming 2009).

These technological applications are beneficial especially in tropical areas where
Al toxicity reduces crop production. Rufyikiri et al. (2000) demonstrated that
inoculated plants with Rh. intraradices showed great resistance under high Al
concentrations.

Cuenca et al. (2001) described AM fungi tolerance to acidic conditions with high
Al contents by using AM fungi inoculated plants from acidic and neutral soils
growing at pH 3.0-5.0 and found that inocula from acidic conditions promoted a
higher tolerance of Clusia multiflora to acidic soil. In this assay, Gigaspora and
Scutellospora genera were found as dominant. On the other hand, Bartolome-
Esteban and Schenck (1994) have studied AM fungal tolerance to Al by assessment
of spore germination and hyphae growth at three different Al saturation percentage
(6, 27, and 100 %) and observed that Gigaspora was the most efficient genus.
However, Rohyadi (2005) evaluated the effect of Al increasing concentrations on
germination of Gi. margarita spores and found that Al inhibited spores develop-
ment; therefore, AM fungal colonization was reduced. However, some spores
produced hyphae and subsequently colonized plant roots under excessive Al
conditions.

Kelly et al. (2005) evaluated differential behavior of AM fungi testing five
isolates of each Rh. clarum, Ac. morrowiae, and S. heterogama species using
Sorghum sudanense as host plant. Plants were exposed at high Al levels, and they
show different responses when they were exposed to fungal isolates from same
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Table 3 Arbuscular mycorrhizal fungal species and their efficiency in technological applications
studies based on plant exposed to acidic conditions. Classification updated

Acidic
conditions AM fungi Host plant Research highlights | References
0-50— Acaulospora Liriodendron | (1) Showed 88 % Klugh and
200 uM Al morrowiae tulipifera L. colonization rates, Cumming
Claroideoglomus promoted Al plant (2007)
claroideum resistance, colonized
Rhizoglomus clarum plants accumulated
(1) less Al in leaves, 2-
Paraglomus to 10-fold higher P in
brasilianum leaves than other
mycorrhizal plants
and promoted citrate,
malate, and oxalate
exudation.
0-100 pM Acaulospora Andropogon (1) and (3) showed Klugh-
Al morrowiae, virginicus high hyphae lengths | Stewart and
Claroideoglomus as well as citrate and | Cumming
claroideum, malate exudation (2009)
Rhizoglomus clarum from colonized plant
(1), Cl. etunicatum (2), roots.
Paraglomus (1) It favored
brasilianum, the plant growth,
Fuscutata heterogama while Al exposition
3) affects all others
colonized plants, and
it presented the
greatest coloniza-
tion.
(2) Accumulated
greatest P amount in
shoot under Al
exposition.
(1) Gave highest Al
resistance to plants
and accumulated
lowest Al concentra-
tions in plant shoots.
pH 4.2 Acaulospora Clusia Mycorrhizal plants Cuenca
(originally) | scrobiculata Glomus multiflora produced higher dry | et al. (2001)
pH 3.0, 4.0, |spp Gigaspora spp matter of roots.
and 5.0 Racocetra fulgida Roots length was not
(experiment) affected by pH 3.0
and they showed low
Al concentration.
Inoculant plants
showed higher AM
colonization.
pH4and 5 | Rhizoglomus clarum Panicum Mycorrhizal plants Clark
(1), Glomus virgatum L. increased 52- and et al. (1999a)

diaphanum (2),

26-fold in dry matter

(continued)
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Acidic
conditions AM fungi Host plant Research highlights | References
Claroideoglomus at pH 4 and
etunicatum, Rh. 5, respectively.
intraradices, (1) and (2) showed
Gigaspora albida, Gi. the highest dry mat-
margarita, Gi. rosea, ter increase
and Acaulospora
morrowiae
4.48 pHw Rhizoglomus clarum Panicum (1) and (2) increased | Clark
88 % Al (1), Glomus virgatum L. 42- and 36-fold in et al. (1999b)
saturation diaphanum (2), dry matter (shoot and
Claroideoglomus root), respectively, at
etunicatum, pH 4 in relation to
Rhizoglomus nonmycorrhizal
intraradices, plants.
Gigaspora albida, Gi. (1) increased 64- and
margarita (3), Gi. 19-fold in root dry
rosea, and matter at pH 4 and
Acaulospora 5, respectively.
morrowiae (3) showed the
greatest root coloni-
zation at pH 4 and 5.
0-400 pM Rhizoglomus clarum Andropogon (1) The most effi- Kelly
Al (@) virginicus cient species that et al. (2005)
Acaulospora showed high coloni-
morrowiae zation rates (78 %)
Fuscutata heterogama and low Al translo-
cation to shoots.
pH 4.2-5.2 Gigaspora margarita Ipomoea Mycorrhizal plants Yano and
batatas showed twofold in Takaki
dry weight at pH 4.2, | (2005)
and these plants
reduced their toxic
symptoms.
pH 4.0; 5.0 Claroideoglomus Malus (2) showed high col- | Pereira
etunicatum (1) SCT110 | prunifolia onization levels; et al. (2007)

Cetraspora pellucida
(2)SCT111
Acaulospora
scrobiculata SCT112
Fuscutata heterogama
SCT113

68 % and 66 % at
pH 4.0 and 5.0,
respectively.

(1) and (2) increased
132 % and 146 % the
plant height respect
to non-mycorrhizal
plants.

(continued)
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Table 3 (continued)
Acidic
conditions AM fungi Host plant Research highlights | References
180 pM Al Rhizoglomus Musa Increase in biomass, | Rufyikiri

intraradices acuminata water, and nutrient et al. (2000)

absorption. Al in

roots and shoots was
decreased and Al
symptoms in plants
were diminished.

pH 4.7 Gigaspora margarita Vigna Under 11.9 mg kg™ | Rohyadi
unguiculata L. | of available Al (2005)
spores, germination
decreased to about
40 %

species. Functional diversity observed in Al resistance can influence plant stability
growing under phytotoxic Al levels. Species as Rh. clarum, CI. etunicatum, and
Gi. margarita have been reported like efficient isolates with high ability to with-
stand acidic environment and Al phytotoxicity (Clark et al. 1999a, b). Species as
Gi. margarita and Cl. etunicatum are found commonly under acidic conditions,
being Cl. etunicatum the most efficient (Rohyadi et al. 2004). Moreover, others
species found in acidic soils are also Acaulospora sp., Gigaspora sp., and Gl.
manihotis, which have been identified as particularly tolerant (Clark 1997).

Picone (2000) evaluated the species composition, dominance diversity curves,
and Simpson diversity index in Ultisols with pH ranging from 3.9 to 5.6, reporting
the presence of Acaulosporaceae (Ac. foveata, Entrophospora aff colombiana),
Glomaceae (Glomus “small brown,” GI. occultum), and Gigasporaceae
(8. pellucida, Gigaspora sp.) as the most frequent species.

4.2 Possible Role of GRSP on Al Phytotoxicity Alleviation
in Acidic Soils

Glomalin is a glycoprotein released from AM fungi (Wright et al. 1996). It has been
reported as glomalin related to soil protein (GRSP) in many soils in abundant
amount (Wright et al. 2007; Wright and Upadhyaya 1996). Glomalin is known to
be tightly bound in hyphae and spores (Driver et al. 2005). This glycoprotein has
been recognized as heat-shock protein (Gadkar et al. 2006). Subsequently, glomalin
was found in spore wall layers of in vitro culture of Rh. intraradices by using
transmission electron microscopy (Purin and Rillig 2008). A monoclonal antibody
has been used for identifying location of this protein in AM fungi (Purin and Rillig
2008; Rosier et al. 2008). Several reports have been focused on determining the
ability of GRSP in sequestering diverse heavy metals (Cornejo et al. 2008a;
Gonzalez-Chavez et al. 2004; Vodnik et al. 2008) and Al (Aguilera et al. 2011).
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Fig. 1 Visualization of fluorescence emission of Al in AM fungi structures by confocal laser
scanning microscopy. (a—c¢) Spores from rhizosphere of Triticum aestivum plants growing in acidic
soils with high Al saturation. (d—f) Fluorescence of spores and cell walls from colonized roots of
in vitro culture. (g) Glomalin-related soil protein from acidic soil under dissection microscope. (h)
Glomalin-related soil protein from acidic soil with AI** addition (photography by P. Aguilera)

It has been shown in these studies that purified glomalin can sequester several
heavy metals, especially Cu, Pb, and Cd (Gonzalez-Chavez et al. 2004) presumably
due to complex formation. In addition, AM fungi and GRSP are able to live under
adverse environmental conditions with high levels of Cu, Pb, and Zn (Bedini
et al. 2010). For improving glomalin analyses, it has been produced without the
interference of other interfering compounds and soil constituents under a soilless
system (Nichols 2010). Additionally, it has been demonstrated that agricultural
practices can influence glomalin concentration in soils (Borie et al. 2006; Valarini
et al. 2009). Cornejo et al. (2008a) reported high glomalin content in a high Cu
polluted soil. This would suggest a possible role of GRSP in soil remediation, and
the same role might be played in high Al content soils.

In vivo and in vitro assays were carried out for detecting AI>* in AM fungal
propagules and GRSP extracted and purified from soils by using confocal laser
scanning microscopy (CLSM) wherein fluorescence emission represents Al content
inside the observed structures (Fig. 1). Although, there are reports that account for
autofluorescence in AM fungi, this property is not yet attributed to specific com-
pounds; however, glomalin is a structural AM compound. Therefore, we suggest
that fluorescence is related to Al-glomalin interaction through stable complexes
formation between this metal and AM fungal compound in immobilization sites
(Aguilera et al. 2014; Cornejo et al. 2008a).

A role of GRSP on Al phytotoxicity alleviation has been evidenced based on
their ability to sequester Al in the molecule, suggesting that this glycoprotein could
form stable complexes with Al, explaining the benefits of some AM fungal strains
in terms of increasing Al tolerance of crops growing in soils with a high phytotoxic
Al levels (Aguilera et al. 2011).
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5 Agricultural Practices Favoring AM Contribution

The interaction among AM fungi and different agronomic management practices
has been studied in acidic soils, showing an increase in wheat production, P
acquisition, and colonization rates when plants were inoculated with CI. etunicatum
and a no-tillage system (Rubio et al. 2003). The AM fungi increase nutrient
absorption capacity of plants, mainly for P, N, and some microelements. However,
with respect to N, the kind of fertilizer could influence the colonization develop-
ment. Recent studies have shown that N-NO; ™ fertilization in wheat plants inocu-
lated with Cl. etunicatum favors mycorrhizal development and its function when
they were compared with other plants fertilized with N-NH4" (Cornejo et al. 2007).
However, this response will be conditioned by the plant genotype. Other studies
carried out in acidic soils have shown that N-NO; ™~ fertilization favors AM prop-
agule development associated with wheat plants. In this regard, more than 4000
AMF spores per 100 g of soil were found at postharvest stage. High spore densities
are often of special relevance to the amount of fungal propagules that remains in the
soil and encourages the next establishing crop (Cornejo et al. 2008b).

In addition, another important factor that influences mycorrhizal behavior in
acidic soils is the kind of tillage. In this sense, no-tillage promotes soil chemical
properties by increasing P, C, N, and S concentrations after wheat harvest as well as
mycorrhizal colonization indicators and GRSP amounts produced by AM fungi
(Borie et al. 2006). Besides, it has been reported that native ecotype CI. etunicatum
favors Ca and Mg acquisition in Al-tolerant wheat plants. This effect is enhanced
when liming applications are conducted (Borie and Rubio 1999).

According to previous reviews, agronomic management practices determine the
role of mycorrhizal fungi associated with wheat plants growing in acidic soils. In
this respect, AM can contribute to plant in alleviation of Al stress, through nutrient
acquisition improving plant nutrition, by organic acidic exudation with chelating
ability (Cumming and Ning 2003; Klugh and Cumming 2007; Klugh-Stewart and
Cumming 2009) or by producing GRSP, which has a potential capacity of Al
sequestration/immobilization. However, further research is needed for defining
AM fungi contribution on stress alleviation produced by Al phytotoxicity. Several
agronomic practices can influence on AM fungi diversity and functionality; by this
way it is possible to favor the role of AM fungi associated to plants growing in
acidic soil under phytotoxic Al levels especially in extensive agricultural systems.

6 Conclusions and Future Research Trends

This chapter performs a compilation of AM fungi species that have been studied in
acidic soils with high levels of Al and analyzes the main contributions of AM fungi
to plants growing in Andisols with high levels of Al phytotoxicity. Among the
species found in acidic soils, Glomus, Acaulospora, Gigaspora, and Scutellospora
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prevail and have shown differences in the alleviation of Al phytotoxicity evaluated
in terms of biomass production, organic acid exudation, and nutrient acquisition.
Information provided in this review emphasizes the contribution of AM fungi to
plants growing in acidic soils mainly based on increased nutrient acquisition,
contributing to plant resistance, decrease in Al translocation into the shoot, and
possible Al immobilization/sequestration by AM fungal structures and GRSP.

The AM fungal species and their efficiency under acidic conditions has been
target of several studies focused mainly on technological applications; however,
inoculant formulation for use in biofertilization requires a better understanding of
physiological, molecular, and ecological bases regulating AM fungi diversity and
their contribution to plants growing in soils with phytotoxic Al levels.

Biofertilization with AM fungi has often not been successfully developed mainly
due to difficulties in culture establishment and maintenance. Specifically, it is
necessary to figure out the optimum culturing procedures for different AM fungal
species, to study the role of glomalin in these soils, and to select the most
appropriate and efficient ecotypes. In this way, it would be possible to optimize
plant performance in agricultural crops growing in acidic soils.
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Abstract Low pH (proton toxicity) and aluminium toxicity coexist in acid soils,
affecting plant growth worldwide. Decades of research concluded that proton and
aluminium toxicity mechanisms are complex and remain unclear. Among the Al
tolerance mechanisms, exudation of organic acid anions received considerable
attention, leading to the identification of novel genes involved in organic acid
anion metabolism and transport. As a downside, the major focus on exudation of
organic acid anions has overshadowed research on other potential Al tolerance
mechanisms (e.g. reduced cell wall binding, rhizosphere alkalisation, phosphate
exudation, enhanced uptake of essential nutrients) that may be operating. In this
work, the current knowledge on how proton and aluminium toxicity and tolerance
mechanisms are operating when plants are exposed to acid soils is reviewed.
Special emphasis has been given to the question of how uptake and homeostasis
of hydrogen, potassium, phosphorus, calcium, and magnesium ions in plants are
affected and regulated during low-pH and aluminium stresses. There is enough
evidence to suggest that low-pH and combined low-pH/aluminium stresses differ-
entially affect root tissues and, consequently, the rhizosphere. Less disturbed
phosphorus, calcium, and magnesium uptake and homeostasis maintenance help
plants to cope with low-pH and combined low-pH/aluminium stresses.
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1 Introduction

Acidic soils are formed mainly due to the weathering of acidic parent material and
the leaching of basic cations by soil water. As a result, soils in high rainfall areas
and older soils exhibit greater acidity. A number of other factors also contribute to
soil acidification, including imbalances in the nitrogen, carbon, and sulphur cycles
(Goulding et al. 1998; Mannion 1998); use of NH,"-forming fertilisers (Rowell and
Wild 1985; Tang et al. 2000); atmospheric acidification (Vries and Breeuwsma
1987; Galloway 1989); nitrogen fixation by legumes (Bolan et al. 1991; Shen
et al. 2004); and excessive uptake of cations by plants (Shen et al. 2004). Thus,
soil acidification is a continuous process, which means the problem of acid soils is
exacerbated over time in severity and extent (Rengel 2004).

In acidic soils, plant growth may be limited by various toxicities (H, Al, Mn) and
deficiencies (NH4-N, P, Ca, Mg, and MoQ,) (for references, see Kidd and Proctor
2001). Among these complex factors, aluminium (Al) toxicity received consider-
able attention because Al becomes increasingly soluble when the pHyater)
decreases below 5 (Kochian 1995). In particular, activity of trivalent cationic
Al(H,0)>" (hereafter AI** for convenience) often peaks at around pH 4.2—4.3,
severely affecting root growth in acid soils (Kinraide 1990, 1991, 1993; Matsumoto
2000; Taylor et al. 2000; Poschenrieder et al. 2008). Interestingly, low pH (H*
toxicity) alone can affect growth in diverse plant species (Bose et al. 2010b). There
are some low-pH soils (e.g. organic soils) where AI’* jons are present in low
concentration; thereby H" ions dominate the composition of the soil solution
(Kidd and Proctor 2001). These H*-ion-dominated soils account for a high propor-
tion of acid soils around the globe. For instance, histosols occupy 200 million ha
worldwide (Brady and Weil 1990). Hence, low-pH and combined low-pH/AI**
stresses need to be separated in order to understand stress-specific toxicity and
tolerance mechanisms in plants. In this chapter, the existing knowledge on how
AI’* and H* toxicity mechanisms are operating when plants are exposed to acid
soils is reviewed. Special emphasis is placed on how AI’* and H* toxicities
specifically affect ion uptake and homeostasis regulation in plants.

2 AP Toxicity in Plants

2.1 Inhibition of Root Growth by AP* Toxicity

An early symptom of AI’* toxicity to plants is inhibition of root growth that
becomes measurable within minutes of exposure to micromolar concentrations of
AI** (see Delhaize and Ryan 1995; Rengel 2004 for references). Thus, roots have
been the focus of research to decipher the mechanisms of AI’* toxicity and
tolerance in plants.
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Root growth is a complex and dynamic phenomenon that involves a series of
biochemical and physiological processes differing in various root tissues (Street
1966; Wang et al. 2006). Detailed investigations of the spatial sensitivity to AI** in
different root zones revealed that the root apex (Ryan et al. 1993), particularly the
distal elongation zone within the root apex (Sivaguru and Horst 1998; Kollmeier
et al. 2000; Illes et al. 2006), is the primary site of AI’" toxicity. The distal
elongation zone (due to its specific architecture) has extraordinary capability to
sense various environmental stimuli and act as a “plant command centre” to
integrate sensory inputs into adaptive responses (Baluska et al. 2004). Accordingly,
the distal elongation zone needs to be studied in detail for a greater understanding of
the primary mechanisms of AI** toxicity and tolerance. However, AI’* toxicity and
tolerance studies on distal elongation zone are relatively rare. Some studies have
shown that AI** also affects physiological and biochemical processes in other root
zones, such as the root cap, meristem, elongation zone, and mature zone (Brady
et al. 1993; Olivetti et al. 1995; Rengel 1996; Bose et al. 2010a, b, 2013).

The mature root zone is the longest, accounts for more than 90 % of root
biomass, and is the principal area for nutrient absorption (Gahoonia and Nielsen
1998; Parker et al. 2000; Bibikova and Gilroy 2002). Taking K* as an example,
10 out of 15 K* transporters (KT/KUPs) are expressed in the mature zone (Ahn
et al. 2004). Further, H*, K* Ca®*, and Mg?" uptake at the mature zone is different
to that at the root apex (Ferguson and Clarkson 1975, 1976; Kiegle et al. 2000;
Newman 2001; Demidchik et al. 2002; Bose et al. 2010b; Guo et al. 2010; Bose
et al. 2013). Interestingly, AI>* concentration in the internal tissues of the mature
zone is higher than in the cortex (Babourina and Rengel 2009) and cytosolic Ca
signals propagate from mature zone to root cap during Al** stress (Rincon-Zachary
et al. 2010). Because of this, the response of the mature zone to Al** might be
different from that of the root apex. Indeed, H*, K*, and Mg”* fluxes in response to
A" stress differ between mature root zone and elongation zone in Arabidopsis
(Bose et al. 2010a, b, 2013). However, how these ion fluxes modulate the root
growth during AI** stress remains to be elucidated.

2.2 Inhibition of Cell Division and Cell Elongation

Early work by Clarkson (1965) revealed that AI** toxicity strongly altered root
development and pointed at the hampering of cell division by Al’* ions as a primary
cause of root growth inhibition. Indeed, (1) binding of Al to nucleic acids in root
tips along with inhibition of cell division (Matsumoto et al. 1976; Morimura
etal. 1978) and (2) reduction in the mitotic index along with different abnormalities
such as chromosome bridges, breaks, sticky metaphases, nuclear dissolution, cell
death, and in some cells chromosome duplication under AI** stress have been
observed in maize and onion roots (De Campos and Viccini 2003). In contrast,
Al**-induced stimulation of cell division was also reported under low concentra-
tions of AI**, mainly in cell culture experiments. For example, cell cycle activity
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was enhanced in the Al-tolerant cell culture line of Coffea arabica, whereas
inhibition was observed in the Al-sensitive cell line (Valadez-Gonzalez et al. 2007).

The Al**-induced alterations of the cell cycle received considerable attention
because (1) it has been well established that Al can enter the symplasm quite rapidly
(Silva et al. 2000; Taylor et al. 2000; Babourina and Rengel 2009), and (2) AP
could alter the cell cycle through a signalling cascade without the need for Al to
reach nuclei of meristematic cells (Poschenrieder et al. 2009). Further, APP* toxicity
is not restricted to inhibition of root length. More detailed temporal and spatial
study on the maize root cell patterning under AI’* stress revealed that 5-min AI**
exposure was sufficient to inhibit cell division in the proximal meristem zone and
stimulate cell division in the distal elongation zone. Protrusion of an incipient
lateral root was observed in the distal elongation zone after 180 min. These
observations suggest a rapid change in the cell patterning events along the root
axis upon a short-time Al** exposure (Doncheva et al. 2005).

Stiffening of cell walls and a consequent inhibition of root growth have been
observed in response to AlI** stress under different experimental conditions
(Tabuchi and Matsumoto 2001; Ma et al. 2004; Jones et al. 2006). Indeed, large
amounts of Al accumulate in the cell walls and intercellular spaces of root tips. For
example, 85-99.9 % of Al was found in the apoplasm of root cells (Taylor
et al. 2000; Ma 2007). Apart from precipitation of Al on the root surface and in
intercellular spaces, binding of exchangeable Al to the negative charges of the
pectin substances in the cell wall was also observed (Blamey 2001). In an in vitro
study, Al treatment did not cause cell wall stiffening in dead root tips of maize
(Ma et al. 2004), indicating that it is a biochemical process and not purely physical
cross-linking between pectin material and Al**. This leads to the conclusion that Al
binds to the newly formed cell wall material, which is required for cell elongation
growth, thereby altering mechanical properties of cell wall and hampering cell
elongation (Ma et al. 2004; Ma 2007). The cross-linking of other polar cell wall
constituents, such as hydroxyproline-rich glycoproteins (HRGPs) by reactive oxy-
gen species in combination with callose deposition, has been shown to inhibit cell
elongation in Arabidopsis thaliana (De Cnodder et al. 2005).

2.3 Production of Reactive Oxygen Species

Reactive oxygen species (ROS) are natural by-products of aerobic respiration
formed when oxygen is partially reduced. ROS can be toxic to plant cells or can
act as signalling molecules depending on the circumstances (Scholz-Starke
et al. 2005). ROS are essential for (1) root elongation because quenching of root
ROS resulted in inhibition of root elongation in Arabidopsis thaliana (Demidchik
et al. 2003), (2) regulation of hyperpolarisation-activated cation channels (HACC)
present in the epidermis of the root elongation zone (Demidchik et al. 2003;
Foreman et al. 2003), and (3) activation of a potassium outward-rectifying channel
(KORC) and a non-selective cation channel (NSCC), which mediate, respectively,
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K* efflux and Ca”* influx in root hair tips of C3 and C4 plants (Demidchik
et al. 2003).

The formation of ROS in response to AI** has been observed in many studies
(Darko et al. 2004; Tamas et al. 2004; Babourina et al. 2006; Jones et al. 2006;
Tahara et al. 2008), even though AI** is not a transition metal and therefore cannot
catalyse redox reactions. However, AI** in combination with iron caused peroxi-
dation of lipids in the plasma membrane of soybean (Cakmak and Horst 1991)
and rice roots (Meriga et al. 2004) and cultured tobacco cells (Ono et al. 1995;
Yamamoto et al. 1997). Further, Al** induced the expression of several genes
encoding antioxidant enzymes such as glutathione S-transferase, peroxidase, and
superoxide dismutase (SOD) in Arabidopsis thaliana (Richards et al. 1998; Ezaki
et al. 2000), which established the significance of ROS production under APt
toxicity.

A number of hypotheses have been proposed for Al**-induced rapid production
of ROS, including dysfunction of mitochondria (Yamamoto et al. 2002), formation
of aluminium superoxide semi-reduced radicals (Exley 2004), and activation of
oxidising enzymes (§imon0vicové et al. 2004a, b). However, time-dependent
studies demonstrated that cell death and protein oxidation occurred several hours
after the cessation of root growth (Boscolo et al. 2003; Simonovicovd et al. 2004b).
For example, ROS production and loss of growth were observed after 12 h of Al
exposure in tobacco (Yamamoto et al. 2002). Considering the time taken to produce
ROS, it appears ROS production may not be the primary mechanism of AI**
toxicity. Yamamoto et al. (2002) suggested that ROS production is not important
for root growth inhibition, but rather important for callose biosynthesis. Indeed,
cross-linking of ROS with hydroxyproline-rich glycoproteins (HRGPs) was accom-
panied by callose deposition and was shown to be an important mechanism for
inhibition of cell elongation induced by the ethylene precursor
1-aminocyclopropane-1-carboxylic acid (ACC) in Arabidopsis thaliana
(De Cnodder et al. 2005).

2.4 Disturbance of Cytoskeleton

Cytoskeletal structures (microtubules and microfilaments) are pivotal for cell
divisions and the elongation of growing roots (cf. Sivaguru et al. 1999, 2000;
Kochian et al. 2005). Al-induced disturbance to organisation of microtubules and
microfilaments in the root cells was well documented (e.g. Sivaguru et al. 1999,
2003; Amenos et al. 2009). Such Al-induced structural changes in the root cells
might underlie morphological changes and structural malformations observed in
Al-stressed roots (Kochian et al. 2005).
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2.5 Changes in the Plasma Membrane Properties

As Al can enter the symplasm rather rapidly (Silva et al. 2000; Taylor et al. 2000;
Babourina and Rengel 2009), Al** stress is likely to occur at the plasma membrane
(Ahn and Matsumoto 2006). AI** has a strong affinity for the plasma membrane
surface (560-fold stronger than Ca”") (Akeson et al. 1989). Yermiyahu et al. (1997)
demonstrated that the surface charge of the plasma membrane vesicles isolated
from the Al-sensitive wheat cv. Scout was 26 % lower than that of vesicles from the
Al-tolerant cv. Atlas, allowing more Al to bind to the Scout vesicles, thereby
causing greater Al toxicity compared with Atlas. Moreover, Ahn et al. (2001)
reported that 50 pM Al neutralised the surface charge of the plasma membrane
and caused a surface potential shift from —20 to +1 mV in squash roots. These
results indicated that membrane surface charge regulated the accessibility of Al
ions to cells. Indeed, strong correlation was observed between AP toxicity and the
concentration of adsorbed Al on the membrane surface, as calculated by Gouy—
Chapman-Stern model (Kinraide et al. 1992; Kinraide 1994). Such binding of Al to
the plasma membrane (1) alters its fluidity and structure (Chen et al. 1991) in
addition to the surface potential (Kinraide 2001), (2) induces organic anion release
(Ryan et al. 1995; Osawa and Matsumoto 2002), (3) blocks Cat transport (Ding
et al. 1993; Pineros and Tester 1993), and/or (4) inhibits H*-ATPase activity (Ahn
et al. 2002). These changes would alter the plasma membrane potential. However,
there are contrasting results reported in the literature about AI** stress effects on the
plasma membrane potential. For example, AI** stress induced depolarisation in
intact roots of Al-sensitive wheat genotype Scout but not in Al-resistant genotype
Atlas (Miyasaka et al. 1989). In some studies, Al’* induced hyperpolarisation in
Al-sensitive but not in Al-tolerant genotypes (Kinraide 1993; Lindberg and Strid
1997; Johnson et al. 2005; Wherrett et al. 2005). The reason for contradicting
results may be plants either growing (for a few days) or just being conditioned
(for a few hours) in the low-pH (/=4.5) medium before root cells were impaled with
a measuring electrode (longer time in the low-pH medium may allow plants to
recover from low-pH-induced depolarisation) (Kinraide 1993). Further research,
especially on low-pH stress studied separately from AI** stress, is thus needed to
understand Al**-specific changes in the plasma membrane potential.

Our recent study involving Arabidopsis wild type (Col-0) clearly separated
low-pH stress from combined low-pH/AI** stresses. The low-pH treatment induced
plasma membrane depolarisation, which was significantly diminished (P <0.05)
when combined stresses (10w-pH/A13+) were imposed (Bose et al. 2010b). Further,
Al-tolerant alr104 and the wild type had depolarised plasma membranes for the
entire 30-min measurement period under combined low-pH/AI’* treatment,
whereas in the Al-sensitive mutants (als3 and als5), initial depolarisation to around
—60 mV became hyperpolarisation at —110 mV after 20 min (Bose et al. 2010a).
Thus, the ability of plants to maintain plasma membrane depolarisation during Al
stress is critical for Al tolerance.
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2.6 Inhibition of Nutrient Uptake

Long-term exposure to AI** (from hours to days) results in a deficiency of one or
more nutrients, such as Ca, Mg, NH4-N, P, K, and B (cf. Mugwira et al. 1980;
Grimme 1983; Foy 1988; Keltjens 1988; Rengel and Robinson 1989; Rengel 1990;
Rengel and Elliott 1992; Keltjens and Tan 1993; Lenoble et al. 1996; Mariano and
Keltjens 2005). These deficiencies may be due to (1) direct inhibition of uptake
system and/or (2) Al**-induced impairment of root growth and a consequent
decrease in the nutrient-absorbing surface area (Clarkson 1985). The latter cause
of deficiency is common after prolonged exposure to AI** (hours to days), whereby
root growth reduction is associated with decreased nutrient accumulation (see
Rengel 1992 for references). Therefore, long-term Al** exposure studies may not
provide information about specific AI** effects on nutrient uptake. Further compli-
cation with long-term studies is that AI>* may inhibit root growth without reducing
nutrient uptake. For example, root growth inhibition under AI** was observed in
Norway spruce, small birch, and wheat without reduction in Ca** and/or Mg>*
uptake (Goransson and Eldhuset 1995; Ryan et al. 1997; Godbold and Jentschke
1998). Hence, short-term AP exposure studies involving direct measurements of
ion fluxes are essential for understanding immediate AI** effects on nutrient uptake.

2.6.1 Calcium Uptake

The interaction between AI’* toxicity and Ca®" uptake received considerable
attention because symptoms of severe AI’* toxicity resemble Ca”* deficiency in
plants (see Foy 1988; Rengel and Elliott 1992 for references), and exogenous
application of relatively high (millimolar) concentrations of Ca®* alleviated Al’*
toxicity in many plant species (Brady et al. 1993; Keltjens and Tan 1993; Kinraide
et al. 2004). Thus, the capacity of genotypes to maintain Ca** influx from low-pH
environments may contribute to low-pH tolerance. Indeed, low-pH-tolerant
Arabidopsis mutants (alr104 and als5) (Bose et al. 2010a) recorded higher Ca*t
influx in the distal elongation zone than the wild type and als3 mutant in the low-pH
treatment (Bose et al., unpublished results). However, the combined low-pH/50 pM
Al stress caused Ca®* efflux from both distal elongation and mature root zones
within a minute in all four genotypes (Col-0, als3, als5, and alr104). Such an initial
Al-induced Ca®* efflux is likely to have been due to extensive displacement of
apoplastic Ca®* by Al ions.

AI** might inhibit Ca®* influx into intact root cells (Huang et al. 1992; Ryan and
Kochian 1993), protoplasts (Rengel and Elliott 1992; Rengel 1994), and the mem-
brane vesicles (Huang et al. 1996; White 1998) through binding of Al** on the
plasma membrane surface (Akeson et al. 1989). Such binding of AI** to the plasma
membrane surface may block Ca®*-permeable channels in the plasma membrane.
Indeed, both the hyperpolarisation-activated Ca®*-permeable channels (Ding
et al. 1993; Kiegle et al. 2000; Very and Davies 2000) and depolarisation-activated
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Ca®* channels (Rengel et al. 1995; Pineros and Tester 1997) are sensitive to Al, but
Ca”" influx inhibition was higher in the former (87 £ 7 %) (Kiegle et al. 2000) than
the latter (only 44 %) (Rengel and Zhang 2003). During Al stress, Ca”" fluxes in the
distal root elongation of Al-tolerant genotypes (wild type and alr104) recovered to
show net influx after the initial Al-induced Ca>* efflux, but Ca”" influx in
Al-sensitive genotypes (als3 and als5) remained inhibited. Given that combined
low-pH/50 pM Al stress caused less depolarisation and eventual hyperpolarisation
of E,, in the Al-sensitive mutants (als3 and als5), it may be suggested that AP
stress  inhibited hyperpolarisation-activated Ca®*-permeable channels in
Al-sensitive mutants (Bose et al. unpublished results).

As the above Ca”* influx inhibition following AI** exposure precedes root
growth inhibition (Huang et al. 1992; Ryan and Kochian 1993), it could be one of
potential primary causes of Al** phytotoxicity (Rengel 1992; Rengel and Zhang
2003). However, further studies revealed that low concentration of AIP* can inhibit
root growth without affecting Ca** influx, and addition of ameliorating cations
(Mg>* and Na®) improved root growth, even though the net Ca®* influx remained
inhibited (Ryan and Kochian 1993; Ryan et al. 1997). Similarly, AI>* caused root
hair growth inhibition without affecting Ca** influx in Limnobium stoloniferum
(Jones et al. 1995). Poor correlation between Al-induced Ca’* influx inhibition and
elongation growth of Chara (Reid et al. 1995) indicated that Al-induced inhibition
of Ca®* influx alone cannot be a critical factor in triggering Al toxicity in plants.
However, prolonged inhibition of Ca>* influx into Al-treated root cells disrupts Ca
nutrition, which in turn exacerbates Al toxicity in plants (Rengel and Zhang 2003).

2.6.2 Magnesium Uptake

Mg?* is unique among the major biological cations due to the largest hydrated
radius (0.428 nm), the smallest ionic radius (0.072 nm), and the highest charge
density. Because it binds water molecules 3—4 orders of magnitude more tightly
than do other cations, Mg?* often interacts with other molecules while maintaining
its hydration sphere (Maguire and Cowan 2002). As a result, Mg>* binds quite
weakly to the negatively charged groups in the root cell wall, so the excess cations
like H" and AI’* present in acid soils can inhibit Mg** loading in the apoplasm and
uptake across the plasma membrane (Marschner 1991, 1995).

Al**-induced inhibition of Mg®* uptake has been observed in diverse plant
species (Grimme 1983; Keltjens 1988; Rengel and Robinson 1989; Rengel 1990).
AI** might cause Mg** uptake inhibition through competitive interactions between
AI** and plasma membrane transporters for Mg?* (Rengel and Robinson 1989;
Rengel 1990) because (1) Al and Mg have similar hydrated ionic radii, and
(2) plants preferentially take up heavy isotope “°Mg (the daughter nuclei of % Al)
from a mix of Mg?* isotopes in nutrient solutions and store it in tissues (reviewed in
Bose et al. 2011a). This might be true because Arabidopsis thaliana magnesium
transporters (AtMGT1 and AtMGTI10) are highly sensitive to AI**, providing
potential molecular targets for AI** toxicity in plants (Li et al. 2001). On the
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contrary, overexpression of Mg>* transporter genes in yeast (MacDiarmid and
Gardner 1998), Nicotiana benthamiana (Deng et al. 2006), and rice (Chen
et al. 2012) conferred Al tolerance by potentially alleviating Al-induced magne-
sium deficiency (Chen and Ma 2013), but these studies did not provide sufficient
evidence of enhanced magnesium uptake and an increase in intracellular Mg**
concentration in the presence of AI** ions. This issue has been addressed by
measuring Mg?* uptake using Mg**-selective microelectrodes and fluorescent dye
in Arabidopsis roots during short-term (0—60 min) exposure to APP* stress (Bose
et al. 2013). The results showed that enhanced Mg”* uptake and increased intra-
cellular free Mg”* concentration correlated with an improved capacity of
Arabidopsis genotypes to cope with low-pH and combined low-pH/Al stresses
(Bose et al. 2013).

2.6.3 Potassium Uptake

K* is essential for cell division through polymerisation of actin (Alberts et al. 1994)
and turgor-dependent cell elongation caused by accumulation of K™ in the vacuole
(Frensch 1997; Dolan and Davies 2004; Sano et al. 2007). However, there is no
causal relationship between AI** toxicity and K* nutrition in plants because Al**
induced either inhibition (Matsumoto and Yamaya 1986; Nichol et al. 1993) or an
increase in K* uptake (Lee and Pritchard 1984; Lindberg 1990; Tanoi et al. 2005).
The reason for increased K* uptake under AI’* stress may be a decrease in net K*
efflux rather than an increase in uptake (Horst et al. 1992; Olivetti et al. 1995;
Sasaki et al. 1995). Several patch clamp studies demonstrated that Al ions decrease
the open probability of K* inward-rectifying channels through internal blocking
(Gassmann and Schroeder 1994; Liu and Luan 2001). In contrast, Al induced or
maintained K* efflux in Al-tolerant wheat genotypes together with enhanced malate
release (Ryan et al. 1995; Osawa and Matsumoto 2002; Wherrett et al. 2005),
probably to balance charges created by exudation of weak organic acid anions
(Ryan et al. 1995; Matsumoto 2000; Ma et al. 2001; Osawa and Matsumoto 2002;
Wherrett et al. 2005). This notion is also confirmed in Arabidopsis thaliana wherein
Al-tolerant genotypes (alrl04 and Col-0) showed greater K efflux than
Al-sensitive genotypes (als3 and als5) during A" stress (Bose et al. 2010a).

2.6.4 Phosphorus Uptake

Apart from causing direct toxicity to roots, AI** ions also exacerbate P deficiency
by binding with P to form sparingly soluble Al-P complexes that are not plant
available (Haynes and Mokolobate 2001). Hence, even in acidic soils that have
relatively high total concentration of P, availability of P is limiting (Kochian
et al. 2004; Fukuda et al. 2007). Selection of genotypes for either P efficiency or
Al tolerance independently may be unsuccessful because these two soil constraints
occur jointly in acidic soils (Foy 1988; Yan et al. 1995). For example, Al-tolerant
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soybean genotype 416937 selected under controlled conditions was found to be
sensitive to acid soils in the field (Ritchey and Carter 1993; Ferrufino et al. 2000). In
contrast, an Al-sensitive soybean genotype was found to be relatively tolerant to
acid soils (e.g. Foy et al. 1992). These discrepancies might be due to failure in the
selection process to account for interactions between Al and P that normally occur
in acid soils. Thus, a thorough understanding of the Al-P interactions is essential for
improving the productivity of crops in acid soils.

Generally, plants may respond to both Al toxicity and P deficiency by exuding
organic acid anions (Lopez-Bucio et al. 2000; Haynes and Mokolobate 2001; Shen
et al. 2002). Exudation of low-molecular-weight organic acid anions (e.g. citrate,
malate) in the rooting media is advantageous because organic acid anions can
(1) protect plants from Al toxicity by forming non-phytotoxic Al-organic anion
complexes and (2) enhance P availability and thus improve plant P uptake by
chelating Al from the Al-P complexes, thus liberating P for plant uptake (Subbarao
et al. 1997; Ishikawa et al. 2002).

The signal perception of Al toxicity or P deficiency and translocation of this
signal into activation of organic acid synthesis and exudation are pivotal for P
nutrition and Al tolerance in acid soils. Proteomic (Fukuda et al. 2007) and
transcriptomic (Wasaki et al. 2003) analysis of rice roots grown in Al-toxic and
P-deficient low-pH solution revealed that (1) modifications of root protein expres-
sion were similar under Al toxicity and P deficiency, and (2) carbon supply to the
tri-carboxylic acid (TCA) cycle to produce organic acids was maintained by
enhancing glycolysis. Indeed, P-efficient genotypes were able to enhance Al toler-
ance in acid soils by stimulated exudation of different Al-chelating organic acid
anions in soybean (Liao et al. 2006), cowpea (Jemo et al. 2007), and barley
(Delhaize et al. 2009). Interestingly, Liao et al. (2006) found that Al toxicity
induced citrate exudation, P deficiency triggered oxalate exudation, and malate
release was induced by either Al toxicity or P deficiency in soybean. In contrast,
Ligaba et al. (2004) reported that citrate exudation was enhanced by P deficiency
but not by Al toxicity in purple lupin. These controversial results clearly suggest
that there are important differences in how Al toxicity and P deficiency may effect
organic anion exudation, which is of huge importance when these two environmen-
tal stresses occur together as they regularly do in acid soils.

3 Disturbance of Ion Homeostasis

The maintenance of optimal concentrations of inorganic ions such as H", K*, Ca2+,
and Mg>* (ionic homeostasis) inside plant cells and organelles is pivotal for the
functioning of biopolymers (Andreev 2001). Ion homeostasis in plants is regulated
by controlled flux of ions across the plasma membrane and the endomembranes in
addition to storage in organelles (Bose et al. 2011a). Entry of Al ions into the
cytoplasm (Silva et al. 2000; Babourina and Rengel 2009) may affect homeostasis
of various ions inside the cell.
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3.1 H' Homeostasis

The change of pH (ApH) between the cytoplasm and the apoplasm is the major
driving force for the translocation of ions in plant cells. Under no stress, the pH is
7.3-7.6 in the cytoplasm, 4.5-5.9 in vacuoles, ~7 in mitochondria, 7.2-7.8 in
chloroplasts, and ~5.5 in the apoplast (Kurkdjian and Guern 1989; Bose
et al. 2011a, b). Thus, cytoplasm is less acidic when compared to vacuoles and
the apoplast. This pH difference is regulated by proton pumps (H*-ATPase and H-
PPase) located at the plasma membrane and the tonoplast, driving H* from the
cytoplasm to either the apoplast or the vacuole (Marty 1999). Hence, disturbance in
H*-ATPase activity by environmental stresses would affect cytoplasmic pH regu-
lation. Indeed, transient changes in cytoplasmic pH are pivotal for the signal
cascades to elicit defence mechanisms or developmental processes in response to
a variety of environmental stimuli (Roos et al. 2006). The low-pH treatment caused
net H' influx into the root tissue and caused intracellular acidification (Gerendas
et al. 1990; Plieth et al. 1999; Babourina and Rengel 2009; Bose et al. 2010b).
Further, genes controlling cytoplasmic pH were downregulated in the low-pH-
hypersensitive Arabidopsis stopl mutant (Iuchi et al. 2007; Sawaki et al. 2009).
Thus, cytoplasmic acidification may be responsible for poor root growth in the
treatments with low pH only. Interestingly, low-pH tolerance of als5 and alr104
mutants coincided with high H* influx, suggesting that aforementioned mutants
may possess effective mechanisms to prevent cytoplasmic acidification despite
high H* influx from the external environment; in contrast, such mechanisms
would be absent/ineffective in the low-pH-sensitive mutant (als3) (Bose
et al. 2010a).

Modulation of cytosolic pH by combined low-pH/AI’™ stress can act as a
secondary messenger to activate/inactivate transporters and enzymes and, in turn,
regulate synthesis of organic acid anions and their subsequent release. An increase
in intracellular pH (from ~5.7 under control pH 5.5[yaer) towards pH~6.5
following a combined low-pH/100 pM Al stress was observed in Arabidopsis
wild type (Bose et al. 2010b). This rise in intracellular pH would favour
deprotonation of organic acids inside the cytoplasm (Davies 1986) and potentially
their anion exudation into the rhizosphere. Though AI** decreased the H*-ATPase
activity in the plasma membrane vesicles prepared from Al-treated seedlings of
barley (Matsumoto 1988; Matsumoto et al. 1992), wheat (Sasaki et al. 1995), and
squash (Ahn et al. 2001, 2002), inhibition of H"-ATPase activity appears to be
dependent on AI’* concentration. For example, AI’* concentrations lower than the
threshold AI** phytotoxicity caused upregulation of H*-ATPase, whereas phytoxic
AIP* concentrations resulted in H'-ATPase inhibition in maize (Facanha and
Okorokova-Facanha 2002) and soybean roots (Shen et al. 2005). In addition,
cytoplasmic pH may also vary depending on the AI’* concentrations used. Thus,
more work is needed to understand AI** concentration’s influence on the cytoplas-
mic pH homeostasis.

13+
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3.2 Cd** Homeostasis

Being the secondary messenger, free cytosolic Ca?* activities are pivotal for
transduction of hormonal and environmental signals to the responsive elements of
cellular metabolism (see Rengel and Zhang 2003; Bose et al. 2011b for references).
Free cytosolic Ca”* activities in plant cells are usually maintained in the 100—
200 nM concentration range (Bush 1995; Webb et al. 1996). However, Ca®*
activities in the cell wall (apoplasm) and other internal organelles (e.g. vacuoles
and endoplasmic reticulum) are higher than the cytosolic Ca** by 3—4 orders of
magnitude (Clarkson 1984; DuPont et al. 1990; Evans et al. 1991; Bose
et al. 2011b). Low concentrations of cytosolic Ca®* are maintained by
ATP-dependent Ca?* pumps and Ca®* exchangers (CaX) in the plasma membrane
and the endomembranes via (1) sequestration into different organelles and
(2) pumping Ca** into the apoplasm (Evans et al. 1991; Hirschi 2001; Miedema
et al. 2001; Bose et al. 2011b).

AI** affects the Ca”* homeostasis maintenance in three ways. Firstly, Ca* is
essential for cross-linking the pectic materials in the cell wall. Aluminium displaces
pectin-bound Ca®* because Al has a higher affinity for pectic material than Ca>*
(Blamey 2001), and overexpression of pectin methylesterase enzyme in Solanum
tuberosum resulted in severe Al toxicity (Schmohl et al. 2000). In fact, between
90 % (Reid et al. 1995) and 99.99 % (Taylor et al. 2000) of cell-wall-bound Ca’*is
displaced by AI’* in Chara internodal cells. In Arabidopsis thaliana roots, initial
Al-induced Ca”* efflux was higher in the Al-sensitive genotypes (als3 and als5)
than in the wild type and Al-tolerant alr104 mutant, suggesting extensive displace-
ment of apoplastic Ca®* by Al ions in the Al-sensitive mutants (Bose
et al. unpublished results). Hence, displacement of Ca®* by AI** would severely
alter the physical properties of the cell wall, including extensibility, rigidity, and
permeability (Reid et al. 1995; Tabuchi and Matsumoto 2001; Jones et al. 2006;
Horst et al. 2007), thereby detrimentally affecting cell division and elongation.
However, contradicting results were observed in onion root tips where the particle-
induced X-ray emission technique indicated that Ca®* in the root tips was not
displaced by Al (Schofield et al. 1998). These discrepancies might be due to
different experimental systems and environmental conditions. Secondly, AI**
inhibits the Ca®* influx (reviewed in Sect. 6.1). Thirdly, Al disturbs cytosolic
Ca®* activity, thereby affecting the signal transduction pathways involved in root
growth. However, a disagreement exists in the literature about Al effects on
cytosolic Ca®* homeostasis and its involvement in Al toxicity.

In many plant species, AI’" toxicity caused elevation of cytoplasmic Ca®*
activity, with such elevation being higher in Al-sensitive than Al-tolerant genotypes
of the same species (Jones et al. 1998a; Zhang and Rengel 1999; Ma et al. 2002;
Rengel and Zhang 2003). This cytosolic Ca** rise would play a major role in the
expression of AI’* toxicity because the cell-responsive elements may stop
responding to transient rises in cytosolic Ca>* caused by a variety of signals (Rengel
and Zhang 2003). For example, an increase in cytosolic Ca** caused closure of
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plasmodesmata (Holdaway-Clarke et al. 2000) and inhibited plasmodesmata-
mediated cell-to-cell transport in Al-sensitive wheat roots (Sivaguru et al. 2000).
A good correlation was observed between Al-induced cytosolic Ca** rise (within
30 min) and root growth inhibition in wheat genotypes (Zhang and Rengel 1999),
leading to the hypothesis that disruption of Ca®* homeostasis may be the primary
cause of AI’" toxicity (Rengel and Zhang 2003). However, in a recent study on
Arabidopsis, an Al-induced cytoplasmic Ca®" rise started in the mature (least
Al-sensitive) root zone (in 48 s) and proceeded towards the root cap (in 100 s).
Moreover, a Ca’* rise did not differ among Al-resistant, Al-sensitive, and the wild-
type Arabidopsis roots (Rincon-Zachary et al. 2010). Similarly, a lack of correlation
between Al-induced growth inhibition and alteration in cytosolic Ca®* in the root
hairs of Arabidopsis thaliana wild-type, sensitive, and tolerant genotypes (Jones
et al. 1998a) indicated that alteration in cytosolic Ca®* may not be responsible for
growth inhibition. In some studies, such as in tobacco cell cultures, Al decreased the
cytosolic Ca®* concentration along with growth inhibition (Jones et al. 1998b).
More detailed comparison (Plieth et al. 1999) of low-pH and combined low-pH/AI**
effects on cytosolic Ca®" dynamics using Arabidopsis thaliana indicated that intact
roots responded to low pH by a sustained elevation of cytosolic Ca**. However, this
low-pH-mediated elevation in cytosolic Ca®* activity was abolished in the presence
of Al, suggesting that Ca”*-mediated protection mechanism against low pH is
irreversibly inhibited by Al (Plieth et al. 1999). More information, especially during
the first few seconds of low-pH and AI** stress, is clearly needed to resolve many
discrepancies in the literature.

3.3 Mg’* Homeostasis

AI’* and Mg** ions have similar hydrated radii; hence, AI>* ions compete with
Mg?* ions for apoplastic binding, uptake via Mg**-permeable cation channels and
transporters, and binding with enzymes, ATP, and anions (reviewed in Bose
et al. 2011a). As a result, Mg>* transport and metabolism under AI°** stress might
be impaired in all the compartments of the cell (Bose et al. 2011a). However, little
information is available on how AI’* stress modulates the cytosolic free Mg>*
concentration. To shed light on this issue, intracellular free Mg2+ concentrations
were measured in the epidermal root cells of Arabidopsis genotypes using an
Mg**-selective fluorescence dye (Magnesium Green'™). Under control conditions
(pH 5.45), free cytosolic Mg”* concentrations were in the range of 0.8—1.4 mM. The
Al-resistant mutant alr104 recorded the highest intracellular Mg®* concentration
followed by als5 ~ wild type > als3. The low-pH (4.2) stress did not alter the free
cytosolic Mg?* concentration, whereas combined low-pH/50 mM Al stress raised
the intracellular Mg?* concentration in all genotypes tested but to a different extent.
The Al-tolerant genotypes (wild-type Col-0 and alr/04 mutant) recorded a higher
intracellular Mg®* concentration than the Al-sensitive mutants (a/s3 and als5)
(Bose et al. 2013). The ability of Al-tolerant genotypes (Col-0 and alr104) to
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maintain the influx of Mg>* ions into the root tissue from the external medium is the
primary reason for enhanced intracellular Mg** concentration in these genotypes.

Elevated intracellular Mngr might play a pivotal role in the maintenance of H*-
ATPase activity, acid phosphatase activity, organic acid synthesis and metabolism,
cytosolic Ca** dynamics, and reactive oxygen species homeostasis during Al**
stress (Bose et al. 2011a; Chen and Ma 2013). Interestingly, exposure of
Arabidopsis wild-type (Col-0) roots to Al concentrations higher than 50 pM
(i.e. 100 and 500 pM AICl; treatments, pH 4.2) decreased the intracellular Mg2+
concentration in a dose-dependent manner. This decline is explained by the
decreased Mg*" influx, or increased efflux, at 500 uM AI**, caused by Al inhibition
of the plasma membrane cation channels (Bose et al. 2013). Above observations
suggest that the efficacy of phytotoxic Al to block Mg?* transport through cation
channels is concentration and genotype dependent. More work is needed to identify
threshold AI’* concentration for different crop species.

4 Conclusions

Low-pH and combined low-pH/AI’* stresses differentially affect uptake and

homeostasis of hydrogen, phosphorus, potassium, calcium, and magnesium. Plants
with a superior capacity to take up hydrogen at the same time preventing cytoplas-
mic acidification along with enhanced uptake of phosphorus, calcium, and magne-
sium ions perform well under low-pH and combined low-pH/AI** stresses. In the
case of potassium, enhanced uptake may help plants resist low-pH stress, whereas
an enhanced potassium loss to balance charges with the organic acid anion exuda-
tion is the preferred strategy to combat the combined low—pH/Al3+ stress. Breeding
for enhanced nutrition of phosphorus, calcium, and magnesium under AI** stress
may be both possible and desirable approach to improve crop growth in acid soils.
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Aluminum-Induced Inhibition of Root
Growth: Roles of Cell Wall Assembly,
Structure, and Function

Zhong-Bao Yang and Walter J. Horst

Abstract Aluminum (Al) toxicity is the most important soil constraint for plant
growth and development in acid soils. It is a matter of debate whether the primary
lesions of Al toxicity are apoplastic or symplastic, while there is increasing phys-
iological, biochemical, and molecular evidence showing that the modification of
cell wall properties contributes to the Al-induced inhibition of root growth. The
rapid binding of Al in the root cell wall particularly to the pectin matrix and
hemicellulose can affect cell wall properties. Most recent studies have revealed
that the local accumulation of auxin in the most Al-sensitive root zone of the root
apex is a major factor leading to Al-induced root-growth inhibition. Evidence
suggests that the auxin effect is mediated mainly via modification of cell wall
structural properties. A further in-depth characterization of the Al-induced
apoplastic reactions in the most Al-sensitive zone of the root apex is urgently
required to better understand the phytohormone-mediated signaling network lead-
ing to Al-induced inhibition of root growth.

1 Introduction

Soil acidity with pH <5.5 is one of the most important factors limiting crop
production worldwide on approximately 30 % of the world’s total land area and
as much as 50 % of the world’s potentially arable lands. The tropics and subtropics
account for 60 % of the acid soils in the world. In tropical areas, about 43 % of soils
are acidic comprising about 68 % of tropical America, 38 % of tropical Asia, and
27 % of tropical Africa (von Uexkiill and Mutert 1995). When the soil pH drops
below 5, AI** is solubilized into the soil solution and becomes a major constraint for
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plant growth and development in acidic soils (Kinraide et al. 1992). The easily
observable symptom of Al toxicity is a rapid (minutes to few hours) inhibition of
root growth (Horst et al. 1992; Delhaize and Ryan 1995), resulting in a reduced and
damaged root system that limits mineral nutrient and water uptake (Kochian
et al. 2004). The rapidity of this response indicates that Al first inhibits root cell
expansion and elongation and consequently cell division over the longer term
(Delhaize and Ryan 1995; Kochian 1995). Another most sensitive indicator of Al
injury on roots is the induction of callose synthesis (Wissemeier et al. 1987),
particularly in the root apex (Wissemeier and Horst 1995).

Although much progress has been made during recent years in the understanding
of Al resistance, the molecular and physiological mechanisms leading to
Al-induced inhibition of root elongation are still not well understood. There are a
number of excellent reviews in recent years summarizing the state of knowledge
and addressing knowledge gaps (Horst 1995; Kochian et al. 2004; Panda and
Matsumoto 2007; Panda et al. 2009; Horst et al. 2010; Delhaize et al. 2012; Liu
et al. 2014; Kochian et al. 2015). Particularly, the relative importance of symplastic
versus apoplastic lesions of Al toxicity remains a matter of debate. The studies by
Zheng et al. (Yang et al. 2008, 2011; Zhu et al. 2012) and especially by Horst
et al. (2010) focused on the attention on the role of the apoplast in Al toxicity
regarding short-term inhibition of root elongation by Al. Here we summarize the
current understanding of the role of root cell wall structure and assembly in
Al-induced inhibition of root growth of plants.

2 Al Toxicity Is Targeted Primarily to the Root-Apex
Transition Zone Whereas the Elongation Zone Is Not,
or Less, Affected Depending on Plant Species

The inhibition of root growth has been established as the main symptom of Al
toxicity in barley (Hordeum vulgare) and rye (Secale cereale) early in 1918
(Hartwell and Pember 1918). Seventy-five years after this finding, Ryan
et al. (1993) confirmed that the root apex is the major perception site of Al toxicity
in maize (Zea mays). The root apex of higher plants is quite sensitive to environ-
mental stimuli. As the most prominent plant organ, the root cap can sense diverse
physical and chemical stimuli such as gravity, light, humidity, oxygen, and mineral
elements. Subsequently, the motoric responses to these stimuli are transmitted to
the elongation zone (Baluska and Mancuso 2013). The transition zone, which is
located between the apical meristem and basal elongation zone of the root, has a
unique role as the determiner of cell fate and root growth (Baluska et al. 2010). In
Lixis, an Al-sensitive genotype of maize, Sivaguru and Horst (1998) specified that
the distal part of the transition zone (DTZ, 1-2 mm) is the most Al-sensitive zone of
the root apex. Application of Al to the DTZ but not the elongation zone
(EZ) reduced cell elongation in the EZ to the same extent as application to the
entire 10 mm root apex (Fig. 1). The transition zone (TZ) of the root apex as the
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primary Al-toxic site of plants has been also proposed in other species, such as
Arabidopsis thaliana (111€S et al. 2006; Yang et al. 2014) and Sorghum bicolor
(Sivaguru et al. 2013). While in common bean (Phaseolus vulgaris), a leguminous
plant, Rangel et al. (2007) showed that in addition to the TZ also the EZ of the root
apex responds to Al exposure. This difference might be due to the fact that
dicotyledons and grasses (Poales) are different in the composition of their cell
walls. Particularly, the pectin content of the cell walls is higher in dicotyledons
(Carpita and Gibeaut 1993) which explains their enhanced Al-binding capacity.
The important role of the cell wall pectin content for Al accumulation and Al
sensitivity has been demonstrated repeatedly (Horst et al. 2010).

Cells in the TZ are very active in cytoskeletal rearrangements, in endocytosis
and endocytic vesicle recycling, as well as in electric activities (Baluska and
Mancuso 2013). In Arabidopsis, Illés et al. (2006) found that Al can rapidly
depolarize the plasma membrane, while the full recovery of the membrane potential
was slower in the cells of the DTZ than in the proximal transition zone (PTZ) after
the removal of external Al stress, implying that the DTZ is the most Al-sensitive
site in the root apex. Further combination of morin staining to detect Al accumu-
lation in cells and FM4-64 for endosomal/vacuolar membrane observation was
used; these authors found that the Al internalization mainly occurred in the cells
of the DTZ rather than the proximal transition zone and EZ. Using monoclonal
tubulin and actin antibodies, Sivaguru et al. (1999) found that the more sensitive
response to Al of root elongation in the DTZ results from a higher Al accumulation
in this zone accompanied by Al-mediated alterations to microtubules and actin
microfilaments, Al-induced depolarization of the plasma membrane, and callose
formation particularly in the outer cortex cells of the DTZ (Sivaguru and Horst
1998). It is possible that the rapid Al-induced changes to cytosolic Ca** ([Ca2+]Cyt)
may mediate cytoskeletal disorders, since Rincon-Zachary et al. (2010) using
fluorescence resonance energy transfer (FRET)-sensitized emission to image
Arabidopsis thaliana roots expressing the yellow cameleon 3.60 Ca®* reporter
demonstrated that Al evoked an increase of [Ca2+]Cyt within seconds primarily in
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the TZ of the root apex. The elevated [Ca2+]Cyt and modification of the plasma
membrane are known to be crucial for callose deposition (Kauss et al. 1990) and the
effect of Al on actin microfilaments via involvement of Ca®*-mediated kinases and
phosphatases (Grabski et al. 1998).

Exclusion of Al from the apoplast through exudation of organic acid such as
citrate and malate has been identified as one of the major Al resistance mechanisms
in plants (Ma et al. 2001; Kochian et al. 2004; Ryan et al. 2011). Al-activated citrate
transporters (MATE) and Al-activated malate transporters (ALMT) have been
identified to be crucial for citrate and malate exudation from root tips conferring
Al exclusion and Al resistance (Delhaize et al. 2012). Using the laser-capture
microdissection (LCM) technique, Sivaguru et al. (2013) found that Al-induced
SbMATE gene expression and protein synthesis were specifically localized to the
epidermal and outer cortical cell layers of the root-apex DTZ in the Al-resistant
near-isogenic sorghum line. In this root zone, Al induced the greatest cell damage
and generation of reactive oxygen species (ROS). The specific Al-induced ROS
induction in the DTZ may play a signaling role in the induction of SbMATE gene
expression. The H,O,-induced ALMT] gene expression and malate exudation from
the root apex in Arabidopsis (Kobayashi et al. 2013) may support this hypothesis.

3 Auxin Is Involved in Al-Induced Inhibition of Root
Elongation

3.1 Auxin Accumulation in the Transition Zone
and Inhibition of Auxin Transport into the EZ Are
Involved in Inhibition of Cell Elongation in the EZ

In the root-apex TZ, the meristematic cells exit the cell division phase and prepare
for filamentous actin (F-actin)-dependent rapid cell elongation (Baluska et al. 1992,
2001; Verbelen et al. 2006). Cell division in the MZ and cell elongation in the EZ
are inhibited as primary effects of Al occurring in the adjacent transition zone, in
which these processes are less active. This observation suggests that putative
primary Al signals are transduced from the transition zone to both the root meristem
and the fast elongation zone. Auxin is an important regulator of root cell division,
elongation, and differentiation. Hence, auxin controls overall root growth. High
concentrations of auxin, however, inhibit the elongation of certain cell types (Teale
et al. 2005). Auxin signaling within the root-apex TZ is sensitive not only to
developmental signals but also to environmental cues (Baluska et al. 2010), includ-
ing Al (Sivaguru and Horst 1998). Several studies have demonstrated that alumi-
num may interact with auxin signaling pathways, leading to alterations of auxin
accumulation and distribution in roots (Kollmeier et al. 2000; Doncheva et al. 2005;
Shen et al. 2008). In maize, local application of Al to the DTZ promoted auxin
accumulation in the MZ and DTZ, while reduced auxin level in the EZ. External
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Fig. 2 Effect of application of Al and IAA transport inhibitors to the DTZ of primary roots of the
maize cv Lixis (Al-sensitive) on the relative distribution of [3H]IAA applied to the MZ (total
uptake =100 %). Application of 90 mM mononuclear Al, 10 mM NPA, or 10 mM TIBA in
nutrient solution, pH 4.3, in 0.6 % (w/v) agarose gel to the DTZ for 30 min. Control roots were
treated only with nutrient solution in agarose blocks, pH 4.3. [*HJIAA (0.1 mM in 1.2 % [w/v]
agarose blocks containing nutrient solution) was applied to the MZ for 30 min. Values are means
of five independent replicates +=SD. Different letters indicate significant differences at p < 0.05
(Tukey test). From Kollmeier et al. (2000)

supply of auxin to the EZ was able to partially overcome the inhibition of root
growth imposed by the application of Al to the DTZ (Kollmeier et al. 2000). The
coincidence of the response to Al of auxin distribution in the root apex with the
local supply of the auxin polar transport inhibitor N-1-naphthylphthalamic acid
(NPA) and 2,3,5-triiodobenzoic acid (TIBA) (Fig. 2) suggested that the blockage of
auxin polar transport and thus auxin signaling from the DTZ to the EZ could be the
primary cause of Al-induced inhibition of root growth. Also, Doncheva et al. (2005)
found that after the local application of the auxin polar transport inhibitor NPA to
the DTZ of the root apex, abundant S-phase nuclei were observed in the distal
elongation zone (DEZ) at 2.5-3 mm from the root tip, suggesting that the inhibition
of auxin transport plays a role in Al-induced alteration of root cell patterning.

The cells of the DTZ are unique from all other root cells from the perspective of
endocytosis, vesicle recycling, polar auxin transport, and as the first region of the
root apex which is not covered with mucilage (Baluska et al. 2010). A relationship
between Al toxicity, endocytosis, endosome, and vesicle recycling in the TZ cells
of Arabidopsis roots has been demonstrated by I1I€S et al. (2006). In addition, in
Arabidopsis, Shen et al. (2008) have found that Al inhibited root to shoot auxin
transport and thus root growth mainly through the blockage of the transport of PIN2
vesicles from plasma membrane to endosomes. However, the recent study by Yang
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et al. (2014) suggests that the auxin transporter PIN1 rather than PIN2 is involved in
the modulation of Al-induced inhibition of root growth.

3.2 TAAI-Regulated Local Auxin Biosynthesis
in the Root-Apex Transition Zone Mediates
the Aluminum-Induced Inhibition of Root Growth
in Arabidopsis

Generally, auxin is transported to roots via a polar transport system from auxin-
synthesizing shoot tissues (Petrasek and Friml 2009). However, in addition to being
synthesized in the shoots, auxin is also generated in the roots (Overvoorde
et al. 2010). In fact, the gradients of auxin in root apices depend on both local
biosynthesis and directional intercellular auxin transport (Petersson et al. 2009;
Petrasek and Friml 2009). It is becoming clear that the root-generated auxin
contributes to the maintenance of the gradients and maxima required for normal
root development, and many auxin biosynthesis genes have been identified in the
root apex (Ljung et al. 2005; Petersson et al. 2009; Overvoorde et al. 2010). High-
resolution auxin-measurement and gene-expression analysis in specific cell types
after fluorescence-activated cell sorting revealed that the root apex is the site of
auxin biosynthesis, and a substantial contribution of local biosynthesis to auxin
homeostasis in the root tip was proposed (Petersson et al. 2009). Only recently the
complete auxin biosynthesis pathway has been established: a two-step pathway
concerts tryptophan (Trp) to indol-3-acetic acid (IAA) in plants, in which Trp is first
converted to indole-3-pyruvate (IPA) by the TAA family of amino acid transferases
and subsequently TAA is produced from IPA by the YUC family of flavin
monooxygenases (Zhao 2012). The transcriptional analysis of maize roots growing
in acid soil provided indirect evidence of enhanced auxin biosynthesis in
Al-induced inhibition of root growth (Mattiello et al. 2010). Genes encoding
enzymes involved in auxin biosynthesis such as IAA amidohydrolase (Zm.3056.1.
Al_at) and anthranilate phosphoribosyltransferase (Zm.1556.1.A1_at) were
upregulated in the root apex of the soil acidity-sensitive line S1587-17, while the
auxin-degrading enzyme indole-3-acetate beta-glucosyltransferase (Zm.18805.1.
Al_at) was downregulated after 3 days exposure to soil acidity. Recently, we
clearly showed that the TAAI-regulated local auxin biosynthesis in the root-apex
TZ mediates Al-induced inhibition of root growth (Yang et al. 2014 ), and this local
induction of auxin biosynthesis depended on the ethylene signaling pathway
(Fig. 3). However, we cannot exclude that other genes belonging to the YUC family
could also contribute to Al-induced local auxin biosynthesis, since the mutant line
of YUCID also showed reduced Al toxicity (Yang et al. 2014).
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Fig. 3 Schematic representation of TAA/-regulated local auxin biosynthesis in the transition zone
(TZ) mediating root-growth inhibition in response to Al stress. Exposure of Arabidopsis roots to
Al induces a localized enhancement of auxin signaling in the root-apex TZ that is dependent on
TAAI, which encodes a Trp aminotransferase and regulates auxin biosynthesis. TAA/ is specifi-
cally upregulated in the root apex TZ in response to Al stress, thus mediating local auxin
biosynthesis and inhibition of root growth. The TAA/-regulated local auxin biosynthesis in the
root apex TZ in response to Al stress is dependent on ethylene. From Yang et al. (2014)

3.3 Cell Wall Modification Is a Downstream Response to Al
Stress and Contributes to the Auxin-Mediated
Root-Growth Inhibition

Cell walls are dynamic structures and the primary walls of plants consist of a
cellulose—hemicellulose interlinked network embedded in a matrix of pectins and
cell wall structure proteins (Carpita and Gibeaut 1993; Cosgrove 1997, 2005). The
rapid enlargement of cells requires wall loosening, which involves modification of
the molecular interactions within the CW network, resulting in the relaxation of
wall tension (Perrot-Rechenmann 2010). Auxin was shown to induce rapid cell
elongation in stem, coleoptile, or hypocotyl segments within minutes after auxin
treatment (Rayle and Cleland 1992; Cleland 1995). According to the acid-growth
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theory, this rapid effect is believed to result from the activation of a plasma-
membrane H*-ATPase, inducing extrusion of H" for apoplastic acidification, acti-
vation of expansins, and subsequent wall loosening (Hager 2003). Takahashi
et al. (2012) showed that auxin activates the plasma-membrane H*-ATPase by
phosphorylation and regulates hypocotyl elongation in Arabidopsis. However, it
appears that Al-induced inhibition of root growth can hardly be explained by
reduced auxin activation of the plasma-membrane H"-ATPase, since several stud-
ies have shown that the Al-induced plasma-membrane H*-ATPase activity rather
contributed to Al resistance (Shen et al. 2004; Yang et al. 2007; Chen et al. 2013).
However, the possibility that auxin-induced excess acidification in the cell wall
leading to the inhibition of root growth under Al stress cannot be ruled out.

Compared to the hypothesis of cell wall acidification, it is more probable that
auxin mediates Al-induced inhibition of root growth directly by interaction with
CW proteins through auxin-responsive factors (ARFs) (Fig. 4). The transcriptomic
analysis presented by Yang et al. (2014) revealed that many of the differentially
transcribed genes associated with cell wall modification were regulated by the
transcription factors ARF10 and ARFI16, suggesting that the auxin-regulated
Al-induced inhibition of root growth arises from auxin signaling regulated modifi-
cation of cell wall structure and/or structural components. Pitaksaringkarn
et al. (2014) found that auxin regulates XTH/9 and XTH20 expression, which are
involved in cell proliferation in incised Arabidopsis inflorescence stems. However,
the study by Zhu et al. (2013) revealed that auxin enhances Al toxicity via an
alteration of ALUMINUM-SENSITIVE[-mediated Al distribution in the symplast.
In spite of this, the recent study by Wu et al. (2014) in rice indicates that
overexpression of OsPIN2 alleviates the Al-induced cell rigidity in the root apex
by modulating PIN2-based auxin transport, IAA efflux, and CW acidification. The
reduction of Al accumulation mainly in the CW of the OsPIN2 overexpression line
further supports the hypothesis that the CW modification is probably a downstream
response to Al exposure and contributes to the auxin-mediated root-growth inhibi-
tion by Al stress.

3.4 Al Toxicity Requires Al Accumulation/Binding
in the Cell Wall

The accumulation of Al in root tips is characterized by a rapid initial phase and a
low rate at later stages (Zhang and Taylor 1989, 1990). The rapid initial phase
reflects the binding of Al in the apoplast (Taylor et al. 2000; Wang et al. 2004; Horst
et al. 2007; Rangel et al. 2009) in which the negatively charged carboxylic groups
of pectin provide the Al**-binding sites (Blamey et al. 1990; Chang et al. 1999). In
fact, the involvement of pectin in Al resistance mainly depends on its degree of
methylation (DM), since the DM is responsible for the negativity of the CW (Eticha
et al. 2005), which is controlled by pectin methylesterase (PME) (Bordenave 1996;
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Fig. 4 Hypothetical scheme of the regulatory role of IAA in Al-induced inhibition of root growth
via modification of cell wall (CW) properties. Al rapidly triggers a signaling pathway through
acting on an unknown receptor (R) localized at the plasma membrane (PM), or through a signaling
molecule such as ethylene, etc. Consequently, the downstream signaling of TAAl-regulated
synthesized auxin is activated, in which auxin-responsive factors (ARFs) directly or indirectly
regulate CW proteins or activate gene expression or activity of the PM H*-ATPase modulating the
activities of CW proteins through changes of the apoplastic pH

Gerendas 2007). In potato (Solanum tuberosum L.), higher Al accumulation and
callose production in the roots and more severe inhibition of root growth were
found in transgenic plants with higher PME expression than the wild type when
exposed to Al (Schmohl et al. 2000). Short-term PME treatment of intact maize
roots enhanced Al accumulation and Al-induced inhibition of root elongation
(Horst et al. 2007). In two differential Al-resistant cultivars of maize, Eticha
et al. (2005) observed that the Al-sensitive cultivar had lower DM and greater Al
accumulation, and thus were more severely injured by Al compared with the
Al-resistant cultivar, while no difference was found in pectin content. Similarly,
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in rice (Oryza sativa), Yang et al. (2008) found that CW PME activity and related
content of demethylated pectin in the root tips were higher in the Al-sensitive
cultivar than in the Al-resistant cultivar. This indicates that the higher density of
polygalacturonic acid carboxylic groups in the CW causes a corresponding higher
Al accumulation in the root tips and the CW. Also, transcriptional analysis of Al
resistance in maize by Maron et al. (2008) revealed that Al upregulated the
expression of the PME gene in both Al-resistant and Al-sensitive genotypes,
while the level of upregulation of PME was higher in Al-sensitive genotypes.
Furthermore, Horst et al. (1999) reported that short-term Al accumulation of roots
was closely related to the pectin content in apical root sections of maize and faba
bean (Vicia faba), and the binding of Al to the pectic matrix was closely positively
correlated with Al-induced callose formation and thus Al sensitivity. Therefore, it
appears that the binding of Al to pectins is closely related to Al sensitivity, since it
was also reported that the Al-induced increase in pectin content of Al-sensitive
cultivars was greater than that of Al-resistant cultivars (Eticha et al. 2005; Yang
et al. 2008). Also in common bean, Rangel et al. (2009) found that the Al-induced
root-growth inhibition was closely negatively related particularly to strongly bound
CW AL This suggests that the strong binding of Al to the pectic matrix of the CW is
a main factor in Al toxicity rather than a resistance mechanism in common bean,
although in earlier studies by Van et al. (1994), it was suggested that Al is detoxified
by binding to pectins since the free carboxyl groups of pectin can bind or chelate
AI** jons and cause cross-linking of pectin molecules (Klimashevskii and Dedov
1975).

In addition to pectins, the importance of hemicellulose in CW Al-binding
capacity and thus Al toxicity has been suggested. By fractionating CW components,
Yang et al. (2011) found that 75 % of the CW Al accumulated in the hemicellulose
fraction 1 (HC1) compared to only 20 % in the CW pectin fraction. The interaction
of Al with hemicellulose is not yet well understood, since according to the analysis
of uronic acids in the different CW component fractions, the percentage of uronic
acids in the pectin, HC1, and HC2 fractions were 72 %, 15 %, and 13 %, respec-
tively. Xyloglucan is the most abundant hemicellulosic polysaccharide primary cell
walls of dicotyledons. It functions by forming load-bearing cross-links among
microfibrils, where they play a central role in modulating the mechanical properties
of CWs (reviewed by Nishitani 1997). In Arabidopsis, Zhu et al. (2012) provided
evidence that Al interacts specifically with xyloglucans. They postulated that the
formation of an Al-xyloglucan complex inhibits cell wall loosening in the elonga-
tion zone of roots and thus contributes to inhibition of root elongation by Al.

The xyloglucan endotransglucosylase/hydrolases (XTHs) are enzymes that spe-
cifically use xyloglucan as a substrate and catalyze xyloglucan endotransglu-
cosylase (XET) and/or xyloglucan endohydrolase (XEH) activities. They play a
key role in the modification of CW structure and extensibility through the cleavage
and re-formation of bonds between xyloglucan chains (Rose et al. 2002; Bray
2004). The XTH proteins are a large family of CW proteins which have 33 members
known in the Arabidopsis genome (Rose et al. 2002; Bray 2004). In Arabidopsis,
the expression of XTH31 was suppressed by Al stress and thus has been suggested
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to play a crucial role in the modulation of Al resistance through the regulation of the
CW xyloglucan content and thus Al accumulation in roots (Zhu et al. 2012).
Combination of the yeast two-hybrid assay and coimmunoprecipitation analysis
revealed that XTH17 can interact with XTH31 in vitro (Zhu et al. 2014). These
authors conclude that XTH17 and XTH31 may exist as a dimer at the plasma
membrane conferring in vivo XET action, thus modulating CW Al-binding capac-
ity and Al sensitivity of Arabidopsis. Further studies indicated that the
O-acetylation of xyloglucan by the putative O-acetyltransferase TRICHOME
BIREFRINGENCE-LIKE27 (TBL27 [AXY4]) affects Al sensitivity by modulation
of Al-binding capacity in the hemicellulose xyloglucan (Zhu et al. 2014).

A decisive role of Al binding in the CW for Al toxicity is further supported by
the studies of Xia et al. (2010) and Li et al. (2014) in rice. They characterized the
plasma membrane-localized transporter, Nratl (Nramp aluminum transporter 1),
belonging to the Nramp (natural resistance-associated macrophage protein) family
specifically transporting the trivalent Al ion through the plasma membrane. The
effective transport of Al from the apoplast to the symplast where it is ultimately
sequestered in the vacuole plays an important role in the remarkably high Al
tolerance of rice by reducing the level of toxic Al in the root CW.

4 Al Affects Cell Wall Properties

4.1 Cell Wall Extensibility

It has been demonstrated that Al treatment reduces root CW extensibility (Tabuchi
and Matsumoto 2001; Ma et al. 2004). Through the analysis of CW components in
root tips of both Al-resistant and Al-sensitive cultivars of wheat (Triticum
aestivum), Tabuchi and Matsumoto (2001) and Zakir Hossain et al. (2006) showed
that Al increased both the molecular mass of hemicellulosic polysaccharides and
the amount of wall-bound ferulic acids particularly in the Al-sensitive cultivar.
They speculated that phenolic acids may cross-link with other CW components
such as hemicellulosic polysaccharides and thus induce the mechanical rigidity of
the CW leading to the decrease in CW extensibility and inhibition of root elonga-
tion. Irrespective of whether pectin or hemicellulose is the primary binding site of
Al in the CW, the binding of Al to either CW component will affect CW extension
either directly physically or indirectly. Figure 5 schematically depicts the possible
pathways how Al may affect the CW extensibility. For the indirect effect of CW Al,
the replacement from the CW pectic matrix of Ca**, which plays a key role in
controlling CW extensibility by the formation and cleavage of Ca bonds during cell
elongation (Boyer 2009), or decreasing the effectiveness of CW-loosening
enzymes, such as XTHs (Tabuchi and Matsumoto 2001; Ma et al. 2004; Wehr
et al. 2004), and of cell wall structural proteins such as expansin (Cosgrove 1989)
may be responsible. The studies in Arabidopsis (Yang et al. 2011) and bean
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Fig. 5 A simplified model representing the effect of Al on cell wall (CW) extension. Under Al
stress, AI** strongly binds to pectins and hemicellulose affecting the chemical and mechanical
properties of the CW either directly and/or indirectly: (1) The Al cross-linked pectic and
hemocellulosic cell wall matrix may lose its extensibility physically and/or physiologically by
decreasing the activities of CW-loosening enzymes such as xyloglucan endotransglucosylase
(XET). (2) Al rapidly and irreversibly displaces Ca®* at the site of Ca®*-pectate cross-linkages,
which play a key role in controlling CW extensibility and thus cell elongation and development.
Direct interaction of Al with CW structural proteins (expansin) may also affect CW extensibility.
In addition, the Al-induced accumulation of phenolics involved in the cross-linking of structural
CW components thus strengthening the CW wall may affect CW1 porosity and limit water flow.
Based on Yang et al. (2013)

(Phaseolus vulgaris) (Yang et al. 2012) have demonstrated that Al stress resulted in
the inhibition of the expression of XTH genes and the activity of the CW-loosening
enzyme XET in roots, which was related to the inhibition of root elongation by
Al In Arabidopsis roots, the reduction of the activity of this enzyme was accom-
panied with the deposition of callose an indicator of Al sensitivity (Yang
et al. 2011). However, a direct interaction of AI** with structural CW proteins
thus directly affecting CW extensibility cannot be ruled out.

The interaction of Al with CW components may also indirectly affect CW
extension through the cell wall-plasma membrane—cytoskeleton continuum
(Horst et al. 1999; Sivaguru et al. 2000). The interaction between CW and plasma
membrane may be mediated by a cell wall-associated pectin receptor kinase
(Kohorn and Kohorn 2012) which has been implicated in Al-induced root-growth
inhibition in Arabidopsis (Sivaguru et al. 2003).

4.2 Cell Wall Porosity

The plant cell wall is a composite structure consisting of a cellulose—hemicellulose
framework embedded within a matrix of pectins and proteins as mentioned above.
The pores of the CW are the first barrier for mobile solutes such as ions, proteins,
and water penetrating the wall (Brett and Waldron 1996), and plant cells interact
with their environment through the porous network of the CW (Carpita et al. 1979).
Generally, the pore diameter of the plant CW is in the range of 3.5-5.5 nm, which
mainly depends on structure, hydrophobicity, chemical composition, and physical
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properties of the CW (Carpita et al. 1979; Chesson et al. 1997). This porous
structure of the matrix permits low-molecular-weight solutes to diffuse across the
CW and interact with the plasma membrane, while for high-molecular-weight
solutes the pore size impedes transport (Sattelmacher 2001). According to Baron-
Epel et al. (1988), the pore size of the CW is mainly controlled by the pectic matrix.
The Al-induced enhancement of the CW pectin content in the root tips and its cross-
linking by Al through binding to the negatively charged sites (Horst et al. 2010)
may affect the porosity of the wall. Whether binding of Al to hemicellulose through
Al—xyloglucan interaction also affects root porosity needs further clarification.

Any change in the factors affecting the pectic matrix may change the porosity.
For example, it was reported that low temperature decreased the pore size of the
CW by modifying CW composition (Bauchot et al. 1999; Rajashekar and Lafta
1996). In general, dicots display a stronger response to B supply than monocots,
which may be due to the higher B requirement of dicots. Enhanced Al toxicity in
B-deficient dicot plant species (Stass et al. 2007) could also be related to the pore
size of the cell wall which is affected by borate ester cross-linking of the pectic
polysaccharide RG 1II (Fleischer et al. 1999). In a study on the interaction of Al
toxicity and drought stress in common bean, Yang et al. (2010, 2011, 2013)
presented circumstantial evidence that polyethylene glycol 6000 induces a
rearrangement of the wall polymers and thus affects CW porosity. This restricted
the penetration of AI** into the apoplast. Genes related to CW loosening or
structure such as XTH, beta-1,3-glucanase (BEG), and hydroxyproline-rich glyco-
protein (HRGP) appeared to play crucial roles (Fig. 6) in the PEG-induced modi-
fication of CW structure.

4.3 Blocking of Cell-to-Cell Trafficking by Callose

Cell wall deposited callose is a p-1,3-glucan with some f-1,6-branches and is
produced by callose synthases and degraded by p-1,3-glucanases at the plasma
membrane. Increased cytosolic Ca** ([Ca2+]cyt) and modification of the plasma
membrane (PM) are crucial factors for the induction of callose synthesis by
activating 1,3-p-glucan synthase (Kauss et al. 1990; Kauss 1996). Callose plays
important roles during a variety of processes in plant development and/or in
response to biotic and abiotic stresses including Al stress (Stass and Horst 2009;
Chen and Kim 2009). Al-induced higher callose formation in the outer cortex cells
of the DTZ compared with the cells of the MZ and EZ might be related to a higher
PM depolarization in maize (Sivaguru et al. 1999) and higher [Caz+]Cyt in the DTZ
indicated by fluorescence resonance energy transfer-sensitized emission of the
yellow cameleon 3.60 reporter in Arabidposis (Rincon-Zachary et al. 2010).
Al-induced callose deposition in the root tips is positively correlated with
Al-induced inhibition of root growth and Al accumulation in the root tips (Larsen
et al. 1996; Horst et al. 1997; Yang et al. 2012) and proved to be a sensitive
indicator of Al injury in roots (Stass and Horst 2009). Al-induced callose formation



266 Z.-B. Yang and W.J. Horst

Cellulose

Pectin

\./

Hemicellulose

——
N x\l
AR

Fig. 6 A model representing the effect of osmotic stress (OS) on cell wall (CW) structure and Al
binding, and the possible role of CW modification-related genes or structure proteins in the
OS-induced change in CW porosity and thus Al binding to the CW in common bean plants.
Under polyethylene glycol (PEG)-6000-induced OS, loss of water from the CW matrix leads to
reduced CW porosity and excludes AI** from the apoplast, while the recovery of the CW from OS
restores the pore size and allows Al entry into the apoplast and its binding to the pectic matrix
and/or hemicellulose. CW modification genes xyloglucan endotransglucosylase/hydrolase (XTH),
p-1,3-glucanase (BEG) and the structural protein HRGP (hydroxyproline-rich glycoprotein) are
supposed to be involved in the modification of CW porosity. Based on Yang et al. (2013)
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has been successfully used as a reliable parameter for the classification of genotypes
of different plant species for Al sensitivity (Wissemeier et al. 1992; Horst
et al. 1997) and for the screening of maize cultivars for adaptation to acid
Al-toxic soils (Collet and Horst 2001; Eticha et al. 2005; Narro and Arcos 2010).

Callose formation is not only an indicator of Al stress, but has also been
implicated in Al toxicity. A recent study by Zhang et al. (2014) found that
heterologous expression of the sweet sorghum (Sorghum bicolor) gene SbGlul,
which encodes a p-1,3-glucanase, reduced callose deposition and Al accumulation
and enhanced the Al resistance in Arabidopsis. Callose can be deposited at plas-
modesmata (PD) to regulate the cell-to-cell movement of molecules by controlling
the size exclusion limit (SEL) of PD (Chen and Kim 2009). Microinjection of the
dye lucifer yellow carbohydrazide into peripheral root cells of an Al-sensitive
wheat cultivar (Triticum aestivum, cv Scout 66) before or after Al treatment
revealed that the Al-induced inhibition of root growth resulted from the
Al-induced blockage of cell-to-cell trafficking via the PD (Sivaguru et al. 2000).
Further immunofluorescence combined with immunoelectron microscopic tech-
niques using monoclonal antibodies against callose demonstrated that the
Al-induced callose deposition at the PD is responsible for the blockage of the
symplastic transport, which was further verified using a callose synthesis inhibitor.
In addition, the expression of PD-associated proteins such as calreticulin and
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unconventional myosin VIII was induced by Al and both proteins were co-localized
with callose deposits. These results suggest that the extracellular Al-induced callose
deposition at PD can effectively block symplastic transport and cell-to-cell signal-
ing in higher plants.

5 Solute Flow

The rapid binding of Al in the root apoplast may reduce CW porosity and thus the
mobility of particularly higher molecular solutes. This assumption has been con-
firmed by Schmohl and Horst (2000) who demonstrated a greatly Al-reduced
release of acid phosphatase by maize suspension cells. However, these results can
also be explained by a lower permeability of the plasma membrane for macromol-
ecules. The study by Sivaguru et al. (2006) provided a more convincing evidence of
the Al-induced inhibition of the apoplastic solute bypass flow in maize root apices
by using the fluorescent probes HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid,
trisodium salt, molecular weight 524) and dextran-Texas Red conjugates (molecu-
lar weight 3000, 10,000, and 40,000) at the outer cortical cells, especially in the
DTZ, and inhibition of transfer of these solutes to the xylem and finally the shoot. A
contribution of Al-induced callose deposition to the inhibition of the apoplastic
bypass flow could not be ruled out, since the inhibition of callose synthesis by
pretreatment of the roots with 2-deoxy-p-glucose (DDG) prior to Al treatment
partially alleviated the Al-induced inhibition of solute bypass flow.

It has been hypothesized that Al may not only affect the apoplastic flow of high-
molecular solutes but also affect the root hydraulic conductivity (Kruger and Sucoff
1989; Maison and Bertsch 1997). Using artificial pectin membranes, Blamey
et al. (1993) demonstrated that the binding of Al to pectin strongly reduced water
permeability of the membranes in vitro. Gunsé et al. (1997) showed that Al
decreased the hydraulic conductivity accompanied with reduced CW extensibility
in an Al-sensitive maize cultivar. But Sivaguru et al. (2006) could not confirm an
effect of Al on water flow from the roots to the shoot in maize.

However, Al may reduce the permeability of the plasma membrane for water and
impede symplastic water transport, since Al strongly interacts also with membrane
components affecting membrane structural properties such as fluidity and perme-
ability (Vierstra and Haug 1978; Wagatsuma et al. 2005; Khan et al. 2009). In the
root cortical cells of Northern red oak (Quercus rubra L.), Al decreased membrane
permeability to water (Zhao et al. 1987; Chen et al. 1991) possibly by blocking
aquaporins as suggested by gene expression analysis which suggested that Al
suppressed the expression of genes coding for tonoplast aquaporins in rye (Secale
cereal L.) (Milla et al. 2002). The role of Al on water transport is not yet well
understood and urgently needs further experimental clarification given the impor-
tance of the Al/drought interaction for plant production on acid soils (Yang
et al. 2013).
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6 Conclusions

The apoplast of the most Al-sensitive apical root zone plays an important role in Al
toxicity and resistance in plants. There is increasing evidence that inhibition of root
growth is induced by Al directly and indirectly through interaction with CW
structure and assembly mediated by phytohormones. An in-depth molecular char-
acterization of hormone signaling regulating root growth plasticity via modification
of cell wall properties in response to Al stress is urgently required and may
represent a prerequisite for an improved understanding of general mechanisms of
plant adaptation to a changing environment.
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