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Chapter 1 Introduction 

 

Aluminum (Al) is the most abundant metal on the earth’s crust, which makes up about 7%.  

Metallic aluminum and aluminosilicate minerals are nontoxic to plants. However in acidic soils, 

Al is released into the soil in the ionic form (Al3+), which rapidly inhibits root growth at the 

micromolar level, subsequently interfering the uptake of water and nutrients. Therefore, Al has 

been universally recognized as a critical factor limiting crop production on acid soils, which 

comprise 30-40% of arable soils in the world (Kochian, 1995; Von Uexküll and Mutert, 1995; Ma 

et al., 2001; Ryan et al., 2001). However, Al tolerance greatly differs with plant species and 

cultivars within a species (Bona et al., 1993; Zheng et al., 1998; Yokosho et al., 2016b). During 

last decades, great progresses have been made in understanding of the physiological and molecular 

mechanisms of Al toxicity and tolerance in different plant species.  

 

1. Mechanisms of Al toxicity in plants 

 

Root growth inhibition is the most obvious phonotype of Al toxicity, which therefore has been 

widely used to evaluate Al toxicity. The primary targeting site of Al toxicity is the root apex 

including the root cap, the meristematic zone and the elongation zone (Ryan et al., 1993; Sivaguru 

and Horst, 1998). Since inhibition of root elongation was observed after minutes' exposure of Al, 

cell elongation is suggested as the primary mechanism leading to root growth inhibition (Doncheva 

et al., 2005; Zheng and Yang, 2005). 
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  Root cell wall is considered as the first target site of Al toxicity, which binds most of the Al in 

the roots. Pectic polysaccharides was first suggested as the major Al binding site because their 

negatively charged carboxylic groups have a high affinity for Al3+ (Blamey et al., 1990; Chang et 

al., 1999). The binding ability of Al to pectin depends on the degree and pattern of methylation of 

pectin, which is catalyzed by pectin methylesterase (PME) (Micheli, 2001; Eticha et al., 2005a). 

For example, cell wall PME activity and content of demethylated pectin were higher in the rice 

root tips of Al-sensitive cultivars compared with Al-tolerant cultivars (Yang et al., 2008), and 

overexpression of OsPME14 in rice showed higher PME activity and Al content in root tip cell 

wall, resulting in more sensitive to Al stress (Yang et al., 2013).  Recently, hemicellulose fraction, 

a group of neutral or slightly acidic polysaccharides, was also reported as the principal binding site 

for Al, which can accumulate higher amount of Al than pectin in some plant species (Tabuchi and 

Matsumoto, 2001; Liu et al., 2008; Yang et al., 2008; Yang et al., 2011a). In Arabidopsis, the 

primary component of hemicelluloses is xyloglucan in the cell wall. Two xyloglucan 

endotransglucosylase-hydrolase (XTH) genes, AtXTH17 and AtXTH31, might be involved in vivo 

xyloglucan endotransglucosylase action by modulating cell wall Al-binding capacity and thereby 

affecting Al sensitivity in Arabidopsis (Zhu et al., 2012; Zhu et al., 2014b). Furthermore, 

modulation of the O-acetylation level of xyloglucan by O-acetyltransferase TRICHOME 

BIREFRINGENCE-LIKE27 also influenced the Al sensitivity in Arabidopsis by affecting the Al-

binding capacity in the hemicellulose (Zhu et al., 2014a).  

  Plasma membrane is also suggested as a primary target of Al toxicity. Al was reported to affect 

two usual types of potentials in the plasma membrane; trans-membrane potential that indicates the 

imbalanced concentrations of anion and cation inside the cell, and the second type of potential 

which is induced by the net concentration of fixed anions and cations on the membrane surface, 
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therefore leading to depolarization of the transmembrane potential (Kinraide, 1994; Zheng and 

Yang, 2005). For example, Al interfered the activity of H+-ATPase and changed the surface pH by 

altering dynamics of H+ efflux and influx across the root tip plasma membrane, which played an 

important role in root growth inhibition by Al (Ahn et al., 2001; Ahn et al., 2002). Prolonged 

treatment of Al resulted in lipid peroxidation and loss of plasma membrane integrity, which might 

be a consequence of the cracks in the roots formed by root growth inhibition (Yamamoto et al., 

2001). Furthermore, Al bound in the plasma membrane interfered the uptake of many nutrient 

elements, such Ca2+, K+ and Mg2+ (Pineros and Kochian, 2001; Ryan et al., 2001; Chen et al., 

2012).  

  After entering into the cytoplasm, Al has been reported to damage DNA and some organelles. Al 

was observed to accumulate in the nucleus of root cells by staining even after exposure to low 

concentration of Al (Matsumoto et al., 1976; Matsumoto and Morimura, 1980; Silva et al., 2000), 

or by chemical determination of Al in purified nuclei prepared from Al-treated pea roots 

(Matsumoto, 1988). Al may bind to the negative charges of the phosphodiester backbone of DNA, 

or increase DNA rigidity, condense or fragmentation and the generation of micronuclei, or inhibit 

DNA synthesis, finally resulting in inhibition of cell division.   

  Recently, mutation of one of three different genes (ATR, ALT2/TANMEI and SOG1), which all 

are important component of maintaining genome integrity and DNA replication, reversed the Al 

hypersensitivity of atals3 mutant. ATR is a master cell-cycle checkpoint factor and a protein 

kinase that is activated upon replication stress to phosphorylate a plethora of downstream targets. 

The ALT2/TANMEI acts in concert with ATR, likely by recruiting ATR to DNA damage sites. The 

NAC family transcription factor gene SOG1 is downstream of ATR and ALT2/TANMEI and 

responsible for the transcriptional induction of many genes involved in the DNA damage response. 
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Different from atals3 mutant and wild-type plants, the mutants of (atr, alt2/tanmei and sog1) 

showed normal root stem cell identity even in the presence of high levels of Al. Therefore these 

studies confirmed that Al has a severe damage on genome integrity, activating the DNA damage 

response and finally inhibiting root growth through terminal differentiation (Rounds and Larsen, 

2008; Nezames et al., 2012; Sjogren et al., 2015; Eekhout et al., 2017). 

  Al rapidly inhibited the development of the Golgi body and plastids in root cap of maize (Bennet 

et al., 1985). Golgi apparatus activity, indicated by the relative frequency of Golgi, cisternae per 

Golgi stack and secretory vesicles, was inhibited by Al in the cells of the root quiescent center of 

maize. Many plastids in Al-treated cells also failed to develop internal organization. It was 

hypothesized that Al decreases morphogen originating in the outer root cap by the disruption of 

Golgi apparatus function (Bennet et al., 1985). Besides, Al-treated cells showed degeneration of 

Golgi bodies, endoplasmic reticulum, mitochondria and nucleus preceded cell death by 

ultrastructure study in suspension cultures of Norway spruce (Prabagar et al., 2011). In contrast, 

Al-treated red spruce cells showed increased vacuolar and total cell volume, and increased surface 

area of Golgi membranes and endoplasmic reticulum. This increases in Golgi and endoplasmic 

reticulum membrane surface after Al exposure possibly suggested increased secretory activity to 

the plasma membrane or vacuolar compartments (Minocha et al., 2001).  

 

2. Mechanisms of Al resistance in plants 

 

2.1 Al exclusion mechanisms-secretion of organic acid anions 

Al exclusion from the roots depends on many strategies, for example, through secreting organic 

compounds, increasing the pH of rhizosphere and binding of Al in cell wall, etc. (Kochian et al., 
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2004; Kochian et al., 2005). Among them, the secretion of organic acid anions such as citrate, 

malate or oxalate, from roots has been reported as one of the most effective exclusion mechanisms 

of Al for plants, and therefore is the first and best documented mechanism of Al tolerance (Ma et 

al., 2001).  

  In response to Al, two patterns of organic acid secretion from roots have been characterized in 

different plant species (Table 1.1; Ma et al., 2001; Yang et al., 2013). In Pattern I-plants, secretion 

occurs almost immediately after Al exposure, indicating that the gene induction is unnecessary. 

For example, the secretion of citrate in barley (Zhao et al., 2003), malate in wheat (Delhaize et al., 

1993) and oxalate in buckwheat (Ma et al., 1997c) was induced by Al within 30 min and the 

secretion rate was constant. In contrast, in Pattern II-plants, secretion occurs after several hours of 

Al exposure, indicating that the gene induction is necessary. For example, the secretion rate of 

citrate in Cassia tora L. (Ma et al., 1997b), rye (Li et al., 2000) or rice bean (Yang et al., 2011c) 

was lower at the beginning and increased with prolonged time of Al exposure. During last decades, 

Al-activated malate transporter (ALMT) and multi-drug and toxic compound extrusion/Al-

activated citrate transporter (MATE/AACT) have been identified and characterized in various 

plant species, although oxalate transporter has not been isolated in plants so far (Delhaize et al., 

2012; Ma et al., 2014; Takanashi et al., 2014). 

 

Table 1.1 Al induced secretion of organic acid anions in different plant species  

(Based on Yang et al., 2013) 

Organic anions 

secreted 
Plant species 

Secretion 

pattern 
References 

Citrate Acacia  mangium NA Osawa et al., 2006 

Citrate Barley (Hordeum vulgare) I Zhao et al., 2003 
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Citrate Sickle senna (Cassia tora) II 

Ma et al., 1997b; 

Yang et al., 2006; 

Ishikawa et al., 2000 

Citrate Citrus junos II Deng et al., 2009 

Citrate Galium saxatile NA 
Schöttelndreier et 

al., 2001 

Citrate Leucaena leucocephala NA Osawa et al., 2006 

Citrate Oryza glaberrima NA Ishikawa et al., 2000 

Citrate Paraserianthes falcataria NA Osawa et al., 2006 

Citrate Pea (Pisum sativum) NA Ishikawa et al., 2000 

Citrate Rice (Oryza sativa) NA Yokosho et al., 2011 

Citrate Rice bean (Viga umbellata) II Yang et al., 2006b 

Citrate Snapbena (Phaseolus vulgaris) NA 
Miyasaka et al., 

1991 

Citrate Sorghum (Sorghum bicolor) II 
Magalhaes et al., 

2007 

Citrate Stylosanthes spp. II Li et al., 2009 

Citrate Tobacco (Nicotiana tabacum) I Delhaize et al., 2001 

Citrate Veronica officinalis NA 
Schöttelndreier et 

al., 2001 

Citrate, malate Arabidopsis thaliana NA 
Hoekenga et al., 

2003 

Citrate, malate Citrus grandis and Citrus sinensis I 
Yang et al., 2011b; 

Yang et al., 2012 

Citrate, malate Lespedeza bicolor II Dong et al., 2008 

Citrate, malate, 

oxalate 
Maize (Zea mays) NA 

Kidd et al., 2001; 

Pellet et al., 1995; 

Kollmeier et al., 

2001 

Citrate, malate Oat (Avena sativa) NA Zheng et al., 1998 

Citrate, malate Radish (Raphanus sativus) NA Zheng et al., 1998 

Citrate, malate Rape (Brassica napus) NA 

Zheng et al., 1998; 

Anoop et al., 2003; 

Ligaba et al., 2004 

Citrate, malate Rye (Secale cereale) II Li et al., 2000 

Citrate, malate Soybean (Glycine max) II 

Yang et al., 2000; 

Yang et al., 2001; 

Liao et al., 2006 

Citrate, malate Sunflower (Helianthus annuus) NA Saber et al., 1993 

Citrate, malate Triticale (Triticosecale Wittmack) II Ma et al., 2000 

Malate Deschampsia flexuosa NA 
Schöttelndreier et 

al., 2001 

Malate Wheat (Triticum aestivum) I 
Ryan et al., 1995; 

Delhaize et al., 1993 
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Oxalate 
Buckwheat (Fagopyrum 

esculentum) 
I Ma et al., 1997c 

Oxalate 

Polygonum 

aviculare and Polygonum 

lapathiifolium 

I You et al., 2005 

Oxalate Rumex acetosella NA 
Schöttelndreier et 

al., 2001 

Oxalate Spinach (Spinacia  oleracea) I Yang et al., 2005 

Oxalate Taro (Colocasia esculenta) NA 
Ma and Miyasaka 

1998 

Oxalate 
Tomato (Lycopersicon 

esculentum) 
I Yang et al., 2011c 

Oxalate Viscaria vulgaris NA 
Schöttelndreier et 

al., 2001 

Oxalate, citrate Acacia auriculiformis NA Nguyen et al., 2003 

Oxalate, citrate Eucalyptus camaldulensis NA Nguyen et al., 2003 

Oxalate, citrate Melaleuca cajuputi NA Nguyen et al., 2003 

Oxalate, citrate Melaleuca leucadendra NA Nguyen et al., 2003 

Oxalate, citrate Poplar (Populus tremula) NA Qin et al., 2007 
 

NA: not applicable. 

 

2.2 Other mechanisms of Al tolerance 

Recently, a number of Al-tolerance genes have been identified and functionally characterized 

especially in rice and Arabidopsis. In rice, two mutants; osstar1 and osstar2 showed 

hypersensitivity to Al toxicity. Both OsSTAR1 and OsSTAR2 were expressed mainly in the roots 

and specifically induced by Al. Furthermore, OsSTAR1 and OsSTAR2 encode a bacterial type ABC 

transporter complex. This transporter showed an efflux transport activity specific for UDP-glucose, 

which might be used to modify the cell wall for Al tolerance (Huang et al., 2009). In Arabidopsis, 

AtSTAR1, an ortholog of OsSTAR1, was not induced by Al. But knockout of AtSTAR1 resulted in 

increased sensitivity to Al. AtSTAR1 was mainly expressed at outer cell layers of root tips and 

developing leaves. The sensitivity of atstar1 to Al was rescued by introduction of OsSTAR1. 

Besides, AtSTAR1 might interact with AtALS3 (Huang et al., 2010), which had been suggested 
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to encode an ABC transporter-like protein and probably function to redistribute accumulated Al 

away from sensitive tissues in order to protect the growing root from the toxic effects of Al (Larsen 

et al., 2005).  

  Rice OsNrat1 (Nramp aluminum transporter 1) is a member of NRAMP (natural resistance-

associated macrophage protein) family. Expression of OsNrat1 was increased by Al in the roots 

and regulated by a C2H2 zinc finger transcription factor (ART1). OsNrat1 was localized to the 

plasma membranes of all cells of root tips except epidermal cells. Expression of OsNrat1 in yeast 

showed a transport activity specific for trivalent Al ion, but not for manganese, iron, cadmium and 

Al-citrate complex. osnrat1 mutant showed decreased Al uptake, increased cell wall-binding Al 

and decreased Al tolerance, but did not affect the tolerance to other metals. Therefore OsNrat1 is 

a plasma membrane-localized transporter for trivalent Al (Yamaji et al., 2009; Xia et al., 2010).  

  HmPALT1 (Plasma membrane Al transporter 1) belongs to the nodulin 26-like intrinsic protein 

(NIP) subfamily and was reported as a plasma membrane-located transporter for Al uptake in 

hydrangea sepal. Expression of HmPALT1 in yeast decreased Al tolerance with increased Al 

accumulation. Overexpression of HmPALT1 in Arabidopsis increased the Al sensitivity may due 

to increased uptake and accumulation of Al (Negishi et al., 2012).  

  Recently, AtNIP1;2, a member of Arabidopsis nodulin 26-like intrinsic protein (NIP) subfamily 

and the closest homologs of HmPALT1, was reported as a root plasma membrane-localized Al-

malate transporter because AtNIP1;2 facilitated the transport of Al-malate, but not Al3+ ions, in 

both yeast and Arabidopsis (Wang et al., 2017). AtNIP1;2 was mainly expressed in the root tips, 

and its expression was induced by Al, but not by other metal stresses. Mutation of AtNIP1;2 

resulted in accumulation of toxic Al3+ in the root cell wall, inhibition of root-to-shoot Al 

translocation and a significant reduction in Al tolerance. These AtNIP1;2-mediated processes 
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relied on a functional ALMT1-mediated malate release system, revealing a critical linkage 

between the previously identified Al exclusion mechanism based on root malate release and an 

internal Al tolerance mechanism (Wang et al., 2017). These transporters involved in Al uptake are 

suggested to require for a prior step of final Al detoxification through sequestration of Al into 

vacuoles, as well as decreased apoplastic Al toxicity as reducing the cell wall-binding Al.  

  OsCDT3 encodes a small cysteine-rich peptide that was able to directly bind Al in vitro. The 

expression of OsCDT3 was induced by Al in the roots. Knockdown of this gene resulted in 

decreased tolerance to Al, probably because Al content was decreased in the root cell wall and the 

plasma membrane but increased the root cell sap. OsCDT3 may play a role in stopping entry of Al 

into the root cells by binding Al in the plasma membrane, therefore, contributing to high Al 

tolerance in rice (Xia et al., 2013).  

  OsMGT1 is a transporter for Mg uptake in the roots. The expression of OsMGT1 was up-

regulated by Al only in the roots. Knocking out of this gene decreased the tolerance to Al, 

suggesting that the up-regulation of OsMGT1 is required for conferring Al tolerance in rice by 

increasing Mg concentration in the cell (Chen et al., 2012).  

 

2.3 Al internal tolerance mechanisms 

Internal tolerance of Al is achieved through complexation of Al by organic compounds and 

sequestration of Al into vacuoles or other organelles in the symplast in some Al tolerance plant 

species, such as buckwheat (Fagopyrum esculentum), hydrangea (Hydrangea macrophylla) and 

tea (Camellia sinensis) (Ma et al., 2001; Nagata et al., 1992).  

  In buckwheat, Al was identified as an Al-oxalate complex (1:3 ratio). Furthermore, this complex 

was localized in the vacuoles, suggesting that internal detoxification of Al in the buckwheat 
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leaves is achieved by both complexation with oxalate and sequestration into vacuoles (Ma et al., 

1998; Ma et al., 2000; Shen et al., 2002). 

  Hydrangea can accumulate extremely high concentrations of Al (>3000 mg kg-1 DW) in leaves 

and as high as 13.7 mM of Al in the leaf cell sap after several months growth (Ma et al., 1997a). 

The internal detoxification of Al is based on the formation of Al-citrate complex (1:1), a nontoxic 

form of Al, in hydrangea leaves. The colors of hydrangea sepals changed from pink to blue with 

increasing Al concentration. The blue color of hydrangea sepals is due to the formation of a 

complex between delphinidin 3-glucoside, Al and 3-caffeoylquinic acid in vacuoles, where Al is 

suggested to stabilize an interaction between the two organic compounds (Takeda et al., 1985; Ma 

et al., 1997a; Ma et al., 2001; Schreiber et al., 2011).  

  Besides, a study on tea, an Al accumulating plant which can accumulate more than 5,000 ppm of 

Al in the old leaves, revealed that most of the Al in the leaf was bound to catechins, and some 

portion was bound to phenolic and organic acids (Nagata et al., 1992). Study on Eucalyptus 

camaldulensis trees suggested that higher concentration of oenothein B, a dimeric hydrolyzable 

tannin containing several adjacent phenolic hydroxyl groups, in roots were positively correlated 

with the Al resistance among five tree species (Tahara et al., 2014). Therefore phenolic compounds 

might also chelate Al for internal detoxification. 

 

2.4 Transcriptional regulating network of Al tolerance 

Several transcription factors have been reported to regulate the expression of Al tolerance genes. 

AtSTOP1 and OsART1 belong to C2H2 zinc finger transcription factors, which were identified in 

Arabidopsis and rice, respectively. AtSTOP1 (Sensitive to proton rhizotoxicity 1) was identified 

from a low pH sensitive Arabidopsis mutant, which was also hyper sensitive to Al (Iuchi et al., 
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2007). AtSTOP1 was involved in the Al-induced expression of several genes, for example 

AtALMT1, AtMATE and AtALS3 (Delhaize et al., 2012). On the other hand, ART1 (Al resistance 

transcription factor 1) was identified by using Al sensitive rice mutant. ART1 regulates at least 31 

genes through binding to the core cis-acting element [GGN(T/g/a/C)V(C/A/g)S(C/G)] in the 

promoter region, for example, OsSTAR1, OsSTAR2, OsNrat1, OsFRDL4, OsALS1, OsMGT1 and 

OsCDT3 (Yamaji et al., 2009; Tsutsui et al., 2011). Besides AtSTOP2 is a physiologically minor 

homolog of AtSTOP1, and could activate expression of some genes regulated by AtSTOP1 

(Kobayashi et al., 2014). 

  In addition, OsASR5, a transcription factor localized in both the nucleus and the cytoplasm, could 

bind OsSTAR1 promoter. Knockdown of this gene resulted in decreased Al tolerance, suggesting 

that it was involved in Al tolerance in rice (Arenhart et al., 2013; Arenhart et al., 2014). 

AtWRKY46 was suggested as a negative regulator of AtALMT1, since AtWRKY46 protein could 

directly bind to AtALMT1 promoter through specific W-boxes and mutation of AtWRKY46 

increased the AtALMT1 expression, root malate exudation and Arabidopsis Al resistance (Ding et 

al., 2013). In contrast, AtCAMTA2 (CALMODULIN-BINDING TRANSCRIPTION 

ACTIVATOR2) was reported to be an activator of AtALMT1 expression by binding of one cis-

acting element in its promoter (Tokizawa et al., 2015).  

 

3. Al tolerance and accumulation in buckwheat 

 

Common buckwheat shows high tolerance to Al toxicity compared to other species such as wheat 

(Zheng et al., 1998). Furthermore, it also accumulates high Al in the leaves without showing 

toxicity symptoms (Ma et al., 1997c; Ma et al., 2001). For example, more than 400 mg kg-1 dry 
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weight of Al was accumulated after only a short exposure (five days) to Al solution, but no toxicity 

symptoms were observed (Ma et al., 1997c). Furthermore, in addition to common buckwheat 

(Fagopyrum esculentum), other species in the genus Fagopyrum including tartary buckwheat (F. 

tataricum) and wild buckwheat (F. homotropicum) also showed high tolerance to Al ion toxicity 

and accumulated high Al in the leaves (Klug et al., 2015; Wang et al., 2015). 

Physiological studies have shown that buckwheat secretes oxalate from the roots in response to 

Al, thereby detoxifying Al externally by forming a non-phytotoxic Al-oxalate complex in the 

rhizosphere (Ma et al., 1997c; Zheng et al., 1998). Internal detoxification of Al is achieved by 

formation of Al-oxalate complex (1:3 ratio) and sequestration of this complex into the vacuoles in 

the leaves (Ma et al., 1998; Ma and Hiradate 2000; Shen et al., 2002; Shen et al., 2004). The 

secretion of oxalate was significantly increased after Al exposure for 30 min and the amount of 

secreted oxalate represented only 15% of the total soluble oxalate in the roots of buckwheat (Zheng 

et al., 1998b). Besides, this release of oxalate was not affected by protein-synthesis inhibitor, 

suggesting that de novo protein synthesis is not required for oxalate release in buckwheat (Yang 

et al., 2006). Furthermore, the amount of oxalate was decreased by about 50% with the treatment 

of anion-channel inhibitor phenylglyoxal, as a result, the root elongation was inhibited by about 

40% under Al solution (Zheng et al., 1998b). These indicate that an oxalate transporter preexists 

on the plasma membrane of root cell and therefore Al directly acts as a signal for activating the 

oxalate transporter in the roots of buckwheat although the transporter has not been identified.   

   After uptake of Al from the rhizosphere, buckwheat roots accumulated Al in a non-phytotoxic 

form of Al-oxalate (1:3) complex (Ma et al., 1998). When Al was translocated from the roots to 

the leaves, Al-oxalate (1:3) was converted to Al-citrate (1:1) in the xylem (Ma and Hiradate, 2000). 

After being unloaded from the xylem to leaf cells, Al-citrate (1:1) was reconverted to Al-oxalate 
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(1:3), which then was sequestered into vacuoles (Shen et al., 2002). Meanwhile, Al-citrate (1:1) 

also existed when the Al concentration reached a very high level in the leaves (Shen et al., 2004). 

Furthermore, about 90% of Al accumulated in the leaves was found in the cell sap (Ma et al., 1998). 

Therefore, the sequestration of Al complex into the vacuoles is the key strategy for internal 

detoxification of Al in buckwheat. 

Recent global transcriptome analysis with RNA sequencing (RNA-seq) technology revealed 

that a number of genes are up- or down-regulated by Al in both the roots and leaves of common 

and tartary buckwheat (Yokosho et al., 2014; Zhu et al., 2015; Xu et al., 2017). Among them, some, 

but not all homologs of Al-tolerance genes regulated by a transcription factor STOP1 in 

Arabidopsis and ART1 in rice were also included (Yokosho et al., 2014). These findings suggest 

that some common Al tolerance mechanisms are present across the species, but the functions of 

most Al-induced genes in buckwheat have not been characterized.  

  



14 
 

 

Chapter 2 Two MATE transporters with different subcellular localization are 

involved in Al tolerance in buckwheat 

 

1. Introduction 

MATE (Multi-drug and toxic compound extrusion) family shows diverse transport substances, but 

a subgroup transports citrate (Omote et al., 2006; Takanashi et al., 2014). Since identification of 

HvAACT1 in barley and SbMATE1 in sorghum (Furukawa et al., 2007; Magalhaes et al., 2007), 

a number of their homologs have been reported to be involved in the Al-induced secretion of citrate. 

AtMATE in Arabidopsis, TaMATE1B in some Brazilian cultivars of wheat, ZmMATE1 in maize, 

ScFRDL2 in rye, OsFRDL4 and OsFRDL2 in rice, VuMATE1 in rice bean, EcMATE in river red 

gum, BoMATE in cabbage and MtMATE66 in Medicago truncatula have been implicated in Al 

tolerance (Liu et al., 2009; Ryan et al., 2009; Maron et al., 2010; Yokosho et al., 2010; Yang et al., 

2011c; Yokosho et al., 2011; Sawaki et al., 2013; Wu et al., 2014; Yokosho et al., 2016a; Wang et 

al., 2017). On the other hand, AtFRD3 in Arabidopsis, GmFRD3 in soybean, OsFRDL1 in rice, 

ScFRDL1 in rye, HvAACT1 in barley, LjMATE1 in Lotus japonicas and MtMATE69 in 

Medicago truncatula have been reported to be involved in the root-to-shoot translocation of Fe by 

releasing citrate to the xylem (Durrett et al., 2007; Rogers et al., 2009; Yokosho et al., 2009; 

Yokosho et al., 2010; Fujii et al., 2012; Takanashi et al., 2013; Wang et al., 2017). They showed 

different expression patterns, tissue localization and subcellular localization (Table 2.1). 
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Table 2.1 Gene expression, tissue localization and subcellular localization of MATE 

transporters involved in Al tolerance or Fe translocation in different plant species 

Gene Gene 

expression 

Tissue localization Subcellular 

localization 

References 

HvAACT1 Not affected 

by Al or Fe 

Pericycle cells of root 

mature zone and/or root 

tips 

PM 

 

Furukawa et al., 

2007; Fujii et 

al., 2012 

SbMATE1 Induced by 

Al  

Higher expressed in 

epidermal and outer 

cortical cell layers of 

the DTZ 

PM Magalhaes et al., 

2007 

AtFRD3 Induced by 

Fe 

deficiency 

Root pericycle 

and vascular cylinder 

/ Durrett et al., 

2007 

AtMATE Induced by 

Al  

Higher expressed in 

root basal region  

/ Liu et al., 2009; 

Liu et al., 2012 

TaMATE1B Induced by 

Fe 

deficiency 

Higher expressed in 

root basal region 

PM Ryan et al., 

2009; Tovkach 

et al., 2013 

GmFRD3 Induced by 

Fe 

deficiency 

/ / Rogers et al., 

2009 

OsFRDL1 Not affected 

by Al or Fe 

Higher expressed in 

root basal region and 

pericycle cells 

PM 

 

Yokosho et al., 

2009 

ZmMATE1 Induced by 

Al 

Higher expressed in 

root tip 

PM 

 

Maron et al., 

2010 

ScFRDL1 Induced by 

Fe 

deficiency 

All tissues of root tips, 

central cylinder and 

endodermis in root 

basal region 

/ Yokosho et al., 

2010 

ScFRDL2 Induced by 

Al 

/ Vesicles Yokosho et al., 

2010 

OsFRDL4 Induced by 

Al  

All tissues of root tips PM Yokosho et al., 

2011 

VuMATE1 Induced by 

Al 

All tissues of root tips, 

vascular cylinder root 

basal region 

PM Yang et al., 

2011c; Liu et 

al., 2013 

EcMATE1 Induced by 

Al 

Higher expressed in the 

root tips  

PM Sawaki et al., 

2013 
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LjMATE1 Induced 

during 

nodule 

formation 

Infection zone of 

nodules 

 

/ 

Takanashi et al., 

2013 

BoMATE Induced by 

Al 

Whole roots PM Wu et al., 2014 

OsFRDL2 Induced by 

Al  

All tissues of root tips Vesicles Yokosho et al., 

2016a 

MtMATE66 Induced by 

Al and Fe 

deficiency 

 

/ 

 

/ 

Wang et al., 

2017 

MtMATE69 Induced by 

Al and Fe 

deficiency 

 

/ 

 

/ 

Wang et al., 

2017 

 

MATE (Multi-drug and toxic compound extrusion), AACT (Al-activated citrate transporter), FRD 

(Ferric reductase defective), FRDL (Ferric reductase defective-like), PM: plasma membrane.   

 

  By using RNA-seq technique, we found that two MATE genes (FeMATE1 and FeMATE2) were 

induced by Al in buckwheat (Yokosho et al., 2014). In the present study, to understand the role of 

FeMATE1 and FeMATE2 in Al tolerance, I investigated the transport activity, expression pattern, 

and subcellular localization of FeMATE1 and FeMATE2. I also performed complementation test 

in Arabidopsis atmate mutant.  

 

2. Materials and methods 

 

2.1 Plant materials and growth conditions 
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Seeds of buckwheat (Fagopyrum esculentum Moench. cv. Jiangxi) were soaked in water for 2 h 

and then transferred on a filter paper saturated with water for germination at 30ºC in the dark. On 

day 3, seedlings were transferred on a net floating on a 0.5 mM CaCl2 solution at 25ºC in the dark. 

On day 5, the seedlings were transferred to a continuously aerated 1/5 strength Hoagland solution 

(pH 5.8) at 25ºC in a greenhouse under natural light. The solution was changed every 2 d. The 1/5 

strength Hoagland solution contained the macronutrients (mM) KNO3 (1.0), Ca(NO3)2 (1.0), 

MgSO4 (0.4) and (NH4)H2PO4 (0.2), and the micronutrients (μM) NaFeEDTA (20.0), H3BO3 (3.0), 

MnCl2 (0.5), CuSO4 (0.2), ZnSO4 (0.4) and (NH4)6Mo7O24 (1.0).  

  Arabidopsis atmate mutant, a T-DNA insertion line (SALK_081671) of AtMATE, was obtained 

from ABRC (Arabidopsis Biological Resource Center, Ohio State University, Columbus, OH, 

U.S.A.), which was used previously as a knockdown line of AtMATE (Liu et al., 2009). Seeds of 

atmate and its wild type (cv. Colombia-0) were sterilized with 70% ethanol for 5 min, followed 

by washing with sterile water for 4 times, and then placed on a plate containing 0.05% MES, 1% 

sucrose and 1% agar (pH 5.8) in Murashige and Skoog (MS) medium at 4ºC in a refrigerator. After 

2 d, the plates were moved to a room at 21ºC. After 2 weeks, the seedlings were transferred to a 

1/10 strength Hoagland solution (pH 5.8) in an environmentally controlled growth room with a 

14-h-light/10-h-dark cycle at 21ºC. The nutrient solution was changed once two days. 

Homozygous insertion lines of atmate mutant were identified by PCR using primers 5′-

GCGTGGACCGCTTGCTGCAACT-3′ (LBP), 5′-CGCATCTGCTTAGTCTCAACC-3′ (forward, 

LP) and 5′-TTCACTTCTTGAGGCCATGAC-3′ (reverse, RP). After flowering, atmate plants 

were used for transformation as described below. Arabidopsis (5-w-old) were used for collection 

of root exudates, Al accumulation analysis and gene expression analysis as described below. All 

experiments were repeated at least twice with 3 to 10 biological replicates. 
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2.2 Gene cloning and sequencing 

The ORFs of FeMATE1 and FeMATE2 cDNA were cloned based on the RNA-seq data and the 5′-

RACE method (SMART RACE cDNA amplification kit; Clontech, http://www.clontech.com/). 

Total RNA from the roots and leaves of buckwheat were isolated using an Agilent Plant RNA 

Isolation Mini Kit (Agilent; http://www.agilent.com/). 5′-RACE was performed by GeneRacer kit 

(Invitrogen) using 2 µg total RNA. The ligated mRNA with RNA oligo adapter was transferred to 

a first-strand cDNA using SuperScript III reverse transcriptase and the random primers in the 

reverse transcription reaction. The 5′ ends sequence of FeMATE1 and FeMATE2 cDNA was 

amplified by PCR with the GeneRacer 5′ primer and gene-specific primer 5′-

GTATGTGCCGCCTTTGATTCTCC-3′ for FeMATE1, 5′-TTGTCGCTTCCGTTTGGAATTC-

3′ for FeMATE2; GeneRacer 5′ Nested primer and gene-specific primer 5′-

TGCCTTGAACTGTTTTATCTTTAT-3′ for FeMATE1, 5′-CAACGACTCCTTCTACGATTC-

3′ for FeMATE2. The PCR products were cloned into pGEM-T Easy Vector (Promega) and the 

sequence of cloned plasmids was confirmed. The ORF of FeMATE1 cDNA was amplified by RT-

PCR using primers 5′-ATGGAAGATCATCAAGGAGCTTTGC-3′ (forward) and 5′-

TTAACGGTTAATTTTCAGAAAACTC-3′ (reverse). The ORF of FeMATE2 cDNA was 

amplified by RT-PCR using primers 5′-ATGGCGGAAAAAGTTGGGTTTATCG-3′ (forward) 

and 5′-TCAGGTTCTCAGGAATCTCCAAGGT-3′ (reverse). 

 

2.3 Transport activity assay in Xenopus oocytes 
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To investigate the citrate transport activity in Xenopus oocytes, the ORF of FeMATE1 cDNA was 

amplified by RT-PCR using primers 5′-GATGATCAATGGAAGATCATCAAGGAGCTTTGC-

3′ (forward) and 5′-GATGATCATTAACGGTTAATTTTCAGAAAACTC-3′ (reverse). The ORF 

of FeMATE2 cDNA was amplified by RT-PCR using primers 5′-

GAAGATCTATGGCGGAAAAAGTTGGGTTTATCG-3′ (forward) and 5′-

GAAGATCTTCAGGTTCTCAGGAATCTCCAAGGT-3′ (reverse). These ORFs were inserted 

into a Xenopus laevis oocyte expression vector, pXbG-ev1 (Preston and Agre, 1992). The plasmid 

was linearized with NotI, and cRNA was transcribed in vitro with T3 RNA polymerase 

(mMESSAGE mMACHINE kit; Ambion). Micro-injection into oocytes was performed as 

described previously (Yokosho et al., 2011). For determination of organic acids efflux activity, 50 

nl of 2.4 mM 14C-labeled citrate, oxalate or malate (2.3 nCi/oocyte) was injected. The oocytes 

were then washed four times with MBS buffer (pH 7.6) and then transferred into 500 µl of fresh 

buffer at 18°C. After 2 h incubation, the external buffer was sampled and the oocytes were 

homogenized with 0.1 N HNO3. The radioactivity of the buffer solution and the homogenized 

oocytes was measured with a liquid scintillation counter (LIQUID SCINTILLATION SYSTEM; 

Aloka).  

 

2.4 Gene expression pattern analysis  

For organ-dependent expression, roots and leaves of buckwheat seedlings (10-d-old) exposed to a 

0.5 mM CaCl2 solution (pH 4.5) containing 0 or 30 μM AlCl3 for 24 h were sampled for RNA 

extraction. For root spatial expression, buckwheat seedlings (4-d-old) were exposed to a 0.5 mM 

CaCl2 solution (pH 4.5) containing 0 or 30 μM AlCl3 for 6 h and root segments of 0-1, 1-2 and 2-

3 cm from the root tips were excised for RNA extraction. For root tissue specificity of expression, 
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root tips (0-1 cm) of buckwheat seedlings exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 

30 μM Al for 4 h, were separated by laser micro-dissection into two parts: whole root tissues 

without epidermis and inner tissues including the endodermis and stele as described before 

(Yokosho et al., 2016c). Dose-response expression and time-dependent expression were 

investigated by harvesting the root tips (0-1 cm) of seedlings exposed to different Al 

concentrations and times. To examine gene expression specificity, roots of buckwheat (4-d-old) 

were exposed to a 0.5 mM CaCl2 solution containing Al (30 μM), La (50 μM), Cd (50 μM) or 

different pH. All samples harvested were immediately frozen in liquid nitrogen and subjected to 

RNA extraction as described above. A total of 500 ng RNA was used for first-strand cDNA 

synthesis using a SuperScript II kit (Invitrogen) following the manufacturer’s instruction. The 

expression of FeMATE1 and FeMATE2, and HistoneH3 (internal control) were determined by 

real-time RT-PCR using Thunderbird SYBR qPCR mix (TOYOBO, http://www.toyobo.co.jp/) on 

Mastercycler ep realplex (Eppendorf, http://www.eppendorf.com/). The primers used were 5′-

TGGACTTGGCTTGCACTTTGGT-3′ (forward) and 5′-

CACGAAGGCTATTGAGTTTATGGGT-3′ (reverse) for FeMATE1, 5′-

GACAACATCCCTTCTAGCTGATG-3′ (forward) and 5′- 

CCTTTGTGAACAACTTGGCTCCA-3′ (reverse) for FeMATE2, 5′-

GAGAGATGGCTCGTACAAAACAG-3′ (forward) and 5′- 

GAACCAGCCTCTGGAATGGAAGC-3′ (reverse) for HistoneH3. Expression data were 

normalized with the expression level of HistoneH3 by the ∆∆Ct method. 

 

2.5 Subcellular localization 
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To construct the 35S:GFP-FeMATE1 and 35S:GFP-FeMATE2 fusion genes, the ORF of 

FeMATE1 or FeMATE2 was ligated to the 3' end of GFP carrying linker sequence, which encodes 

six additional amino acids (SGSGSG), and placed under the control of the CaMV 35S promoter 

in pUC18 (Takara). The primers used were 5′-GGCTCCGGA 

ATGGAAGATCATCAAGGAGCTTTGC-3′ (forward) and 5′-

CCCGCGGCCGCTTAACGGTTAATTTTCAGAAAACTC-3′ (reverse) for FeMATE1, 5′-

GGCACCGGTATGGCGGAAAAAGTTGGGTTTATCG-3′ (forward) and 5′-

CCCGCGGCCGCTCAGGTTCTCAGGAATCTCCAAGGT-3′ (reverse) for FeMATE2. DsRed-

HDEL, an endoplasmic reticulum marker (Ueno et al., 2010), ST-mRFP, a trans-Golgi marker 

(Saint‐Jore et al., 2002), and KAM1∆C-mRFP, a Golgi marker (Tamura et al., 2005), were used 

for co-localization analysis. 

  Buckwheat leaf protoplasts were prepared as described previously (Shen et al., 2002), except the 

concentration of mannitol was 0.4 M. Protoplast transfection was performed according to a 

previous study with some modifications (Chen et al., 2006). Briefly, the collected protoplasts were 

resuspended in a suspension solution (0.4 M mannitol, 14.7 mM MgCl2 and 20 mM MES, 

pH 6.0). Plasmid vectors (about 10 µg) were mixed with 100 µL of suspended protoplasts. A same 

volume of PEG solution (40% PEG 4000, 0.4 M mannitol and 100 mM CaCl2, pH 6.0) was slowly 

added to the DNA and protoplasts mixture and mixed immediately by gently shaking, followed by 

incubating for 10 min at a room temperature. After the incubation, 1.0 mL MS solution (0.44% 

MS medium, 0.4 M mannitol, 20 mM MES and 0.5 mM CaCl2, pH 6.0) was added to the tube to 

wash the protoplasts for 2 times. As last, the protoplasts were incubated in the above 1.0 mL MS 

solution and placed at dark condition of 25°C. After incubation of 12 h, the GFP signal was 

observed using an LSM700 laser scanning microscope (Zeiss).  



22 
 

  Transfection of the same GFP fused genes into onion epidermal cells was performed as described 

previously (Yokosho et al., 2016c). 

 

2.6 Heterologous expression of FeMATE1 or FeMATE2 in Arabidopsis atmate mutant 

The 2.5 kb promoter region of AtMATE was amplified by PCR using primers: 5′-

CTCGAGAATACCACAAACCAAAGATCACACA-3′ (forward) and 5′-

ACTAGTTAAGAGATGTTACTGAAGCTTCTTGAGTC-3′ (reverse). The promoter amplified 

was fused with the ORF of FeMATE1 or FeMATE2, and introduced into the pPZP2H-lac binary 

vector (Fuse et al., 2001). The constructed plasmid was transformed into atmate mutant by the 

Agrobacterium tumefaciens-mediated floral dip method (Clough and Bent, 1998). The transgenic 

seeds were germinated on a MS plate containing hygromycin B (50 μg ml-1) for selection and two 

or three independent transgenic homozygous T3 lines were selected for further analysis.  

 

2.7 Al tolerance evaluation 

Arabidopsis seeds were germinated on a Murashige and Skoog (MS) plate containing 0.05% MES, 

1% sucrose and 1% agar (pH 5.8). Similar seedlings with approximately 0.5 cm long root prepared 

as described above, were transferred to a plate containing 1 mM CaCl2, 1% agar and 1% sucrose 

(pH 5.0) with 0 or 50 μM Al for 5 d. Root length was measured with a ruler before and after 

treatment.   

 

2.8 Al accumulation in transgenic Arabidopsis lines 
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Seedlings (5-w-old) of WT, atmate and transgenic lines prepared as described above, were exposed 

to a 0.5 mM CaCl2 solution (pH 4.5) containing 10 μM Al for 1 d. The whole roots were harvested 

after washing with 1 mM CaCl2 solution three times. Part of the roots was dried in an oven at 70°C 

for 3 d for total Al determination, while part of them was placed on a filter in a tube and frozen at 

-80°C overnight for cell sap collection. Dried samples were digested with concentrated HNO3 

(60%) up to135°C. Root cell sap was collected by centrifugation at 20,600 g for 10 min after rapid 

thawing at room temperature. The Al concentration in the digest solution and root cell sap was 

determined by ICP-MS (inductively coupled plasma mass spectrometry). 

 

2.9 Gene expression in different Arabidopsis lines  

Seedlings (5-w-old) of wild type, atmate mutant, two FeMATE1;atmate lines and three 

FeMATE2;atmate lines  were exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 0 or 10 μM 

Al. After 24 h, the roots were harvested for RNA extraction. The gene expression level was 

determined by quantitative RT-PCR using primers as described above.  Actin was used as an 

internal control with primers 5′-GGCGATGAAGCTCAATCC-3′ (forward) and 5′-

GGTCACGACCAGCAAGAT-3′ (reverse). The primers used were 5′-

TGGGATTGGTTCTCGGTTTTGT-3′ (forward) and 5′-CGAACACAAACGCTAAGGCA-3′ 

(reverse) for AtMATE. 

 

2.10 Collection of root exudates and organic acid determination 

Seedlings of buckwheat (3-w-old) or Arabidopsis (5-w-old) hydroponically cultivated used for 

root exudate collection. The seedlings were first exposed to a 0.5 mM CaCl2 solution (pH 4.5) 
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overnight before the collection of root exudates. For dose-response experiment, root exudates were 

collected from plants exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 0, 10, 30 or 50 μM 

Al, 5 μM Cd or 50 μM La for 6 h. For a time-dependent experiment, root exudates were collected 

every 3 h after the roots were exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 0 or 30 μM 

Al until 12 h. For Arabidopsis, root exudates were collected after exposing the roots to a 0.5 mM 

CaCl2 (pH 4.5) solution containing 10 μM Al for 24 h. The root exudates were passed through a 

cation-exchange resin column (16 × 14 mm) filled with 5 mL of Amberlite IR-120B resin (H+ 

form; Rohm and Haas, http://www. rohmhaas.com/), followed by an anion-exchange resin column 

(16 × 14 mm) filled with 2 g of AG 1 × 8 resin (100-200 mesh; formate form; Bio-Rad, 

http://www.bio-rad.com/). Organic acids adsorbed on the above anion-exchange resin were eluted 

with 15 mL HCl (2 N) and the eluate was concentrated to dryness with a rotary evaporator (40ºC). 

After evaporation, the residue was dissolved in 1 ml of milli-Q water.  

   The concentration of citrate and malate was analyzed by enzymatic method as described 

previously (Delhaize et al., 1993; Yokosho et al., 2010). The concentration of oxalate was analyzed 

by HPLC as described previously (Ma et al., 1997c).   

 

3. Results 

 

3.1 Isolation of full length of FeMATE1 and FeMATE2 

The full-length cDNAs of FeMATE1 and FeMATE2 were obtained by PCR using primers designed 

based on the RNA-seq database (Yokosho et al., 2014), and 5'-RACE experiment. The ORF of 
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FeMATE1 and FeMATE2 consists of 1452 bp and 1557 bp, respectively, which encode 483 and 

518 amino acids peptides. Both peptides contained 12 predicted transmembrane domains, similar 

to other MATE family proteins (Fig. 2.1A). FeMATE1 and FeMATE2 shared 63% identity each 

other at amino acid level, and 55-70% identity with AtMATE in Arabidopsis, OsFRDL2 or 

OsFRDL4 in rice (Fig. 2.1B). FeMATE1 and FeMATE2 belong to different clades in the 

phylogenetic tree (Fig. 2.2).  
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Figure 2.1 Multiple alignment and similarity comparison of FeMATE1 and FeMATE2 with 

other MATE members. (A) Multiple alignment of FeMATE1, FeMATE2, AtMATE, OsFRDL2 

and OsFRDL4. Horizontal lines indicate transmembrane domains. (B) Similarity among 

FeMATE1, FeMATE2, AtMATE, OsFRDL2 and OsFRDL4.  

 

 



28 
 

Figure 2.2 Phylogenetic tree of FeMATE1 and FeMATE2 with their homologs. Phylogenetic 

tree of FeMATE1 and FeMATE2 with the homologs in Arabidopsis thaliana (At), Brassica 

oleracea (Bo), Eucalyptus camaldulensis (Ec), Hordeum vulgare (Hv), Lotus japonicas (Lj), 

Medicago truncatula (Mt),Oryza sativa (Os), Secale cereale (Sc),Sorghum bicolor (Sb), Triticum 

aestivum (Ta), Vigna umbellata (Vu), Zea mays (Zm). The homologous proteins were obtained 

from NCBI (https://www.ncbi.nlm.nih.gov/) and the phylogenetic tree was constructed by 

ClustalW. 

 

3.2 Transport activity assay of FeMATE1 and FeMATE2 in Xenopus oocytes 

To investigate whether FeMATE1 and FeMATE2 show transport activity for citrate similar to 

their homologous MATE transporters, we expressed these two genes in Xenopus oocyte. After 

injection of citrate for 2 h, the oocytes expressing FeMATE1 or FeMATE2 showed a significantly 

higher efflux activity for citrate than the control oocytes (water injection) (Fig. 2.3A). In contrast, 

both FeMATE1 and FeMATE2 did not show transport activity for malate or oxalate (Figs. 2.3B 

and 2.3C). These results indicate that both FeMATE1 and FeMATE2 have transport activity for 

citrate, but not for oxalate and malate. 
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Figure 2.3 Transport activity of FeMATE1 and FeMATE2 for organic acids in Xenopus 

oocytes. cRNA of FeMATE1, FeMATE2 or water (control) was injected into the oocytes and 

incubated for 24 h, followed by injection of  a 50 nl of 2.4 mM 14C-labeled citrate, malate or 

oxalate (2.3 nCi/oocyte). External solution was collected for 2 h. The radioactivity of the buffer 

solution and the homogenized oocytes was measured with a liquid scintillation counter. Error bars 

represent ± SD of 3-4 biological replicates. Means with different letters are significantly different 

(P < 0.05, Tukey’s test). 

 

3.3 Expression pattern of FeMATE1 and FeMATE2 

Organ-dependent expression analysis revealed that FeMATE1 and FeMATE2 were expressed in 

both the roots and leaves of buckwheat in the absence of Al. The expression of FeMATE1 was up-

regulated by Al only in the roots, whereas that of FeMATE2 was up-regulated by Al in both the 

roots and leaves (Figs. 2.4A and 2.4B). Furthermore, the expression level of FeMATE2 was higher 

in the leaves than in the roots (Fig. 2.4B). Root spatial expression analysis showed that the Al-

induced expression of FeMATE1 and FeMATE2 was higher in the root tips (0-1 cm) than in the 
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basal region (1-3 cm) (Figs. 2.4C and 2.4D). To investigate the tissue specificity of gene expression 

in the root tips (0-1 cm), I used the samples separated by laser micro-dissection (LMD), which 

were used in a previous study (Yokosho et al., 2016c). The Al-induced expression of FeMATE1 

or FeMATE2 was similar in different tissues of root tips (Figs. 2.4E and 2.4F).  

 

 

Figure 2.4 Tissue specificity of expression of FeMATE1 and FeMATE2. (A, B) Organ-

dependent expression of FeMATE1 (A) and FeMATE2 (B). Roots and leaves of seedlings (10-d-

old) exposed to 0 or 30 μM AlCl3 for 24 h were sampled for RNA extraction. The expression level 

relative to roots of 0 μM AlCl3 is shown. (C, D) Root spatial expression of FeMATE1 (C) and 

FeMATE2 (D). Seedlings (4-d-old) were exposed to 0 or 30 μM AlCl3 for 6 h. Root segments of 

0-1, 1-2 and 2-3 cm from the root tip were excised for RNA extraction. The expression level 

relative to 0-1 cm root segment of 30 μM AlCl3 is shown. (E, F) Tissue specificity of expression 

of FeMATE1 (E) and FeMATE2 (F) in the roots. Root tips (0-1 cm) of seedlings exposed to 30 μM 

Al for 4 h were separated by laser micro-dissection. The expression level relative to the whole 
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tissues is shown. HistoneH3 was used as an internal control. The gene expression level was 

determined by quantitative RT-PCR. Data are given as means ± SD (n = 3 in A-D; n = 4 in E and 

F). Means with different letters are significantly different (P < 0.05, Tukey’s test).  

 

A dose-response experiment showed that the expression of FeMATE1 and FeMATE2 in the root 

tips (0-1 cm) did not show a clear dose-response to Al concentrations because the expression level 

did not significantly increase with increasing Al concentration from 10 to 50 μM (Figs. 2.5A and 

2.5B). However, a time-dependent experiment showed different expression pattern of FeMATE1 

and FeMATE2 in the root tips; the expression of FeMATE1 did not increased till 6 h after exposure 

to Al (Fig. 2.5C), whereas the expression of FeMATE2 reached a maximum at 3 h (Fig. 2.5D). In 

addition, the expression of both FeMATE1 and FeMATE2 did not respond to low pH or La, Cd 

(Figs. 2.5E and 2.5F).  
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Figure 2.5 Expression patterns of FeMATE1 and FeMATE2 in buckwheat roots. (A, B) Dose-

response expression of FeMATE1 (A) and FeMATE2 (B). The root tips (0-1 cm) of the seedlings 

(3-w-old) exposed to 0, 10, 30 or 50 μM Al were harvested for RNA extraction. The expression 

level relative to the root tips of 10 μM Al was shown. (C, D) Time-dependent expression of 

FeMATE1 (C) and FeMATE2 (D). The root tips (0-1 cm) harvested in 3, 6, 9 and 12 h of the 

seedlings (3-w-old) after exposure to 0 or 30 μM Al were used for RNA extraction. The expression 

level relative to the root tips of +Al for 3 h was shown. (E, F) Response to different pH values, Al, 

La or Cd of FeMATE1 (E) and FeMATE2 (F). Roots exposed to different pH, Al (30 μM), La (50 

μM) or Cd (50 μM) were sampled for RNA extraction. The expression level relative to the roots 

of Al was shown. HistoneH3 was used as an internal control. The gene expression level was 

determined by quantitative RT-PCR. Data are means ± SD (n = 4 in A and B; n = 3 in C-F). Means 

with different letters are significantly different (P < 0.05, Tukey’s test).  

 

3.4 Subcellular localization of FeMATE1 and FeMATE2 

To determine the subcellular localization, I performed a transient expression assay with GFP-

FeMATE1 or GFP-FeMATE2 fusion gene under the control of 35S promoter in buckwheat leaf 

protoplasts and onion epidermal cells. Signal of cells expressing GFP alone was observed in 

cytosol and nucleus (Figs. 2.6A-C), but that of cells expressing GFP-FeMATE1 fusion was found 

to be mainly localized to the plasma membrane (Figs. 2.6D-F). Some signal co-localized with an 

endoplasmic reticulum-marker, DsRed-HDEL, was also observed inside the protoplasts (Figs. 

2.6J-L). By contrast, the GFP signal of GFP-FeMATE2 fusion was observed to be localized to the 

vesicles in the cytosol (Figs. 2.6G-I). I further co-expressed GFP-FeMATE2 with a trans-Golgi 

marker, ST-mRFP, and a Golgi marker, KAM1△C-mRFP. The GFP signal of GFP-FeMATE2 
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fusion was highly co-localized with the trans-Golgi marker (Figs. 2.6M-P; Figs. 2.7A-E), and 

partially co-localized with the Golgi marker in both buckwheat protoplasts and onion epidermal 

cells (Figs. 2.6Q-T; Figs. 2.7F-J). These results suggest that different from FeMATE1 and most 

MATEs, FeMATE2 is probably localized to the trans-Golgi and Golgi. 
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Figure 2.6 Subcellular localization of FeMATE1 and FeMATE2 in buckwheat leaf 

protoplasts. (A-I) Localization of 35S:GFP (A-C), 35S:GFP-FeMATE1 (D-F) and 35S:GFP-

FeMATE2 (G-I). (J-L) Co-localization of DsRed-HDEL (an endoplasmic reticulum marker) with 

35S:GFP-FeMATE1. (M-P) Co-localization of ST-mRFP (a trans-Golgi marker) with 35S:GFP-

FeMATE2. (Q-T) Co-localization of KAM1∆C-mRFP (a Golgi marker) with 35S:GFP-FeMATE2. 

Plasmids were transformed into buckwheat leaf protoplasts by polyethyleneglycol method. 

Magenta color shows chlorophyll autofluorescence (Chl). Image of GFP (A, D, G, J, M and Q), 

DsRed (K), mRFP signal (N and R), bright (B, E, H, P and T) and merged ones (C, F, I, L, O and 

S) are shown.  Scale bar = 10 μm. 
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Figure 2.7 Subcellular localization of FeMATE2 in onion epidermal cells. (A-E) Co-

localization of ST-mRFP (a trans-Golgi marker) with 35S:GFP-FeMATE2. (F-J) Co-localization 

of KAM1∆C-mRFP (a Golgi marker) with 35S:GFP-FeMATE2. Scale bar = 20 μm. Image of GFP 

(A and F), mRFP signal (B and G), bright (C and G) and merged ones (D, E, I and J) are shown. 

 

3.5 Functional complementation of Arabidopsis atmate mutant by FeMATE1 

Since buckwheat mutants and its transformation system have not been established, as an alternative 

way, I introduced FeMATE1 or FeMATE2 into Arabidopsis atmate mutant, a T-DNA insertion 

line, under the control of the 2.5 kb promoter of AtMATE (Fig. 2.8). Although Arabidopsis roots 

secrete both malate and citrate, which are mediated by AtALMT1 and AtMATE, respectively 

(Hoekenga et al., 2006; Liu et al., 2009), malate secretion is a major tolerance mechanism for Al 

toxicity. Therefore, in a previous study, the difference in Al tolerance between wild type and 

atmate mutant could not be detected in their assay system (Liu et al., 2009). In the present study, 

to evaluate Al tolerance of the transgenic plants, I tested several Al concentrations and found that 

50 µM Al in agar plate was able to discriminate Al tolerance between wild type and atmate mutant 

(Figs. 2.9 and 2.12). The root elongation of all lines was similar in the absence of Al (Figs. 2.9A-

C). However, in the presence of Al, the root elongation was decreased by 11% in WT, but by 52% 

in atmate mutant (Figs. 2.9A-C). Two transgenic lines harboring FeMATE1 did not completely 

recovered the Al-inhibited root elongation to the WT level, but partially recovered the relative root 

elongation with inhibition of  40% and 26%, respectively (Figs. 2.9A-C). 

  I further examined Al-induced secretion of citrate and malate from the roots. Al-induced citrate 

secretion was much higher in WT than in atmate (Fig. 2.9D). Although citrate secretion increased 

http://www.pnas.org/search?author1=Owen+A.+Hoekenga&sortspec=date&submit=Submit
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in the two transgenic lines carrying FeMATE1 compared with atmate mutant, the level was lower 

in the transgenic lines than in the WT, indicating that FeMATE1 only partially complemented the 

phenotype of atmate mutant. The expression level of FeMATE1 in transgenic lines was also lower 

than that of AtMATE in WT Arabidopsis (Figs. 2.10A and 2.10B). The secretion of Al-induced 

malate and the Al concentration in the roots and root cell sap did not differ among all lines (Figs. 

2.9E and 2.11).   

 

 

Figure 2.8 Construction of vectors and identification of transgenic Arabidopsis lines. (A) 

Transgenic vector construct. pPZP2H-lac binary vector was used for the transformation. (B) Gene 

structure of AtMATE, T-DNA insertion site and primers position. (C) Identification of 

complementary T3 lines. Homozygous T3 lines were used to extracted DNA for PCR with 

different primers. 
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Figure 2.9 Al tolerance test of transgenic Arabidopsis lines harboring FeMATE1. (A-C) 

Phenotype of plants (A), root elongation (B) and relative root elongation (C). Seedlings of wild 

type, atmate mutant and two FeMATE1;atmate lines were grown on a plate containing 0 or 50 μM 

Al for 5 d. Scale bars = 1 cm. White dotted lines show start point of Al treatment. Root length was 

measured with a ruler before and after treatment. (D, E) Amount of citrate (D) and malate (E) 

secreted in response to Al. Root exudates were collected from seedlings of wild type, atmate 

mutant and two FeMATE1;atmate lines (5-w-old) exposed to 10 μM Al for 24 h. Data are means 

± SD (n = 10 in B and C; n = 3 in D and E). Means with different letters are significantly different 

(P < 0.05, Tukey’s test).  
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Figure 2.10 Expression of AtMATE, FeMATE1 and FeMATE2 in different Arabidopsis lines. 

The expression of AtMATE (A), FeMATE1 (B) and FeMATE2 (C) were determined in the roots of 

seedlings of wild type, atmate mutant, two FeMATE1;atmate lines and three FeMATE2;atmate 

lines (5-w-old) after exposure to 0 or 10 μM Al for 24 h. The gene expression level was determined 

by quantitative RT-PCR. Actin was used as an internal control. Expression level relative to roots 

of WT (A), line29 of FeMATE1;atmate (B) or line9 of FeMATE2;atmate (C) in 0 μM AlCl3 is 

shown respectively. Data are given as means ± SD (n = 3).  

 

Figure 2.11 Al accumulation in transgenic Arabidopsis lines. (A, C) Total root Al concentration. 

(B, D) Al concentration in the root cell sap. Seedlings (5-w-old) of wild type, atmate mutant and 

two FeMATE1;atmate lines (A, B), or three FeMATE2;atmate lines (C, D) were exposed to 10 μM 

Al for 1 d. The Al concentration was determined by ICP-MS. Data are means ± SD (n = 3).  
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3.6 Functional complementation of FeMATE2 in Arabidopsis atmate mutant  

Similar to FeMATE1, I also introduced FeMATE2 into atmate mutant (Fig. 2.8). Analysis with 

three transgenic lines carrying FeMATE2 showed that all lines grew similar in the absence of Al 

(Figs. 2.12A-C). However, in the presence of Al, the root elongation was inhibited more in the 

atmate mutant than in the WT, but expression of FeMATE2 almost partially rescued the Al-

inhibited root growth of the atmate mutant (Figs. 2.12A-C). However, different from FeMATE1, 

expression of FeMATE2 did not complemented Al-induced citrate secretion in the mutant (Fig. 

2.12D). The Al-induced malate secretion and the Al concentration in the roots and root cell sap 

also did not differ among all lines (Figs. 2.12E and 2.13). 
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Figure 2.12 Al tolerance test of transgenic Arabidopsis lines harboring FeMATE2. (A-C) 

Phenotype of plants (A), root elongation (B) and relative root elongation (C). Seedlings of wild 

type, atmate mutant and three FeMATE2;atmate lines were grown on a plate containing 0 or 50 

μM Al for 5 d. Scale bars = 1 cm. Black lines show start point of Al treatment. Root length was 

measured with a ruler before and after treatment. (D, E) Amount of citrate (D) and malate (E) 

secreted in response to Al. Root exudates were collected from seedlings of wild type, atmate 

mutant and three FeMATE2;atmate lines (5-w-old) exposed to 10 μM Al for 24 h. Data are means 

± SD (n = 10 in B and C; n = 3 in D and E). Means with different letters are significantly different 

(P < 0.05, Tukey’s test).  

 

Figure 2.13 Al accumulation in transgenic Arabidopsis lines. (A, C) Total root Al concentration. 

(B, D) Al concentration in the root cell sap. Seedlings (5-w-old) of wild type, atmate mutant and 
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two FeMATE1;atmate lines (A, B), or three FeMATE2;atmate lines (C, D) were exposed to 10 μM 

Al for 1 d. The Al concentration was determined by ICP-MS. Data are means ± SD (n = 3).  

 

3.7 Secretion of citrate from buckwheat roots in response to Al 

Buckwheat is known to secrete oxalate from the roots in response to Al (Ma et al., 1997c), which 

was determined by HPLC. However, I found in the present study that FeMATE1 is a plasma-

membrane localized transporter for citrate (Figs. 2.3, 2.6 and 2.9). These led us to investigate 

whether buckwheat also secretes citrate, which is probably mediated by FeMATE1. To determine 

citrate in root exudates, I employed an enzymatic method, which has a higher sensitivity than 

HPLC. I found that citrate was also secreted in response to Al although the amount secreted was 

much lower than that of oxalate (Fig. 2.14). The citrate secretion increased with increasing Al 

concentration in the external solution (Fig. 2.14A). Furthermore, the secretion was not induced by 

Cd and La (Fig. 2.14A). A time-dependent experiment showed that the citrate secretion was 

triggered by Al as early as 3 h after the exposure to Al and kept at similar level thereafter (Fig. 

2.14B).  
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Figure 2.14 Al-induced citrate and oxalate secretion in buckwheat roots. Dose-response of citrate 

secretion (A) and oxalate secretion (C). Time-dependent citrate secretion (B) and oxalate secretion 

(D). Root exudates were collected from the seedlings (3-w-old) after exposure to different Al 

concentrations, 5 μM Cd or 50 μM La for 6 h, or to 30 μM Al for different times. Citrate and 

oxalate in the root exudates was determined by enzymatic method and HPLC respectively. Data 
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are means ± SD (n = 4 in A and C; n = 3 in B and D). Means with different letters are significantly 

different (P < 0.05, Tukey’s test).  

 

4 Discussion  

4.1 FeMATE1 is probably responsible for Al-induced citrate secretion in the roots of 

buckwheat  

I found that buckwheat roots also secreted citrate in response to Al using a sensitive detection 

method, though the amount secreted was much less compared to the Al-induced secretion of 

oxalate (Fig. 2.14). Furthermore, the secretion was very fast and followed a dose-response manner 

(Fig. 2.14). Our results suggest that FeMATE1 is responsible for this Al-induced secretion of 

citrate in buckwheat roots although I don’t have direct evidence due to lack of mutants and 

transformation system. However, several pieces of evidence support this conclusion. Firstly, 

similar to other MATEs involved in the Al-induced citrate secretion, FeMATE1 was mainly 

localized to the plasma membrane in buckwheat protoplasts (Fig. 2.6). Secondly, the expression 

of FeMATE1 was specifically up-regulated by Al in the roots. Furthermore, its expression level 

was higher in the root tips, the site of Al toxicity (Figs. 2.4 and 2.5). Thirdly, expression of 

FeMATE1 in Arabidopsis atmate mutant partially complemented Al-induced citrate secretion (Fig. 

2.9).   

   I used the 2.5 kb-promoter of AtMATE in transgenic lines carrying FeMATE1, while the 

expression level of FeMATE1 and citrate secretion amount were lower than that of the WT 

Arabidopsis (Fig. 1.10). This phenomenon was also found in another study (Liu et al., 2012). One 

possibility is that the promoter length (2.5 kb) used was too short. It was reported that there are 
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eight potential cis-elements involved in induction or regulation of Al in the promoter region of 

AtALMT1 (Tokizawa et al., 2015). They may be also involved in the expression of AtMATE. Search 

of these cis-elements in the promoter region of AtMATE indicates that some elements are present 

out of the 2.5 kb. This may be responsible for low expression of FeMATE1 in the transgenic lines 

(Fig. 2.10). However, this low expression does not affect the conclusion that FeMATE1 is involved 

in the Al-induced secretion of citrate in the transgenic Arabidopsis. 

Although MATEs are involved in the Al-induced secretion of citrate in many plant species, 

MATEs showed diverse expression patterns. For examples, the expression of FeMATE1, AtMATE 

in Arabidopsis, ZmMATE1 in maize, OsFRDL4 and OsFRDL2 in rice was induced by Al (Liu et 

al., 2009; Maron et al., 2010; Yokosho et al., 2010; Yokosho et al., 2016a), whereas that of 

HvAACT1 in barley was not induced by Al (Furukawa et al., 2007). There are also differences in 

the spatial and tissue-specificity expression pattern. For example, the expression of FeMATE1 was 

higher in the root tip than the root basal region under Al treatment (Fig. 2.4C), by contrast, that of 

TaMATE1B, AtMATE and OsFRDL2 showed higher expression in the root basal region (Ryan et 

al., 2009; Liu et al., 2012; Yokosho et al., 2016a). Furthermore, similar to OsFRDL4 and OsFRDL2, 

FeMATE1 showed the same expression level in the all tissues of the root tip under Al treatment 

(Fig. 2.5E, Yokosho et al., 2010; Yokosho et al., 2016a), whereas VuMATE1 showed higher 

expression in the central cylinder (Liu et al., 2013). Since some MATEs are also involved in the 

root-to-shoot translocation of Fe in the root basal region, there is a possibility that a mixed 

expression was determined in some studies.   

 

4.2 FeMATE2 is probably involved in a Golgi-related internal detoxification of Al in 

buckwheat  
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FeMATE2 was localized to the trans-Golgi and Golgi (Figs. 2.6 and 2.7), different from FeMATE1. 

But FeMATE2 also showed similar transport activity for citrate in Xenopus oocytes (Fig. 2.3). 

Therefore, the transport activity detected is likely due to mis-localization of FeMATE2 in the 

oocytes. In the same clade, OsFRDL2 in rice and ScFRDL2 in rye were found to be localized at 

unidentified vesicles in the cytosol previously (Yokosho et al., 2016a). Although this exact 

subcellular localization is unknown, there is a possibility that OsFRDL2 and ScFRDL2 are also 

localized to the trans-Golgi and Golgi. Therefore, it seems that some members of this clade have 

a distinct subcellular localization, because most of Al-related MATE transporters were reported to 

localize to the plasma membrane.  

Expression of FeMATE2 in atmate mutant recovered its Al tolerance, however, it did not alter 

the Al-induced citrate secretion in the transgenic lines (Fig. 2.12). These results suggest that 

FeMATE2 plays a different role from FeMATE1 in detoxification of Al. The Golgi is a major 

collection and dispatch station of protein products received from the endoplasmic reticulum, while 

the trans-Golgi network functions in the processing and sorting of glycoproteins and glycolipids 

at the interface of the biosynthetic and endosomal pathways (Jürgens, 2004; Glick and Nakano 

2009; Guo et al., 2014). It was reported that the relative frequency of Golgi, cisternae per Golgi 

stack and secretory vesicles was inhibited by Al in the cells of the quiescent center in maize roots 

(Bennet et al., 1985). Al also caused degeneration of Golgi bodies in the suspension cultures of 

Norway spruce (Prabagar et al., 2011). Therefore, it is likely that detoxification of Al is also 

required in the trans-Golgi and Golgi for their normal functions. FeMATE2 localized at the Golgi 

and trans-Golgi may be involved in transporting citrate into Golgi system to chelate Al, thereby 

protecting Golgi system from Al toxicity in buckwheat, although further works are required. 
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FeMATE2 expression was specifically up-regulated by Al (Fig. 2.5), similar to FeMATE1. 

However, this up-regulation was also found in the leaves (Fig. 2.4B). Furthermore, different from 

FeMATE1, the response of its expression to Al was very rapid and did not show a clear dose-

response (Fig. 2.5). Since Al is accumulated in the leaves at high concentration in buckwheat, 

FeMATE2 is probably also required to detoxify Al in Golgi system in the leaves by transporting 

citrate although most part of Al will be sequestered into the vacuoles, which is mediated by 

FeALS1.2 and FeALS1.1 (Chapter 3).   

In conclusion, our results indicate that FeMATE1 is probably involved in the Al-induced 

secretion of citrate in the roots, while FeMATE2 may be required for detoxification of Al in Golgi 

system by transporting citrate in both the roots and leaves of buckwheat. 
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Chapter 3 Functional characterization of two half-size ABC transporter genes 

in Al-accumulating buckwheat 

 

1. Introduction 

Buckwheat accumulates high Al in the leaves without showing any toxicity symptoms (Ma et al., 

1997c; Klug et al., 2015; Wang et al., 2015). This high Al accumulation in the leaves is detoxified 

internally by sequestering Al into the vacuoles, which is present in the form of Al-oxalate complex 

at 1:3 ratio (Shen et al., 2002), but the molecular mechanisms of this vacuolar sequestration of Al 

are unclear.  

So far, four tonoplast-localized transporters, AtALS1, OsALS1, HmVALT1 and FeIREG1, 

have been suggested to involve in Al sequestration into vacuoles in different plant species (Larsen 

et al., 2007; Huang et al., 2012; Negishi et al., 2012; Yokosho et al., 2016b). AtALS1 (Al sensitive 

1) and OsALS1, share 72% identity each other, are the half-size ABC transporter in Arabidopsis 

and rice, respectively. They were both localized to the tonoplast. The expression of AtALS1 was 

not affected by Al but OsALS1 was induced by Al in the roots. AtALS1:GUS predominantly 

accumulates in vascular tissue throughout the plant but OsALS1:GFP was present in all root cells. 

Expression of OsALS1 in yeast altered the sensitivity to Al, but not of AtALS1. atals1 or osals1 

mutant was more sensitive to Al compare to its wild type plant probably since more Al 

accumulated in the cytosol, although the concentration of total root Al was not affected. Therefore 

they are suggested to be responsible for sequestration of Al into the vacuoles for internal 
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detoxification of Al (Larsen et al., 2007; Huang et al., 2012). In contrast, HmVALT1 (Vacuolar 

Al transporter) is an aquaporin family transporter in hydrangea, and was reported to localize to the 

tonoplast. Expression of HmVALT1 in yeast enhanced its Al resistance with increased Al 

accumulation. Overexpression of HmVALT1 in Arabidopsis enhanced the Al tolerance. Therefore 

HmVALT1 may transport Al from the cytoplasm into the vacuole for Al tolerance (Negishi et al., 

2012). While FeIREG1 belongs to IRON REGULATED/ferroportin in buckwheat. FeIREG1 was 

mainly expressed in the outer cell layers of the root tips (Yokosho et al., 2016b). The expression 

of this gene was specifically up-regulated by Al. The FeIREG1-GFP fusion protein was localized 

to the tonoplast when transiently expressed in onion epidermal cells. Overexpression of FeIREG1 

in Arabidopsis resulted in increased Al tolerance. These results indicate that the tonoplast-localized 

FeIREG1 is involved in internal Al detoxification by sequestering Al into the root vacuoles in 

buckwheat. However, transporters responsible for the vacuolar sequestration of Al in the leaves 

have not been identified although the leaves accumulate higher Al. 

   In the present study, I isolated a membrane fraction of leaf vacuoles in order to identify the 

transporters involved in the Al sequestration. By combining proteomics and transcriptomic 

approaches, I was able to identify a number of proteins enriched in the tonoplast. I functionally 

characterized two of them (FeALS1.1 and FeALS1.2), which show high similarity to AtALS1 in 

Arabidopsis and OsALS1 in rice.  

 

2. Materials and methods 

 

2.1 Plant materials and growth conditions 
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Buckwheat (Fagopyrum esculentum Moench. cv. Jiangxi) was used in this study. A T-DNA 

insertion line (CS66053) of Arabidopsis AtALS1, atals1 was obtained from ABRC (Arabidopsis 

Biological Resource Center, Ohio State University, Columbus, OH, U.S.A.). It is a knockout line 

of AtALS1 (Larsen et al., 2007). The buckwheat and Arabidopsis were cultured as described in the 

part of 2.1 Plant materials and growth conditions in the above Chapter 3. 

 

2.2 Preparation of vacuolar membrane fraction of buckwheat leaves and proteomic analysis 

Buckwheat seedlings (5-w-old) were exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 30 

μM Al. After 24 h, leaf protoplasts and vacuoles were isolated as described previously (Shen et al., 

2002), except the concentration of mannitol was 0.4 M. The isolated vacuoles were placed at -80 

ºC in a refrigerator overnight, and then centrifuged at 100,000 g for 40 min for enrichment. To 

prepare the tonoplast fraction for trypsin digestion, sample was treated with reductant-alkylation. 

The sample was then digested by trypsin with Tris-buffer (2 mM EDTA, 250 mM Tris-HCl (pH 

8.0)). The sample (3 μg) was separated on Monocap C18 High resolution 2000 column (0.1×2000 

mm, GL Sciences Inc.) with ADVANCE UHPLC SYSTEM (Michrom BioResources) and then 

subjected to LC-MS/MS analysis with Thermo Scientific LTQ Orbitrap XL mass spectrometer 

(Thermo Fisher Scientific). Raw data were processed and searched against the buckwheat RNA-

seq database (Yokosho et al., 2014), using Mascot (Matrix Science; version 2.5.1). The criteria for 

Mascot searching were based on a fragment ion mass tolerance of 0.60 Da and a parent ion 

tolerance of 5.0 parts per million. Max missed cleavages were 1. Scaffold (Proteome Software; 

Scaffold_4.4.1.1) was used to valid MS/MS-based protein identifications. Peptides were identified 

based on default setting peptide threshold. Peptides with at least four readings were selected. 
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  Leaf total membrane used for western blot was prepared as follow. Leaves (about 100 g) were 

harvested and homogenized in 300 mL of ice cold homogenizing buffer (230 mM sorbitol, 500 

mM Tris-HCl (pH7.8), 100 mM KCl, 3 mM EGTA, 20 mM 2-mercaptoethanol, 1 mM PMSF with 

protease inhibitor cocktail (SIGMA)). After filtration, the homogenates were centrifuged at 9000 

g for 10 min to yield the supernatant, and centrifuged at same condition for three times. The 

supernatants were then ultracentrifuged at 100,000 g for 40 min. This microsomal pellet was 

resuspended in a 7 mL of resuspention buffer (330 mM sorbitol, 5 mM KCl, 5 mM, K2HPO4 pH 

7.8 with protease inhibitor cocktail (SIGMA) and 1 mM DTT), followed by western blot analysis 

as described below. The protein concentration was determined by the Bradford assay (Bio-Rad). 

 

2.3 Western blot analysis and silver staining 

Same amount of each sample was allowed to incubate at 65°C for 10 min, and then was loaded 

onto SDS/PAGE using 5 to 20% gradient polyacrylamide gels (ATTO). Silver staining was 

performed by the Silver Stain II kit Wako (Wako). For western blot, anti-V-type H+-ATPase or 

anti-P-type H+-ATPase polyclonal antibody (1:500) was used as the primary antibody. Anti-rabbit 

IgG (H+L) conjugated to horseradish peroxidase (1:10,000; Promega) was used as a secondary 

antibody, and an ECL Plus western blotting detection system (GE Healthcare UK Limited Little 

Chalfont Buckinghamshire HP7 9NA UK) was used for chemiluminescence detection. 

 

2.4 Gene cloning and sequencing 

Total RNA was extracted from the roots and leaves of buckwheat using an Agilent Plant RNA 

Isolation Mini Kit (Agilent; http://www.agilent.com/). Total RNA (500 ng) was used for first-

strand cDNA synthesis using a SuperScript II kit (Invitrogen) following the manufacturer’s 
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instruction. The full-length of FeALS1.1 and FeALS1.2 cDNA were cloned based on the RNA-seq 

data (Yokosho et al., 2014). The ORF of FeALS1.1 cDNA was amplified by RT-PCR using primers 

5′-ATGGGGAAGAATCAACACTTGG-3′ (forward) and 5′-

TCAAGTCAAAGATGATGAGACTGGT-3′ (reverse). The ORF of FeALS1.2 cDNA was 

amplified by RT-PCR using primers 5′-ATGAATTTCGGGGGAGGAGGCG-3′ (forward) and 5′-

TCATATGACTTCTGTTTTGCTTGCT-3′ (reverse). 

  The gene structure of FeALS1.2 was constructed based on Buckwheat Genome DataBase (Yasui 

et al., 2016; http://buckwheat.kazusa.or.jp/). The gene structure of FeALS1.1 was constructed 

based on the sequencing results as its whole genomic sequence is not available in Buckwheat 

Genome DataBase. The genomic sequence of FeALS1.1 was amplified by PCR from buckwheat 

genomic DNA using the same primers as ORF cloning, and then cloned into pGEM-T vector for 

sequencing. 

 

2.5 Determination of absolute expression level in roots and leaves 

To determine absolute gene expression level in the roots and leaves of buckwheat and Arabidopsis, 

the cDNA fragment of FeALS1.1, FeALS1.2 or AtALS1 was amplified by RT-PCR using the same 

primers for quantitative RT-PCR as described below, which were then cloned into pGEM-T vector 

respectively for making standard curves. The standard curves were prepared using a series of 

dilutions (from 1 to 1×10-5 ng) of plasmids. cDNAs from the roots and leaves of buckwheat 

seedlings (10-d-old) exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 0 or 30 μM AlCl3 

for 24 h, or Arabidopsis seedlings (5-w-old) exposed to a 0.5 mM CaCl2 solution (pH 4.5) 

containing 0 or 10 μM AlCl3 for 24 h were subjected to quantitative RT-PCR. Amplification 

efficiency was calculated and the Ct values for each sample were converted into absolute copy 
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numbers using the standard curves. The primers used were 5′-GACCGTTGGAGCACTCACTTC-

3′ (forward) and 5′-CAGGATTACCGACTGGACACT-3′ (reverse) for AtALS1. 

 

2.6 Gene expression patterns 

For gene expression analysis, seedlings (4-d-old) were exposed to a 0.5 mM CaCl2 solution (pH 

4.5) containing various Al concentrations (0 to 100 μM) for different times (0 to 5 h), with different 

pH or La. Whole roots or different root segments were sampled and frozen immediately till the 

use. To investigate the relationship between leaf age-dependent expression of FeALS1.1 and 

FeALS1.2 and Al accumulation, seedlings of buckwheat (10-d-old) with three true leaves were 

exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 30 μM AlCl3 for 24 h. Cotyledon and 

leaf 1 (old) to leaf 3 (young) were sampled for RNA extraction as described above and for Al 

accumulation analysis. For Al determination, the samples were dried at 70°C in an oven for 3d and 

then subjected to digestion with concentrated HNO3 (60%) at 135°C. The Al concentration in the 

digest solution was determined by ICP-MS (inductively coupled plasma mass spectrometry). 

  For root tissue-specificity of gene expression, samples prepared by LMD were used as described 

previously (Yokosho et al., 2016b). The expression of FeALS1.1 and FeALS1.2, and Histone H3 

(internal control) were determined by quantitative RT-PCR using Thunderbird SYBR qPCR mix 

(TOYOBO, http://www.toyobo.co.jp/) on Mastercycler ep realplex (Eppendorf, 

http://www.eppendorf.com/). The primers used were 5′-GGAGTTTCTTTCGTCGGTTTC-3′ 

(forward) and 5′-TTTCAGAGCCGGTGGACAT-3′ (reverse) for FeALS1.1, 5′-

CATGGATTTGGTGGCGGTG-3′ (forward) and 5′-GCAAGTGCTATGACTCTCCCA-3′ 

(reverse) for FeALS1.2 and 5′-GAGAGATGGCTCGTACAAAACAG-3′ (forward) and 5′-

GAACCAGCCTCTGGAATGGAAGC-3′ (reverse) for HistoneH3. 
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2.7 Subcellular localization 

To construct the 35S:FeALS1.1-GFP or 35S:FeALS1.2-GFP fusion gene, the ORF of FeALS1.1 

or FeALS1.2 without stop condon was ligated to the 5' end of GFP carrying linker sequence, which 

encodes seven additional amino acids (SGGGGGG), and placed under the control of the CaMV 

35S promoter in pUC18 (Takara) as described previously (Ueno et al., 2010). The primers used 

were 5′-GTCGACATGGGGAAGAATCAACACTTGGATT-3′ (forward) and 5′-

ACCGGTAGTCAAAGATGATGAGACTGGT-3′ (reverse) for FeALS1.1, and 5′-

GTCGACATGAATTTCGGGGGAGGAGGCG-3′ (forward) and 5′-

CCCGGGTATGACTTCTGTTTTGCTTGCT-3′ (reverse) for FeALS1.2. 

Transfection of the GFP fused genes in buckwheat leaf protoplasts and onion epidermal cells was 

performed as described in the part of 2.5 Subcellular localization in the above Chapter 2. 

 

2.8 Heterologous expression of FeALS1.1 and FeALS1.2 in Arabidopsis atals1 mutant 

A 2.5 kb promoter region of AtALS1 was amplified with primers: 5′-

GCAGAAAAACATATTGGTGTT-3′ (forward) and 5′-CTGAAATATGAAAAGTTCTCAAC-

3′ (reverse). After it was fused with the ORF of FeALS1.1 or FeALS1.2, they were introduced to 

the pPZP2H-lac binary vector (Fuse et al., 2001). The constructed plasmid was transformed into 

atals1 mutant by the Agrobacterium tumefaciens-mediated floral dip method (Clough and Bent, 

1998). The transgenic seeds were germinated on a MS plate containing hygromycin B (50 μg ml-

1) for selection and two independent transgenic homozygous T3 lines were selected for further 

analysis. 
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2.9 Al tolerance evaluation 

The Al tolerance of the transgenic lines was evaluated in both the hydroponic solution and agar 

plate. For hydroponic condition, seedlings were prepared as described above. Similar seedlings (9-

d-old) with 1-2 cm root length were transferred to a 1/30-strength modified Hoagland nutrient 

solution (pH 5.2, without NH4H2PO4 and with 1 mM CaCl2) containing 0 or 3.75 μM Al following 

the method described by Iuchi et al., (2007). The solution was renewed every 2 d. Root length was 

measured with a ruler before and after 7 d exposure. The root elongation and the relative root 

elongation were calculated based on the root growth before and after the Al treatment. 

  For plate experiments, Arabidopsis seeds were germinated on the above MS medium plate. 

Similar seedlings with approximately 0.5 cm long root were transferred to a plate containing 1 mM 

CaCl2, 1% agar and 1% sucrose (pH 5.0) with 0 or 50 μM Al for 5 d. Root length was measured 

with a ruler before and after treatment. 

  The transgenic seeds were germinated on the above MS medium plate but containing hygromycin 

B (50 μg ml-1) for selection. 

 

2.10 Morin staining 

Arabidopsis seedlings (2-w-old) were exposed to a 1/30-strength modified Hoagland nutrient 

solution (pH 5.2, without NH4H2PO4 and with 1 mM CaCl2) containing 4 μM Al for 1d following 

the method described by Iuchi et al., (2007). Roots were stained in 0.01% Morin for 30 min (Eticha 

et al., 2005b). The green fluorescence signal was observed under an LSM700 laser scanning 

microscope (Zeiss) and the fluorescent intensity of the image was estimated based on mean of gray 

value by Photoshop software.  The intensity relative to WT is shown.  For each line, six roots were 

observed. 
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2.11 Al Accumulation in transgenic Arabidopsis lines 

For determination of Al accumulation in the Arabidopsis roots, 5-w-old seedlings of WT, atals1 

and transgenic lines were exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 0, 1, 4 or 8 μM 

Al for 2 d. The whole roots were harvested after washing with 1 mM CaCl2 solution three times. 

Dried samples were digested with concentrated HNO3 (60%) at 135°C. 

  For determination of Al in root cell sap, 5-w-old seedlings of WT, atals1 and transgenic lines 

were exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 10 μM Al for 1 d. The whole roots 

were harvested after washing with 1 mM CaCl2 solution three times, and placed on a filter in a 

tube and frozen at -80°C overnight. After rapid thawing at room temperature, the root cell sap was 

collected by centrifugation at 20,600g for 10 min. The Al concentration in the digest solution and 

root cell sap was determined by ICP-MS (inductively coupled plasma mass spectrometry). 

 

3. Results 

 

3.1 Proteomic analysis of vacuolar membrane of buckwheat leaves 

In order to identify transporters involved in vacuolar sequestration of Al in the leaves, I isolated 

protoplasts and vacuoles from leaves of buckwheat exposed to 30 μM Al for 24 h. Observation 

under microscope revealed high quality of the protoplasts and vacuoles (Figs. 3.1A and 3.1B). The 

vacuoles isolated were subjected to extract tonoplast fractions for proteomic analysis. Silver stain 

analysis revealed that the tonoplast fraction showed different profile from the leaf total membrane 

fraction (Fig. 3.1C). Furthermore, I confirmed the quality of the tonoplast fractions by using 

antibodies against V-type H+-ATPase (the tonoplast marker) and  P-type H+-ATPase (the plasma 
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membrane marker). A strong signal for the V-type H+-ATPase, but a very week signal for the P-

type H+-ATPase was detected in the tonoplast fractions (Figs. 3.1D and 3.1E), indicating high 

quality of the tonoplast fraction isolated. 

  Proteomic analysis of the tonoplast fraction with LC-MS/MS led to identification of 

approximately 800 proteins (detectable in one reading); among them, 215 proteins showed higher 

abundance (detectable in four readings) (Table 3.1). Information of genes encoding these proteins 

were obtained by searching in our buckwheat RNA-seq database (Yokosho et al., 2014). The 

information of 215 genes is available in Table 3.1, but in the present study I focused on comp60969 

and comp55427, which are predicated to encode a half-size ABC transporter and show high 

similarity to AtALS1 in Arabidopsis and OsALS1 in rice. Both AtALS1 and OsALS1 have been 

implicated in vacuolar sequestration of Al (Larsen et al., 2007; Huang et al., 2012), I therefore 

designated these genes respectively to FeALS1.1 and FeALS1.2 and functionally characterized 

these genes as described below. 
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Figure 3.1 Preparation of vacuolar membrane fraction of buckwheat leaves for proteomic analysis. 

Isolated protoplasts (A) and vacuoles (B) from leaves of buckwheat exposed to a 0.5 mM CaCl2 

solution (pH 4.5) containing 30 μM Al for 24 h. Scale bar = 100 μm. (C) Silver staining of isolated 

tonoplast fractions and leaf total membrane. Western blots of isolated tonoplast fractions and leaf 

total membrane with V-type H+-ATPase (D) and P-type H+-ATPase antibodies (E). 

 

Table 3.1 Information of genes encoding proteins identified from buckwheat leaf tonoplast 

a. Buckwheat contig ID is according buckwheat RNA-seq database (Yokosho et al., 2014) 

b. Fold change showed ratio of +Al treatement/-Al treatment in leaves according buckwheat RNA-

seq database (Yokosho et al., 2014) 

c. Description based on the NCBI plant database. 

N. D. not detected 

  
Buckwheat contig 

IDa 

Fold 

changeb 

(+Al/-Al) 

Descriptionc 
Buckwheat 

gene name 

1 comp55289_c0_seq5 Only +Al 
vacuolar proton translocating ATPase 100 kDa subunit [Vitis 

vinifera] 
 

2 comp59109_c0_seq18 Only +Al 
fructose-bisphosphate aldolase cytoplasmic isozyme-like 

isoform 1 [Solanum lycopersicum] 
 

3 comp57170_c1_seq1 Only +Al actin-58-like [Solanum lycopersicum]  

4 comp50605_c1_seq5 13.8 carbonic anhydrase, chloroplastic-like isoform 1 [Glycine max]  

5 comp51361_c1_seq1 13.2 aconitate hydratase, cytoplasmic-like [Cucumis sativus]  

6 comp59481_c0_seq2 11 
kaempferol 3-O-beta-D-galactosyltransferase-like [Solanum 

lycopersicum] 
 

7 comp60969_c0_seq4 3.9 ABC transporter family protein, partial [Populus trichocarpa] FeALS1.1 

8 comp58277_c0_seq1 2.8 predicted protein [Populus trichocarpa]  

9 comp60135_c0_seq2 2.1 
pyruvate dehydrogenase E1 component subunit beta-1, 

mitochondrial-like [Fragaria vesca subsp. vesca] 
 

10 comp63579_c2_seq6 1.9 
NAD(P)H-quinone oxidoreductase chain 4, chloroplastic-like 

[Cicer arietinum] 
 

11 comp59262_c0_seq1 1.8 serine carboxypeptidase-like 27-like [Cucumis sativus]  

12 comp61564_c0_seq2 1.7 small GTP-binding protein [Glycine max]  
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13 comp63865_c0_seq1 1.7 
serine hydroxymethyltransferase, mitochondrial-like [Solanum 

lycopersicum] 
 

14 comp41237_c0_seq1 1.6 ATP synthase subunit beta vacuolar, putative [Ricinus communis]  

15 comp52464_c1_seq15 1.6 Centromeric protein E, putative [Ricinus communis]  

16 comp44263_c0_seq2 1.5 ATPase subunit 1 (mitochondrion) [Citrullus lanatus]  

17 comp65883_c0_seq1 1.5  ABC transporter C family member 3-like [Glycine max]  

18 comp56391_c1_seq1 1.4 
acetyl-CoA carboxylase beta subunit (chloroplast) [Fagopyrum 

esculentum subsp. ancestrale] 
 

19 comp52434_c0_seq2 1.4 
 photosystem II CP47 chlorophyll apoprotein-like [Solanum 

lycopersicum] 
 

20 comp43395_c0_seq1 1.4 
photosystem I P700 chlorophyll a apoprotein A1 (chloroplast) 

[Fagopyrum esculentum subsp. ancestrale] 
 

21 comp43395_c0_seq2 1.4 
photosystem I P700 chlorophyll a apoprotein A2 (chloroplast) 

[Fagopyrum esculentum subsp. ancestrale] 
 

22 comp50764_c0_seq1 1.4 ABC transporter C family member 3-like [Solanum lycopersicum]  

23 comp53697_c0_seq1 1.3 
fructose-bisphosphate aldolase, cytoplasmic isozyme 1-like 

[Solanum lycopersicum] 
 

24 comp56849_c1_seq1 1.3 heat shock cognate protein 70-1 [Arabidopsis thaliana]  

25 comp63230_c0_seq4 1.3 heat shock cognate 70 kDa protein 2-like [Solanum lycopersicum]  

26 comp52938_c0_seq1 1.3 predicted protein [Populus trichocarpa]  

27 comp53279_c1_seq1 1.3 
ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 

(chloroplast) [Fagopyrum esculentum subsp. ancestrale] 
 

28 comp73051_c0_seq1 1.3 Photosystem II CP43 chlorophyll apoprotein [Medicago truncatula]  

29 comp51292_c0_seq4 1.3 
ATP synthase CF1 alpha subunit (chloroplast) [Fagopyrum 

esculentum subsp. ancestrale] 
 

30 comp63408_c0_seq2 1.3 ABC transporter C family member 4-like [Vitis vinifera]  

31 comp58333_c1_seq1 1.3 chaperone protein ClpB4, mitochondrial-like [Glycine max]  

32 comp55249_c0_seq1 1.2 niemann-Pick C1 protein [Vitis vinifera]  

33 comp62509_c0_seq16 1.2 14-3-3-like protein GF14 iota [Arabidopsis thaliana]  

34 comp52469_c0_seq1 1.2 uncharacterized protein LOC100261274 [Vitis vinifera]  

35 comp51021_c0_seq1 1.2 14-3-3-like protein-like [Fragaria vesca subsp. vesca]  

36 comp55590_c0_seq1 1.2 aspartic proteinase-like [Solanum lycopersicum]  

37 comp57777_c0_seq3 1.2 14-3-3 protein, putative [Ricinus communis]  

38 comp60525_c0_seq1 1.2 heat shock protein 60 [Arabidopsis thaliana]  

39 comp65165_c0_seq1 1.2 
glycine dehydrogenase [decarboxylating], mitochondrial-like 

isoform X2 [Cicer arietinum] 
 

40 comp64499_c0_seq1 1.2 Cl-channel clc-7 [Populus trichocarpa]  

41 comp61100_c0_seq1 1.2 
ATP-dependent zinc metalloprotease FTSH 2, chloroplastic-like 

[Vitis vinifera] 
 

42 comp61014_c0_seq1 1.2 
hypothetical protein ARALYDRAFT_491144 [Arabidopsis lyrata 

subsp. lyrata] 
 

43 comp64233_c0_seq1 1.2 ABC transporter C family member 2 isoform 1 [Vitis vinifera]  

44 comp55399_c0_seq1 1.2 
ferredoxin-dependent glutamate synthase 1, chloroplastic [Vitis 

vinifera] 
 

45 comp57880_c1_seq2 1.1 
Ribulose bisphosphate carboxylase/oxygenase activase 1, 

chloroplast precursor, putative [Ricinus communis] 
 

46 comp54143_c0_seq1 1.1 V-type proton ATPase subunit C [Vitis vinifera]  

47 comp65831_c0_seq1 1.1 elongation factor 2-like isoform X2 [Cicer arietinum]  

48 comp63230_c0_seq2 1.1 heat shock protein, putative [Ricinus communis]  

49 comp48962_c0_seq1 1.1 small GTP-binding protein [Solanum lycopersicum]  



60 
 

50 comp60392_c0_seq1 1.1 
ATP synthase CF1 beta subunit (chloroplast) [Fagopyrum 

esculentum subsp. ancestrale] 
 

51 comp53253_c0_seq1 1.1 ras-related protein RABE1c-like [Cucumis sativus]  

52 comp55427_c0_seq1 1.1 ABC transporter B family member 25-like [Vitis vinifera] FeALS1.2 

53 comp57489_c0_seq1 1.1 
photosystem I reaction center subunit N, chloroplastic-like [Cicer 

arietinum] 
 

54 comp60066_c0_seq1 1.1 heme-binding protein 2-like [Fragaria vesca subsp. vesca]  

55 comp59328_c1_seq2 1.1 Os01g0558600 [Oryza sativa Japonica Group]  

56 comp53827_c0_seq1 1.1 
ATP synthase subunit b', chloroplastic-like [Solanum 

lycopersicum] 
 

57 comp61632_c1_seq2 1.1 
V-type proton ATPase subunit B 1-like isoform X2 [Cicer 

arietinum] 
 

58 comp56101_c1_seq1 1.1 predicted protein [Populus trichocarpa]  

59 comp58952_c0_seq1 1.1 
ATP-dependent zinc metalloprotease FTSH, chloroplastic [Vitis 

vinifera] 
 

60 comp64493_c1_seq3 1.1 autoinhibited H+ ATPase [Populus trichocarpa]  

61 comp65931_c0_seq1 1.1 predicted protein [Populus trichocarpa]  

62 comp49997_c0_seq1 1.1 
 peroxisomal (S)-2-hydroxy-acid oxidase-like isoform X3 [Cicer 

arietinum] 
 

63 comp64986_c0_seq1 1.1 predicted protein [Populus trichocarpa]  

64 comp58376_c0_seq1 1.1 
phosphate carrier protein, mitochondrial-like [Fragaria vesca subsp. 

vesca] 
 

65 comp52814_c3_seq1 1.1 
chlorophyll a-b binding protein 13, chloroplastic-like [Vitis 

vinifera] 
 

66 comp42376_c0_seq1 1.1 ras-related protein RABE1c-like [Cucumis sativus]  

67 comp52311_c0_seq1 1.1 RAB GTPase 11C [Arabidopsis thaliana]  

68 comp46018_c0_seq1 1 
oxygen-evolving enhancer protein 1, chloroplastic [Solanum 

lycopersicum] 
 

69 comp52814_c0_seq1 1 
chlorophyll a-b binding protein P4, chloroplastic-like [Cicer 

arietinum] 
 

70 comp53715_c0_seq1 1 hypothetical protein POPTRDRAFT_816277 [Populus trichocarpa]  

71 comp59700_c0_seq3 1 predicted protein [Populus trichocarpa]  

72 comp55311_c0_seq1 1 
pyrophosphate-energized vacuolar membrane proton pump-like 

[Solanum lycopersicum] 
 

73 comp52662_c0_seq1 1 
probable fructose-bisphosphate aldolase 2, chloroplastic-like 

[Solanum lycopersicum] 
 

74 comp61632_c3_seq3 1 
V-type proton ATPase subunit B2-like isoform 2 [Solanum 

lycopersicum] 
 

75 comp52341_c0_seq1 1 ras-related protein Rab11C-like [Glycine max]  

76 comp63047_c1_seq1 1 
ATP-dependent Clp protease ATP-binding subunit clpA homolog 

CD4A, chloroplastic-like [Vitis vinifera] 
 

77 comp54404_c1_seq2 1 plasma membrane ATPase 4 isoform 1 [Vitis vinifera]  

78 comp47384_c0_seq1 1 Chlorophyll a-b binding protein [Medicago truncatula]  

79 comp56514_c0_seq1 1 peroxidase 12-like [Fragaria vesca subsp. vesca]  

80 comp58226_c2_seq1 1 NADH-ubiquinone oxidoreductase, putative [Ricinus communis]  

81 comp53510_c2_seq1 1 autoinhibited H+ ATPase [Populus trichocarpa]  

82 comp48341_c0_seq1 1 histone h2a, putative [Ricinus communis]  

83 comp47582_c0_seq1 1 lipase 3 [Vitis vinifera]  

84 comp57820_c0_seq1 1 predicted protein, partial [Populus trichocarpa]  

85 comp58702_c0_seq1 1 
glyceraldehyde-3-phosphate dehydrogenase A subunit [Glycine 

max] 
 

86 comp49200_c0_seq1 1 
mitochondrial outer membrane protein porin of 36 kDa isoform 1 

[Vitis vinifera] 
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87 comp58534_c0_seq2 1 14-3-3-like protein GF14 iota-like [Fragaria vesca subsp. vesca]  

88 comp51248_c0_seq1 1 
Photosystem I reaction center subunit II, chloroplast precursor, 

putative [Ricinus communis] 
 

89 comp63499_c0_seq1 1 
pyrophosphate-energized vacuolar membrane proton pump-like 

[Solanum lycopersicum] 
 

90 comp49847_c0_seq2 1 leucine aminopeptidase 2, chloroplastic isoform 1 [Vitis vinifera]  

91 comp39710_c0_seq1 1 
chlorophyll a-b binding protein 8, chloroplastic-like [Fragaria 

vesca subsp. vesca] 
 

92 comp45945_c0_seq4 1 histone H2A-like [Fragaria vesca subsp. vesca]  

93 comp42903_c0_seq1 1 aconitate hydratase, cytoplasmic-like [Solanum lycopersicum]  

94 comp54291_c0_seq1 1 
glutamine synthetase leaf isozyme, chloroplastic-like [Cucumis 

sativus] 
 

95 comp63846_c0_seq1 1 ATP synthase gamma chain, chloroplastic [Glycine max]  

96 comp49150_c0_seq2 1 No description  

97 comp55142_c0_seq1 0.9 
maturase K (chloroplast) [Fagopyrum esculentum subsp. 

ancestrale] 
 

98 comp46250_c0_seq1 0.9 
light harvesting chlorophyll a/b binding protein5 precursor [Zea 

mays] 
 

99 comp52546_c0_seq1 0.9 cysteine proteinase RD21a-like [Vitis vinifera]  

100 comp57708_c0_seq1 0.9 plasma membrane H+-ATPase [Solanum lycopersicum]  

101 comp44893_c0_seq1 0.9 UPF0603 protein At1g54780, chloroplastic [Vitis vinifera]  

102 comp57170_c1_seq3 0.9 Actin [Medicago truncatula]  

103 comp50793_c0_seq1 0.9 uncharacterized protein LOC100812074 [Glycine max]  

104 comp63499_c0_seq3 0.9 
pyrophosphate-energized vacuolar membrane proton pump-like 

[Glycine max] 
 

105 comp55400_c1_seq1 0.9 probable histone H2A.1-like [Solanum lycopersicum]  

106 comp46141_c0_seq1 0.9 histone H2A-like [Cucumis sativus]  

107 comp65786_c0_seq4 0.9 aconitase, putative [Ricinus communis]  

108 comp49893_c0_seq1 0.9 hypothetical protein POPTRDRAFT_716206 [Populus trichocarpa]  

109 comp49955_c0_seq1 0.9 Os04g0486600 [Oryza sativa Japonica Group]  

110 comp56447_c1_seq1 0.9 uncharacterized protein LOC100801140 [Glycine max]  

111 comp41742_c0_seq1 0.9 14-3-3 protein 4 [Solanum lycopersicum]  

112 comp65946_c0_seq1 0.9 ATP synthase gamma chain, chloroplastic-like [Cucumis sativus]  

113 comp55818_c0_seq1 0.9 
probable fructose-bisphosphate aldolase 2, chloroplastic-like [Vitis 

vinifera] 
 

114 comp63499_c0_seq4 0.9 
pyrophosphate-energized vacuolar membrane proton pump-like 

[Glycine max] 
 

115 comp64936_c1_seq1 0.9 V-type proton ATPase catalytic subunit A [Vitis vinifera]  

116 comp63499_c0_seq2 0.9 
pyrophosphate-energized vacuolar membrane proton pump-like 

[Glycine max] 
 

117 comp58251_c3_seq5 0.9 tubulin beta chain, putative [Ricinus communis]  

118 comp52591_c0_seq1 0.9 
succinyl-CoA ligase [ADP-forming] subunit beta, mitochondrial-

like [Cicer arietinum] 
 

119 comp54203_c1_seq1 0.9 
photosystem I reaction center subunit III, chloroplastic-like 

[Solanum lycopersicum] 
 

120 comp61479_c0_seq2 0.9 clathrin heavy chain 2 [Vitis vinifera]  

121 comp51813_c0_seq1 0.9 
mitochondrial outer membrane protein porin of 36 kDa-like 

[Cucumis sativus] 
 

122 comp56121_c0_seq1 0.9 ATP synthase subunit gamma, mitochondrial [Vitis vinifera]  

123 comp46002_c2_seq2 0.9 
ribulose bisphosphate carboxylase small chain, chloroplastic-like 

[Fragaria vesca subsp. vesca] 
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124 comp54302_c0_seq1 0.9 
chlorophyll a-b binding protein CP29.2, chloroplastic-like 

[Cucumis sativus] 
 

125 comp64936_c1_seq2 0.9 V-type proton ATPase catalytic subunit A [Vitis vinifera]  

126 comp58998_c0_seq1 0.9 aminomethyltransferase, mitochondrial [Vitis vinifera]  

127 comp54007_c0_seq1 0.9 ras-related protein Rab11A-like [Cicer arietinum]  

128 comp58376_c0_seq3 0.9 mitochondrial phosphate carrier protein [Populus trichocarpa]  

129 comp41849_c0_seq1 0.9 succinic semialdehyde dehydrogenase [Solanum lycopersicum]  

130 comp59194_c0_seq6 0.9 vacuolar ATP synthase subunit E, putative [Ricinus communis]  

131 comp50605_c1_seq7 0.9 carbonic anhydrase, chloroplastic [Vitis vinifera]  

132 comp49238_c0_seq1 0.9 
oxygen-evolving enhancer protein 2 [Arabidopsis lyrata subsp. 

lyrata] 
 

133 comp57940_c0_seq1 0.8 
ATP synthase subunit beta, mitochondrial-like [Solanum 

lycopersicum] 
 

134 comp59257_c0_seq1 0.8 NADH-ubiquinone oxidoreductase, putative [Ricinus communis]  

135 comp59834_c0_seq3 0.8 luminal-binding protein 5-like [Cucumis sativus]  

136 comp46105_c0_seq1 0.8 ATP synthase delta chain, chloroplastic [Vitis vinifera]  

137 comp57606_c1_seq3 0.8 elongation factor 1-alpha-like isoform 2 [Solanum lycopersicum]  

138 comp52278_c1_seq2 0.8 tubulin beta-1 chain [Vitis vinifera]  

139 comp64936_c0_seq2 0.8 V-type proton ATPase catalytic subunit A-like [Glycine max]  

140 comp60135_c0_seq10 0.8 pyruvate dehydrogenase, putative [Ricinus communis]  

141 comp43454_c1_seq1 0.8 60S ribosomal protein L6-3-like isoform X2 [Cicer arietinum]  

142 comp59404_c0_seq1 0.8 
geranylgeranyl diphosphate reductase, chloroplastic-like [Solanum 

lycopersicum] 
 

143 comp61632_c1_seq3 0.8 Os01g0711000 [Oryza sativa Japonica Group]  

144 comp56551_c0_seq2 0.8 probable serine/threonine-protein kinase At5g41260 [Vitis vinifera]  

145 comp52137_c0_seq1 0.8 vacuolar ATP synthase subunit f, putative [Ricinus communis]  

146 comp58065_c0_seq1 0.8 
thylakoid lumenal 29 kDa protein, chloroplastic-like [Fragaria 

vesca subsp. vesca] 
 

147 comp46002_c2_seq1 0.8 
ribulose bisphosphate carboxylase small chain, chloroplastic-like 

[Fragaria vesca subsp. vesca] 
 

148 comp50605_c1_seq1 0.8 carbonic anhydrase [Solanum lycopersicum]  

149 comp49893_c1_seq1 0.8 
pentatricopeptide repeat-containing protein At1g20230 [Vitis 

vinifera] 
 

150 comp65027_c1_seq2 0.8 dihydrolipoamide dehydrogenase, putative [Ricinus communis]  

151 comp63901_c0_seq2 0.8 
chlorophyll a-b binding protein, chloroplastic-like [Fragaria vesca 

subsp. vesca] 
 

152 comp56457_c0_seq1 0.8 protein disulfide-isomerase [Vitis vinifera]  

153 comp59683_c0_seq1 0.8 
chlorophyll a-b binding protein CP24 10A, chloroplastic-like 

[Solanum lycopersicum] 
 

154 comp57777_c0_seq8 0.8 predicted protein [Populus trichocarpa]  

155 comp52591_c0_seq2 0.8 
succinyl-CoA ligase [ADP-forming] subunit beta, mitochondrial 

[Vitis vinifera] 
 

156 comp62198_c0_seq1 0.8 V-type proton ATPase subunit H-like [Vitis vinifera]  

157 comp53285_c0_seq1 0.8 tubulin beta-1 chain-like [Solanum lycopersicum]  

158 comp61632_c1_seq1 0.8 
V-type proton ATPase subunit B 1-like isoform X2 [Cicer 

arietinum] 
 

159 comp62201_c1_seq1 0.8 
staphylococcal nuclease domain-containing protein 1 [Vitis 

vinifera] 
 

160 comp57606_c1_seq2 0.8 elongation factor 1-alpha [Solanum lycopersicum]  

161 comp51713_c0_seq1 0.8 60S ribosomal protein L6, putative [Ricinus communis]  
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162 comp64936_c0_seq1 0.8 V-type proton ATPase catalytic subunit A [Vitis vinifera]  

163 comp53936_c0_seq1 0.8 predicted protein [Populus trichocarpa]  

164 comp45399_c0_seq1 0.7 vesicle-fusing ATPase-like [Vitis vinifera]  

165 comp54034_c1_seq1 0.7 
succinate-semialdehyde dehydrogenase, mitochondrial-like 

[Fragaria vesca subsp. vesca] 
 

166 comp59438_c0_seq1 0.7 
pyrophosphate-energized vacuolar membrane proton pump [Vitis 

vinifera] 
 

167 comp62805_c1_seq1 0.7 uncharacterized protein LOC100810630 [Glycine max]  

168 comp58236_c0_seq1 0.7 
ruBisCO large subunit-binding protein subunit alpha, chloroplastic-

like [Vitis vinifera] 
 

169 comp57940_c0_seq3 0.7 uncharacterized protein LOC101763014 [Setaria italica]  

170 comp62990_c0_seq1 0.7 protein TOC75-3, chloroplastic-like [Vitis vinifera]  

171 comp66101_c0_seq1 0.7 uncharacterized protein LOC100807342 [Glycine max]  

172 comp52486_c0_seq1 0.7 ras-related protein RABA1f-like [Solanum lycopersicum]  

173 comp65074_c0_seq2 0.7 mitochondrial-processing peptidase subunit alpha [Vitis vinifera]  

174 comp65555_c0_seq1 0.7 
cobalamin-independent methionine synthase [Arabidopsis lyrata 

subsp. lyrata] 
 

175 comp47234_c0_seq1 0.7 
mitochondrial oxoglutarate/malate carrier protein, putative [Ricinus 

communis] 
 

176 comp56361_c0_seq1 0.7 endoplasmin homolog [Vitis vinifera]  

177 comp60135_c0_seq7 0.6 uncharacterized protein LOC100805001 [Glycine max]  

178 comp49407_c0_seq1 0.6 histone H2AX-like [Cicer arietinum]  

179 comp53213_c0_seq1 0.6 
uncharacterized protein LOC101313777 [Fragaria vesca subsp. 

vesca] 
 

180 comp43595_c0_seq1 0.6 
photosystem II stability/assembly factor HCF136, chloroplastic-

like [Glycine max] 
 

181 comp58575_c0_seq1 0.6 malate dehydrogenase, putative [Ricinus communis]  

182 comp53551_c0_seq2 0.6 Cell elongation protein diminuto, putative [Ricinus communis]  

183 comp52861_c0_seq1 0.6 autoinhibited H+ ATPase [Populus trichocarpa]  

184 comp52861_c1_seq1 0.6 ATPase 10, plasma membrane-type-like isoform 2 [Vitis vinifera]  

185 comp45945_c0_seq1 0.5 
hypothetical protein SORBIDRAFT_01g039250 [Sorghum 

bicolor] 
 

186 comp53551_c0_seq1 0.5 predicted protein [Populus trichocarpa]  

187 comp59834_c0_seq5 0.5 luminal-binding protein 5-like [Solanum lycopersicum]  

188 comp55706_c1_seq1 0.4 autoinhibited H+ ATPase [Populus trichocarpa]  

189 comp54549_c1_seq1 0.4 tubulin beta-5 chain-like [Brachypodium distachyon]  

190 comp31148_c0_seq1 0.3 
hypothetical protein SORBIDRAFT_01g039250 [Sorghum 

bicolor] 
 

191 comp61766_c1_seq1 0.3 predicted protein [Populus trichocarpa]  

192 comp61479_c0_seq1 0.2 clathrin heavy chain 2 [Vitis vinifera]  

193 comp60135_c0_seq6 0.1 
Pyruvate dehydrogenase E1 component subunit beta [Medicago 

truncatula] 
 

194 comp50557_c1_seq1 0 Protein PPLZ12, putative [Ricinus communis]  

195 comp46923_c1_seq1 N.D. 
Pyrophosphate-energized vacuolar membrane proton pump, 

putative [Ricinus communis] 
 

196 comp798863_c0_seq1 N.D. ATPase 8, plasma membrane-type-like [Cucumis sativus]  

197 comp63502_c0_seq1 N.D. 
beta subunit of mitochondrial ATP synthase [Chlamydomonas 

reinhardtii] 
 

198 comp552266_c0_seq1 N.D. luminal binding protein Bip1 [Volvox carteri f. nagariensis]  

199 comp24109_c0_seq1 N.D. elongation factor 1-alpha-like [Vitis vinifera]  
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200 comp20569_c0_seq1 N.D. predicted protein, partial [Populus trichocarpa]  

201 comp65256_c0_seq6 N.D. elongation factor 1-alpha-like [Cucumis sativus]  

202 comp59194_c0_seq3 N.D. vacuolar ATP synthase subunit E, putative [Ricinus communis]  

203 comp55289_c0_seq4 N.D. 
vacuolar proton translocating ATPase 100 kDa subunit [Vitis 

vinifera] 
 

204 comp57777_c0_seq4 N.D. 14-3-3-like protein-like [Glycine max]  

205 comp59109_c0_seq12 N.D. 
fructose-bisphosphate aldolase cytoplasmic isozyme-like isoform 1 

[Solanum lycopersicum] 
 

206 comp59109_c0_seq17 N.D. 
fructose-bisphosphate aldolase cytoplasmic isozyme-like [Cucumis 

sativus] 
 

207 comp46429_c2_seq1 N.D. Os01g0866100 [Oryza sativa Japonica Group]  

208 comp59022_c1_seq3 N.D. 
hypothetical protein VOLCADRAFT_109972 [Volvox carteri f. 

nagariensis] 
 

209 comp52836_c0_seq1 N.D. 
NADH dehydrogenase subunit 7 (mitochondrion) [Citrullus 

lanatus] 
 

210 comp58964_c0_seq3 N.D. 60S ribosomal protein L7-4-like isoform X2 [Cicer arietinum]  

211 comp58964_c0_seq1 N.D. 60S ribosomal protein L7-4-like isoform X2 [Cicer arietinum]  

212 comp58575_c0_seq4 N.D. malate dehydrogenase, chloroplastic [Vitis vinifera]  

213 comp58991_c1_seq1 N.D. 
Guanine nucleotide-binding protein subunit beta-like protein 

[Medicago truncatula] 
 

214 comp46923_c2_seq1 Only -Al 
pyrophosphate-energized vacuolar membrane proton pump-like 

[Cicer arietinum] 
 

215 comp57656_c0_seq11 Only -Al probable histone H2A variant 3 [Vitis vinifera]   

 

3.2 Cloning and phylogenetic analysis of FeALS1.1 and FeALS1.2 

The full cDNA of FeALS1.1 and FeALS1.2 was cloned by PCR using primers designed based on 

the RNA-seq database (Yokosho et al., 2014). The ORF of both FeALS1.1 and FeALS1.2 consists 

of 1941 bp, which encodes a peptide with 646 amino acids (Fig. 3.2A). Comparison with genomic 

sequence revealed that both FeALS1.1 and FeALS1.2 consist of 16 exons and 15 introns (Fig. 3.2B; 

Yasui et al., 2016). 

  FeALS1.1 and FeALS1.2 share 72% identity each other at amino acids level. They also share 72-

79% identity with AtALS1 and OsALS1 (Fig. 3.2C). FeALS1.1 belongs to the same branch as 

AtALS1, but FeALS1.2 belongs to a different branch (Fig. 3.3). Homologs of FeALS1.1 and 

FeALS1.2 were also found in other plant species. Similar to AtALS1 and OsALS1, FeALS1.1 and 

FeALS1.2 were predicted to have 5 putative transmembrane domains. All motifs of ABC 
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transporters were found in FeALS1.1 and FeALS1.2 including walker A and B, Q-loop, H-motif 

and ABC signature (Fig. 3.2A). 
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Figure 3.2 Multiple alignment and sequence analysis of FeALS1.1 and FeALS1.2. (A) Multiple 

alignment of FeALS1.1, FeALS1.2, AtALS1 and OsALS1. Horizontal lines indicate 

transmembrane domains. Boxes show the conserved domains. (B) Gene structure. UTR is the 

abbreviation for untranslated regions. (C) Similarity of FeALS1.1, FeALS1.2, AtALS1 and 

OsALS1. 

 

 

Figure 3.3 Phylogenetic tree of FeALS1.1 and FeALS1.2. The homologous proteins were 

obtained from NCBI (https://www.ncbi.nlm.nih.gov/). 
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3.3 Transcript abundance of FeALS1.1 and FeALS1.2 

To make the gene expression level comparable between different organs, different treatments and 

different plant species, I employed the absolute quantification method. In the absence of Al, 

FeALS1.1 was mainly expressed in the roots, while FeALS1.2 in the leaves (Fig. 3.4). However, 

the expression of FeALS1.1 was induced by Al in both the roots and leaves, whereas that of 

FeALS1.2 was not. Compared with AtALS1, the absolute expression level of FeALS1.1 in the roots 

exposed to Al was 6 times higher and that of FeALS1.2 in the leaves was 39 times higher (Fig. 

3.4). 

 

 

Figure 3.4 Transcript copy number of FeALS1.1, FeALS1.2 and AtALS1. Roots and leaves of 

buckwheat seedlings (10-d-old) exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 0 or 30 

μM AlCl3 for 24 h, or Arabidopsis seedlings (5-w-old) exposed to a 0.5 mM CaCl2 solution (pH 

4.5) containing 0 or 10 μM AlCl3 for 24 h were sampled for RNA extraction. The absolute gene 
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expression level was determined by quantitative RT-PCR. The transcript copy number was 

calculated from standard curves using Ct values. Data are means ± SD of three biological replicates. 

Means with different letters are significantly different (P < 0.05, Tukey’s test).  

 

3.4 Expression pattern of FeALS1.1 and FeALS1.2 

The expression level of FeALS1.1 in the roots increased with increasing external Al concentrations 

up to 30 μM Al (Fig. 3.5A), whereas that of FeALS1.2 was not induced by either concentration of 

Al (Fig. 3.5B). A time-course experiment showed that induction of FeALS1.1 expression occurred 

at 2 h after the Al exposure (Fig. 3.5C). Furthermore, the expression of FeALS1.1 was not induced 

by low pH and La, but by Al (Fig. 3.5E). The expression of FeALS1.2 in the roots was constant at 

various times and pH or La treatment (Figs. 3.5D and 3.5F). 
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Figure 3.5 Expression patterns of FeALS1.1 and FeALS1.2 in buckwheat roots. Dose-

response expression of FeALS1.1 (A) and FeALS1.2 (B). Roots of buckwheat exposed to a 0.5 mM 

CaCl2 solution (pH 4.5) containing 0, 5, 10, 30, 50 and 100 μM AlCl3 for 6 h were used for analysis. 

The expression level relative to 0 μM AlCl3 is shown. Time-dependent expression of FeALS1.1 

(C) and FeALS1.2 (D). Roots of buckwheat exposed to a 0.5 mM CaCl2 solution (pH 4.5) 

containing 30 μM AlCl3 for 0, 0.5, 2 and 5 h were used for analysis. The expression level relative 

to 0 h is shown. Response to different pH values and La of FeALS1.1 (E) and FeALS1.2 (F). Roots 

of buckwheat exposed to a 0.5 mM CaCl2 solution in pH 4.5 or 5.5 containing 0 or 30 μM Al or 

50 μM La were used for analysis. The expression level relative to 0 μM AlCl3 of pH 4.5 is shown. 

HistoneH3 was used as an internal control. The gene expression level was determined by 

quantitative RT-PCR. Data are means ± SD of three biological replicates. Means with different 

letters are significantly different (P < 0.05, Tukey’s test). 

 

  I also examined the leaf age-dependent and root spatial expression of FeALS1.1 and FeALS1.2. 

The expression of FeALS1.1 was induced by Al in the cotyledon and different leaves (leaf 1 to 3) 

(Fig. 3.6A).  Furthermore, there was a good correlation between the expression level of FeALS1.1 

and Al accumulation in the leaves (Fig. 3.7). However, the expression of FeALS1.2 was 

constitutive in different organs (Fig. 3.6B). Root spatial expression analysis showed that the 

expression of FeALS1.1 was similar between the root tips (0-1 cm from the root tips) and mature 

root region (1-2 cm) in the absence of Al (Fig. 3.6C), however, the expression only in the root tips 

was induced by Al. By contrast, the expression of FeALS1.2 in different root segments was not 

induced by Al (Fig. 3D). 
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  I further compared tissue-specificity of the expression of FeALS1.1 and FeALS1.2 in the root tips 

by using the same samples separated by laser micro-dissection (LMD) used in a previous study 

(Yokosho et al., 2016b). Both FeALS1.1 and FeALS1.2 showed similar expression level in 

different tissues of root tips (Figs. 3.6E and 3.6F). These results indicate that these two genes are 

expressed in all cells of root tip. 
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Figure 3.6 Tissue specificity of expression of FeALS1.1 and FeALS1.2. Leaf age-dependent 

expression of FeALS1.1 (A) and FeALS1.2 (B). Buckwheat seedlings were exposed to a 0.5 mM 

CaCl2 solution (pH 4.5) containing 0 or 30 μM AlCl3 for 24 h. Cotyledon and leaf 1 (old) to leaf 3 

(young) were sampled for RNA extraction. The expression level relative to cotyledon of 0 μM 

AlCl3 is shown. Root spatial expression of FeALS1.1 (C) and FeALS1.2 (D). Buckwheat seedlings 

(4-d-old) were exposed to a 0.5 mM CaCl2 solution (pH 4.5) containing 0 or 30 μM AlCl3 for 6 h. 

Root segments of 0-1 and 1-2 cm from root tip were excised for RNA extraction. The expression 

level relative to 0-1 cm root segment of 0 μM AlCl3 is shown. Tissue specificity of expression of 

FeALS1.1 (E) and FeALS1.2 (F) in the roots. Root tips (0-1 cm) of buckwheat seedlings exposed 

to a 0.5 mM CaCl2 solution (pH 4.5) containing 30 μM Al for 4 h were separated by laser micro-

dissection into two parts: whole root tissues without epidermis and inner tissues including the 

endodermis and stele. The expression level relative to the whole tissues is shown. The gene 

expression level was determined by quantitative RT-PCR. Data are given as means ± SD (n = 3 in 
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a-d; n = 4 in e-f). HistoneH3 was used as an internal control. The asterisk indicates significant 

differences compared with data of 0 μM AlCl3. (P < 0.05, Tukey’s test). 

 

 

Figure 3.7 Correlation between leaf Al concentration and the expression level of FeALS1.1. 

Buckwheat seedlings were exposed to 30 μM Al for 24 hours. Different leaves were sampled for 

gene expression and Al accumulation analysis.  The expression level relative to cotyledon (-Al) is 

shown. Al concentration was determined by ICP-MS. Data are means ± SD (n = 3). 

 

3.5 Subcellular localization of FeALS1.1 and FeALS1.2 

To determine the subcellular localization of FeALS1.1 and FeALS1.2, I transiently expressed 

FeALS1.1-GFP or FeALS1.2-GFP fusion gene in both the buckwheat leaf protoplast and onion 

epidermal cells under the control of 35S promoter. The GFP signal of FeALS1.1-GFP and 

FeALS1.2-GFP fusion was localized to the tonoplast in buckwheat leaf protoplast and isolated 

vacuoles (Figs. 3.8A-H). By contrast, GFP alone showed signal in the cytosol and nucleus in the 

buckwheat leaf protoplast (Figs. 3.8I-K). Similar subcellular localization of FeALS1.1 and 

FeALS1.2 was also observed when expressed in the onion epidermal cells (Figs. 3.9A-H). 
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Figure 3.8 Subcellular localization of FeALS1.1 and FeALS1.2 in buckwheat leaf protoplast 

and isolated vacuole. Localization of 35S:FeALS1.1-GFP in buckwheat leaf protoplast (A-C) and 

isolated vacuole (D). Scale bar = 5 μm. Localization of 35S:FeALS1.2-GFP in buckwheat leaf 

protoplast (E-G) and isolated vacuole (h). Scale bar = 10 μm. I-K, Localization of 35S:GFP in 

buckwheat leaf protoplast (I-K). Scale bar = 10 μm. Plasmids were transformed into buckwheat 

leaf protoplasts by polyethyleneglycol method. Magenta color shows chlorophyll autofluorescence 

(Chl).  
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Figure 3.9 Subcellular localization of FeALS1.1 and FeALS1.2 in onion epidermal cells. Co-

expression of 35S:FeALS1.1-GFP (A-D), 35S:FeALS1.2-GFP (E-H) and 35S:GFP  (I-L) with 

DsRed in onion epidermal cells. DsRed is a marker which is localized to the cytoplasm and nucleus. 

Image of GFP and DsRed signal, bright and merged ones are shown. White arrows indicate the 

nucleus. Scale bar = 100 μm.  

 

3.6 Functional complementation of Arabidopsis atals1 mutant by FeALS1.1 and FeALS1.2 

Since buckwheat mutants of FeALS1.1 and FeALS1.2 are not available and the transformation 

system of buckwheat has not been established, I was not able to demonstrate the role of these two 

genes directly in buckwheat. Alternatively, I introduced FeALS1.1 or FeALS1.2 into Arabidopsis 

atals1 mutant, a T-DNA insertion line, under the control of AtALS1 promoter (2.5 kb) (Fig. 3.10). 

Al tolerance was evaluated in both hydroponic solution and agar plate containing Al. In the 
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hydroponic solution, all lines showed similar root growth in the absence of Al (Fig. 3.11). However, 

in the presence of Al, the root elongation of WT was inhibited by 20%, whereas that of atals1 

mutant was inhibited by 48%. Transgenic lines carrying FeALS1.1 or FeALS1.2 rescued the root 

growth inhibition of the mutant (Fig. 3.11). Similar results were obtained when these lines were 

grown on an agar plate (Fig. 3.12), indicating that both FeALS1.1 and FeALS1.2 are able to 

functionally complement atals1. 

 

 

Figure 3.10 Construction and identification of complementary lines of transgenic 

Arabidopsis lines. (A) Transgenic vector construct. pPZP2H-lac binary vector was used for the 

transformation. (B) Gene structure of AtALS1, T-DNA insertion site and primers position. (C) 

Identification of complementary T3 lines. Homozygous T3 lines were used to extracted DNA for 

PCR with different primers. 
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Figure 3.11 Al tolerance evaluation of transgenic Arabidopsis lines. (A) Phenotype of 

transgenic lines carrying FeALS1.1 and FeALS1.2 in atals1 mutant. Seedlings of wild type, atals1 

mutant, FeALS1.1;atals1 and FeALS1.2;atals1 lines were exposed to a 1/30-strength modified 

Hoagland nutrient solution (pH 5.2, without NH4H2PO4 and with 1 mM CaCl2) containing 0 or 

3.75 μM Al for 7 d. White dotted lines show start point of Al treatment. Root elongation (B) and 

relative root elongation (C) of WT, atals1, FeALS1.1;atals1 and FeALS1.2;atals1 lines with or 

without Al. Root length was measured with a ruler before and after treatment. Scale bars = 1 cm. 

Values are means ± SD (n = 12). Means with different letters are significantly different (P < 0.05, 

Tukey’s test).  
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Figure 3.12 Al tolerance analysis of transgenic Arabidopsis lines on agar plate. (A) Phenotype 

of transgenic lines carrying FeALS1.1 and FeALS1.2 in atals1 mutant. Seedlings of wild type, 

atals1 mutant, FeALS1.1;atals1 and FeALS1.2;atals1 lines were grown on a plate containing 0 or 

50 μM Al for 5 d. Scale bars = 1 cm. White lines show start point of Al treatment. Root elongation 

(B) and relative root elongation (C) of WT, atals1, FeALS1.1;atals1 and FeALS1.2;atals1 lines 

with or without Al. Root length was measured with a ruler before and after treatment. Data are 

means ± SD (n = 10). Means with different letters are significantly different (P < 0.05, Tukey’s 

test).  

 

  I compared Al accumulation in the roots at different external Al concentrations. There was no 

difference in the total root Al accumulation among WT, atals1 and four complementation lines 
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(Fig. 3.13A). I also determined Al concentration in the root cell sap, which contain both cytosolic 

and vacuolar fraction of Al.  The difference in cell sap Al was also not found between WT, atals1 

and four complementation lines (Fig. 3.13B). Furthermore, I performed Morin staining of the roots 

exposed to Al. Morin can detect Al in the cytosol, but not in the vacuoles and cell wall (Huang et 

al., 2012). A stronger signal was detected in the root tip region of atals1 mutant than that of the 

WT (Fig. 3.13C). However, in the complementation lines carrying FeALS1.1 or FeALS1.2, the 

signal intensity was similar to the WT and much weaker than the atals1 mutant (Fig. 3.13C and 

3.13D). These results indicate that similar to AtALS1, both FeALS1.1 and FeASL1.2 function in 

sequestering Al into the vacuoles. 

 

 

Figure 3.13 Al accumulation and distribution in transgenic Arabidopsis lines. (A) Al 

concentration in the roots of transgenic Arabidopsis lines. Seedlings (5-w-old) of wild type, atals1 

mutant, FeALS1.1;atals1 and FeALS1.2;atals1 lines were exposed to a 0.5 mM CaCl2 solution (pH 
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4.5) containing 0, 1, 4 and 8 μM Al for 2 d. The roots were harvested for Al determination. (B) Al 

concentration in the root cell sap. Seedlings (5-w-old) were exposed to a 0.5 mM CaCl2 solution 

(pH 4.5) containing 10 μM Al for 1 d. Root cell sap was obtained by centrifigation. The Al 

concentration in the roots and cell sap was determined by ICP-MS. Data are means ± SD (n = 3). 

(C) Morin staining of root tips. Scale bar = 200 μm. (D) Relative fluorescent intensity of Morin 

staining in root tips. Seedlings (2-w-old) were exposed to a 1/30-strength modified Hoagland 

nutrient solution (pH 5.2, without NH4H2PO4 and with 1 mM CaCl2) containing 4 μM Al for 1 d. 

Roots were stained with Morin for 30 min and observed under microscope. The fluorescent 

intensity relative to WT is shown. Data are means ± SD (n = 6). Means with different letters are 

significantly different (P < 0.05, Tukey’s test).  

 

4. Discussion 

 

Most of Al in buckwheat leaves is sequestered into the vacuoles (Ma et al., 1998; Shen et al., 2002), 

but the transporters for this sequestration have not been identified. In the present study, I identified 

two half-size ABC proteins (FeALS1.1 and FeALS1.2) present in the tonoplast fraction through 

combined proteomic and transcriptomic approaches (Table 3.1).  Functional analysis revealed that 

these two proteins are involved in the vacuolar sequestration of Al in the roots and leaves of 

buckwheat, respectively. 

 

4.1 Distinct expression patterns of FeALS1.1 and FeALS1.2 

FeALS1.1 and FeALS1.2 share high similarity each other (72%) (Fig. 3.2), however, the encoding 

genes showed different expression patterns in terms of organ-specificity and Al-responsibility. 
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FeALS1.1 was mainly expressed in the roots and the expression was rapidly induced by Al (Figs. 

3.4 and 3.5). By contrast, FeALS1.2 was mainly expressed in the leaves and the expression was 

not induced by Al (Figs. 3.4 and 3.5). These results suggest that FeALS1.1 mainly functions in the 

roots, while FeALS1.2 mainly in the leaves. 

  AtALS1 in Arabidopsis and OsALS1 in rice also show differ expression patterns. The expression 

of OsALS1 was also up-regulated by Al, but this induction was only found in the roots, but not in 

the leaves (Huang et al., 2012). In contrast, although similar to FeALS1.2, the expression of AtALS1 

was unaffected by Al (Figs. 3.4 and 3.5; Larsen et al., 2007); AtALS1 was expressed in the roots, 

leaves, stems and flowers at a similar level (Larsen et al., 2007). These differences in the 

expression patterns may be attributed to high Al accumulation in buckwheat although the detailed 

mechanisms underlying remain to be examined. 

  These four genes also showed different cell specificity of expression in the roots. FeALS1.1, 

FeALS1.2 and OsALS1 were expressed in all cells of the roots (Fig. 3.6; Huang et al., 2012), but 

AtALS1 was expressed in the root tips and the vasculature throughout the plant and in the 

hydathodes (Larsen et al., 2007). Since these genes were also expressed in the absence of Al, they 

may have additional unknown roles in addition to sequestration of Al. 

 

4.2 Both FeALS1.1 and FeALS1.2 are involved in the sequestration of Al into the vacuoles 

Knockout of AtALS1 in Arabidopsis or OsALS1 in rice resulted in increased Al sensitivity, but did 

not alter Al accumulation in the roots. Furthermore, both of their encoding proteins are localized 

to the tonoplast (Larsen et al., 2007; Huang et al., 2012). Therefore, these genes have been 

implicated in the vacuolar sequestration of Al. Our results indicated that FeALS1.1 and FeALS1.2 

play a similar function as AtALS1 and OsALS1. This is supported by following evidence; 1) 
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FeALS1.1 and FeALS1.2 were located to the tonoplast (Figs. 3.8 and 3.9), 2) FeALS1.1 and 

FeALS1.2 rescued Al-induced root elongation inhibition of atals1 mutant (Figs. 3.11 and 3.12), 

3) FeALS1.1 and FeALS1.2 did not change the total Al accumulation of the roots, but altered the 

subcellular Al partition in the root cells when expressed in atals1 mutant (Fig. 3.13). 

In addition to the above four half-size ABC transporters, HmVALT1 (vacuolar Al transporter), 

an aquaporin family transporter was suggested to be involved in sequestering Al into the vacuoles 

of hydrangea (Hydrangea macrophylla), an Al-accumulating species (Ma et al., 1997a; Negishi et 

al., 2012). HmVALT1 was also localized to the tonoplast and overexpression of this gene in 

Arabidopsis enhanced the Al tolerance (Negishi et al., 2012). On the other hand, functional 

analysis of a buckwheat gene, FeIREG1 revealed that it is involved in the vacuolar sequestration 

of Al in the root cells. FeIREG1 encodes a tonoplast-localized protein. This gene was mainly 

expressed in the roots and its expression was specifically up-regulated by Al. Overexpression of 

FeIREG1 in Arabidopsis specifically enhanced Al tolerance (Yokosho et al., 2016b). These results 

suggest that multiple different transporters are required for the internal detoxification of high Al 

in the roots and leaves of buckwheat. One possibility is that these transporters have different 

transport substrates although the exact Al forms for ALSs, FeIREG1 and HmVALT1 are unknown. 

 

4.3 An elevated expression level of FeALS1.1 and FeALS1.2 is probably required for internal 

detoxification of high Al 

With a high capacity for internal detoxification of Al, buckwheat can accumulate much higher Al 

compared with Arabidopsis and rice (Ma et al., 1997c). Our results suggest that this is achieved 

by high expression of FeALS1.1 and FeALS1.2. Compared with AtALS1 expression, the expression 

level of FeALS1.1 in the buckwheat roots was six times higher in the presence of Al (Fig. 3.4). 
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The expression level of FeALS1.2 in the leaves was 39 times higher than AtALS1 (Fig. 3.4). Similar 

mechanism for internal Cd detoxification has been reported in a Cd-hyperaccumulating species, 

Noccaea (Thlaspi) caerulescens. For example, TcHMA3 encodes a tonoplast-localized transporter 

for Cd and its expression showed much higher level in a Cd-accumulating accession (Ganges) than 

in a non Cd-accumulating accession (Prayon) (Ueno et al., 2011). The enhanced expression of 

TcHMA3 was caused by increased gene copy numbers on the genome. In a Zn- and Cd-

hyperaccumulator, Arabidopsis halleri, the expression of AhHMA4 responsible for the root-to-

shoot translocation of Zn was also enhanced many times compared with A. thaliana. The enhanced 

expression of AhHMA4 in A. halleri is attributable to a combination of modified cis-regulatory 

sequences and gene copy number, in comparison to A. thaliana (Hanikenne et al., 2008). These 

findings indicate a common mechanism for hyperaccumulation of metals; enhancing transcript 

level of genes involved in internal detoxification and accumulation of metals. However, the 

mechanism underlying the high expression of FeALS1.1 and FeALS1.2 remains to be examined in 

future. 

In conclusion, FeALS1.1 and FeALS1.2 are involved in the vacuolar sequestration of Al in the 

roots and leaves, respectively. Their elevated expression is required for high Al tolerance in 

buckwheat. 
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Chapter 4 General discussion 

 

In the present study, I functionally characterized four genes including two MATE transporter genes, 

FeMATE1 and FeMATE2, and two half-size ABC transporter genes, FeALS1.1 and FeALS1.2, in 

buckwheat. Through detailed analysis, our results reveal that these four genes are probably 

involved in the external or internal detoxification of Al in buckwheat (Fig. 4.1).  

  Previous studies have showed that oxalate secretion was responsible for the external 

detoxification of Al in buckwheat roots (Ma et al., 1997c). I here found that citrate was also 

specifically secreted in buckwheat roots in response to Al, and Al-induced FeMATE1 was probably 

responsible for this Al-induced citrate secretion (Fig. 2.14). Several plant species have been 

reported to secrete two or more kinds of organic acid anions in response to Al (Table 1.1). This 

coordination of multiple organic acid anions might contribute to a high tolerance to Al. The citrate 

level was about 10% of oxalate in the root exudates after Al exposure (Fig. 2.14), and previous 

study showed that the Al3+ is chelated with citrate and oxalate at 1:1 and 1:3 ratio respectively 

(Shen et al., 2004). Therefore it seems like that FeMATE1-mediated citrate exudation also 

contributes to Al exclusion in buckwheat. 

  Citrate has been reported to be involved in internal detoxification of Al in buckwheat; Al was 

translocated in the xylem in a form of Al-citrate (1:1) complex (Ma and Hiradate, 2000), and Al-

citrate complex was also exist when the Al concentration was very high in the leaves (Shen et al., 

2004). In present study, I found that FeMATE2 was localized to the trans-Golgi and Golgi in 

buckwheat leave protoplast (Fig. 2.6), and showed transport activity for citrate in Xenopus oocytes 
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although likely due to mis-localization of FeMATE2 (Fig. 2.3). On the other hand, Golgi body has 

been reported as a toxic target of Al (Bennet et al., 1995; Prabagar et al., 2011). Therefore, I 

speculate that Al-induced FeMATE2-mediated citrate transportation might protect Golgi system 

from Al toxicity in buckwheat.  

  Buckwheat accumulates high Al in the leaves without showing toxicity symptoms, which mainly 

due to the sequestration of Al into vacuoles (Ma et al., 1997c; Ma et al., 1998; Shen et al., 2002). 

Recently, FeIREG1 encoding a tonoplast-localized protein was suggested to be involved in the 

vacuolar sequestration of Al, whereas this gene was mainly expressed in outer cell layers of the 

roots (Yokosho et al., 2016a). In present study, FeALS1.2 was constitutively highly expressed in 

the leaves and showed 39 times higher expression level than its homologous gene (AtALS1) of 

Arabidopsis, and Al-induced FeALS1.1 was mainly expressed in the roots and its expression level 

was six times higher than AtALS1 (Fig. 3.4; Larsen et al., 2007). Besides, expression of FeALS1.1 

or FeALS1.2 recovered the Al tolerance of atals1 mutant through altering the subcellular 

localization of Al in the root cells (Figs. 3.11 and 3.12). Therefore, the high expression of 

FeALS1.1 and FeALS1.2 and their mediated Al transportation are probably required for vacuolar 

sequestration of Al in the roots and leaves respectively in buckwheat.  
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Figure 4.1 Model for involvement of FeMATE1, FeMATE2, FeALS1.1 and FeALS1.2 in 

detoxification of Al in buckwheat. 

FeMATE1 is a plasma membrane-localized transporter for citrate. It is mainly expressed in the 

roots and the expression is induced by Al. FeMATE1 is probably involved in the Al-activated 

citrate secretion from the roots for external detoxification of Al. By contrast, FeMATE2 also 

transports citrate, but is localized to trans-Golgi and Golgi. It is highly expressed in the leaves and 

the expression is induced by Al in both the roots and leaves. FeMATE2 is probably responsible 

for the internal detoxification of Al by transporting citrate into Golgi system in the roots and leaves.  

On the other hand, FeALS1.1 and FeALS1.2 are half size-ABC transporters, which localized at 

the tonoplast. FeALS1.1 is mainly expressed in the roots and the expression is induced by Al. By 
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contrast, FeALS1.2 is constitutively highly expressed in the leaves. FeALS1.1 and FeALS1.2 are 

involved in the internal detoxification of Al in the roots and leaves, respectively, by sequestering 

Al into the vacuoles.  
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Summary 

 

Ionic form Al (Al3+) rapidly inhibits root growth at the micromolar level in acidic soils, 

subsequently interfering the uptake of water and nutrients. Therefore, Al has been universally 

recognized as a major factor limiting crop production on acid soils, which comprise 30-40% of 

arable soils in the world. However, some plants have developed various strategies to cope with Al 

toxicity. Buckwheat (Fagopyrum esculentum) is known to show high tolerance to Al ion toxicity 

and accumulates high Al in the leaves without showing any toxicity symptoms, however, the 

molecular mechanisms underlying the high Al tolerance and accumulation are poorly understood. 

In this study, I functionally characterized four genes including two MATE transporters genes 

(FeMATE1 and FeMATE2) and two half-size ABC transporters genes (FeASL1.1 and FeALS1.2) 

and found that they are involved in Al tolerance and accumulation in buckwheat.  

 

1. Two MATE transporters with different subcellular localization are involved in Al 

tolerance in buckwheat 

FeMATE1 and FeMATE2 belong to multi-drug and toxic compound extrusion (MATE) family. 

They shared 63% identity each other at amino acid level, and 55-70% identity with AtMATE in 

Arabidopsis, OsFRDL2 or OsFRDL4 in rice. Both FeMATE1 and FeMATE2 showed efflux 

transport activity for citrate, but not for oxalate and malate, when expressed in Xenopus oocytes. 

The expression of FeMATE1 was induced by Al only in the roots, but that of FeMATE2 was up-

regulated in both the roots and leaves. Al-induced expression of FeMATE1 and FeMATE2 was 
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higher in the root tips (0-1 cm) than in the basal region (1-3 cm). The expression of FeMATE1 did 

not increased till 6 h after exposure to Al, whereas the expression of FeMATE2 reached a 

maximum at 3 h in the root tips (0-1 cm). Furthermore, the expression of both genes only 

responded to Al toxicity, but not to other stresses including low pH, Cd and La. A transient assay 

with buckwheat leaf protoplasts using GFP fusion showed that FeMATE1 was mainly localized to 

the plasma membrane, whereas FeMATE2 was localized to the trans-Golgi and Golgi. 

Heterologous expression of FeMATE1 or FeMATE2 in Arabidopsis mutant atmate partially 

rescued its Al tolerance. Expression of FeMATE1 also partially recovered the Al-induced secretion 

of citrate in the transgenic lines, whereas expression of FeMATE2 did not complement the citrate 

secretion. The secretion of Al-induced malate and the Al concentration in the roots and root cell 

sap did not affected by expression of FeMATE1 and FeMATE2. Further physiological analysis 

showed that buckwheat roots also secreted citrate in addition to oxalate in response to Al. The 

citrate secretion increased with increasing Al concentration in the external solution, and was 

triggered by Al as early as 3 h after the exposure to Al and kept at similar level thereafter. 

Furthermore, the citrate secretion was not induced by Cd and La. Taken together, these results 

indicate that FeMATE1 is involved in the Al-activated citrate secretion in the roots, while 

FeMATE2 is probably responsible for the internal detoxification of Al by transporting citrate into 

Golgi system in the roots and leaves of buckwheat.  

 

2. Functional characterization of two half-size ABC transporter genes in Al-accumulating 

buckwheat 

In order to identify transporters involved in vacuolar sequestration of Al in the leaves, I performed 

proteomic analysis with purified tonoplast fraction and identified two half-size ABC transporters; 
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FeASL1.1 and FeALS1.2, which share 72% identity each other, and 72-79% identity with AtALS1 

and OsALS1 at amino acids level. FeALS1.1-GFP and FeALS1.2-GFP fusion were localized to 

the tonoplast when transiently expressed in both the buckwheat leaf protoplast and onion epidermal 

cells. In the presence of Al, FeALS1.1 was mainly expressed in the roots and its expression level 

was six times higher than its homologous gene (AtALS1) of Arabidopsis, but FeALS1.2 was 

constitutively highly expressed in the leaves and showed 39 times higher expression level than 

AtALS1. Furthermore, there was a good correlation between the expression level of FeALS1.1 and 

Al accumulation in the leaves. When FeALS1.1 or FeALS1.2 was expressed in Arabidopsis atals1 

mutant under the control of AtALS1 promoter, both of them recovered its Al tolerance. There was 

no difference in Al concentration of whole roots or root cell sap among WT, atals1 and 

complementation lines of FeALS1.1 or FeALS1.2. However, the signal intensity of Morin staining 

in the complementation lines of FeALS1.1 or FeALS1.2 was much weaker than the atals1 mutant 

and similar to the WT, because altering the subcellular localization of Al in the root cells. Taking 

together, these results indicate that FeALS1.1 and FeALS1.2 are involved in the internal 

detoxification of Al in the roots and leaves, respectively, by sequestering Al into the vacuoles. 

Their high expression is probably required for high Al tolerance in buckwheat.  
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