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Acyl Activating Enzyme3 (AAE3) was identified to be involved in the catabolism of oxalate, which is critical for seed
development and defense against fungal pathogens. However, the role of AAE3 protein in abiotic stress responses is unknown.
Here, we investigated the role of rice bean (Vigna umbellata) VuAAE3 in Al tolerance. Recombinant VuAAE3 protein has specific
activity against oxalate, with Km = 121 6 8.2 mM and Vmax of 7.7 6 0.88 mmol min21 mg21 protein, indicating it functions as an
oxalyl-CoA synthetase. VuAAE3-GFP localization suggested that this enzyme is a soluble protein with no specific subcellular
localization. Quantitative reverse transcription-PCR and VuAAE3 promoter-GUS reporter analysis showed that the expression
induction of VuAAE3 is mainly confined to rice bean root tips. Accumulation of oxalate was induced rapidly by Al stress in
rice bean root tips, and exogenous application of oxalate resulted in the inhibition of root elongation and VuAAE3 expression
induction, suggesting that oxalate accumulation is involved in Al-induced root growth inhibition. Furthermore, overexpression
of VuAAE3 in tobacco (Nicotiana tabacum) resulted in the increase of Al tolerance, which was associated with the decrease of
oxalate accumulation. In addition, NtMATE and NtALS3 expression showed no difference between transgenic lines and wild-
type plants. Taken together, our results suggest that VuAAE3-dependent turnover of oxalate plays a critical role in Al tolerance
mechanisms.

Oxalic acid is the simplest of the dicarboxylic acids
with pKa values of 1.23 and 3.83, thus existing as anion,
i.e. oxalate, in the cellular environment. Oxalate in
plants generally exists in two forms of soluble salts and
insoluble calcium oxalate crystal. Many crop plants and
pasture weeds produce and accumulate oxalate (Libert
and Franceschi, 1987). Being a relatively strong acid,
reducing agent, and a very strong chelating agent, it has
long been recognized that oxalate must have pivotal
roles in biological andmetabolic processes. For example,

oxalate was supposed to be implicated in a metaboli-
cally plausible pH-stat (Davies and Asker, 1983) and as
an important counterion to inorganic cations such as
sodium and potassium (Osmond, 1963). Both physio-
logical and biochemical studies have suggested a role
for oxalate in the regulation of calcium concentrations
by balancing soluble and insoluble forms of oxalate
(Nakata, 2012). In addition, there is evidence that oxalate
functions in both abiotic and biotic stress response in
plants. In rice (Oryza sativa), Yang et al. (2000) reported
that lead (Pb) toxicity induced more root oxalate secre-
tion from tolerant varieties than from sensitive varieties,
and oxalate was able to detoxify Pb by chelating it as
less-toxic complex. Zhu et al. (2011) demonstrated that
root oxalate secretion is involved in differential Cd tol-
erance in two tomato (Lycopersicon esculentum) cultivars.
Furthermore, oxalate has been demonstrated to be in-
volved in protection against herbivory through regula-
tion of calcium oxalate crystal formation (Franceschi and
Nakata, 2005; Nakata, 2012).

Oxalate has also been reported to be implicated in the
tolerance of some plant species to Al toxicity, which is a
major factor limiting plant growth and development on
acid soils (Kochian et al., 2004). One strategy for plants
to utilize oxalate againstAl toxicity relies on the secretion
of oxalate from Al-stressed roots, thereby chelating Al
to form nontoxic complex. For example, secretion of
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oxalate fromplant roots in response to Al stress has been
reported in taro (Colocasia esculenta; Ma and Miyasaka,
1998), common buckwheat (Fagopyrum esculentum; Zheng
et al., 1998), tartary buckwheat (Fagopyrum tataricum;
Yang et al., 2011b), tomato (Yang et al., 2011a), spinach
(Spinacia oleracea; Yang et al., 2005), Polygonum species
(You et al., 2005), tea (Camellia sinensis; Morita et al., 2011),
and grain amaranth (Amaranthus hypochondriacus; Fan
et al., 2016). Our previous study found that all oxalate
accumulators including eight cultivarswithin four species
were able to secrete oxalate in response to Al stress (Yang
et al., 2008). The second strategy involves chelation of Al
with oxalate and sequestration of this nontoxic complex
into vacuoles. For example, Al was found to be present as
Al-oxalate complex in leaves ofMelastoma malabathrichum
and buckwheat, two Al-accumulating plant species
(Watanabe et al., 1998; Shen et al., 2002). Plants such as
buckwheat even use both mechanisms of Al detoxifica-
tion (Ma et al., 1997). Thus far, the utilization of oxalate
as a mechanism to tolerate Al seems to be limited to
those plant species that accumulate oxalate. However,
the role of oxalate in Al tolerance in plant species that in
general do not accumulate oxalate remains unknown.

Although oxalate in plant cells provides many ben-
efits, themetabolismof oxalatemust be tightly controlled
to maintain cellular functions. For example, exposure of
renal epithelial cells to this strong organic acid can result
in a series of deleterious effects such as disruption of
membrane integrity and mitochondrial metabolism,
metal precipitation, and free radical formation (Scheid
et al., 1996). Some pathogens also secrete oxalate to aid in
colonization by stimulating stomatal opening, interfering
with cell wall, and acting as an elicitor of programmed
cell death (Bateman andBeer, 1965;Guimarães and Stotz,
2004; Kim et al., 2008; Williams et al., 2011). Recently,
Nakata (2015) reported that transgenic Arabidopsis
(Arabidopsis thaliana) plants overexpressing a bacterial
gene encoding an oxalic acid biosynthesis enzyme dis-
played retarded growth and development.

To regulate oxalate level, plants have evolved two
pathways to degrade oxalate. In one pathway, oxalate
is oxidized into CO2 and H2O2 by oxalate oxidase, an
enzyme belongs to germin protein family. The prop-
osition of another pathway for oxalate catabolism can
date back to 1961 (Giovanelli and Tobin, 1961), but
the enzyme has not been discovered until recently.
Foster et al. (2012) characterized Arabidopsis ACYL-
ACTIVATING ENZYME3 (AAE3) gene encoding an
oxalyl-CoA synthetase that is capable of catalyzing the
first step in the CoA-dependent pathway of oxalate
catabolism. To date, oxalate oxidase was found only in
monocots but seems absent in dicots, but oxalyl-CoA
synthetase was reported to exist in Arabidopsis
(Foster et al., 2012), Medicago truncatula (Foster et al.,
2016), and yeast (Saccharomyces cerevisiae; Foster
and Nakata, 2014). While oxalate oxidase was found
to be localized to the cell wall and oxalyl-CoA syn-
thetase was localized in cytoplasm, both play a role
in defending plants against oxalate-secreting fungal
phytopathogens.

Catabolism of oxalate by oxalyl-CoA synthetase re-
sults in the formation of oxalyl-CoA, followed by
formyl-CoA, formate, and finally CO2. In this catabolic
pathway, the enzymes involved in oxidation of formate
into CO2 have been well documented as formate de-
hydrogenase. Intriguingly, we recently demonstrated
that Al-induced formate accumulation represents an
early event related toAl-induced root growth inhibition
in rice bean, and Vigna umbellata Formate Dehydrogenase
(VuFDH) encoding a formate dehydrogenase is in-
volved in Al tolerance through oxidation of formate to
form NADH and CO2 (Lou et al., 2016). However, how
Al stress resulted in the accumulation of formate re-
mains unclear. The potential of formate formation from
oxalate catabolism led us to hypothesize whether this
pathway exist in rice bean. More interestingly, a gene
previously named as peroxisomal-coenzyme A synthetase
(PCAS) was found to be up-regulated significantly in
root apices of rice bean, and actually PCAS has high
amino acid sequence homology with Arabidopsis
AAE3 (Fan et al., 2014). Thus, it is likely that one pos-
sible route to formate accumulation originates from
degradation of oxalate mediated by PCAS.

In this study, we isolated a full-length VuAAE3
cDNA and found that the expression of VuAAE3 in rice
bean root tips is enhanced greatly by Al stress. We also
showed that Al stress causes rapid accumulation of
oxalate in rice bean root tips, a process that may con-
tribute to Al-induced root elongation inhibition. In ac-
cord with this, overexpression of VuAAE3 in tobacco
resulted in increased Al tolerance and decreased oxa-
late production. Therefore, our results contribute to not
only a further understanding of Al toxicity mechanisms
in higher plants, i.e. disorder of oxalate metabolism, but
may provide a novel approach to improve plant Al
tolerance through biotechnology.

RESULTS

Cloning and Sequence Analysis of VuAAE3 from
Vigna umbellata

On the basis of rice bean root tip Al stress-responsive
suppression subtractive hybridization libraries (Fan
et al., 2014), we obtained a full-length VuAAE3 cDNA
via rapid amplification of cDNA ends (RACE)-PCR
method (GenBank accession no. KX354978; Supplemental
Fig. S1). The VuAAE3 coding region is 1560 bp in length,
and encodes a protein of 519 amino acids. A BLAST
search of orthologs in Arabidopsis revealed that VuAAE3
is an ortholog of AtAAE3 (At3g48990), displaying 69%
identity and 79% similarity with AtAAE3 (Fig. 1). Re-
cently, AtAAE3 has been functionally characterized as an
enzyme involved in the ligation of oxalate with CoA to
form oxalyl-CoA (Foster et al., 2012). Further BLAST
analysis using VuAAE3 protein sequence found that
orthologs are present in both dicots such as soybean
(Glycine max) and tomato and monocots such as rice and
maize (Zea mays), suggesting the evolution of AAE3
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protein before divergence ofmonocots and dicots. Similar
to AtAAE3, VuAAE3 is characterized by having an
AMP binding domain and acetyl-CoA synthetase do-
main (Fig. 1). Phylogenetic relationship analysis indi-
cated that VuAAE3 was most closely clustered with
GmAAE3 from soybean, and AAE3 proteins from
monocots and dicots are separated into two distinct
clades (Supplemental Fig. S2).

VuAAE3 Encodes an Oxalyl-CoA Synthetase

VuAAE3 is supposed to function as an Oxalyl-CoA
synthetase as indicated by the BLAST result. To in-
vestigate its natural organic acid substrate, the histi-
dine (HIS)-tagged fusion of VuAAE3 was constructed,
expressed in Escherichia coli, and purified by nickel-
affinity chromatography. The recombinant protein was
supposed to be .90% pure as visualized by Coomassie
Brilliant Blue staining on the sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel
(Fig. 2A). Then, eight organic acids were used as po-
tential substrates for VuAAE3 using a coupled-enzyme
assay (Chen et al., 2011; Foster et al., 2012). The recom-
binant protein displayed higher enzyme activity toward
oxalate, while negligible activities were found against
the other seven organic acids (Fig. 2B). We further de-
veloped a color-visualizingmethod to test the specificity
of VuAAE3 protein to oxalate. A highly water-soluble
disulfonated tetrazolium salt was used as a chromogenic
indicator for NADH, showing faint yellow to black
proportional to NADH concentration (Ishiyama et al.,

1997). If organic acid tested could be the substrate for
VuAAE3, the consumption of NADH results in color
change from black toward faint yellow. As shown in
Figure 2C, only when oxalate was used as substrate
was the color changed accordingly. We also tested a
range of other short chain fatty acids and some or-
ganic acids involved in carbonate metabolism, but no
significant activity was found (data not shown). Thus,
VuAAE3 is an oxalyl-CoA synthetase specifically in-
volved in oxalate degradation.

We next performed kinetic analysis of VuAAE3 using
a range of oxalate concentrations. At saturating con-
centration of CoA (0.5mM) andATP (5mM), the enzyme
displayed Michaelis-Menten kinetics with respect to ox-
alate concentrationup to 400mM (Fig. 2D).Using this data,
aVmax of 7.76 0.88 mmolmin21 mg21 protein and aKm of
1216 8.2mMwas calculated. TheVmax forVuAAE3 is lower
than the 11.46 1.0 and 196 0.9 mmol min21 mg21 protein
reported for AtAAE3 (Foster et al., 2012) and MtAAE3
(Foster et al., 2016), respectively. However, the Km for
VuAAE3 is smaller than AtAAE3 (149.06 12.7mM) but
larger than MtAAE3 (81.0 6 8.1).

VuAAE3 Is Localized to Both Cytoplasm and Nucleus

Both AtAAE3 and MtAAE3 are reported to be lo-
calized to cytoplasm (Foster et al., 2012; 2016). In order
to investigate the subcellular localization of VuAAE3,
we constructed transgenic Arabidopsis plants over-
expressing a VuAAE3-GFP fusion protein or a GFP
protein alone under the control of Cauliflower mosaic

Figure 1. Amino acid sequence alignment of AAE3
proteins from rice bean (VuAAE3; KX354978), Ara-
bidopsis (AtAAE3; At3g48990), and M. truncatula
(MtAAE3; XP_003599555.1). The conserved AMP
binding domain and acetyl-CoA synthetase domain
are indicated.
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virus 35S promoter. In both root tip and mature root
region, a strong GFP signal was observed in cytoplasm
and nucleus in 35S::VuAAE3::GFP lines similar to that
seen in the 35S::GFP control (Fig. 3). Thus, our result
indicates that rice bean VuAAE3 is a soluble oxalyl-CoA
synthetase with no specific subcellular localization.

Expression Pattern of VuAAE3

We have previously found that VuAAE3 expression
was up-regulated by Al stress (Fan et al., 2014). To
characterize the expression of VuAAE3 comprehen-
sively, we used quantitative real-time PCR (qRT-PCR)
and in planta VuAAE3 promoter-GUS reporter assay to
investigate the expression pattern of VuAAE3. In a
dose-response experiment, as shown in Figure 4A, the
expression of VuAAE3 increased with increasing ex-
ternal Al concentrations after 8 h of exposure. In addi-
tion, in a time-course experiment, the expression of

VuAAE3 was found to have increased within 2 h of
exposure to 25 mM Al and to be dramatically increased
as exposure time prolonged, although this increase had
fallen after 8 h of exposure (Fig. 4B).

The expression of VuAAE3 responses to other
stressors, e.g. heavy metals and low pH, was also ex-
amined (Fig. 4C). Exposure of rice bean roots to Al, Cd,
and La induced the expression of VuAAE3, but the ex-
pression induction was significantly lower in Cd and
La than in Al. Exposure to Cu, however, had no effect
on the expression of VuAAE3. Previously, we have
found that several Al-responsive genes, e.g. VuSTOP1,
VuMATE1, and VuFDH are also responsive to low pH
regulation (Fan et al., 2014; 2015; Lou et al., 2016). In order
to examine whether expression of VuAAE3 is also sensi-
tive to low pH, we investigated the effect of low pH
stress on VuAAE3 expression. In a pH range of 5.5 to
3.5, the expression of VuAAE3 was induced only
slightly by pH 4.0, but no significant difference among
other pH conditions was detected (Fig. 4D).

We also investigated the spatial patterning of
VuAAE3 expression in either the presence or absence of
Al. In the absence of Al stress, VuAAE3 is expressed in
root tip, basal root, and leaf, but the expression is more
abundant in leaf than in root (Fig. 5A). In the presence
of Al stress, however, the expression of VuAAE3 was
up-regulated in both root tip and basal root but not in
leaf (Fig. 5A). The expression induction was much
greater in root tip than that in basal root (Fig. 5A). To
further investigate the tissue-specific localization of
VuAAE3 expression, a 1456-bp DNA sequence up-
stream of the translation start codon was isolated
(Supplemental Fig. S3). This promoter fragment was
fused to a GUS reporter gene and transformed into
Arabidopsis wild-type plants. As shown in Figure 5B,

Figure 3. Subcelluar localization of VuAAE3 in transgenic plants. Both
35S::GFP and 35S::VuAAE3-GFP constructs were introduced individu-
ally into Arabidopsis. The homozygous seedlings of T4 generation were
used to observe GFP fluorescence. Bar = 50 mm.

Figure 2. Biochemical analysis of VuAAE3. A, SDS-PAGE gel of purified
His-VuAAE3 protein (right) and molecular weight markers (left). B,
Reaction rate against different organic anions. The reaction mixture
contains 0.5mg/mL recombinant protein and 375 mM each of the tested
substrates; the mixture was incubated for 1 h at room temperature. bars
indicate 6 SE (n = 3). C, Visual inspection of NADH residue level in-
dicated by nitroblue tetrazolium and l-Methoxy-5-methylphenazinium
methosulfate. D, Kinetic analysis of VuAAE3 using a range of oxalate
concentrations. Km and Vmax were determined from nonlinear re-
gression to the Michaelis-Menten equation for concentrations up to
1500 mM oxalate.
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GUS activity was observed in the root tip and mature
root region, both confining to the vascular cylinder in
the absence of Al stress. Al stress resulted in the increase
of GUS activity in both root tip and mature root region,
but the intensity and location are different. In root tip,
Al stress caused GUS activity to extend from vascular
cylinder to the whole root tip (including cortex and
epidermis). However, in mature root region, the en-
hancement of GUS activity seems to be limited to vas-
cular cylinder.

Oxalate Accumulation Contributes to Al-Induced
Inhibition of Root Growth

Since VuAAE3 catalyzes oxalate to form oxalyl-CoA
(Fig. 2) and Al stress rapidly induced VuAAE3 expres-
sion (Fig. 4B), we wonder whether oxalate accumulated
in rice bean root tip when exposed to Al stress and the

accumulation of oxalate is actually harmful to root
growth. To test this hypothesis, we first measured the
internal oxalate content in response to Al stress. As
shown in Figure 6, the internal oxalate content of rice
bean root apices is relatively constant in the absence of
Al. However, Al stress causes a significant increase in
oxalate content of rice bean root tip, and this increase
occurs rapidly (within 2 h). Further, it appears that
the longer the exposure time, the more the increase
in oxalate content within 8 h of the onset of exposure.
In a parallel experiment, our results showed that oxa-
late secretion rate from excised root tip decreased over
time, irrespective of being treated with Al or not
(Supplemental Fig. S4). Although the secretion rate in
Al-stressed root tip seems greater than that in Al-free
control, they are not statistically different, and the se-
creted oxalate only represents at most 2% of internal
content. Thus, the secretion of oxalate and the differ-
ence in oxalate secretion between Al-stressed and

Figure 4. Rice bean VuAAE3 expression analysis.
A, Dose-dependent VuAAE3 expression in rice bean
root tips (0–1 cm). The rootswere exposed to various
concentrations of Al for 8 h. B, Time-dependent
VuAAE3 expression in rice bean root tips (0–1 cm).
The roots were exposed to 25 mM Al for various
times. C, Metal-dependent VuAAE3 expression in
rice bean root tips (0–1 cm). The seedlings were
subjected to nutrient solution as control (Ct.) or the
same nutrient solution containing Al (25 mM), CdCl2
(20 mM), LaCl3 (10 mM), and CuCl2 (0.5 mM) for 8 h.
D, pH-dependent VuAAE3 expression in rice bean
root tips (0–1 cm). Seedlings were grown in nutrient
solution with different pH values for 8 h. All data
were normalized relative to VuAAE3 expression in
the absence of Al at pH 4.5. The expression was
determined by real-time RT-PCR and 18S rRNAwas
used as an internal control. Values are expressed as
means6 SD (n = 3). The asterisk indicates significant
differences between treatment and control (pH 4.5
without Al stress).
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Al-free root tip are more likely due to leakage from cut
damage and passive efflux from root tip rather than an
active Al-dependent process. These findings suggest
that rice bean root tip oxalate accumulation is a rela-
tively early event in response to Al stress.

We next investigated the relationship among oxalate
content, root growth inhibition, and VuAAE3 expres-
sion. At growth condition of pH 4.5, exogenous appli-
cation of oxalate resulted in a dose-dependent inhibition
of primary root elongation, although oxalate concentra-
tion of 0.25 mM had no significant negative effect on root
elongation (Fig. 7A). However, only a several-fold in-
crease of VuAAE3 expression was observed after exter-
nal oxalate supply (Fig. 7B), an induction significantly
lower than that caused by Al stress (Fig. 4). Unfortu-
nately, an effort to analyze internal oxalate accumulation
after external oxalate incubation was unsuccessful,
mainly due to the contamination of internal oxalate with
apoplastic oxalate (data not shown). To further support
oxalate being the substrate responsible for VuAAE3 ex-
pression induction, we analyzed VuFDH expression
which functions downstream of VuAAE3 to catalyze
formate oxidative degradation. Similar to VuAAE3,
the expression of VuFDH could be induced by exoge-
nous oxalate in a dose-dependent manner (Supplemental

Fig. S5). Because the primary and secondary dissociation
constant of oxalic acid are 1.23 and 3.83, respectively,
almost all the oxalate molecules are present as anions at
present study conditions (pH 4.5). Without the aid of
specific transporters, oxalate anion is very hard to pass
across plasma membrane against the electrochemical
potential. Thus, it seems possible that only a moderate
induction of both VuAAE3 and VuFDH was observed
when exogenous oxalate was applied.

In order to further test that the expression ofVuAAE3
is really induced by oxalate, transgenic Arabidopsis
lines carrying GUS reporter genes under the control of
VuAAE3 promoter were used. The roots and leaves of
GUS-reporter lines were excised and incubated with
1mM oxalate orwater as control. As shown in Figure 7C,
oxalate could induce the GUS activity in both root apex
and leaf of Arabidopsis. Overall, these results support a
role for VuAAE3 in Al-induced oxalate degradation.

Overexpression of VuAAE3 in Transgenic Tobacco
Confers Al Tolerance

To further characterize the role ofVuAAE3 in Al stress
response, a 35S::VuAAE3 construct was introduced into
tobacco plants, and two independent homozygous T2
transgenic lines (OX-1 andOX-4)were selected for further
phenotypic and physiological analysis. Semi-RT-PCR
analyses showed that VuAAE3 was highly expressed in
the roots of both transgenic lines, but not in wild-type
plants (Fig. 8A).

In a test of Al tolerance, both wild-type and trans-
genic plants were grown hydroponically either in the
presence (at different concentrations) or absence of Al.
After transferring seedlings to nutrient solution for 6 d,
there were no significant differences in root growth
between wild-type and transgenic lines in the absence

Figure 5. Tissue-specific expression of VuAAE3 in response to Al stress.
A, Seedlings of rice bean (3 d old) were exposed to 0 or 25mM Al for 8 h.
Root tip (0–1 cm), basal root (1–2 cm), and leaves were sampled for
RNA extraction. The expressionwas determined by real-time RT-PCR and
18S rRNA was used as an internal control. Values are expressed as
means6 SD (n = 3). The asterisk indicates significant differences between
treatments. B, Seedlings (7 d old) of transgenic Arabidopsis lines carrying
PVuAAE3::GUS construct were subject to 1:30 strength Hoagland nutrient
solution at pH 5.0 with or without 4 mM Al for 6 h. Bar = 100 mm.

Figure 6. The effect of Al stress on rice bean root tip oxalate content.
Seedlingswere exposed to nutrient solution containing 0 or 25mMAl for
different times. After treatment, the root tipswere homogenized thoroughly
in deionized water for oxalate analysis. Data are means 6 SD (n = 3). As-
terisk indicate significant difference between wild-type and transgenic
lines within treatment at P , 0.05.
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of Al (Fig. 8, B and C). While the root elongation of wild
type was inhibited by 33% after 6 h of exposure to 4 mM

Al, the root elongation of OX-4 was not inhibited, and
that of OX-1was only inhibited by 11% (Fig. 8, B andD).
Increase of the Al concentration to 6 mM resulted in in-
hibition of the root elongation of wild type by 65%,
while root elongation of both OX-1 and OX-4 was
inhibited by approximately 50% (Fig. 8B). These ob-
servations suggest that overexpression of VuAAE3 in
tobacco confers increased Al tolerance.
To examine if the increased Al tolerance of transgenic

tobacco plants overexpressing VuAAE3 is associated
with a decrease in oxalate accumulation, we compared
the oxalate content in transgenic lines to that in wild-
type plants either in the presence or absence of Al stress

conditions. In the absence of Al, the oxalate content was
similar in two transgenic tobacco lines to that in wild-
type plants. However, while Al stress resulted in a
significant increase (about one-third) in the oxalate
content, the increase was not observed in both trans-
genic lines (Fig. 9).

In tobacco, the induction of two genes, i.e. NtMATE
and NtALS3, was reported to be involved in Al toler-
ance mechanism (Ohyama et al., 2013). To determine
whether the increased Al tolerance of VuAAE3 over-
expressing lines is associated with changes of their ex-
pression, we also compared the expression of both
genes in OX-1 to that of wild-type plants. There was no
difference between the expressions of either of these
genes in wild type versus OX-1, although the expres-
sion of both was induced by Al (Supplemental Fig. S6).
Taken together, these results suggest that the increased
Al tolerance in transgenic lines was related to the de-
crease of oxalate content, but not via effects on the
expression of NtMATE and NtALS3.

DISCUSSION

In this study, we demonstrated that rice bean
VuAAE3 encodes an oxalyl-CoA synthetase. The strong
evidence for this is provided by the fact that VuAAE3
protein is able to specifically catalyze the conversion of
oxalate and CoA into oxalyl-CoA (Fig. 2). Furthermore,
bioinformatic analysis revealed that VuAAE3 displays
high sequence similarity with Arabidopsis AtAAE3
andM. truncatulaMtAAE3, which have been identified
as oxalyl-CoA synthetases (Fig. 1; Foster et al., 2012,
2016). In addition, both qRT-PCR analysis and in planta
promoter activity assay suggested that the expres-
sion of VuAAE3was responsive to exogenous oxalate
(Fig. 7).

Being the intermediates or end products of plant cell
metabolism, organic acids are ubiquitous and play
pivotal roles in biochemical and physiological pro-
cesses. Oxalate has been reported to be involved in
various biotic and abiotic stresses, such as metal toxic-
ity, pathogen invasion, and insect chewing (Park et al.,
2009; Korth et al., 2006; Franceschi and Nakata, 2005;
Guo et al., 2005; Nakata andMcConn, 2000). One of the
best documented roles for oxalate in abiotic stresses is
in Al tolerance, because oxalate has strong chelate
ability to Al3+ (Ma et al., 1997). At first thought, oxalate
biodegradation should play a negative role in Al
tolerance, since less oxalate is available to detoxify ex-
cessive Al. However, we here suggest that oxalate ac-
cumulation is one of the early events leading to plant
root growth arrest in response to Al stress. This con-
clusion is supported by the following lines of evidence.
First, exogenous oxalate inhibits root elongation, and
such inhibition is actually accompanied by the expres-
sion induction of VuAAE3 (Fig. 7). Second, the en-
hanced Al tolerance of transgenic tobacco plants is
associated with the decrease of oxalate accumulation
(Fig. 9).

Figure 7. The effect of exogenous oxalate on rice bean root growth and
VuAAE3 expression. A, The effect of oxalate on rice bean root elonga-
tion. Seedlings were exposed to nutrient solution (pH 4.5) containing
different concentrations of exogenous oxalate for 24 h. Root elongation
was measured with a ruler before and after treatment (n = 12). Different
letters indicate significant differences between treatments at P , 0.05.
B, VuAAE3 expression in response to exogenous oxalate. After treat-
ment, root tips (0–1 cm) were excised for RNA extraction and qRT-PCR
analysis of VuAAE3 (n = 3). Different letters indicate significant differ-
ences between treatments at P , 0.05. C, VuAAE3 promoter activity
assay of transgenic Arabidopsis lines carrying GUS reporter gene under
the control of VuAAE3 promoter. Roots and leaves were excised from
3-week-old transgenic seedlings and subject to water or oxalate (1 mM)
for 2 h. Bars represent 100 mm in roots and 1 mm in leaves.
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In accord with our findings, other reports also sup-
port the view that oxalate accumulation is harmful to
plant growth and development. For instance, trans-
genic Arabidopsis plants overexpressing a bacterial
oxalic acid biosynthetic enzyme gene displayed not
only significant increase in oxalate content, but also a
reduction in plant stature as well as a pronounced
delay in bolting and seed set (Nakata, 2015). Unlike
Arabidopsis, which is an oxalate nonaccumulating
plant, the oxalate-accumulating plant M. truncatula has
also evolved CoA-dependent pathway of oxalate bio-
degradation (Foster et al., 2016), suggesting that oxalate
content must be tightly controlled even in oxalate-
accumulating plant species. The BLAST search has
also revealed that orthologs of AtAAE3 and VuAAE3
present in genomes of rice and tomato, both of which
are oxalate accumulating species (Supplemental Fig. S2;
Yu et al., 2010; Yang et al., 2011). Buckwheat is another
species that accumulates oxalate (Ma et al., 1998). Inter-
estingly, analysis of buckwheat root tip Al-responsive
genes through RNA sequence revealed that a gene
highly homologous to AtAAE3was found to be induced
by Al stress (data not shown). Although the biochemical
and physiological role of these AAE3 proteins has to be
identified, these findings imply that oxalate must be
strictly regulated in plants.

Previously we have demonstrated the accumulation
of formate in response to either Al or low pH stress, but
the mechanisms of formate production remain unclear
(Lou et al., 2016). It has been proposed that formate
may originate from photorespiration, glycolysis, and

cell wall synthesis or degradation (Igamberdiev et al.,
1999; Hanson et al., 2000). Recently, a novel pathway of
oxalate degradation that proceeds from oxalate to
oxalyl-CoA to formyl-CoA to formate and eventually
CO2 has been suggested in plants (Foster et al., 2012,
2016). Here, we also found that oxalate degradation
contributes to formate production in rice bean. First,
exogenous application of oxalate induced expression of
not only VuAAE3, but VuFDH (Fig. 7; Supplemental
Fig. S5). Because VuFDH is specifically involved in the

Figure 9. The effect of Al stress on oxalate content in wild-type and
overexpression tobacco lines. The plants of wild-type and two indepen-
dent transgenic lines were exposed to 1:30 strength Hoagland nutrient
solution with 0 (2Al) or 4 mM Al (+Al) for 24 h. After treatment, root tips
were homogenized thoroughly in deionized water for oxalate content
analysis. Data are means 6 SD (n = 3). Asterisk indicates significant dif-
ferences between treatments at P , 0.05.

Figure 8. Overexpression of VuAAE3 enhances Al
tolerance in tobacco. A, Detection of expression of
VuAAE3 in thewild-type andVuAAE3 overexpression
lines. RT-PCR analysis was performed to detect the
mRNA expression of VuAAE3 (32 cycles) and the in-
ternal control NtACTIN (29 cycles). B, Root elonga-
tion of wild-type (WT) and the transgenic lines
overexpressing VuAAE3 (OX-1 and OX-4). Data are
expressed as means 6 SD (n = 15). Asterisk indicates
significant difference between wild-type and trans-
genic lines within treatment at P , 0.05. C, Repre-
sentative seedlings of wild-type and overexpression
lines grown in the 1:30 strength Hoagland nutrient
solution at pH 5.0 for 6 d. D, Representative seedlings
showing difference in Al sensitivity between wild-
type and overexpression lines. Seedlings were grown
in the 1:30 Hoagland nutrient solution containing
4 mM Al for 6 d.
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degradation of formate, this result suggests that for-
mate was produced when oxalate was degraded by
VuAAE3. Second, oxalyl-CoA synthetase catalyzes the
first step toward oxalate degradation, followed by
oxalyl-CoA decarboxylase, formyl-CoA hydrolase, and
formate dehydrogenase. We presented evidence to
support the existence of oxalyl-CoA synthetase, namely
VuAAE3 in this study, and formate dehydrogenase
(VuFDH) in a previous study (Lou et al., 2016). In a
further support, we have isolated a gene homologous to
Arabidopsis oxalyl-CoA decarboxylase which is re-
sponsible for catalyzing the second step in this pathway
(data not shown).
It is worth to note that the expression of VuFDHwas

greatly induced by low pH stress, but VuAAE3 was
almost not, although both displayed similar expression
pattern to Al stress (Fig. 4; Lou et al., 2016). In fact, the
expression pattern of VuFDH and VuAAE3 also dif-
fered in response to other metals (Fig. 4; Lou et al.,
2016). These results suggest that while oxalyl-CoA
synthetase pathway is conserved for Al tolerance
mechanism in plants, it may be not essential for other
abiotic stresses. Alternatively,while formatemaymainly
be produced from oxalate degradation under Al stress,
oxalate may originate from other pathways under low
pH stress, which contributes to the differential expres-
sion pattern betweenVuAAE3 andVuFDHunderAl and
low pH stress conditions.
Since the identification and characterization of Ara-

bidopsis AtAAE3 that encodes an oxalyl-CoA synthe-
tase specifically involved in the process of oxalate
degradation, homologs of AtAAE3 have been isolated
from S. cerevisiae andM. truncatula (Foster and Nakata,
2014; Foster et al., 2016). So far, the role of AAE3 pro-
teins has been ascribed to defense against fungal plant
pathogens (Foster et al., 2012, 2016), but the role of
AAE3 proteins in abiotic stress is unclear. Therefore, to
the best of our knowledge, this is the first report to show
that AAE3 plays an important role in tolerance to Al
toxicity, the major abiotic stress in acid soils (Kochian
et al., 2004). Given VuAAE3 also plays a pivotal role in
defense against pathogen invasion the same as AtAAE3
and MtAAE3, this study clearly points to the conver-
gence of biotic and abiotic stress responses on VuAAE3.
It is not surprising that there is cross talk between
biotic and abiotic stress at transcriptional levels. There
is ample evidence that Al may act as an elicitor of
pathogenesis-related transduction pathways. For ex-
ample, in wheat, most Al-responsive genes share ho-
mologies with genes induced by pathogens (Hamel
et al., 1998). In a previous study, a pathogenesis-related
gene was also found to be up-regulated by Al stress in
rice bean (Fan et al., 2014). In addition, our recent study
suggests that rice bean VuFDH has dual roles both in
abiotic and biotic stress tolerance (Lou et al., 2016).
More compelling evidence comes from Arabidopsis
AtALMT1, which has been well-documented to be
involved in both Al tolerance and pathogen resis-
tance (Rudrappa et al., 2008; Lakshmanan et al., 2012;
Kobayashi et al., 2013).

In Arabidopsis, loss-of-function mutant of AtAAE3
exhibited an increase of oxalate content in the normal
growth conditions (Foster et al., 2012). However, in
this study, we found that overexpression of VuAAE3
in tobacco had no measurable influence on oxalate
content in normal growth conditions (Fig. 9). The dis-
crepancy may lie in the fact that oxalate is mainly
compartmentalized in vacuoles, since it is a strong acid
and chelator (Franceschi and Nakata, 2005). Thus, cy-
toplasmic oxalate content must be low enough to avoid
undesired reaction between oxalate and other essential
elements such as Ca2+. Obvious cytosolic presence of
VuAAE3 (Fig. 3) and oxalyl-CoA synthetase proteins
from Arabidopsis and M. truncatula reinforced the
possibility that cytoplasmic oxalate must be tightly
controlled. We deduce that the biodegradation of
cytoplasmic oxalate is attributed to the affinity of
VuAAE3 to oxalate, but not to the amount of VuAAE3
proteins. This may also be the reason of why oxalate
content was not changed in two transgenic tobacco
lines overexpressingVuAAE3 in the absence of Al stress
(Fig. 9). However, when oxalate accumulates in re-
sponse to Al stress, overexpression of VuAAE3 in two
transgenic tobacco lines is able to react with excessive
oxalate, which results in oxalate content stable in
transgenic lines under Al stress (Fig. 9).

Transgenic approach is a compelling solution to in-
crease theAl tolerance of plants in acid soils (Ryan et al.,
2011; Kochian et al., 2015). To date, a number of genes
involved in different biological processes have been
adopted to genetically modify Al tolerance (Ryan et al.,
2011). Here, we demonstrated that manipulation of
oxalate metabolism via overexpression of VuAAE3
could increase Al tolerance, provided more chances for
genetic modification of crop Al tolerance. More inter-
estingly, oxalate is one of the known antinutritional
factors, which has negative health concerns, when
we consume crops containing high amount of oxa-
late, such as tomato, spinach, soybean and grass pea
(Lathyrus sativus). Chakraborty et al. (2013) found that
the fruits of transgenic tomato plants expressing a
fungus Flammulina velutipes oxalate decarboxylase un-
der the control of fruit-specific promoter have signifi-
cant less oxalate, but pronounced more nutrients such
as Fe andCa. Constitutive or seed-specific expression of
Flammulina velutipes oxalate decarboxylase has also
been demonstrated to be not only helpful for improving
seed nutritional quality but also tolerance to the fungal
pathogen (Kumar et al., 2016). Thus, it will be interesting
to examine in the near future whether overexpression of
VuAAE3 in crops could have multiple advantages not
only in stress tolerance but also in human nutrition.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Rice bean (Vigna umbellata) seeds were soaked in deionized water overnight
and germinated at 26°C in the dark. The germinated seeds were cultured in
0.5 mM CaCl2 (pH 4.5) solution for 3 d. The solution was renewed daily.
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Seedlings of similar size were transplanted into nutrient solution of the fol-
lowing composition (mM): CaSO4 (200), CaCl2 (200), MgSO4 (100), KNO3 (400),
NH4NO3 (300), NaH2PO4 (5), H3BO3 (3), MnCl2 (0.5), ZnSO4 (0.4), CuSO4 (0.2),
Fe-EDTA (10), and (NH4)6Mo7O24 (1). The solution was adjusted to pH 4.5 with
HCl, and renewed daily. After 2 d of culture, the plants were subjected to the
following treatments. The nutrient solution was used as the control treatment
solution. For the time course experiment, seedlingswere exposed to 25mMAlCl3
for 0, 2, 4, 8, 12, or 24 h. For the Al concentration-dependence experiment,
seedlings were exposed to 0, 5, 10, 25, or 50 mM AlCl3 for 12 h. For other
treatments, the seedlings were exposed to nutrient solution (pH 4.5) containing
25 mM AlCl3, 20 mM CdCl2, 10 mM LaCl3, or 0.5 mM CuCl2 or in different pH
conditions for 12 h. For the exogenous oxalate experiment, the seedlings were
exposed to nutrient solution (pH 4.5) containing 0, 0.25, 0.5, or 1.0 mM sodium
oxalate for 24 h. All experiments were performed in an environmentally con-
trolled growth roomwith a 12 h/30°C day and a 12 h/22°C night regime, a light
intensity of 300 to 350 mmol photons m22 s21 and a relative humidity of 60%.

Cloning and Sequence Analysis

The full-length VuAAE3 cDNAwas amplified by a RACEmethod using the
SMART RACE cDNA Amplification kit (Clontech). The gene-specific primers
for 39-RACE and 59-RACE amplification were listed in Supplemental Table S1.
Amplified cDNA fragments were cloned into MD-18T clone vector (Takara)
and sequenced. The full-length cDNA sequence was assembled with the help of
ClustalW2 software, and the open reading frame was verified by RT-PCR. The
deduced amino acid sequence was predicted by Open Reading Frame Finder
(http://www.ncbi.nlm.nih.gov/orffinder/). Amino acid sequence alignment
and phylogenetic analysis was performed using DNAMAN and Mega 6.0
software, respectively.

A 1456 bp of DNA sequence upstream of VuAAE3 was amplified from rice
bean genome walker libraries (Lou et al., 2016) using gene-specific primers
(Supplemental Table S1). Amplified fragments were cloned into the pMD18-T
vector (Takara). The sequences that extended upstream of the cDNA clones
were isolated as the 59 upstream regions of the gene. Putative cis-elements of 59-
flanking region was analyzed using software PLACE (http://www.dna.affrc.
go.jp/PLACE/signalscan.html) and Plant CARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/).

RNA Isolation and Gene Expression Analysis

Total RNA was isolated from eight root tips (0–1 or 1–2 cm) or 100 mg leaf
tissue using the RNeasymini kit (Tiangen). First-strand cDNA was synthesized
from 1 mg of total RNA using SuperScript reverse transcriptase (Takara). One
microliter (100 ng mL21) of cDNA in 10 mL solution systems was used for
quantitative analysis of gene expression performed with SYBR Premix Ex Taq
(Takara) on a LightCycler 480 machine (Roche Diagnostics). The primers of
genes were listed in Supplemental Table S1, and the PCR amplification con-
ditions were as follows: 94°C for 5 min; 45 cycles of 94°C for 10 s, 55°C for 15 s,
and 72°C for 15 s. For each gene, expression data were normalized with ex-
pression level of internal control (18S rRNA for rice bean and NtACTIN for
tobacco [Nicotiana tabacum]) and calculated by equation 22DDCp. The experiment
was performed with three biological and technical replications.

Subcellular Localization and GUS Analysis of VuAAE3

The full-lengthgenefragmentandpromoter regionofVuAAE3wasPCRcloned
and ligated into the binary vector 35S::GFP (modified from pCAMBIA1300) and
pCAMBIA1301 (fusion to the GUS gene) vector, respectively (Supplemental
Table S1). The resultant 35S::VuAAE3::GFP and VuAAE3p::GUS plasmid was
introduced into Agrobacterium tumefaciens strain GV3101 and transformed into
Arabidopsis wild-type (Col-0) plants by Agrobacterium-mediated transforma-
tion. Homozygous T3 plants were used. GFP fluorescence was observed via
confocal laser scanning microscopy (LSM710: Karl Zeiss). GUS staining was
performed according to Jefferson et al. (1987).

Overexpression of VuAAE3 in Tobacco and Al
Tolerance Evaluation

The VuAAE3 coding region, carrying its stop codon, was amplified by PCR
using primer pairs (Supplemental Table S1) and ligated into a modified
pCAMBIA1300 vector under the control of the Cauliflower mosaic virus 35S

promoter, then transformed into A. tumefaciens (strain GV1301). Tobacco plants
were transformed as described byHorsch et al. (1985). Transgenic lines carrying
VuAAE3were selected by PCR using the primers described above. For evalu-
ating Al tolerance of VuAAE3 overexpression of tobacco, seeds from T2 ho-
mozygous and wild-type lines were first surface-sterilized with 50% sodium
hypochlorite for 5 min and then washed four times with deionized water. Then,
seeds were sown onto Murashige and Skoog plates containing 3% (w/v) Suc
and 0.8% (w/v) agar (pH 5.7). Following incubation in a refrigerator at 4°C for
3 d, the seeds were then placed in a growth chamber in 12- h light/12-h dark
conditions at 23°C.When the length of the primary root had reached;1 cm, the
seedlings were transferred to the one-thirtieth-strength Hoagland nutrient so-
lution (without NH4H2PO4 and with 1 mM CaCl2) containing 0, 4, or 6 mM AlCl3
at pH 5.0 for 6 d. The solution was renewed every 2 d. Al sensitivity was
evaluated by relative root elongation expressed as (root elongation with Al
treatment/root elongation without Al) 3 100.

Extraction of Oxalate and Determination

For tissue oxalate content, plant materials were ground into fine powder in
liquid nitrogen, extracted by deionized water three times, and combined. For
oxalate in root exudates, the treatment solution bathing the roots were directly
collected. The collected solution was allowed to pass first through a cation
exchange column (16 mm 3 14 cm) filled with 5 g Amerlite IR-120B resin (H+

form,Muromachi Chemical) and then through an anion-exchange column filled
with 1.5 g Dowex 13 8 resin (100–200 mesh, formate form). HCl (1 M) was used
as eluent to collect oxalate retained in the anion-exchange resin. The eluent was
concentrated to dryness using a rotary evaporator at 40°C and redissolved in
deionized water. Oxalate was detected by ion chromatography (ICS 3000;
Dionex) equipped with an IonPac AS11 anion-exchange analytical column (43
250 mm) and a guard column (43 50mm). Themobile phase was 30mMNaOH
at flow rate of 0.6 mL min21.

Recombinant Protein Purification and Enzyme
Activity Assay

Full-length cDNA of VuAAE3 was obtained by PCR amplification using a
pair of specific primers (Supplemental Table S1) and cloned into the pET-28a (+)
vector. The vector was introduced into the Escherichia coli line BL21 (DE3) for
protein expression. The expression of the recombinant protein was induced by
1 mM of IPTG at 28°C for 4 h, and the cells was collected and resuspended with
binding buffer (20 mM sodium phosphate, 0.5 M sodium chloride, and 40 mM

imidazole pH 7.4). The recombinant enzyme was collected using HisTrap FF
column (GE Healthcare) under the manufacturer’s instructions and purified by
Ultra filtration (30 kD Mr cutoff; Millipore) and equilibrated by 0.1 M Tris-HCl,
pH 7.5. The purity of the His-tagged protein was determined by SDS-PAGE
followed by Coomassie Brilliant Blue staining.

The assay buffer contains 0.7 mg of purified recombinant protein, 0.1 M Tris-
HCl (pH 8.0), or 0.1 M NaPO4 (pH 8.0), 2 mM DTT, 5 mM ATP, 10 mM MgCl2,
0.5 mM CoA, 0.4 mM NADH, 1 mM phosphoenolpyruvate, and 10 units each of
myokinase, pyruvate kinase, and lactate dehydrogenase and the carboxylic acid
substrate, in a final volume of 1 mL. In the substrate assay, 0.4 mM of candidate
substrate was used, and up to 1.5 mM oxalate was used for the enzyme
kinetic assay. The mixture was incubated at room temperature for 1 h, and
the reaction rate was measured by the NADH concentration at 340 nm
spectrophotometrically.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data li-
braries under the following accession number: V. umbellata VuAAE3 (KX354978).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Nucleotide and deduced amino acid sequences
of rice bean VuAAE3 cDNA.

Supplemental Figure S2. Phylogram of AAE3 proteins.

Supplemental Figure S3. The sequence and cis-element analysis of
VuAAE3 promoter.
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Supplemental Figure S4. The effect of Al stress on oxalate secretion from
root tips of rice bean.

Supplemental Figure S5. The effect of exogenous oxalate on rice bean
VuFDH expression.

Supplemental Figure S6. The effect of Al stress on the expression of
Al-tolerance gene expression in tobacco.

Supplemental Table S1. Primer sequences used in this study.
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