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SUMMARY

In acidic soils, aluminum (Al) toxicity is a significant limitation to crop production worldwide. Given its Al-
binding capacity, malate allows internal as well as external detoxification strategies to cope with Al stress,
but little is known about the metabolic processes involved in this response. Here, we analyzed the relevance
of NADP-dependent malic enzyme (NADP-ME), which catalyzes the oxidative decarboxylation of malate, in
Al tolerance. Plants lacking NADP-ME1 (nadp-me1) display reduced inhibition of root elongation along Al
treatment compared with the wild type (wt). Moreover, wt roots exposed to Al show a drastic decrease in
NADP-ME1 transcript levels. Although malate levels in seedlings and root exudates are similar in nadp-me1
and wt, a significant increase in intracellular malate is observed in roots of nadp-me1 after long exposure to
Al. The nadp-me1 plants also show a lower H,0, content in root apices treated with Al and no inhibition of
root elongation when exposed to glutamate, an amino acid implicated in Al signaling. Proteomic studies
showed several differentially expressed proteins involved in signal transduction, primary metabolism and
protection against biotic and other abiotic stimuli and redox processes in nadp-me1, which may participate
directly or indirectly in Al tolerance. The results indicate that NADP-ME1 is involved in adjusting the malate
levels in the root apex, and its loss results in an increased content of this organic acid. Furthermore, the
results suggest that NADP-ME1 affects signaling processes, such as the generation of reactive oxygen spe-
cies and those that involve glutamate, which could lead to inhibition of root growth.
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INTRODUCTION Aluminum has a strong affinity towards oxygen donor

Aluminum (Al) is the most abundant metallic element in
the Earth’s crust. When the pH of the soil drops below 5, it
is solubilized to AI*" and other species that are toxic to
plants, even at micromolar concentrations (Kochian et al.,
2005). Given that acid soils with elevated levels of soluble
Al comprise about 40% of the world’s arable land, Al toxic-
ity is a serious global agricultural problem because it
affects plant growth and development. The main symptom
of Al stress is inhibition of root elongation, which nega-
tively affects the acquisition of water and nutrients and
subsequently provokes increased susceptibility to other
types of stress (Kochian et al., 2015). Nevertheless, knowl-
edge about the molecular triggers and the regulation of
pathways leading to inhibition of root growth in response
to Al is lacking (Liu et al., 2014).
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compounds, so it binds to multiple cellular components
such as the cell wall, plasma membrane, cytoskeleton
and DNA (Kopittke et al., 2016). There is increasing evi-
dence of the importance of the initial Al-induced inhibi-
tion of cell wall loosening, required for cell elongation
(Kopittke et al., 2015), but also of the deleterious effects
of Al on other cellular processes which are important
for long-term root growth and function. It has been sug-
gested that Al could alter the biosynthesis and distribu-
tion of ethylene and auxin in the root elongation zone
(Yang et al., 2014). Another important physiological
effect of Al is the induction of oxidative stress, evi-
denced by an increased generation of reactive oxygen
species (ROS) and lipid peroxidation (Navascués et al.,
2012).
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Plants have developed different strategies to cope with Al
toxicity. These can be classified into two groups: (i) internal
mechanisms, which confer the ability to tolerate Al in the
symplast, and (ii) external mechanisms, which facilitate the
exclusion of Al from the root apex. The organic acid malate
plays a key role in both types of process as it forms stable
nontoxic complexes with Al either in the cytosol, the vac-
uoles or the rhizosphere, after its exudation through the
root (Kochian et al., 2015). A great deal of research has been
conducted regarding ion transporters/channels in different
species. Arabidopsis thaliana exudes malate, and to a lesser
extent citrate, in a mechanism mediated independently by
two dicarboxylic acid transporters, ALMT1 (Al-activated
malate transporter) and MATE (multidrug and toxic com-
pound extrusion), respectively (Liu et al., 2009).

Despite the existence of many reports on the importance
of organic acids in Al stress tolerance, a comprehensive anal-
ysis of the influence of malate metabolism and its impact on
Al accumulation in roots is lacking. Based on this, we carried
out a study to analyze the impact of changes in malate levels
in roots of A. thaliana in response to Al through modulation
of the activity of an enzyme involved in malate metabolism,
NADP-dependent malic enzyme (NADP-ME). This enzyme
catalyzes the oxidative decarboxylation of malate to produce
pyruvate, NADPH and CO,, and is involved in both normal
development and stress responses in plants (Tao et al.,
2016). The NADP-ME enzyme is present as a multigene fam-
ily in Arabidopsis (NADP-ME1-4; Gerrard Wheeler et al.,
2005; Badia et al., 2017) and the different isoforms have dif-
ferential subcellular localization, biochemical properties and
tissue and developmental expression patterns (Gerrard
Wheeler et al., 2005; Gerrard Wheeler et al., 2008; Gerrard
Wheeler et al, 2009; Maurino et al, 2009). NADP-ME2
(Atg11670) and NADP-ME4 (At1g79750) are ubiquitously
expressed in cytosol and plastids, respectively (Gerrard
Wheeler et al., 2005; Brown et al., 2010; Voll et al., 2012;
Badia et al, 2015). By contrast, cytosolic NADP-ME1
(At2g19900) is localized in embryonic tissues and roots,
while cytosolic NADP-ME3 (At5g25880) is found mainly in tri-
chomes and pollen (Gerrard Wheeler et al., 2005). Recently,
NADP-ME1 has been related to the abscisic acid response
and protection against oxidative damage during seed stor-
age, while its absence in knockout plants produced alter-
ations in seed viability, germination and root architecture
(Arias et al., 2018; Yazdanpanah et al., 2018). Here, we used a
functional approach to analyze the involvement of NADP-ME
in Al tolerance using nadp-me mutant lines treated with Al.

RESULTS

Plants specifically lacking NADP-ME1 showed an increased
tolerance to Al stress

We evaluated the susceptibility to Al stress of various
loss-of-function mutant lines deficient in one or two

NADP-ME isoforms known to be expressed in Arabidop-
sis roots. The mutant lines tested were nadp-mel, nadp-
me2, nadp-me4, nadp-melx4 and nadp-me2x4 (Gerrard
Wheeler et al., 2005). We analyzed root growth under
control conditions and in plates supplemented with a
high Al concentration (200 um AICl3). We found no differ-
ences among the genotypes under control conditions
(Figure 1a); however, in the presence of Al, nadp-mel
and nadp-meix4 showed a higher root growth than the
wild type (wt) (Figure 1a,b). The increase in relative root
growth was equivalent for both lines; thus, a synergistic
effect of both mutations can be excluded in the double
loss-of-function mutant. During Al treatment, the nadp-
mel mutant reached significantly greater root lengths
than the wt at every time point measured (from 72 h to
11 days) (Figure 1c). Complementation of the nadp-me1
mutant with the wt NADP-ME1 gene under the control
of its own promoter reverted the mutant phenotype
(pme1:mel lines 3 and 5; Figure 1b,c). These results
indicate that an enhanced tolerance to a toxic concentra-
tion of Al is specifically associated with the absence of
NADP-ME1.

NADP-ME1 expression is restricted to the root apex and is
modulated by Al

To evaluate changes in NADP-ME gene expression in
response to Al, 7-day-old wt seedlings were transferred
to plates without Al (-Al) or containing 200 pum AlICl3
(+Al). After 12 days of growth, the transcript levels of
NADP-ME1, NADP-ME2 and NADP-ME4 were determined
by quantitative (q)RT-PCR. We found that expression of
NADP-ME2 and NADP-ME4 was not affected, whereas
that of NADP-ME1 was decreased along Al treatment
(Figure 2a). We further analyzed the expression of NADP-
MET1 at different time points during shorter periods of
exposure to stress. Similarly, a decrease in NADP-ME1
transcript was observed after 3, 24 and 72 h of Al treat-
ment (Figure 2b).

In order to identify changes in NADP-ME1 activity in
response to supplementation of the growth medium with
Al, in situ NADP-ME activity was evaluated in wt and nadp-
me2x 3x 4 loss-of-function plants. NADP-MET1 is the only
functionally expressed NADP-ME gene in this triple mutant
(Gerrard Wheeler et al., 2005); therefore, the NADP-ME
activity observed in its tissues is exclusively due to NADP-
ME1. After 24 h of incubation in the absence or presence
of Al (100 um AICl3), the wt plants showed intense NADP-
ME activity in leaves and roots, while the nadp-me2x3x4
plants presented NADP-ME activity mainly in the apex of
the primary root (Figure 2c). While the in situ activity
assays did not detect changes in NADP-ME activity
between control and treated plants, these results indicate
that NADP-ME1 is particularly active in the root apex
(Figure 2c).
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Figure 1. Root growth inhibition in response to Al in loss-of-function nadp-me mutants and complementation lines.

(a) Seven-day-old seedlings of the wild type (wt) and nadp-me mutants were transferred to control plates without Al (—Al) or containing 200 um AICl3 (+Al) and
root growth was monitored for 11 days. The pictures were taken after 7 days of treatment. Scale bar =1 cm.

(b) Root growth after 7 days of Al treatment relative to the control condition for nadp-me mutants and complementation pme1::meT lines 3 and 5. The average
ratio as percentage + SD determined in three different experiments where root lengths of 20 plants for each condition were measured is shown.

(c) Root length in the presence of 200 um AICI3. The values are the average + SD (n = 20). Significance was determined by anova followed by the Bonferroni test.

The asterisk (*) indicates a significant difference with respect to wt (P < 0.05).

The nadp-me1 loss-of-function plants accumulate more
intracellular malate after a long exposure to Al compared
with wt

In order to analyze if the absence of NADP-ME1 generates
differences in intracellular malate content, malate levels
were measured in leaf and root samples of nadp-me1 and
wt plants after short (3, 24, 72 h) and long exposures
(12 days) to Al. No significant differences in malate levels
were observed between nadp-me7 and wt under control
conditions (Figure 3a,b). In leaves, the malate content was
not affected by any of the Al treatments (Figure 3a,b). In
roots, malate levels remained unchanged during short Al
exposures (Figure 3a); however, a significant increase in
malate content was observed in nadp-me1 compared with
the wt after 12 days of exposure to Al (Figure 3b).

We also investigated malate exudation to the rhizo-
sphere in nadp-me1 and wt plants in the absence or pres-
ence of Al. We found that after 3 h of treatment the level of

© 2019 The Authors

malate was increased in the exudates of both nadp-me1
and wt plants; although there was no significant difference
in the amount of malate secreted by both genotypes when
comparing both conditions (Figure 3c).

We further analyzed the content of Al in nadp-me1 and
wt leaves and roots by inductively coupled plasma mass
spectrometry (ICP-MS). Both lines showed similar Al levels
after 72 h and 7 days of treatment with 200 um AICls, indi-
cating that the nadp-me1 loss-of-function mutant accumu-
lates similar Al levels to the wt (Figure 3d).

Additionally, we tested if the expression of Al tolerance-
related genes was affected in nadp-me1 plants. Transcript
levels of ALMT1 and MATE as well as those of the STOP1
(sensitive to proton rhizotoxicity 1) transcription factor
(luchi et al., 2007) and the ALS3 (aluminum sensitive 3)
(Sawaki et al., 2009) and ALS7 (aluminum sensitive 1) (Lar-
sen et al., 2007) membrane ABC-type transporters were
evaluated by gRT-PCR along Al treatment. STOP1 is

The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2020), 101, 653-665
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Figure 2. Expression and in situ activity of NADP-ME isoforms along Al treatment.

+Al

(a) Relative expression to UBQ10 of NADP-ME1, NADP-ME2 and NADP-ME4 in the wild type (wt) control (—Al) roots and after 12 days of growth with 200 um

AICI5 (+Al).

(b) Relative expression to UBQ10 of NADP-ME1 in wt roots after 3, 24 and 72 h of Al treatment. The values are the average + SD of three different cDNA prepa-
rations. Significance was determined by Student'’s t-test. The asterisk (*) indicates a significant difference with respect to the control (P < 0.05).

(c) In situ NADP-ME activity assay of 7-day-old wt and nadp-me2x 3x 4 seedlings without Al treatment (—Al) or after 24 h treatment with 100 um AICI; (+Al). As a
negative control for staining, wt seedlings were incubated in the absence of the substrate malate (—malate). Scale bar = 0.2 cm.

involved in signal transduction pathways regulating Al-re-
sponsive gene expression, while ALS3 and ALS1 participate
in the redistribution of Al from sensitive tissues in Ara-
bidopsis (Sawaki et al, 2009; Kochian et al., 2015). We
found that the expression of STOPT and ALS7 was
unchanged in both genotypes at every time point of the
treatment. In contrast, the expression of ALMT1, MATE and
ALS3 increased similarly in the presence of Al in both
nadp-meTand wt (Figure S1 in the online Supporting Infor-
mation). This response is in accordance with a previous
analysis conducted on wt Arabidopsis (Delhaize et al., 2012).

Evaluation of ROS generation and the effect of signal
molecules in nadp-me1 plants

In order to investigate if the Al tolerance of nadp-mel
could be due to alterations in the generation of ROS, the
production of H,0, in Al-treated wt and nadp-me1 plants
was determined by 3,3'-diaminobenzidine (DAB) staining
(Figure 4a,b). A brown precipitate, indicative of H,0, accu-
mulation, was observed in leaves and roots of the wt
plants in the presence of Al. The nadp-me1 plants, on the

other hand, exhibited lower levels of H,0,, particularly in
the root apex (Figure 4a). Leaves of nadp-me1 exposed to
Al also showed lower levels of H,0, than the wt, exhibiting
coloration comparable to the control samples (Figure 4b).

Recent reports indicate that glutamate acts as an impor-
tant signal molecule modulating root growth (Forde, 2014;
Kan et al., 2017). Furthermore, it was proposed that gluta-
mate would be an intermediary in the Al signal transduc-
tion pathways (Sivaguru et al., 2003). Therefore, we
evaluated the response of 7-day-old nadp-me1 and wt
seedlings to the presence of 5 mm glutamate in the growth
medium by measuring primary root length. In the case of
the wt, we corroborated the inhibition of primary root
growth in response to glutamate. On the contrary, we
found that primary root production in nadp-me1 was not
affected (Figure 4c,d).

Analysis of nadp-me1 roots by quantitative differential
proteomics

In order to identify molecular components that may be
directly or indirectly involved in Al signaling and tolerance

© 2019 The Authors
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Figure 3. Effect of Al exposure on malate and Al content in nadp-me1 plants.

(a), (b) Malate content in leaves and roots from wild-type (wt) and nadp-me1 control (—Al) plants and after 3, 24, 72 h (a) and 12 days (b) of 200 um AICl; treat-
ment (+Al).

(c) Malate exuded by wt and nadp-meT1 roots after 3 h in 0.25x MS control (—Al) or 100 um AICI5 supplemented (+Al) media.

(d) The Al content in leaves and roots of wt and nadp-me1 determined by inductively coupled plasma-MS after 0 h, 72 h and 7 days of treatment with 200 um
AICl3. The values are the average + SD of three different tissue or exudate preparations. Significance was determined by Student’s t-test. The asterisk (*) indi-
cates a significant difference with respect to the wt under the same treatment condition (P < 0.05).

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2020), 101, 653-665



658 Mariana Beatriz Badia et al.
(a) —Al +Al (b) Al +Al Figure 4. Accumulation of H,0, in nadp-me1 plants
wt wit along Al treatment and the effect of glutamate on
nadp-meT root growth.
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in nadp-me1, we performed a large-scale study of differen-
tially expressed proteins (DEPs) in roots. To this end, 7-
day-old seedlings of wt and nadp-me1 were transferred to
plates supplemented with 200 um AICI; for 72 h or 7 days.
We identified 1732 proteins in the root protein samples
and determined the DEPs between nadp-me1 and wt along
Al treatment.

Sixty-four proteins were differentially expressed when
comparing nadp-me1 with wt before exposure to Al, show-
ing that the absence of NADP-ME1 already influences the
root proteome (Table 1). However, Al stress produced a
greater number of DEPs in both nadp-me7 and wt, evi-
dencing a more drastic effect of Al treatment than the plant
genotype on the protein profile, after both short and longer
Al treatments (Table 1).

The Al response involved common DEPs in wt and
nadp-me1 plants. Among the most strongly increased pro-
teins were: VSP1, an acid phosphatase implicated in jas-
monic acid signaling (At5g24780; Lu et al., 2016); a 2-
oxoglutarate and Fe?"-dependent oxygenase participating
in oxidation-reduction reactions in biosynthetic pathways
(At3g19010; Sivitz et al, 2008); a polyketide cyclase in

secondary metabolism (At4g14060; Chang and Pikaard,
2005); -OAT, an ornithine aminotransferase in mitochon-
drial amino acid catabolism (At5g46180; Tan et al., 2010)
(Table S1). Other DEPs increased their levels only in wt
plants exposed to Al and not in plants lacking NADP-ME1.
Examples of these are: RABD1, a Ras-related protein with
GTPase activity (At3g11730; Speth et al., 2009); two glu-
tathione S-transferases (At1g17180, Gunning et al., 2014;
At1965820, Thieme et al., 2015); AER, a NADH-dependent
oxido-reductase induced by cadmium ions with a key role
in the detoxification of reactive carbonyls (At5g16970; Bis-
was and Mano, 2015); UPI, a pathogenesis-related protein
acting as a serine protease inhibitor (At5g43580; Luhua
et al., 2013) (Table S1). It is interesting to note that NADP-
ME4 was more abundant in the roots of the mutant plants
treated with Al for 72 h with respect to both the control
without treatment and to the wt (Table S1), possibly due to
a compensator effect among NADP-ME family members.
Other DEPs, such as TUBBS, a structural component of the
cytoskeleton (At5g12250; Soga et al., 2018), PAB2, a ubiqui-
tin-dependent subunit of the proteasome complex
(At1979210; Book et al., 2010), two transferases implicated
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Table 1 Overview of the number of differentially expressed pro-
teins (DEPs). Seven-day-old wild-type (wt) and nadp-me1l seed-
lings were transferred to plates supplemented with 200 um AICl3
for 72 h (ty5,) or 7 days (t;4). The Al-treated and control roots of
plants before carrying out the transfer (ty) were collected and ana-
lyzed by quantitative differential proteomics. The DEPs in each
condition are listed in Table S1

Number of Number of

Number increased decreased
of DEPs  DEPs DEPs
nadp-meT to/wt to 64 25 39
nadp-me1 tyop/Wt tyon 110 92 18
nadp-meT t;g/wt t74 66 22 44
wt tyg/wt to 142 92 50
wt t7d/Wt t72n 136 110 26
nadp-meT t;on/nadp-melty, 124 77 47
nadp-meT t;¢/nadp-meT to 133 88 45
nadp-me1 t;q/nadp-meltson 120 64 56

in the biosynthesis of acetyl-CoA (At5g55070, Thieme
et al., 2015; At4g26910, Tan et al, 2010) and AKR2B,
involved in chloroplast biogenesis (At2g17390; Thieme
et al., 2015), were increased exclusively in nadp-me1 and
not in wt along Al treatment (Table S1).

When we analyzed the over-represented functional cate-
gories in the proteome sets of wt and nadp-me1 plants
under Al stress, the biological processes that were differen-
tially affected were mostly related to organic acid and car-
bohydrate metabolism, biosynthesis of proteins, transport
mechanisms, redox processes and defense responses (Fig-
ure 5). Interestingly, the enzymes involved in malate and
citrate metabolism, NAD-dependent malic enzyme isoform
1 (At2g13560; Tronconi et al., 2008), malate dehydrogenase
isoform 2 (At3g15020; Sew et al., 2016), phosphoenolpyru-
vate carboxylase isoform 2 (At2g42600; Feria et al., 2016)
and citrate synthase isoform 3 (At2g42790; Hajduch et al.,
2011), were increased in the mutant plants with respect to
wt (Table S1). The difference in the content of antioxidant
proteins was also notable, with some proteins such as
catalase isoform 3 (At1920620; Su et al., 2018), thioredoxin
isoform 5 (At1g45145; Fonseca and Dong, 2014) and a
dehydrin which reduces the formation of ROS (At1g54410;
Nachbar et al., 2017) having lower levels in nadp-me1. On
the other hand, an enzyme involved in ascorbate biosyn-
thesis (At3g02870) and several dehydrogenases generating
reducing power in the form of NAD(P)H or FADH, were
increased in nadp-mel roots (At1g17745, At1g30720,
At2g41220 and At4g19710; Table S1). Interestingly, several
members of the peroxidase superfamily also increased in
the mutant plants treated with Al compared with the levels
in wt, with some of them induced specifically with short or
long treatment times (At4g08780, At19g05260, At2g38380
and At2g38390; Table S1).

© 2019 The Authors

Another mechanism involved in Al detoxification
includes plant-mediated modification of cell wall compo-
nents in roots in order to alter the binding and accumula-
tion of Al in the matrix of pectins and hemicelluloses
(Kochian et al., 2015). Thus, we searched for DEPs involved
in cell wall metabolism, such as expansins, glucanases,
glucosylases, hydrolases and methylesterases. However,
we did not find any significant modifications in the
amounts of these proteins (Table S1), indicating that
changes in the structural properties of cell wall carbohy-
drates are not likely to be involved in the enhanced toler-
ance to Al stress observed in the Arabidopsis nadp-me1
mutant plants.

DISCUSSION

In this work, we studied the contribution of NADP-ME
isoforms to the mechanism of Al tolerance in Arabidop-
sis. Loss-of-function plants without NADP-ME1 showed
an increased tolerance to Al stress compared with the
wt, evidencing greater root growth in the presence of
toxic concentrations of Al. This phenotype was not
observed in nadp-me2 and nadp-me4 lines (Figure 1).
Moreover, we found that the expression of NADP-ME1
under its own promoter in nadp-mel plants comple-
mented the observed phenotype. The quantitative tran-
scriptional analysis indicated that the expression of
NADP-ME1 in wt plants is modified in response to Al
treatment, decreasing significantly after 3 h of stress
exposure and remaining repressed even after more pro-
longed treatments (Figure 2).

NADP-ME1 presents particularities that differentiate it
from the other NADP-ME isoforms. While NADP-ME2
and NADP-ME4 are expressed in all the organs of the
plant, NADP-ME1 is found in embryos and the roots of
young plants, showing strong expression in the root
apex area (Figure 2c; Gerrard Wheeler et al., 2005). In
this particular location, the expression level of NADP-
MET1 is even greater than that of NADP-ME2, which
encodes for the other cytosolic isoform present in root
cells (Figure S2). Another feature of NADP-ME1 is its
lower specific activity and affinity for its substrates (Ger-
rard Wheeler et al., 2005, 2008). The differential pheno-
typic response observed here is in line with previous
reports suggesting specific roles for each Arabidopsis
NADP-ME isoform rather than redundancy of function
(Maurino et al., 2009). NADP-ME1 belongs to a particular
phylogenetic group consisting of cytosolic NADP-ME pro-
teins of both monocotyledons and dicotyledons with C3,
C4 or crassulacean acid metabolism (Gerrard Wheeler
et al., 2005; Alvarez et al., 2013; Arias et al., 2018). It is
likely that the isoforms belonging to this heterogeneous
group are functionally conserved between species. This
group includes ZmNADP-MEcyt3, a maize isoform that is
associated with Al stress (Krill et al, 2010), the
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Figure 5. Enrichment analysis of differentially expressed protein (DEP) sets in nadp-me1 and wt.
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expression of which has a similar pattern to NADP-ME1
and is influenced by various stress conditions (Detarsio
et al., 2008). OsNADP-MEcyt3 also decreased its levels in
rice roots treated with Al (Fukuda et al., 2007). However,

the role of these isoforms in the Al response has not

been clarified.
It is well documented that Arabidopsis responds to Al

exposure by increasing malate exudation after 2-4 h of
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treatment (Kobayashi et al., 2007). In this work we showed
that nadp-meT plants exude similar amounts of malate to
the wt in response to Al (Figure 3c). In line with this, the Al
content was similar in both genotypes along Al treatment
(Figure 3d), suggesting that the higher tolerance of nadp-
me1 to Al is not attributable to a mechanism of Al exclu-
sion. This is reinforced by the analysis of the expression of
several genes encoding transporters related to Al tolerance
that revealed no differences between nadp-mel and wt
(Figure S1).

After prolonged exposure to Al, a significant increase of
malate in roots of nadp-mel with respect to wt was
detected (Figure 3b). Considering that malate measure-
ments were performed in whole root extracts, it is possible
that localized changes in internal malate content might in
fact be occurring, probably for short treatment times in
which no differences at the whole root level were observed
(Figure 3a). It is highly probable that these changes are
restricted to the apex of the root, which is the Al target site
(Kochian et al, 2015) and the location of the highest
NADP-ME1 activity (Figure 2c). Moreover, we hypothesize
that the drastic decrease of NADP-ME1 expression in the
wt as a response to Al treatment (Figure 2b) is a mecha-
nism to prevent malate decarboxylation at this target site.

Additionally, we evaluated the possibility that the
increased Al tolerance exhibited by nadp-me1 plants is due
to perturbations in the Al stress signaling pathways. The
mutant plants exhibited a lower H,0, content than the wt
along Al treatment (Figure 4a,b). This could be due to
decreased production of H,0, and/or increased activity of
the detoxification pathways in response to Al exposure,
resulting in a lower induction of oxidative stress. In this
sense, it has been shown that over-expression of genes
encoding ROS detoxifying enzymes such as glutathione
transferase and peroxidase, among others, increased resis-
tance to Al in Arabidopsis (Ezaki et al., 2000). It has also
been shown that the application of glutamate to the root
apex provokes similar effects to Al in the first few minutes
of exposure, although more rapidly. Thus, it has been pro-
posed that the Al response could be initiated by a gluta-
mate efflux triggering downstream events that are not yet
completely elucidated (Sivaguru et al., 2003). In this work,
we show that the application of glutamate elicited inhibi-
tion of root growth in the wt. However, nadp-mel was
insensitive to glutamate treatment (Figure 4c,d), showing a
similar phenotype as that found along Al treatment (Fig-
ure 1). Thus, the lower toxicity to Al of nadp-me1 would
seem to be mediated not only by an increase in the levels
of malate in the roots but also by a modification of the sig-
naling pathways leading to inhibition of root growth, in
which ROS and glutamate could be involved.

Based on these results, we can postulate at least two
possible scenarios, which may even take place together,
concerning the role of NADP-ME1 in response to Al

© 2019 The Authors

treatment in Arabidopsis (Figure 6). In the first scenario,
NADP-ME1 could be involved in adjusting the cytosolic
levels of malate in the root apex (Figure 2c). The absence
of NADP-ME1 produces an increase in the intracellular
levels of this substrate (Figure 3) generating more organic
acids available to chelate Al into nontoxic complexes. This
result was observed despite compensatory changes
detected in other members of the NADP-ME family
(Table S1). Thus, an internal detoxification mechanism
could be operating in nadp-me1. In the second scenario,
NADP-ME1 could be involved in the signaling pathways
leading to inhibition of root growth in response to Al. A
decrease in NADP-ME1 would be a necessary step in this
route (Figure 2), leading to an increase in ROS in the root
apex. In contrast, the complete absence of NADP-ME1 (in
nadp-me1 plants) would cause a lack of (or decrease in) a
trigger of the pathways that inhibit root growth in
response to both Al and glutamate (Figures 1 and 4c,d).
Here, ROS could play key roles and NADP-ME1 may partici-
pate in the initial generation of ROS, since the absence of
NADP-ME1 decreases the H,0, content (Figure 4a,b).

Furthermore, we determined changes in several proteins
associated with the absence of NADP-ME1 and identified
components that might be involved in the response to Al.
These include proteins involved in signal transduction, pri-
mary metabolism, protection against biotic and other abi-
otic stimuli and redox processes (Figure 5 and Table S1).
In this regard, we observed a differential abundance of
proteins implicated in the synthesis and transport of gluta-
mate between nadp-me7 and wt root proteomes such as
GLU1 (Atbg53460), GLU2 (At2g41220; Thieme et al., 2015),
NODGS (At3g53180; Doskocilova et al, 2011), DFB
(At5g05980; Hayashi et al, 2017) and DCT (At5g64290;
Peterhansel et al., 2010), which would explain, at least in
part, the differential phenotype in the presence of this
amino acid (Figure 4c,d). Additionally, we found differ-
ences in the level of proteins belonging to different cate-
gories of phytohormones that can be related to the higher
proliferation of the NADP-ME1-deficient roots in the pres-
ence of Al (Figure 1): At1g12110, At1g14000, At1g28130,
At1g31340 and At3g13300 (corresponding to auxin-acti-
vated signaling pathways and conjugation); At2g17840,
At3g62030, At4g17870 and At5g15960 (involved in the
abscisic acid response); and At1g77330 and At4g24800 (re-
lated to the synthesis and response to ethylene) (Table S1;
The Arabidopsis Information Resource, https://www.arabid
opsis.org/). Future work including the global characteriza-
tion of other loss-of-function mutants should be directed
to functionally demonstrate the involvement of NADP-ME1
in these pathways.

Here, plates were incubated in typical conditions where
whole plants, including the roots, were exposed to white
light. The controls we performed (wt and the complemen-
tation lines) were grown in exactly the same conditions of
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Figure 6. Schematic representation of the role of NADP-ME1 in Arabidopsis roots in response to Al stress.
NADP-ME1 adjusts the cytosolic malate level in the root apex. In nadp-me7, the higher malate concentration would trigger an internal detoxification mechanism.
Besides, NADP-ME1 would be involved in the Al signaling pathways, where reactive oxygen species (ROS) and glutamate (Glu) play a key role, leading to inhibi-

tion of root growth in the wild type (wt).

light and medium composition so the phenotype of lower
root growth inhibition in the presence of Al exclusively
observed in nadp-meT is due to the deficiency of NADP-
ME1 (Figure 1). A photo-Fenton reaction which causes
inhibition of cell elongation (Zheng et al., 2019), is most
probably not occurring in our test conditions. Considering
the factors that are required for this reaction to occur, we
found the same amount of malate in the exudates of nadp-
me1 and wt plants (Figure 3c) and similar expression of
ALMT1 (Figure S1) and we did not work in phosphate-
deficient conditions. We found differences in the amount
of H,0, between genotypes (Figure 4) but these do not
invalidate our results — we suggest that these differences
would affect signaling processes implicated in root growth
modaulation. This is a laboratory-scale study that contributes
to the understanding of the mechanism of Al tolerance in
plants. Additional research should now be undertaken for
its applicability in crops and under field conditions.

Finally, this work demonstrates that the specific spatial/
temporal modification of the levels of enzymes involved in
organic acid metabolism such as NADP-ME1 could provide
an effective strategy for enhancing tolerance to Al toxicity
in plants. This would lead to improvements in the cellular
physiology in response to this relevant stress that threat-
ens plant productivity worldwide.

EXPERIMENTAL PROCEDURES

Plant lines, growing conditions, root length assays and
sampling

In this work, we analyzed A. thaliana ecotype Columbia-0 (wt) and
homozygous knockout lines with a T-DNA insertion into NADP-
ME1, NADP-ME2 and NADP-ME4 genes (SALK 036898,
SALK 073818, and SALK_064163, respectively; Nottingham Ara-
bidopsis Stock Center, http://arabidopsis.info/) and double and

triple mutants obtained by crosses (Gerrard Wheeler et al., 2005).
All these alleles have been previously characterized and the posi-
tion of the single T-DNA insertion into each NADP-ME gene was
verified by amplifying and sequencing the T-DNA flanking geno-
mic regions (Gerrard Wheeler et al., 2005). These lines did not
show detectable expression of the corresponding genes and did
not present obvious phenotypic differences with respect to the wt
plant when grown under standard growth conditions (Gerrard
Wheeler et al., 2005).

Transgenic lines were obtained by transforming the knockout
line with the insertion into NADP-ME1 (nadp-me1) with a con-
struct carrying the complete coding sequence of NADP-ME1 under
the control of the NADP-ME1 promoter (a 2000-bp long sequence
upstream of the transcription +1 site plus the first intron of the
gene). The binary vector ER-yb was used. Inflorescences were
incubated with a culture of Agrobacterium tumefaciens strain
GV3101 (Clough and Bent, 1998). The transformed plants were
selected with the herbicide BASTA and homozygous T3 lines were
isolated for the analysis.

Seeds were sterilized with 0.5% (v/v) Triton X-100 and 50%
(v/v) ethanol for 3 min, washed with 95% (v/v) ethanol and dried
on filter paper. After 72 h at 4°C in the dark to achieve synchro-
nized germination, the plants were grown in plates with 1x MS
medium, pH 5.6 (Murashige and Skoog, 1962), containing 0.6%
(w/v) Phytagel (Sigma-Aldrich, https://www.sigmaaldrich.com/),
in a chamber with a 16 h:8 h light:dark regimen at 25°C and a
photosynthetic photon flux density of 100 uE m~2 sec™". Seven-
day-old seedlings were transferred to fresh 1x MS plates or a
0.25x MS liquid medium with or without 100-200 um AICl3 or
5 mm glutamate. In the case of AIClz;, control and supplemented
media were adjusted to pH 4.5. For root growth assays, the pri-
mary root length was monitored for 11 days after transplanta-
tion. Lines were grown simultaneously with a randomized
physical arrangement and frequently rotated. Twenty primary
roots per line and condition were measured. Samples of root
and leaf tissues were collected after 3 h, 24 h, 72 h, 7 days and
12 days of treatment, frozen in liquid N, and stored at —80°C.
Root exudates were collected 3 h after transfer to MS liquid
medium with or without Al, vacuum dried and stored at —80°C.
Three biological replicates were made and each corresponded to
the exudates of 18 plants.

© 2019 The Authors
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Real time polymerase chain reaction assays (QRT-PCR)

Relative gene expression analysis was carried out by qRT-PCR on an
Mx3000P qPCR system using the MxPro qPCR software version 4.10
(Stratagene, http://www.stratagene.com). Total RNA was extracted
from 20 mg of roots with the TRIzoL reagent (Invitrogen, https:/
www.thermofisher.com) and treated with RQ1 DNase (Promega,
https://www.promega.com/). The concentration and purity of the
preparations were determined spectrophotometrically and the
integrity was assayed by agarose 1% (w/v) gel electrophoresis. Two
micrograms of RNA was reverse transcribed with 200 U of Super-
Script Il (Invitrogen) using oligo (dT)15 (Biodynamics, https:/www.
biodyncorp.com/) as primer. Eight-fold dilutions of the cDNAs syn-
thesized were used as templates. The PCR mix contained the dye
SYBR Green | (Invitrogen) as the reporter of fluorescence, 3 mm
MgCl,, 0.25 um of each primer, 0.2 mm dNTP and 0.025 U Platinum
Tag DNA polymerase in the presence of the buffer provided by the
supplier (Invitrogen). The oligonucleotide-specific primers pairs
used are listed in Table S2. Thermal cycling settings were as fol-
lows: 2 min at 94°C for initial denaturation; 46 cycles at 95°C for
10 sec, 56°C for 15 sec and 72°C for 20 sec for amplification; and
72°C for 10 min for final elongation. Melting curves for each reaction
were determined by increasing the temperature from 65°C to 98°C.
The PCR specificity was verified by melting curve and gel elec-
trophoresis analysis of the PCR products. Then, relative gene
expression was determined using a modified version of the compar-
ative 272°T method (Pfaffl, 2001) and polyubiquitin 10 (UBQ10;
At4g05320) as a normalizing gene (Czechowski et al., 2005). Efficien-
cies and error propagation were calculated according to Liu and
Saint (2002) and Hellemans et al. (2007). Each sample was run in
triplicate and determined in three biological replicates.

In situ NADP-ME activity assay

Seedlings were fixed in 2% (w/v) paraformaldehyde and 1 mm
dithiothreitol in phosphate-buffered saline, pH 7.0 [0.1% (w/v)
Na,HPQ,, 0.03% (w/v) NaH,PO, and 0.9% (w/v) NaCl] at 4°C for 1 h
and then rinsed overnight with water at 4°C (Sergeeva et al., 2004).
Staining for NADP-ME activity was performed by submerging the
seedlings in a solution containing 50 mm 2-amino-2-(hydrox-
ymethyl)-1,3-propanediol (TRIS)-HCI, pH 7.5, 10 mm .-malate, 10 mm
MgCl,, 0.5 mm NADP, 3.5% (w/v) nitroblue tetrazolium and 0.085%
(w/v) phenazine methosulfate for 90 min at 30°C. The seedlings
were destained by soaking in 96% (w/w) ethanol for 1 h at 50°C.

Malate quantification

Samples of rosette leaves and roots (50 mg) were homogenized
in a mortar with liquid N, and suspended in 1.4 ml of methanol.
The extracts were then incubated for 15 min at 70°C. After the
addition of 0.75 ml of chloroform, the extracts were incubated for
5 min at 37°C, diluted with 1.5 ml of distilled water and cen-
trifuged at 2200g for 15 min. The polar phase was aliquoted, dried
down and dissolved in water. The malate content was determined
by an enzymatic endpoint assay according to Bergmeyer (1976)
and Stitt et al. (1989). Calibration curves were constructed using
standard solutions of malate (Sigma-Aldrich).

Inductively coupled plasma mass spectrometry

Samples of rosette leaves and roots (25 mg) were digested with
400 pl HNO3 65% (w/v) for 16 h at 100°C. Quantification of Al was
carried out in a Perkin Elmer NexION 350 ICP-MS (https://www.pe
rkinelmer.com/) using multi-elemental calibration solutions (0.01-
1 mg L™"). Three different pools in each condition were processed
as biological replicates.

© 2019 The Authors

Diaminobenzidine stain for H,0,

Seedlings were immersed for 30 min in 0.1% (w/v) DAB solution.
Then the samples were destained by soaking in 100% (v/v) ethanol
for 3 h and examined under an optical microscope (Nikon Labo-
phot-2, https://www.nikon.com/). The presence of H,0, causes
polymerization of DAB, yielding a brown coloration (Thordal-
Christensen et al., 1997).

Quantitative differential proteomics

Roots (250 mg) were homogenized in liquid N, with 0.5 ml of an
extraction buffer containing 50 mm TRIS-HCI pH 7, 5 mm EDTA,
0.1% (v/v) Triton X-100 and 1% (v/v) protease inhibitor cocktail
(Sigma-Aldrich). The homogenate was incubated on ice for 30 min
and centrifuged at 14 000g for 20 min at 4°C. Protein concentration
was determined in the supernatant by the Bio-Rad (https:/www.
bio-rad.com/) protein assay using total serum protein as standard.
Then, 40 pg of protein was precipitated with 20% (w/v) trichloroa-
cetic acid (TCA) for 2 h at —20°C. After centrifugation at 14 000g for
10 min, the pellet was washed three times with cold acetone, dried
and resuspended in 8 m urea. Proteins were reduced in the cysteine
residues by treatment with 10 mm DTT for 45 min at 56°C and sub-
sequently alkylated with 20 mwm iodoacetamide for 40 min at 25°C
in the dark. Proteins were again precipitated with 20% (w/v) TCA
and stored at —20°C until use.

Mass spectrometry analyses were performed at the Proteomics
Core Facility IQUIBICEN (CONICET-University of Buenos Aires). Pro-
teins were resuspended in 50 mm ammonium bicarbonate pH 8,
digested by overnight incubation with sequencing grade trypsin (Pro-
mega) and desalted using a Zip-Tip C18 (Millipore, http://www.merck
millipore.com/). Peptides were separated in an EASY-nLC 1000
chromatograph (Thermo Scientific, https://www.thermofisher.com/)
coupled to a Q-Exactive mass spectrometer with a high-collision-dis-
sociation cell and Orbitrap analyzer (Thermo Scientific). Peptides
were eluted from a C18 Easy-Spray PepMap RSLC column (2 um,
100 A, 75 pm x 250 mm; Thermo Scientific) at 35°C using 0.1% (v/v)
formic acid in water or in acetonitrile as aqueous and organic phases,
respectively. The injection volume was 2 pl. A two-step gradient from
5% to 35% (100 min) and 35% to 100% (5 min) of linear increase of
the organic phase, followed by a 10 min wash with 100% organic
phase was used with a flow rate of 300 nl min~" in all steps. Eluting
peptides were electrosprayed (2.5 kV) and identified by acquisition of
fragmentation spectra of multiple charged ions. Up to five MS/MS
spectra were recorded for each full scan spectrum acquired at a reso-
lution of 70 000 full width at half maximum. Data were analyzed
using the Proteome Discoverer 2.1 (Thermo Scientific) and the Per-
seus 1.5.8.5 (Max Planck Institute of Biochemistry) software with the
UniProt database (http://www.uniprot.org/uniprot/). Only those pep-
tides with a high level of confidence were included in the analysis.
Three different pools of roots in each condition were processed as
biological replicates. Significantly over-represented Gene Ontology
terms in different input gene sets were determined using the Plant
Reg Map tool (http://plantregmap.cbi.pku.edu.cn/; Jin et al., 2017).

Statistical analysis

Significance was determined by analysis of variance (anova) or
Student’s t-test (P < 0.05) using SigmaPlot software. Sample size
is indicated in each figure.
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