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The full-length cDNA encoding the maize (Zea mays) C4 NADP-malic enzyme was expressed in Arabidopsis (Arabidopsis
thaliana) under the control of the cauliflower mosaic virus 35S promoter. Homozygous transgenic plants (MEm) were isolated
with activities ranging from 6- to 33-fold of those found in the wild type. The transformants did not show any differences in
morphology and development when grown in long days; however, dark-induced senescence progressed more rapidly in MEm
plants compared to the wild type. Interestingly, senescence could be retarded in the transgenic lines by exogenously supplying
glucose, sucrose, or malate, suggesting that the lack of a readily mobilized carbon source is likely to be the initial factor leading
to the premature induction of senescence in MEm plants. A comprehensive metabolic profiling on whole rosettes allowed
determination of approximately 80 metabolites during a diurnal cycle as well as following dark-induced senescence and
during metabolic complementation assays. MEm plants showed no differences in the accumulation and degradation of
carbohydrates with respect to the wild type in all conditions tested, but accumulated lower levels of intermediates used as
respiratory substrates, prominently malate and fumarate. The data indicated that extremely low levels of malate and fumarate
are responsible for the accelerated dark-induced senescence encountered in MEm plants. Thus, in prolonged darkness these
metabolites are consumed faster than in the wild type and, as a consequence, MEm plants enter irreversible senescence more
rapidly. In addition, the data revealed that both malate and fumarate are important forms of fixed carbon that can be rapidly
metabolized under stress conditions in Arabidopsis.

Malate has a pivotal role in most plant organelles.
Fluxes of malate between the different subcellular com-
partments are fast (Kalt et al., 1990), and many transport
systems involved in interorganellar malate translo-
cation have been described (Taniguchi et al., 2002;
Emmerlich et al., 2003; Renné et al., 2003; Scheibe,
2004). Malate is furthermore involved in many phys-
iological functions, such as (1) provision of NADH for
nitrate reduction, (2) provision of carbon skeletons and
NADPH for fatty acid biosynthesis, (3) support of
photorespiration, (4) stomatal movement by regula-
tion of osmotic pressure, (5) control of cellular pH, (6)
redox homeostasis, and (7) transport and exchange of

reduced equivalents between cellular compartments
(Lance and Rustin, 1984). In leaves of C3 plants, malate
shows a diurnal rhythm, in which the level increases
during the light period with a maximum at the end of
the day and decreases during the night. Malate syn-
thesis during the light period involves the sequential
action of phosphoenolpyruvate carboxylase (PEPC)
and malate dehydrogenase (MDH). PEPC is an allo-
steric enzyme inhibited by malate, activated by Glc-
6-P, and regulated by reversible phosphorylation of a
conserved Ser residue near the N terminus of the pro-
tein (Nimmo, 2003). Phosphorylation reduces the sen-
sitivity to malate and increases the sensitivity toward
Glc-6-P. The phosphorylation state is regulated by PEPC
kinase, which has been shown to be under circadian
control in leaves of soybean (Glycine max), with max-
imal activity during the light period (Fontaine et al.,
2002; Sullivan et al., 2005). These data suggest that
phosphorylation of PEPC plays a role in the coordi-
nation of CO2 fixation and carbon partitioning in pho-
tosynthetic organs. During the light period, when a
certain threshold of cytosolic malate concentration is
reached, malate is transported into the vacuole, where
it accumulates (Gout et al., 1993). Recently, a vacuolar
malate transporter (AttDT) was characterized and has
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been shown to have a major function in photosynthet-
ically active tissues (Emmerlich et al., 2003; Hurth et al.,
2005). In the dark, the activation state of PEPC de-
clines, the flux of malate toward the vacuole is stopped,
and the stored malic acid is released to be further me-
tabolized by decarboxylation to pyruvate, which can
be used as an energy source in the TCA cycle (Martinoia
and Rentsch, 1994). On the other hand, excess malate
can be converted to fumarate by fumarase. Since the
cytoplasmic compartment is devoid of fumarase ac-
tivity, a permanent movement of malate and fumarate
molecules between the different cell compartments is
required. Using 13C NMR, it was shown that labeled
malate synthesized by the sequence involving PEPC
and MDH is further converted to fumarate by the
mitochondrial fumarase in vivo (Gout et al., 1993).
Moreover and consistent with this observation, trans-
genic tomato (Solanum lycopersicum) plants with a
reduced expression of fumarase were characterized
to have marginally elevated malate contents (Nunes-
Nesi et al., 2007).

In plants, NADP-dependent malic enzyme (NADP-
ME; EC 1.1.1.40) is found in both the cytosol and in
plastids, where it catalyses the oxidative decarboxyl-
ation of malate yielding pyruvate and NADPH. The
Arabidopsis (Arabidopsis thaliana) genome contains four
genes encoding NADP-ME isoforms. AtNADP-ME1 to
AtNADP-ME3 are cytosolic (V.G. Maurino, unpublished
data), whereas AtNADP-ME4 is localized to plastids
(Gerrard Wheeler et al., 2005). In maize (Zea mays), to
date, cDNAs for two plastidic isoforms have been cloned
and the corresponding proteins have been character-
ized (Rothermel and Nelson, 1989; Maurino et al.,
2001; Detarsio et al., 2003; Saigo et al., 2004). Different
biological roles for the C3 isoforms were suggested, but
only the isoforms with a characterized physiological
function are the ones that take part in the C4 and CAM
photosynthetic metabolisms (Drincovich et al., 2001).

In this work, we present the generation and char-
acterization of transgenic Arabidopsis plants overex-
pressing the maize C4 NADP-ME (MEm lines), which
offered a way to alter malate levels and to analyze the
physiological consequences of the observed metabolic
disturbance. The phenotype of these lines following ex-
tended darkness suggests a highly important role for
both malate and fumarate in the primary metabolism
of Arabidopsis. The combination of metabolite profil-
ing and metabolic complementation assays allowed us
to conclude that MEm transgenic plants entered dark-
induced senescence more rapidly due to an accelerated
depletion of carbon and energy sources.

RESULTS

Isolation and Genetic and Biochemical Characterization
of Transgenic Arabidopsis Plants Expressing the Maize
C4 NADP-ME

The plasmid 35S:MEmC4 was introduced into the
Arabidopsis ‘Columbia-0’ genome, and primary (T1)

transformants were selected for BASTA resistance and
screened for the presence of the transgene by PCR
analysis. Total leaf extracts of the selected plants were
tested for NADP-ME activity at pH 8.0, the optimum
pH of the C4 maize isozyme (Maurino et al., 1996).
Lines with NADP-ME activity higher than the wild
type were subjected to a second round of selection. Ten
individual T2 plants of each line were analyzed by
PCR and NADP-ME activity was determined. Three
lines (MEm2, MEm4, and MEm5) were selected and
subjected to another BASTA selection to obtain non-
segregating T3 transgenic lines. Leaf tissue from the
homozygous T3 plants was extracted and analyzed for
NADP-ME activity, SDS-PAGE, and immunoblotting.
Line MEm5 showed the highest NADP-ME activity,
with 33-fold more activity than the wild type, while
lines MEm2 and MEm4 displayed 6- and 24-fold in-
creases, respectively (Fig. 1A). An immunoreactive
62-kD band, which corresponds to the molecular mass
of the mature maize C4 NADP-ME, was detected in all
transgenic lines by immunoblotting using specific anti-
bodies (Fig. 1A, inset). Moreover, leaf extracts sub-
jected to native gel electrophoreses and stained for
NADP-ME activity showed a band of approximately
240 kD in all MEm lines (data not shown). The molec-
ular mass of the active band corresponded to the tetra-
meric state of maize C4 NADP-ME, indicating a correct
assembly of the overexpressed enzyme.

To test if the 66-kD precursor protein of the maize C4
NADP-ME encoded by the full-length cDNA is directed
to plastids of C3 plants, a chloroplast import assay was
performed. The in vitro synthesized precursor was
imported into spinach (Spinacia oleracea) chloroplasts
and processed to a protein of approximately 62 kD (Fig.
1B). Thermolysin treatment of the chloroplasts after
import resulted in the disappearance of the precursor
protein, while a smaller protein, corresponding in size
to the mature C4 NADP-ME, remained intact (Fig. 1B).
To confirm the proper intracellular localization of the
overexpressed enzyme in vivo, leaf sections from all
MEm transgenic lines were subjected to immunoas-
says using antibodies against the maize C4 NADP-ME.
The results showed that the mature NADP-ME is effi-
ciently targeted to chloroplasts of the transgenic plants
(Fig. 1C). Southern-blot analyses indicated that lines
MEm2, MEm4, and MEm5 possessed only a single
transgene copy (not shown).

Diurnal Effects of an Enhanced Chloroplastic
NADP-ME Activity on Metabolite Levels

MEm lines grown in long days do not show any
morphological or developmental alteration in compar-
ison to the wild type (Fig. 2A). No differences in seed
morphology, yield, and germination were observed be-
tween the transgenic lines and the wild type (not shown).
Chlorophyll content (Fig. 2B), photosynthetic electron
transport rates (not shown), and the FV/FM ratio (Fig.
2C) of the transformants were similar to those of the
wild type, indicating that the photosynthetic performance
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of the MEm lines was not affected under the given
growth conditions. To investigate the influence of en-
hanced chloroplastic NADP-ME activity on leaf me-
tabolism, a comprehensive metabolic analysis of extracts
from rosettes harvested from 4-week-old plants grown
in long days at different time points during a diurnal
cycle was conducted. The levels of more than 80 me-
tabolites were determined by gas chromatography
(GC)-mass spectrometry (MS), and, additionally, the
contents of sugars were measured photometrically.

With regard to carbohydrates, no differences in the
levels or the pattern of accumulation of starch, Suc,
Glc, and Fru were detected between the transgenic
lines and the wild type during a long-day photoperiod
(Supplemental Table S1).

All three MEm transformants analyzed displayed
the same variations in the metabolic profiles when com-
pared to the wild type. For ease of comparison, the
data obtained for MEm4 are shown as representative
for the MEm lines (Figs. 3 and 4; the whole data set is,

however, available as supplemental material). As ex-
pected, the levels of malate, the substrate of the NADP-
ME reaction, were dramatically reduced in the MEm
transformants (Fig. 3). At the end of the dark and light
periods, MEm leaves accumulated to 26% and 28% of
the malate levels of the wild type, respectively. Fu-
marate levels mirrored those of malate. At the end of
the night and light periods, MEm leaves accumulated
39% and 44% of the fumarate levels of the wild type,
respectively (Fig. 3; Supplemental Table S2). Similar
accumulation profiles were obtained for malate and
fumarate during the light period. During the first part
of the light period, a lag phase in the accumulation of
both metabolites was observed, followed by an in-
creased rate of accumulation that reached maximum
levels at the end of the day. During the night, malate
and fumarate were consumed in all lines, with malate
contents decreasing continuously and reaching mini-
mum levels at the end of the night period. Fumarate
showed a different pattern of degradation. In all lines,
a pronounced decrease of the fumarate level was ob-
served after 1 h in darkness (Fig. 3). In the wild type, a
subsequent accumulation up to levels similar to those
found at the end of the day was observed, followed by
a continuous decrease until the end of the night period.
In contrast, in the MEm lines, the level was maintained
during the next hours and then decreased to a low
level until the end of the night period. Interestingly, the
area of the fumarate peak detected in the gas chro-
matograms of the wild type indicated that, besides Suc,
fumarate is the highest abundant metabolite in leaves
of Arabidopsis during the light period. Contents of
fumarate of 17.03 6 1.26 mmol/mg fresh weight were
determined in 4-week-old wild-type rosettes at the end
of light period.

The levels of pyruvate, the direct product of the
reaction catalyzed by NADP-ME, were increased in all
transgenic lines; however, the pattern of the diurnal
change was similar to that of the wild type (Fig. 3). At
the end of the night period, the level of pyruvate in the
MEm plants was 70% higher than that observed in the
wild type, in which the pyruvate level peaked imme-
diately after the light was switched on and decreased
afterward (Fig. 3). MEm transformants showed a sim-
ilar profile, while the highest level was about 2-fold
higher than in the wild type. The pyruvate-derived amino
acids Leu, Val, and, especially, Ala were also more
abundant in the MEm plants and showed a similar
pattern of accumulation as the wild type (Fig. 3).

The levels of the organic acids citrate, 2-oxoglutarate,
and oxaloacetate were comparable in all lines (Fig. 3).
Interestingly, succinate levels in the transgenic lines
were significantly increased during the whole light
period with respect to wild-type values, while in the
second half of the night phase they were similar to
those observed in the wild type (Fig. 3).

In the MEm transformants, the levels of Asp, Thr,
Ile, and Met were decreased with respect to the wild
type during the whole diurnal phase, except for Asp
and Ile at the end of the night period, in which the

Figure 1. Analysis of maize C4 NADP-ME expression in Arabidopsis. A,
NADP-ME activity from leaf crude extracts of wild type (wt; 12 6 3.4
mU/mg protein) and the transgenic lines MEm2, MEm4, and MEm5
(67 6 3.4, 297 6 4.5, and 391 6 1.6 mU/mg protein, respectively)
measured at pH 8.0. Inset, Immunoblot analysis of C4 NADP-ME show-
ing a reactive band in the transgenic lines. Errors bars indicate SD (n 5

6). B, Chloroplast import assay of C4 NADP-ME encoded by the full-
length cDNA. Lane 1, 66-kD translational product synthesized in vitro.
Lane 2, Intact washed chloroplast after import. Lane 3, Intact washed
chloroplasts treated with thermolysin after import showing the 62-kD
protected mature protein. C, Immunodetection of maize C4 NADP-ME
in a leaf section of the transgenic line MEm5 using specific antibodies.
A section of the wild type incubated with the same antibodies showed
no reaction. The bar represents 5 mm.
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levels were similar to the wild type (Fig. 3; Supple-
mental Table S2). Asn and Lys, however, could be
detected only in very low amounts, and no differences
in their levels were observable between the MEm plants
and the wild type (Supplemental Table S2).

Glu and GABA levels in the transgenics showed
patterns similar to those in the wild type (Fig. 3). While
the Glu levels remained lower than in the wild type
throughout the diurnal period except for the end of the
night, the content of GABA was enhanced at the end of

the light period and decreased below wild-type values
by the end of the dark phase. This elevated GABA con-
tent could be a result of enhanced synthesis from Glu,
given that the oxaloacetate levels were also higher in
the MEm plants at the same time points (Fig. 3). A sim-
ilar pattern was observed for the levels of His, which is
synthesized from Gln (Fig. 3).

Glc-6-P and Fru-6-P levels were closely related to
each other during the diurnal cycle and similar pat-
terns were found in the transgenic lines and the wild

Figure 2. Phenotype of MEm transgenic
lines and comparison of senescence pa-
rameters with the wild type. A, Images of
4-week-old wild type and transgenic lines
grown in long days. The same plants were
transferred to prolonged darkness and
photographed after 4 d of treatment. B,
Chlorophyll content. C, Maximum quan-
tum yield of PSII (FV/FM). D, Total protein
content. E, Accumulation of the 54-kD
band of the Rubisco large subunit resolved
by SDS-PAGE and stained with Coomassie
Blue. F, Evans blue accumulation as indi-
cator of cell death was measured spectro-
photometrically in the wild type and MEm
transformants at different times during ex-
tended darkness. Images of Evans blue-
stained leaves from the wild type (on the
left) and MEm line 4 (on the right) are
shown. FW, Fresh weight. Error bars indi-
cate SD (n 5 6).
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type (Fig. 3). In both cases, the levels increased after the
onset of the night period and decreased again to mini-
mal levels by the end of the night. 3-Phosphoglycerate

(3-PGA) and glycerate accumulated during the light
phase in all lines, but the transgenics presented higher
levels than the wild type (Fig. 3). While glycerate levels

Figure 3. Diurnal metabolic changes assayed by GC-MS in MEm transformants (MEm4; open circles) and the wild type (closed
circles) grown in a 16-h-light/8-h-night regime. Samples were taken at the time points indicated in the ‘‘Materials and Methods.’’
In each graphic, the wild-type level at the end of the night period (t 5 0 h) was set to 1 and the y axis represents metabolite levels
relative to it. Values presented are mean 6 SE of replicates of five plants each. The asterisk (*) indicates significant differences
between the values of the wild type and MEm4 calculated by Student’s t test (P , 0.05). The night period is highlighted with black
bars.
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constantly decreased during the night period, those of
3-PGA increased further during the first hours in dark
and then decreased steeply to reach the lowest levels
by the end of the night phase (Fig. 3). PEP is produced
from 3-PGA and its condensation with erythrose-4-P
gives rise to the shikimate pathway, in which the aro-
matic amino acids are synthesized. In the MEm trans-
formants, shikimate and Phe levels were significantly
higher than in the wild type throughout the day period,
while Tyr levels were not significantly different (Fig.
3). Trp levels remained consistently beneath detection
levels.

MEm Transgenic Lines Show Accelerated
Dark-Induced Senescence

Metabolic alterations encountered in the MEm trans-
genic plants, such as low levels of metabolites that
could be used as respiratory substrates, toward the
end of the dark period led us to investigate the re-
sponse of these plants to carbon starvation. One of the
most efficient stimuli that accelerate sugar starvation is
the inhibition of photosynthesis (Brouquisse et al., 1998).
Thus, 4-week-old plants growing under long days
were separated into two sets. One set was kept in long
days, and the second set was kept in darkness to in-
duce natural sugar starvation and, thus, dark-induced
senescence. Dark-induced senescence occurred slowly
in the wild type, where yellowing was obvious after
6 d of darkness. In contrast, in the transgenic lines, a
dramatic reduction in their ability to withstand extended
darkness was observed. Senescence already initiated
after 3 d and showed dramatic yellowing after 4 d of
dark treatment (Fig. 2A). In the wild type and the MEm
transformants, the yellowing pattern progressed like
in normal senescence, in which the distal part of the
leaves senesce first and the tissue surrounding the veins
stays longer green to maximize transport from the leaf
(Buchanan-Wollaston et al., 2005).

To further investigate the progress of the dark-
induced senescence in the MEm plants, some senescence
markers were investigated. Two parameters related to
chloroplast function, total chlorophyll (Fig. 2B) and the
photochemical efficiency of PSII (FV/FM value; Fig. 2C),
showed a more rapid decay in the transgenic lines. The
total protein concentration (Fig. 2D) and the content of
the Rubisco large-subunit polypeptide analyzed by
SDS-PAGE (Fig. 2E) also declined earlier in the MEm
plants. Evans blue staining was used as indicator of
cell death. As shown in Figure 2F, higher rates of cell
death were observed in all transgenic lines as com-
pared to the wild type. All these results indicate that
the onset and progress of dark-induced senescence is
more rapid in the MEm transgenic plants.

Metabolite Profiling during Dark-Induced Senescence

To better characterize the influence of enhanced
chloroplastic NADP-ME activity on leaf metabolism,
rosettes from 4-week-old plants grown in long days

were harvested at different time points during pro-
longed dark treatment and subjected to metabolic
analysis.

At the end of the night period, the content of starch,
Suc, Glc, and Fru reached a minimum in all MEm
transgenic and wild-type plants (Supplemental Table
S1). When the plants were maintained in constant dark-
ness, the levels of starch and Suc decreased rapidly
during the first hours of treatment, reaching minimum
levels after 30 h in darkness (Supplemental Table S1;
Fig. 4). MEm transformants showed no differences in
the amount and degradation rate of starch and Suc as
compared to the wild type during dark-induced se-
nescence (Supplemental Table S1; Fig. 4). Similarly, Glc
and Fru contents decreased during the first hours in
permanent darkness and stayed at low levels after-
ward (Fig. 4; Supplemental Tables S1 and S3). Sugars
such as Gal and gluconate were maintained at very
low levels in prolonged darkness until day 6, from
which point they increased sharply (Fig. 4; Supple-
mental Table 3).

Malate, fumarate, citrate, succinate, and 2-oxoglutarate
decreased during the first hours in constant darkness
to a minimum that was maintained during the next
days (Fig. 4; Supplemental Table S3). By day 4 the
MEm transformants showed an increase in the content
of these metabolites, while in the wild type similar
increases were observed by day 6. Other metabolites
that showed a similar pattern were glycerate and shiki-
mate (Fig. 4). However, in both cases, the increments
were not as pronounced as those of the intermediates
of the TCA cycle (Fig. 4). In contrast, pyruvate levels
decreased in the first hours of darkness and were
maintained at low levels throughout the period ana-
lyzed (Fig. 4). The contents of pyruvate in the MEm
lines were always higher than those of the wild type.

The metabolic profiles of individual amino acids
were followed during 7 d in continuous darkness. In
the wild type and the MEm transformants, Ala showed
an increment during the first hours in continuous
darkness and decreased afterward to reach minimum
values by day 2 (Fig. 4). In the wild type, this mini-
mum level was maintained during the next 3 d and
slightly increased again by day 6, while in the MEm
plants a pronounced increment occurred again by day
4 (Fig. 4). In both cases, the second increment in Ala
levels was temporally correlated with the appearance
of the first symptoms of senescence.

Glu and Asn showed almost the same profile in the
wild type and the MEm transformants during the first
4 d in continuous darkness. Glu levels increased after
24 h in darkness, dropped during the next day, and
afterward increased further (Fig. 4). In the case of the
MEm plants, the highest accumulation was achieved
by day 5, with levels dropping afterward again. In the
wild type, two maxima were recorded, one at day 4
and the second at day 7. Asn levels were at the limit of
detection during the first day in darkness but in-
creased steadily after 24 h, with maximum levels at the
same time points as for Glu (Fig. 4). Gln showed the
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Figure 4. Metabolic changes assayed by GC-MS in MEm transformants (MEm4, open circles) and the wild type (closed circles)
during extended dark conditions. Samples were taken at the time points indicated in the ‘‘Materials and Methods.’’ The x axis
starts at the end of a complete diurnal cycle. In each graph, the wild-type level at the end of the night period was set to 1 and the y
axis represents metabolite levels relative to it. Values presented are means 6 SE of replicates of five plants each.
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same profile in the MEm plants and the wild type. Two
small peaks with almost the same maxima were ob-
served at 15 h and 4 d in darkness, respectively (Fig. 4).

A constant increase in the levels of Met, Val, Phe,
Tyr, Trp, Leu, Ile, and Ser was observed directly after
the onset of continuous darkness. By day 4, the levels
of these amino acids increased rapidly and reached the
highest values in the MEm plants, while in the wild
type the maximum levels were observed by day 6 (Fig.
4). GABA and Gly maintained low levels during the
first day in darkness and highly increased by day 4 in
the MEm plants, while in the wild type the same
increase occurred by day 6 (Fig. 4). Two metabolites
that presented a similar pattern as the majority of
the amino acids are b-hydroxybutyrate and b-Ala,
whereas urea and Rib mirrored the pattern of Gly
(Fig. 4; Supplemental Table S3).

We next measured the levels of adenylates since the
energy charge has long been postulated to influence
senescence and it has recently been demonstrated that
a limitation of nocturnal import of ATP into the
chloroplast leads to severe problems in plastidial
metabolism (Reinhold et al., 2007). However, a change
in the levels of ATP or ADP could not be observed in
the transformants (data not shown).

Metabolic Complementation of

Dark-Induced Senescence

A more rapid dark-induced senescence was ob-
tained when 3-week-old seedlings growing in solid
medium were transferred to Whatman filter paper
imbibed in water and maintained in continuous dark-
ness. In this case, wild-type plantlets and MEm trans-
formants entered senescence 4 and 2 d after dark
incubation, respectively. We investigated whether the
rapid dark-induced senescence observed in the MEm
plants could be compensated for by an exogenous
supply of metabolites that could serve as energy
source. To test this hypothesis, the plantlets, trans-
ferred to Whatman filter paper, were imbibed in
solutions of different metabolites and maintained in
continuous darkness. As shown in Figure 5, exoge-
nously supplied Glc, Suc, and L-malate avoided the
premature in vitro dark-induced senescence of the
transgenic MEm lines, while fumarate and D-Glu
compensated for at least a part of it. No complemen-
tation of the phenotype could be observed by the
supply of L-Leu or L-Val (not shown).

To reveal some metabolic changes that could ac-
count for the complementation observed, a metabolic
profile of plantlets maintained in water or supple-
mented with Glc was conducted by GC-MS after 3 d
of incubation in darkness. When the seedlings were
maintained in water, significantly lower levels of ma-
late, fumarate, 2-oxoglutarate, and Asn were observed
in all MEm transformants (Fig. 6). Ala, Val, Ser, Ile, Trp,
and Tyr accumulated significantly in at least two MEm
lines and Phe showed the same tendency, while Suc,
the free sugars, and the phosphorylated forms were

similar in both the MEm transformants and the wild
type (Fig. 6; Supplemental Table S4). Other metabolites
measured showed comparable levels in the wild type
and the MEm transformants, like in the case of Glu
and GABA (Fig. 6; Supplemental Table S4).

When plants supplied with Glc were incubated 3 d
in darkness, the contents of malate and fumarate in the
wild type increased 1.2- and 2.7-fold, respectively, as
compared with the levels present in the plants main-
tained in water (Fig. 6). In MEm transformants, the
contents of malate and fumarate increased 5- to 6-fold
as compared to the levels found in the MEm lines
incubated in water (Fig. 6). It is interesting to note that
these levels were comparable or even higher than
those found in the wild type incubated in water, a
condition where senescence in the wild type was not
evident (Fig. 6).

In comparison with the levels found in the wild type
incubated with water, the same plantlets supplemented
with Glc showed a decreased level of 2-oxoglutarate
but a similar content of Asn (Fig. 6). In MEm lines
supplied with Glc, the contents of these two metabo-
lites were comparable to the wild type in the same
condition for 2-oxoglutarate but remained low for Asn
(Fig. 6). On the other hand, after dark incubation with
Glc, Val, Trp, and Phe were at similar levels in the
MEm transformants and the wild type, while Ile and
Tyr were even lower in the MEm lines (Fig. 6). Inter-
estingly, Ala and Ser accumulated to high levels in at
least two of the MEm transformants, probably synthe-
sized from pyruvate, the product of the NADP-ME
reaction (Fig. 6). As expected, the levels of Suc and the

Figure 5. Complementation of the MEm phenotype in dark-induced
senescence. Three-week-old seedlings grown on solid media were
placed onto Whatman filter papers containing water, 1% Glc, 1% Suc,
2 mM malate, 2 mM fumarate, or 2 mM Glu and kept in darkness for 3 d.
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free and phosphorylated sugar forms increased con-
siderably after Glc feeding and were similar in both
the MEm transformants and the wild type after 3 d in
the dark supplemented with Glc (Fig. 6).

DISCUSSION

The constitutive expression of the maize C4 NADP-
ME in Arabidopsis chloroplasts was successfully
achieved. The transgenic lines showed a range of NADP-
ME activities that positively correlated with the amount
of an immunoreactive 62-kD protein observed in the
immunoblot analysis (Fig. 1). Furthermore, the cor-
rect processing of the in vitro synthesized NADP-ME
precursor protein was demonstrated by import exper-
iments into isolated chloroplasts and by immunocyto-
chemical studies on leaf sections of transgenic and
wild-type lines (Fig. 1). Moreover, native gel electro-
phoresis of leaf extracts stained for NADP-ME activ-
ity indicated that the maize mature NADP-ME was
correctly assembled in Arabidopsis chloroplasts. In
contrast to the results obtained here, Takeuchi et al.

(2000) were unable to obtain overexpression of a maize
NADP-ME in rice (Oryza sativa) despite using the same
promoter (cauliflower mosaic virus [CaMV] 35S) that
was used in this study. However, rice plants express-
ing maize C4 NADP-ME under the rice cab promoter
showed serious deteriorative effects on growth, such
as bleaching of leaves and growth hindrance under
autotrophic conditions (Takeuchi et al., 2000; Tsuchida
et al., 2001). These findings contrast with the results
presented here where the overexpression of the maize
C4 NADP-ME in Arabidopsis led to no visible pheno-
typic changes in plants grown in long days and under
normal light conditions (Fig. 2). Laporte et al. (2002)
have also shown that the expression of NADP-ME in
tobacco (Nicotiana tabacum) under the control of the
strong constitutive mas (mannopine synthase) promoter
did not result in phenotypic changes, but the trans-
genic plants showed a decreased stomatal conductance.
As Arabidopsis is a dicotyledonous species and rice
is a monocotyledonous one, the introduction of the
highly active C4 NADP-ME might have induced dif-
ferent physiological disturbances in each species, most
probably due to the metabolic differences encountered

Figure 6. Metabolic changes assayed by GC-MS in MEm transformants and the wild type during the complementation assays.
Values presented are means 6 SE of two replicates of pools of at least 20 plantlets each. An asterisk (*) indicates significant
differences to corresponding wild-type values calculated by Student’s t test (P , 0.05). In the Suc panel, the scale at the right
refers to data obtained after Glc feeding.
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among these plants. In this regard our results indi-
cated that fumarate accumulates to high levels during
the light period in Arabidopsis wild-type plants. More-
over, Chia et al. (2000) previously described a high
fumarate accumulation and measured concentrations
up to several milligrams per gram fresh weight in
Arabidopsis leaves, which were in the same range as
those of sugars. These authors also found that, besides
Arabidopsis, a number of other C3 species accumulate
high levels of fumaric acid in photosynthetically active
tissues, predominantly at the end of the light period. In
rice, only very low levels of fumaric acid were detected.
Furthermore, in long-day conditions we have not ob-
served differences between the MEm plants and the
wild type in the FV/FM ratio (an indicator of photo-
inhibition), the activation state of NADP-MDH (an
indicator of the NADP/NADPH ratio; not shown),
and the total glutathione and ascorbate levels (not
shown) during the day period. In contrast, the over-
expression of NADP-ME in rice resulted in severe
bleaching, decreased FV/FM ratio, and an increased
NADP-MDH activation state. This increased photo-
inhibition was suggested to be a consequence of in-
creased NADPH levels (Tsuchida et al., 2001). All the
above-cited results suggest that, at least in Arabidop-
sis, metabolic flexibility ensures the capacity to remove
possible deleterious alterations in the redox status
caused by the overexpression of NADP-ME in plastids.

The MEm plants analyzed in this study showed an
informative metabolic phenotype, i.e. severe metabolic
alterations with respect to the wild-type plants that
could be attributed to the enhanced activity of NADP-
ME. Malate levels were dramatically decreased during
the entire diurnal period and almost stayed constant at
a low level during the day (Fig. 3). Thus, the typical
malate accumulation at the end of the day period was
not observed in the MEm transformants. Exactly the
same pattern was observed for fumarate, indicating a
tight relationship between both organic acids. The
parallel decrease of malate and fumarate observed in
the MEm plants is most probably due to the action of
fumarase catalyzing a reaction that is presumed to
operate close to the thermodynamic equilibrium in vivo.

It is interesting to note that the maximum levels of
both malate and fumarate in the MEm plants at the
end of the light period were approximately the same
as the minimum levels found in the wild type at the
end of the night period. This indicates that in MEm
transformants both metabolites were permanently be-
low the normal concentrations found in illuminated
leaves of the wild type. Pyruvate, the product of the
NADP-ME reaction, was slightly increased at the end
of the night period and accumulated in the light phase
in the MEm transformants, very likely as a conse-
quence of the high NADP-ME activity (Fig. 3). Metab-
olites that are derived from pyruvate, such as Ala, Leu,
and Val, were also substantially increased in the over-
expressors, while diurnal changes in sugar and starch
levels are in agreement with those described previ-
ously (Gibon et al., 2004; Bläsing et al., 2005).

The main purpose of senescence in green plants is
the mobilization and recycling of nutrients that had
been produced in the leaves and that are being trans-
ferred to other parts of the plant. Developmental
signals, aging, stress, and darkness all can induce
senescence. When plants are placed in the dark, the
loss of photosynthetically fixed carbon results in a
rapid depletion of the sugar levels in the leaves
(Brouquisse et al., 1998; Tcherkez et al., 2003). The
ensuing low carbohydrate levels induce expression of
senescence-associated genes in Arabidopsis and initi-
ate substantial changes in physiological and biochem-
ical processes with the aim to sustain respiration and
other metabolic processes (van Doorn, 2004). Dark-
induced senescence, due to this carbon starvation,
occurs slowly in intact plants (Lin and Wu, 2004).
Chlorophyll degradation is the first visible symptom
of senescence, and proteolysis of chloroplast proteins
(principally Rubisco) begins at early phases of senes-
cence, leading to a decline of photosynthetic capacity.
All these events obviously occurred earlier in the MEm
transformants relative to the wild type and correlated
with the accelerated appearance of visible yellowing
and premature death observed in these plants (Fig. 2).
Many metabolites typically increase in senescing
leaves. It was reported that PPDK expression is sig-
nificantly up-regulated after the onset of dark-induced
senescence (Graham et al., 1992; MacLaughlin and
Smith, 1994; Lin and Wu, 2004), being involved in the
production of metabolic precursors for the synthesis of
Asn, which is primarily mobilized in dark-induced
senescence, while Gln is the metabolite used in nitro-
gen remobilization during developmental senescence
(Lin and Wu, 2004; Buchanan-Wollaston et al., 2005).
The increase in Asn has been related to the storage of
nitrogen released by the degradation of proteinogenic
amino acids under carbohydrate starvation since ac-
cumulation of NH4

1 is toxic for the cell (Givan, 1979).
Brouquisse et al. (1998) described that, after 48 h of
darkness, Asn increased by a factor of 18 and Gln
dropped in young leaves of Arabidopsis. Our results
showed that both the wild type and the MEm lines
contained significantly increased contents of Asn,
while Gln levels were only slightly enhanced after
the onset of prolonged darkness (Fig. 4). We also
observed that the levels of branched-chain amino
acids, i.e. Leu, Ile, and Val, increased during the dark
treatment. Genes involved in branched-chain amino
acid catabolism were found to be up-regulated in
dark-induced senescence but not during developmen-
tal senescence (Fujiki et al., 2001). Interestingly, knock-
out mutants of the electron transfer flavoprotein/
electron transfer flavoprotein ubiquinone oxide reduc-
tase electron transport complex, which is involved
in the degradation of branched-chain amino acids,
also display an accelerated dark-induced senescence
(Ishizaki et al., 2005, 2006). Catabolism of branched-
chain amino acids via b-oxidation provides alternative
respiratory substrates under carbohydrate depriva-
tion. During the progress of senescence and as a result
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of protein breakdown, the levels of Phe, Tyr, and Trp
also increased markedly. Our results showed dramatic
increases of these metabolites at the same times that
yellowing was evident in the transformants and the
wild type, suggesting that such changes are indicative
for extreme senescence (Figs. 2 and 4).

Intriguingly, while the MEm transformants showed
similar general patterns of metabolic changes as the
wild type in response to extended darkness, all the
above-mentioned metabolites rose 2 to 3 d earlier in
the MEm transformants than in the wild type (Fig. 4).
Thus, the metabolic consequences originating from
prolonged darkness are induced earlier in the MEm
transformants. The comparative analysis of the meta-
bolic profiles in correlation with the severity of senes-
cence symptoms in the MEm lines and the wild type
allowed us to identify putative markers of metabolic
senescence. With the onset of senescence, drastic
changes in leaf metabolism occurred, and Leu, Ile,
Val, Phe, Tyr, Trp, and urea all increased to much
higher levels than those observed during a normal
diurnal period. The increments determined were sim-
ilar for MEm lines and the wild type, indicating that
they are exclusively related to protein breakdown and
organic nitrogen recycling activated during the senes-
cence process. Moreover, MEm lines kept in the dark
on Whatman filter paper soaked with water entered
senescence already after 2 d and showed enhanced
accumulation of the senescence marker metabolites
Ile, Val, Phe, Tyr, and Trp. However, prematurely
induced senescence could be prevented and wild-
type metabolite levels could be maintained by sup-
plying MEm transformants with Glc, Suc, or malate,
i.e. with a metabolite that can be used as a readily
mobilized energy source (Figs. 5 and 6).

In line with these results, malate and fumarate were
the only two metabolites whose levels were signifi-
cantly decreased in the MEm lines after dark incuba-
tion and whose levels recovered to values similar to
the wild-type ones after incubation with Glc. Such
changes were not observed for other metabolites, e.g.
Ala, Asn, or 2-oxoglutarate. Taken together, these
results provide strong evidence that the low levels of
malate and fumarate are involved in and causally
related to the accelerated dark-induced senescence
phenotype observed in the MEm transformants. Fur-
ther studies on the regulation of sugar and carbon
fluxes in Arabidopsis will reveal the function of these
metabolites as transient storage forms of fixed carbon
and energy.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and Sampling

After a cold treatment of 48 h at 4�C in the dark, Arabidopsis (Arabidopsis

thaliana) ‘Columbia-0’ (wild type) and the transgenic lines were grown under

long-day conditions (16 h light/8 h night) at a photosynthetically active

photon flux density of 70 to 100 mmol quanta m22 s21. During the day, the

temperature was 22�C and during the night 18�C. For dark treatments,

4-week-old plants were kept in the same growth chamber in complete

darkness. Complete rosettes were harvested, transferred immediately into

liquid nitrogen, and stored at 280�C until further analysis. Samples for

metabolite measurements during a diurnal cycle were taken beginning at the

end of the night period (t 5 0 h), and 3, 7, 11, 15, 17, 19, 21, and 24 h later. For

the prolonged dark treatment, samples were collected beginning at the end of

the first night period (t 5 24 h), and 31, 35, 39, 51, 55, 79, 103, 127, 151, 175, and

199 h later. Material from four to six different plants were combined per

sample. All measurements were repeated with at least four different samples

and two independent biological replicates.

For the complementation assays, plantlets were grown on Murashige and

Skoog media containing 1% Suc under long-day conditions (16 h light/8 h

night) at a photosynthetically active photon flux density of 75 mmol quanta

m22 s21. After 3 weeks, plantlets were transferred to Whatman filters soaked

alternatively with water, 1% Suc, 1% Glc, 2 mM L-malate, 2 mM L-fumarate,

2 mM D-Glu, 2 mM L-Leu, or 2 mM D-Val, and were kept in darkness. After 3 d,

the rosettes were harvested and immediately frozen in liquid nitrogen and

stored at 280�C until further analysis.

Plasmid Construction and Plant Transformation

Full-length cDNA encoding the maize (Zea mays) C4 NADP-ME precursor

protein (Detarsio et al., 2003) was cut out from pBluescript using the SacII and

KpnI sites and blunt-ended using the Klenow fragment of DNA polymerase.

The 2.2-kb fragment was cloned into a modified version of the binary vector

pGreenII bearing the BASTA resistance gene (Hellens et al., 2000), using the

SmaI site between the CaMV 35S promoter and the octopin synthetase

terminator from the pBinAR vector (Bevan, 1984). Unique cloning sites of

the basic pGreenII vector, which interfered with the next cloning steps (KpnI,

SalI, EcoRV, PstI, SmaI, BamHI, SpeI, and XbaI), were eliminated by cutting with

the corresponding restriction enzymes, blunting, and religating. The multiple

cloning site, the CaMV 35S promoter, and the octopin synthetase terminator

from the pBinAR vector (529 bp) were cloned into the pGreenII-nosBAR EcoRI

and HindIII sites. The resulting modified version of the pGreenII vector was

called pGreenII-35S-nosBAR, and the plasmid containing the maize C4

NADP-ME was called 35S:MEmC4.

The plasmid 35S:MEmC4 was introduced into Arabidopsis by Agrobacte-

rium tumefaciens (GV3101)-mediated transformation using the vacuum-

infiltration method (Bechtold et al., 1993). Transformants were selected for

resistance to BASTA. DNA was extracted from leaf material collected from

selected plants and used for PCR analyses. Plants containing the transgene

were transplanted and allowed to self-pollinate. Seeds from the primary (T1)

generation were sown, and resultant T2 plants were subjected to another

round of BASTA selection and characterization by means of PCR and NADP-

ME activity assay. The process was repeated to obtain nonsegregating T3

transgenic lines. All further analyses were performed with homozygous T3

transgenic plants.

Southern Blot

Genomic DNA was isolated from leaves and digested with EcoRI. The blot

was hybridized with a 1.1-kb fragment corresponding to the BASTA resistance

gene, using standard conditions (Sambrook et al., 1989). Washes were carried

out at low stringency (23 SSC and 13 SSC, 0.1% SDS at 65�C).

Chloroplast Import

The full-length maize C4 NADP-ME clone (Detarsio et al., 2003) was

transcribed and translated in vitro using the TNT-coupled reticulocyte lysate

system and 35S-Met as labeled amino acid according to the manufacturer’s

instructions (Promega). The resulting radiolabeled precursor protein was

used in a plastid import assay using isolated spinach (Spinacia oleracea)

chloroplasts. After import, the washed chloroplasts were split into two

aliquots and one of them was treated with thermolysin (0.1 mg/mL). All

samples were run on a 10% SDS-PAGE (Laemmli, 1970) and analyzed by

fluorography.

In Situ Immunolocalization Assay

For in situ immunolocalization studies, the samples were embedded in LR

gold acrylic resin. Sections (0.8 mm thick) were dried onto silane-coated slides
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and incubated for 1 h with TBST/BSA (10 mM Tris-HCl, pH 7.2; 150 mM NaCl;

0.1% [v/v] Tween 20 plus 1% [w/v] BSA) to block nonspecific protein binding

on the sections. The slides were then incubated for 2 h with serum against the

spinach Rubisco large subunit diluted 1:1,000 or for 4 h with affinity-purified

antibodies against recombinant maize NADP-ME (Saigo et al., 2004). As

control, the slides were incubated for 4 h with the corresponding preimmune

serum with TBST/BSA. After extensive washing with TBST/BSA, the sections

were treated for 1 h with protein A-gold (15 nm; Amersham) diluted 1:100

with TBST/BSA. The slides were washed with TBST/BSA, TBST, and distilled

water prior to exposition to a silver enhancement reagent according to the

manufacturer’s instructions (Amersham) and stained with 0.25% (w/v)

Safranin O. Results were documented using a microscope (Nikon Eclipse

E800) equipped with a digital camera (KY-F1030; JVC).

Extraction of Leaf Soluble Protein

Leaf material of 6-week-old Arabidopsis plants were ground in liquid

nitrogen and the resulting powder was suspended in 100 mM Tris-HCl, pH 7.5,

5 mM MgCl2, 2 mM EDTA, 10% (v/v) glycerol, and 10 mM 2-mercaptoethanol,

in the presence of a protease inhibitor cocktail (Sigma). The homogenates were

clarified by centrifugation and the supernatants were separated for activity

measurements or prepared for electrophoresis.

Enzymatic Assays

NADP-ME activity was determined spectrophotometrically using a stan-

dard reaction mixture containing 50 mM Tris-HCl, pH 8.0, 10 mM MgCl2,

0.5 mM NADP, and 10 mM L-malate in a final volume of 0.5 mL. The reaction

was started by the addition of L-malate. One unit (U) is defined as the amount

of enzyme that catalyzes the formation of 1 mmol NADPH min21 under the

specified conditions.

Protein Detection and Identification

Protein samples were analyzed by SDS-PAGE (10% [w/v] according to

Laemmli [1970]). Proteins were visualized with Coomassie Blue or electro-

blotted onto a nitrocellulose membrane for immunoblotting. Antibodies

against the recombinant maize photosynthetic NADP-ME (Detarsio et al.,

2003) were used for detection (1:100). Bound antibodies were visualized by

linking to alkaline phosphatase-conjugated goat anti-rabbit IgG according to

the manufacturer’s instructions (Sigma). Alkaline phosphatase activity was

detected colorimetrically. Native PAGE was performed using a 6% (w/v)

acrylamide separating gel. Electrophoresis was run at 150 V at 10�C. Gels were

assayed for NADP-ME activities by incubating the gel in a solution containing

50 mM Tris-HCl, pH 7.5, 10 mM L-malate, 10 mM MgCl2, 0.5 mM NADP, 35 mg/

mL nitroblue tetrazolium, and 0.85 mg/mL phenazine methosulfate at 30�C.

Measurement of Senescence Parameters

Chlorophyll was extracted from leaf samples by grinding in 96% ethanol.

Following pelleting debris by centrifugation, chlorophyll a and chlorophyll b

contents were determined essentially as described by Wintermans and De

Mots (1965). Protein was quantified by the Bradford assay (Bradford, 1976).

Chlorophyll fluorescence measurements were performed with a PAM-2000

pulse amplitude-modulated chlorophyll fluorometer (Walz GmbH). At the

start of each measurement, a plant was dark adapted for 10 min. Basal

fluorescence (F0) was measured with modulated weak red light and maximum

fluorescence (Fm) was induced with a saturating white light pulse (5,000 mmol

m22 s21; duration 0.8 s).

Estimation of Cell Death

Detached leaves were incubated in a 0.1% (w/v) Evans blue aqueous

solution, vacuum infiltrated during 5 min and washed three times with

distilled water. The dye bound to the dead cells was removed by incubation in

50% (v/v) methanol and 1% SDS at 60�C and quantified spectrophotometri-

cally at 600 nm. For each sample leaves of six independent plants were pooled.

Cell death in detached leaves, was visualized by Evans blue staining followed

by removal of chlorophylls. The leaves were fixed with 50% (v/v) ethanol, 5%

(v/v) acetic acid and 3.7% (v/v) formaldehyde and photographed.

Determination of Metabolite Levels by GC-MS

For GC-MS analysis, polar metabolites were extracted with MeOH/CHCl3

from 100 mg of complete rosettes ground previously to a fine powder.

Metabolite samples were derivatized by methoxyamination, using a 20 mg/

mL solution of methoxyamine hydrochloride in pyridine, and subsequent

trimethylsilylation with MSTFA. An aliquot of the derivate was injected into a

GC-MS system (AS 7683 autosampler, GC 6890N gas chromatograph, and MS

5973N mass spectrophotometer; Agilent). Signals were normalized to an

internal standard molecule introduced to the samples (ribitol), allowing a

relative quantification of metabolites. The chromatograms and mass spectra

were evaluated using the G1701DA MSD Productivity ChemStation software

(Agilent).

Quantification of Carbohydrates and Fumarate

The frozen samples were extracted two times for 15 min in 0.75 mL of 80%

(v/v) ethanol at 70�C. The extracts were combined, dried down under

vacuum, and dissolved in 0.5 mL of water. The contents of Glc, Fru, and

Suc were determined enzymatically according to Stitt et al. (1989). For the

determination of starch, the ethanol-insoluble material was homogenized in

0.2 mL KOH (0.2 N). The suspension was adjusted to pH 5.5 with 1 N HAc and

incubated overnight with 3.5 U a-amylase and 2.5 U amyloglucosidase at

room temperature. The digested material was incubated 5 min at 95�C,

centrifuged, and the Glc content of the resulting supernatant determined as

described above. Fumarate content of 4-week-old wild-type rosette leaves at

the end of the light period was measured spectrophotometrically using the

combined assay as in Hurth et al. (2005).

Nucleotide Measurements

Nucleotides were extracted by grinding frozen leaf material (approxi-

mately 100 mg) with liquid nitrogen followed by extraction in trichloroacetic

acid. Adenylates were separated and measured by HPLC as described by

Fernie et al. (2001).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number J05130.
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