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Ascorbate and glutathione are major antioxidants and redox buffers in plant cells but also play key functions in growth, development,
and stress responses. We have studied the regulation of ascorbate and homoglutathione biosynthesis in common bean (Phaseolus
vulgaris) nodules under stress conditions and during aging. The expression of five genes of the major ascorbate biosynthetic pathway
was analyzed in nodules, and evidence was found that L-galactono-1,4-lactone dehydrogenase, the last committed step of the pathway,
is posttranscriptionally regulated. Also, in nodules under stress conditions, y-glutamylcysteine synthetase was translationally
regulated, but homoglutathione synthetase (nRNA and activity) and homoglutathione (content and redox state) were not affected.
Most interestingly, in nodules exposed to jasmonic acid, dehydroascorbate reductase activity was posttranslationally suppressed,
ascorbate oxidase showed strong transcriptional up-regulation, and dehydroascorbate content increased moderately. These changes
were not due to a direct effect of jasmonic acid on the enzyme activities but might be part of the signaling pathway in the response of
nodules to stress. We determined ascorbate, homoglutathione, and ascorbate-glutathione pathway enzyme activities in two senescing
stages of nodules undergoing oxidative stress. When all parameters were expressed on a nodule fresh weight basis, we found that in the
first stage ascorbate decreased by 60% and homoglutathione and antioxidant activities remained fairly constant, whereas in the second
stage ascorbate and homoglutathione, their redox states, and their associated enzyme activities significantly decreased. The coexistence
in the same plants of nodules at different senescence stages, with different ascorbate concentrations and redox states, indicates that the

life span of nodules is in part controlled by endogenous factors and points to ascorbate as one of the key players.

Legume nodules are unique symbiotic organs that
develop on the roots and, in a few species, also on the
stems, after infection with rhizobia. The plant provides
Suc to nodule host cells, where it is oxidized to dicarbox-
ylic acids and used as energy source by the bacteroids to
fix atmospheric N,. Nodules have a high potential for
production of reactive oxygen species due, among other
factors, to the acid pH (5.5-6.5) and high leghemoglobin
(Lb) concentration (1-2 mm) in the infected cells, the
elevated rates of bacteroid respiration, and the abundance
of Oy-labile proteins (Dalton et al., 1986). However, nod-
ules possess an array of antioxidant metabolites and
enzymes that prevent the generation of highly oxidizing
radicals and hence the damage of lipids, proteins, and
DNA. In addition, antioxidants regulate the intracellular
concentrations of reactive oxygen species, such as the
superoxide radical and hydrogen peroxide (H,0O,), that
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serve useful purposes in signaling stressful situations and
in activating defense genes (Pastori et al., 2003; Mittler
et al., 2004).

In plants, ascorbate and glutathione (GSH; yGlu-
Cys-Gly) are major cellular antioxidants and redox
buffers but also play important functions in growth,
development, and stress responses (Smirnoff, 2000;
Pastori et al., 2003). Another thiol tripeptide, homoglu-
tathione (hGSH; yGlu-Cys-BAla), is present in nodules
and other organs of some legume species in addition to
or in place of GSH (Matamoros et al., 1999) and may
share with it some antioxidative and regulatory proper-
ties (Zopes et al., 1993; Frendo et al., 2005). Ascorbate,
GSH, and hGSH can be found in nodules at concentra-
tions of 0.5 to 2 mM, which are needed, among other
purposes, to maintain an active ascorbate-GSH pathway
for H,O, detoxification in the cytosol (Dalton et al., 1986).
This pathway involves the activities of four enzymes,
ascorbate peroxidase (APX), monodehydroascorbate re-
ductase (MR), dehydroascorbate reductase (DR), and
glutathione reductase (GR), which have been found to
be positively correlated to N, fixation during natural
(Dalton etal., 1986) and stress-induced (Gogorcena etal.,
1997) nodule senescence. Notably, cytosolic APX ac-
counts for up to 0.9% of the total soluble protein of
nodules and is particularly abundant in the infected cells
and nodule parenchyma (Dalton et al., 1998). Additional
APX and MR isoforms are localized in nodule mito-
chondria and other subcellular compartments (Dalton
et al., 1993; Iturbe-Ormaetxe et al., 2001).
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Figure 1. Common bean plant at the fruiting state (53 d old) showing
two nodule populations, designated S1 and S2, which were harvested
separately based on visual differences in Lb content (pink or brown-
dark-green nodules). Insets show transversal sections of representative
nodules dissected under a binocular microscope.

Several enzymes involved in the biosynthesis of ascor-
bate (Matamoros et al., 2006) and thiols (Frendo et al.,
1999; Matamoros et al., 1999) are expressed in nodules.
These include L-galactono-1,4-lactone dehydrogenase
(GalLDH), which catalyzes the last step of ascorbate
synthesis in the mitochondria; vy-glutamylcysteine
synthetase (yECS), which catalyzes the synthesis of
v-glutamylcysteine in the plastids; and glutathione
synthetase (GSHS) and homoglutathione synthetase
(hGSHS), which catalyze, respectively, the synthesis of
GSH and hGSH in the plastids and cytosol. Despite the
multiple and critical functions of ascorbate and thiol
tripeptides in plants, there is virtually no information on
how these enzymes are regulated in nodules at the
mRNA, protein, and activity levels. In this article, we
have studied the regulation of ascorbate and hGSH
biosynthesis in common bean (Phaseolus vulgaris) nodules
under stress conditions and during natural senescence.
This legume species was chosen because of its agronomic
interest, large nodule production that makes it amenable
for senescence studies, and the availability of physiolog-
ical, biochemical, and molecular data (Gogorcena et al.,
1997, Matamoros et al., 1999; Ramirez et al., 2005).

RESULTS

Oxidative Stress Occurs in Nodules Exposed to
Stressful Conditions and During Natural Senescence

Common bean plants were exposed to abiotic stress
(150 mm NaCl for 7 d or 100 um CdCl, for 4 d),
oxidative stress (10 mm H,O, for 4 d), or a stress-

Plant Physiol. Vol. 146, 2008

Ascorbate and Thiol Metabolism in Nodules

related signaling compound (100 uMm jasmonic acid
[JA] for 4 d). The last treatment was included because
jasmonates (JA and its ester methyl jasmonate [MeJA])
are involved in the stress and defense response of
plants (Wasternack, 2007) and because nothing is
known about their effects on nodules. All plants
were 30 d of age (late vegetative stage) when nodules
were harvested, except plants to be used for studies of
natural senescence (aging) of nodules. These plants
were left to grow until approximately 53 d of age (late
fruiting stage), and then two nodule populations were
collected from the same plants (Fig. 1). The two groups
of nodules had similar size but different color, which
was either pink (S1 nodules) or brown-dark green
(52 nodules). Quantification of Lb and total soluble
protein, two markers of nodule activity (Dalton et al.,
1986; Gogorcena et al., 1997; Evans et al., 1999), re-
vealed major differences between the S1 and S2 nod-
ules (Fig. 2). Compared to controls, the S1 nodules had
only 46% of Lb and 68% of soluble protein, but these
values further decreased to 6% and 25%, respectively,
in the S2 nodules. The same parameters were mea-
sured in nodules under stress conditions (Fig. 2). The
Lb content was reduced by 37% in nodules treated
with NaCl or cadmium (Cd), but remained unaffected
in those treated with H,O, or JA. The soluble protein
content declined by 36% in the NaCl-treated nodules.

Lipid peroxidation (estimated as malondialdehyde)
and protein oxidation (estimated as carbonyl groups)
were used as reliable markers of oxidative stress
(Halliwell and Gutteridge, 2007) and were measured
in nodules under the same stress and senescence
conditions (Fig. 2). The malondialdehyde content of
nodules increased approximately by 70% with Cd and
H,0, and by 30% with JA, but was not affected by the
salt treatment. It was also increased by 69% in S1
nodules but not in S2 nodules. Protein oxidation was
enhanced by 60% in nodules treated with H,O, but
decreased by 57% in response to NaCl. Likewise, there
was a significant accumulation of oxidized proteins
with advancing age of nodules, the level being ap-
proximately 2- to 3.5-fold greater in S1 and S2 nodules
than in the control nodules (Fig. 2). The accumulation
of lipid peroxides and oxidatively modified proteins
allows us to conclude that oxidative stress occurs in
nodules under the stress conditions tested in this
study, except for the NaCl treatment, as well as during
natural senescence.

Evidence That GalLDH Activity Is Posttranscriptionally
Regulated But Is Not Determinant for Ascorbate
Content in Nodules under Stress Conditions

To investigate the regulation of ascorbate metabo-
lism in nodules under stressful conditions and during
natural senescence, the mRNA levels of five genes
involved in the major ascorbate biosynthetic pathway
of plants (Wheeler et al.,, 1998) were determined by
quantitative reverse transcription (qQRT)-PCR. As pre-
viously shown for the model legume Lotus japonicus
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Figure 2. Markers of nodule activity and oxidative damage in nodules
exposed to stress and during senescence. The contents of Lb, soluble
protein, and malondialdehyde (lipid peroxidation) are expressed per
gram of fresh weight. The content of carbonyl groups (protein oxida-
tion) is given in percentage relative to control nodules after densito-
metric analysis of the corresponding immunoblots. Values are means =
se of four to five samples from at least two series of plants grown
independently. Asterisks denote significant differences from control
nodules based on the LsD test (P < 0.05).

(Matamoros et al., 2006), the genes encoding GDP-Man
pyrophosphorylase (GMP), GDP-Man-3",5"-epimerase
(GME), L-Gal-1-P phosphatase (GalPP), 1-Gal dehy-
drogenase (GalDH), and GalLDH were found to be
expressed in common bean nodules (Fig. 3). The mRNA
levels of all these genes, except GalPP, declined in
Cd-treated nodules relative to control nodules. The
exposure of plants to H,O, or JA decreased or in-
creased, respectively, the GaILDH mRNA level in nodules,
whereas the NaCl treatment had no effect on the ex-
pression of any of the five genes examined in this
study (Fig. 3). In S1 nodules, there was up-regulation
of GalDH and down-regulation of GalLDH, whereas in
S2 nodules the mRNAs for all the five genes were
virtually undetectable (Fig. 3).

Because several experiments in tobacco (Nicotiana
tabacum; Tabata et al., 2002) and Arabidopsis (Arabi-
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dopsis thaliana; Tamaoki et al.,, 2003) suggested that
GalLDH activity is responsible for the ascorbate accu-
mulation in leaves, we investigated whether the
changes in GalLDH mRNA levels were reflected in
the GalLDH activity and in the ascorbate content of
nodules (Fig. 4). We found that, despite the Cd-
induced decreases in the expression of GalLDH and
three other genes of ascorbate biosynthesis (Fig. 3),
the GalLDH activity and the total ascorbate content
(reduced ascorbate + dehydroascorbate) of nodules
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Figure 3. Steady-state mRNA levels of five genes of the main ascorbate
biosynthetic pathway in nodules exposed to stress and during senes-
cence. Expression levels are normalized with respect to those of control
nodules (which are given an arbitrary value of 1). Values are means = st
of three to four samples from at least two series of plants grown
independently. Asterisks denote up-regulation (R > 2) or down-regulation
(R < 0.5) of the genes.
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Figure 4. GalLDH activity, total ascorbate content, and percentage of
reduced ascorbate in nodules exposed to stress and during senescence.
GalLDH activity is expressed per milligram of protein and total
ascorbate is expressed per gram of fresh weight. Values are means *
st of six to seven samples from at least three series of plants grown
independently. Asterisks denote significant differences from control
nodules based on the Lsp test (P < 0.05).

remained unaffected (Fig. 4). Furthermore, in nodules
exposed to H,O, or JA, the GalLDH mRNA level and
the ascorbate content showed different trends, whereas
the GalLDH activity did not change in any of the two
treatments. Taken together, these results provide strong
evidence that GalLDH activity in nodules is regulated
at the posttranscriptional level in response to stressful
conditions or JA treatment. They also suggest that
GalLDH activity is not determinant for the ascorbate
content of nodules. On the other hand, GalLDH activity
and ascorbate content declined, respectively, by 83%
and 60% in S1 nodules and by 87% and 98% in S2
nodules (Fig. 4). These decreases are probably associ-
ated to a progressive switch off of the ascorbate bio-
synthetic pathway during nodule senescence.

The proportion of reduced ascorbate relative to total
ascorbate was 85% in control nodules and in those
exposed to NaCl or H,O,, but it decreased moderately
with the JA treatment (Fig. 4). Surprisingly, S1 nodules
retained 89% of the ascorbate pool in the reduced
form, whereas this value declined to only 23% in S2
nodules (Fig. 4). The proportion of reduced ascorbate
of control common bean nodules was remarkably
higher than that reported by Groten et al. (2006) in
pea (Pisum sativum) nodules (approximately 30%) but
similar to that found in alfalfa (Medicago sativa) nod-
ules (Naya et al., 2007). In our hands, there was a rapid
drop in the ascorbate redox state if nodules were not
directly harvested in liquid nitrogen. In fact, in control
nodules that were kept on ice for 10 min, the propor-
tion of reduced ascorbate declined from 85% to 46%.
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This decrease was even more dramatic in leaves be-
cause, after only 5 min on ice, virtually all ascorbate
became oxidized to dehydroascorbate (data not shown).

yECS Activity Is Translationally Regulated In Nodules,
But Stress Conditions Do Not Have Major Effects on
hGSHS Expression or on the Homoglutathione
Content and Redox State

The mRNA level of yECS, a key enzyme for GSH
biosynthesis (May et al., 1998; Xiang and Oliver, 1998),
was increased 2-fold in nodules exposed to H,0O, but
remained constant in the other stress treatments and
during senescence (Fig. 5A). However, the specific
activity (that is, the activity expressed per milligram of
protein) of yECS was inhibited by approximately 70%
in the stress treatments, by 85% in S1 nodules, and by
54% in S2 nodules (Fig. 5A), indicating that the en-
zyme is posttranscriptionally regulated. To determine
whether yECS is regulated at the levels of protein
content, enzyme activity, or both, a polyclonal mono-
specific antibody was raised against common bean
vECS (M.R. Clemente and M. Becana, unpublished
data) and used for immunoblot analysis of nodule
extracts. The antibody recognized a single protein
band of 51 kD (Fig. 5B), which is the expected molec-
ular mass for common bean yECS. The specificity of
the antibody was further confirmed by immunopre-
cipitation of the enzyme activity from nodule extracts
(Fig. 5C). Immunoblots revealed a strong reduction in
the nodule content of yECS protein with the NaCl or
H,0, treatments and with progression of senescence,
as well as moderate decreases with the Cd or JA
treatments (Fig. 5B). Therefore, the loss of yECS activity
under stress conditions or during senescence is largely
explained by the lower amounts of yECS protein,
leading us to conclude that the enzyme is down-
regulated in nodules, at least in part, at the transla-
tional level. The comparison between activities (Fig.
5A) and protein levels (Fig. 5B) of yECS in senescing
nodules deserves some comment. Thus, yECS activity
was similar in S1 and S2 nodules when expressed on a
nodule fresh weight basis (data not shown), but it was
significantly higher in S2 nodules than in S1 nodules
when expressed as specific activity. This is probably
due to a large decrease in the nodule content of soluble
protein with advancing senescence (Fig. 2). However,
the yECS protein of S2 nodules was barely detectable
on western blots in which lanes were also loaded on a
protein basis. This, and a similar case with the NaCl
treatment (Fig. 5, A and B), suggests that yECS activity
may be also subjected to posttranslational regulation.

The second step of GSH or hGSH biosynthesis in
legumes is catalyzed by specific GSHS and hGSHS
enzymes. We could not detect significant GSHS activ-
ity in the plant fraction of common bean nodules, in
agreement with our previous studies (Matamoros
et al., 1999; Moran et al., 2000), but found abundant
hGSHS activity (Fig. 5A). The hGSHS mRNA level
increased moderately in nodules exposed to H,O, but
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was not affected by the remaining treatments or dur-
ing senescence. Also, the specific activity of hGSHS in
nodules remained fairly constant with the stress treat-
ments or with progression of senescence (Fig. 5A).

The decreases of yECS protein and activity with
stress or senescence did not result in a lower content
of thiol tripeptides, with the exception of S2 nodules,
in which there was a sharp decline in both the total
homoglutathione content and redox state (Fig. 6).
Despite the lack of detectable GSHS activity in the
nodule plant fraction, we found high concentrations of
GSH when nodules were extracted with methanesul-
fonic acid. These conditions minimized thiol degrada-
tion but caused breakage of bacteroids. Thus, most of
the GSH found in whole nodules, if not all, originated
in the bacteroids, which express yECS and GSHS
activities (Moran et al., 2000). We did not investigate
further the bacteroid enzymes, but the concentration
of GSH in nodules was not affected by the stress treat-
ments and only decreased significantly in 52 nodules
(Fig. 6).

"lghe proportion of (h)GSH relative to total (homo)glu-
tathione in nodules remained in the range of 98% to
99% for all stress treatments (Fig. 6). Notably, this
value decreased significantly in nodules that were
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kept on ice for 10 min after harvest (89%) in compar-
ison to nodules that had been immediately immersed
in liquid nitrogen (99%). This observation, along with
that described above for ascorbate, shows that both
antioxidant metabolites are prone to rapid oxidation
upon nodule detachment and underscores the need
for careful harvest of nodules to be used for determi-
nation of redox states.

DR Is Posttranslationally Regulated and Ascorbate
Oxidase Is Transcriptionally Regulated in Nodules in
Response to JA

The four enzyme activities of the ascorbate-GSH
pathway were determined in senescing nodules and in
nodules exposed to stress conditions or to JA (Fig. 7).
Multiple isoforms of APX, GR, MR, and DR are ex-
pected to occur in nodules (Dalton et al., 1993; Iturbe-
Ormaetxe et al., 2001). Given the complexity of this
study, we could not assess the contribution of the
cytosolic and organellar isoforms to the total activities.
However, we found for DR that the mRNA level of the
cytosolic isoform (DR2) was 6-fold more abundant
than that of the plastidial isoform (DR1) in control
nodules (see also below). In S1 nodules, there were

Plant Physiol. Vol. 146, 2008
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Figure 6. Total (homo)glutathione contents and percentage of (h)GSH
in nodules exposed to stress and during senescence. The (homo)glu-
tathione contents are expressed per gram of fresh weight. Values are
means * sk of five to six samples from at least three series of plants
grown independently. Asterisks denote significant differences from
control nodules based on the LsD test (P < 0.05).

increases in the specific activities of GR, MR, and DR,
but only the increase of GR was significant when the
activity was expressed per fresh weight of nodules
(data not shown). In S2 nodules, the specific activity of
APX decreased by 57%, whereas that of GR and DR
increased by 146% and 72%, respectively (Fig. 7). When
expressed per fresh weight of nodules, the APX activity
of S2 nodules decreased even more markedly, whereas
GR, MR, and DR activities decreased significantly
(data not shown). This discrepancy in the trends of
the enzyme activities, especially in 52 nodules, can be
explained by the considerable loss of soluble protein,
especially Lb (Fig. 2), that occurs during senescence.
Therefore, the activities of the ascorbate-GSH enzymes
expressed on a nodule fresh weight basis are more
representative of the overall antioxidant capacity of
nodules and are also more suitable for comparison with
the patterns of the associated metabolites.

The stress treatments had no effects on the specific
activities of the enzymes, with a few exceptions. There
were moderate increases of APX, MR, and DR activ-
ities with the NaCl treatment (Fig. 7), but these were
not statistically significant when the activities were
expressed on a nodule fresh weight basis (data not
shown). Quite unexpectedly, the treatment with JA
completely abolished the DR activity of nodules (Fig.
7). This novel finding was further investigated by time-
course determinations of mRNA and enzyme activity
levels (Fig. 8A) and by immunoblot analysis (Fig. 8B).
Following exposure of plants to JA, the specific activity
of DR in nodules decreased by 53% within 6 h, with no
additional change after 24 or 48 h and complete inhi-
bition after 96 h. Moreover, we did not observe any
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change in DR activity after addition of JA to the reaction
mixture, ruling out a direct inhibitory effect on the
protein. Contrary to what would be expected from the
enzyme activity assays, the expression of the DRI and
DR2 genes was increased at variable extents after 6, 24,
or 96 h of JA treatment (Fig. 8A). This indicates that DR
is posttranscriptionally regulated in nodules as a result
of JA treatment. Remarkably, the complete inhibition
of DR activity occurred exclusively in nodules, as the
corresponding activities in roots and leaves remained
unaffected (data not shown). To ascertain whether the
inhibition of DR activity in nodules is due to a post-
translational modification of the enzyme or to protein
degradation, an immunoblot analysis was performed
with a polyclonal antibody raised against the cytosolic
DR of Arabidopsis (Eltayeb et al., 2006). Immunoblots
of nodule, leaf, and root extracts revealed the presence
of asingleband at 29 kD (Fig. 8B), which fits in the range
of the theoretical molecular masses (28.5-29.5 kD) for
the DRs (accession nos. in parentheses) of Arabidopsis
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Figure 7. Activities of the ascorbate-glutathione pathway enzymes in
nodules exposed to stress and during senescence. Values are expressed
per milligram of protein and are means = st of five to six samples from
at least three series of plants grown independently. Asterisks denote
significant differences from control nodules based on the Lsb test (P <
0.05). Note the absence of DR activity in JA-treated nodules.
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Figure 8. Time-course study of the effect of JA on DR A
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(BAD43518), L. japonicus (AAY52461), Medicago trunca-
tula (AAY85185), and Glycine max (AAY85184). The
specificity of the antibody was also verified by immu-
noprecipitation of DR activity from the nodule extracts
(Fig. 8C). Immunoblot analysis showed that significant
amounts of DR protein were present in nodule extracts
following exposure to JA for 6 to 96 h, with small
decreases of the DR protein level after 96 h in the leaves
and roots relative to the untreated plants (Fig. 8B).
We therefore conclude that the DR activity of nodules
is regulated at the posttranslational level in response
to JA.

Ascorbate oxidase (AO) is an apoplastic enzyme
that catalyzes the oxidation of ascorbate to monode-
hydroascorbate. Its biological function is poorly un-
derstood, but the enzyme is believed to facilitate cell
expansion through changes in the ascorbate redox
state of the apoplast (Pignocchi et al., 2003). We found
that the AO activity of nodules was induced approx-
imately 4-fold by JA and was inhibited by approxi-
mately 33% by the NaCl and Cd treatments. Also, the
AO activity decreased by 48% in S1 nodules but not
in S2 nodules (Fig. 9A). Time-course experiments
showed that the AO mRNA level in nodules was
maximal within 6 h of JA treatment, decreased after
24 and 48 h but still remained over the control, and
increased again after 96 h (Fig. 9B). Consistent with a
transcriptional regulation of the enzyme, the maximal
increase of AO activity lagged behind that of the
transcript, reaching 1.6-fold of the control value after
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24 and 48 h of JA treatment and 2.6-fold after 96 h
(Fig. 9B).

DISCUSSION

The regulatory mechanisms of ascorbate biosynthe-
sis in plants are largely unknown. Most studies have
focused on the last enzyme of the pathway, GalLDH,
which produces ascorbate from L-galactono-1,4-
lactone in the mitochondria (Siendones et al., 1999;
Bartoli et al., 2000). However, results appear to be con-
tradictory. Some authors described transcriptional up-
regulation of GalLDH in response to light or fruit
ripening and proposed that this activity is a major
determinant of ascorbate content (Tabata et al., 2002;
Tamaoki et al., 2003; Pateraki et al., 2004), whereas
others proposed that GalLDH activity is posttransla-
tionally regulated and is not related to the ascorbate
content (Bartoli et al., 2005). We found that the expres-
sion of some genes involved in ascorbate biosynthesis
in nodules is affected by stress conditions and partic-
ularly by Cd. In none of the stress treatments (except
for NaCl) was there a correlation among GalLDH
mRNA level, GalLDH activity, and ascorbate content.
Consequently, our results are consistent with a post-
transcriptional regulation of GalLDH activity and
suggest that it does not determine the ascorbate con-
tent of nodules. This conclusion is at odds with the
finding that the GalLDH mRNA and activity are
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Figure 9. A, AO activity in nodules exposed to stress and during
senescence. Values are means = st of three to four samples from at least
two series of plants grown independently. AO activity is expressed per
milligram of protein, and asterisks denote significant differences from
control nodules based on the Lsp test (P < 0.05). B, Time-course study of
AO mRNA and activity levels in nodules exposed to 100 um JA for 6,
24, 48, or 96 h. mRNA levels are normalized with respect to those of
DMSO-treated nodules (which are given an arbitrary value of 1) for
each time point, and asterisks denote up-regulation (R > 2) of the gene.
AO activity is expressed and statistically analyzed as in A.

correlated and that this enzyme is responsible for the
levels of ascorbate accumulation in leaves, but not in
roots, of Arabidopsis (Tamaoki et al., 2003). The reg-
ulation of GalLDH activity and ascorbate concentra-
tion may therefore vary with plant species or tissues
and in response to environmental cues.

The yECS activity of nodules decreased markedly
under stress conditions or during senescence. These
decreases were not caused by down-regulation of
mRNA levels, because they remained unaffected or
even increased upon H,O, treatment, but, at least in
part, by a decline in yECS protein. In addition, our
comparative data between the yECS activity and pro-
tein levels, particularly in NaCl-treated nodules and
in S2 nodules, support a posttranslational regulation
of the enzyme. Hence, it is likely that the yECS of
nodules is subjected to both translational and post-
translational control under oxidative stress. This con-
clusion is fully supported by studies showing that the
vECS of Arabidopsis can be activated posttranscrip-
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tionally in cell suspensions (May et al., 1998) and
modified posttranslationally in vitro and in vivo by the
redox state (Hicks et al., 2007).

Jasmonates are ubiquitous stress-signaling com-
pounds of plants but few reports have addressed their
effects on ascorbate and GSH metabolism. In Arabi-
dopsis, JA enhanced the mRNA levels of DR, MR,
vECS, and GSHS, as well as DR activity and ascorbate
(Xiang and Oliver, 1998; Sasaki-Sekimoto et al., 2005),
whereas MeJA caused up-regulation of GME (Wolucka
et al.,, 2005). However, in broccoli (Brassica oleracea)
florets, MeJA increased the mRNA levels of AO and
cytosolic APX, MR, and GR, but decreased those of
GalLDH and the chloroplastic enzymes (Nishikawa
et al., 2003). We found that JA had some major effects
on ascorbate and hGSH metabolism in nodules, in-
cluding a decrease in the ascorbate redox state, accu-
mulation of hGSH, inhibition of yECS activity, and
suppression of DR activity. The complete inhibition of
DR activity was unexpected, especially because this
phenomenon occurred in nodules but not in roots or
leaves, and was accompanied by a strong increase of
AO mRNA and activity, two effects that should de-
crease the ascorbate redox state. Indeed, we found, in
nodules exposed to JA, a moderate increase of dehy-
droascorbate (from 15% to 25%), but greater increases
are likely to occur in the apoplast, where AO is
specifically located (Pignocchi et al., 2003). We propose
that in nodules JA causes a decline of the ascorbate
redox state in the apoplast through the transcriptional
induction of AO and the posttranslational inhibition of
DR. These changes are not due to a direct effect of JA
on the two enzyme activities but are mediated by other
components of the JA signaling pathway still to be
defined. In any case, these effects of JA on ascorbate
metabolism might influence nodule cell growth and
constitute a signal by which nodules perceive and
respond to stress situations.

Several studies of nodule aging have reported the
accumulation of oxidatively damaged lipids, proteins,
and DNA (Evans et al., 1999; Alesandrini et al., 2003),
although in other cases no evidence of oxidative stress
was found (Groten et al., 2005). These authors suggested
that the decrease in ascorbate transported from the
shoot to the nodules was a regulating factor of nodule
senescence (Groten et al., 2006). In our study, we have
observed a progressive loss of ascorbate and an increase
of protein oxidation during common bean nodule se-
nescence. A comparison between the two senescing
stages of nodules with respect to the ascorbate and
hGSH contents and the ascorbate-GSH enzyme activi-
ties shows important differences when all these param-
eters are expressed on a nodule fresh weight basis,
which is more indicative of the whole antioxidant
capacity of nodules. In the S1 nodules, the total ascor-
bate content (reduced ascorbate + dehydroascorbate)
had decreased by 60%, but the hGSH content and the
antioxidant activities were still similar to those of young
nodules. Notably, in S1 nodules, the proportion of
reduced ascorbate was not affected, probably because
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AO activity was decreased and the capacity for ascor-
bate regeneration through DR activity remained intact.
In the S2 nodules, ascorbate levels were almost negli-
gible, the hGSH content decreased by 60%, and their
redox states and associated enzyme activities also de-
clined significantly. The coexistence in common bean
plants of nodules at different stages of senescence and
with different ascorbate concentrations and redox states
indicates that the life span of nodules is in part con-
trolled by endogenous factors and points to ascorbate
as one of the key players.

MATERIALS AND METHODS
Biological Material and Plant Treatments

Common bean (Phaseolus vulgaris) ‘Contender’ seeds were surface steril-
ized with 70% ethanol, transferred to pots containing a 1:1 (v:v) mixture
of perlite:vermiculite, inoculated 7 d later with Rhizobium leguminosarum
bv phaseoli strain 3622, and grown in a controlled-environment chamber
(Gogorcena et al., 1997). After 23 d, plants were separated at random into
seven groups. Two groups served as controls and received dimethyl sulfoxide
(DMSO) diluted 1:1,000 (v/v) in nutrient solution (control for the JA treat-
ment) or nutrient solution (control for the other treatments as well as for
senescence studies). Another group of plants was treated with 150 mm NaCl
for 7 d, and three other groups were treated 3 d later with 100 um JA (dissolved
in DMSO), 100 um CdCl,, or 10 mm H,O, for 4 d. Finally, another group of
plants was grown until they reached 52 to 54 d of age for studies of nodule
senescence. Nodules from these plants were classified into two populations,
S1 and S2 (see “Results”), harvested in liquid nitrogen, and immediately
stored at —80°C.

Markers of Nodule Senescence and Oxidative Stress

The concentration of Lb in nodule soluble extracts was determined by the
pyridine-hemochrome method (Appleby and Bergersen, 1980). Total protein
was quantified in the same extracts by the Bradford microassay (Bio-Rad)
using bovine serum albumin as the standard. Oxidative damage of lipids was
estimated as the content of malondialdehyde formed from decomposition of
lipid peroxides at acidic pH after reaction with thiobarbituric acid (Naya et al.,
2007). Oxidative damage of proteins was estimated as the content of total
carbonyl groups. Proteins were separated on 12.5% SDS gels, and carbonyls
were quantified after derivatization with 2,4-dinitrophenylhydrazine using
the OxyBlot Protein Oxidation Detection kit (Chemicon). The dinitrophenyl-
hydrazone derivatives of proteins were detected on membranes with the
SuperSignal West Pico Chemiluminescence kit (Pierce) using a rabbit antibody
specific to the hydrazone moiety of the proteins (1:150 dilution; Chemicon)
and a peroxidase-conjugate goat anti-rabbit IgG as the secondary antibody
(1:3,000 dilution; Sigma-Aldrich).

Assay of Enzyme Activities

All enzymes were extracted at 0°C and assayed at 25°C within linear range.
The enzymes were extracted from 50 mg of nodules (or 100 mg for GalLDH)
using 0.5 mL of the following optimized media: APX, 50 mm potassium
phosphate buffer, pH 7.0, 0.5% (w/v) polyvinylpyrrolidone-10, and 5 mm
ascorbate; MR, DR, and GR, 50 mm potassium phosphate buffer, pH 7.8, 1%
polyvinylpyrrolidone-10, 0.2 mm EDTA, and 10 mm B-mercaptoethanol; yECS
and hGSHS, 50 mwm Tris-HCI, pH 8.0, 0.2 mm EDTA, 10 mm MgCl,, and 10%
glycerol; AO, 10 mm sodium phosphate buffer, pH 6.5; GalLDH, 50 mm Tris-
HCI, pH 8.0, and 0.15% (v/v) Triton X-100. All extracts were centrifuged at
13,000¢ for 15 min at 4°C, and the enzyme activities were assayed in the
supernatants.

APX and DR activities were determined by following ascorbate oxidation
at 290 nm (Asada, 1984) and ascorbate formation at 265 nm (Nakano and
Asada, 1981), respectively. MR and GR activities were assayed by following
the oxidation of NADH (Dalton et al., 1993) and NADPH (Dalton et al., 1986)
at 340 nm, respectively. GalLDH activity was determined by following the
reduction of cytochrome ¢ at 550 nm (Bartoli et al., 2000).
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yECS and hGSHS activities were measured as described (Matamoros et al.,
1999) with minor modifications. The reaction mixtures were incubated at 30°C
for 120 min (yECS) or 60 min (hGSHS) and were stopped by transferring an
aliquot into monobromobimane derivatization solution. The monobromobi-
mane derivatives were resolved on a Cy3 (4.6 X 250 mm; 5 um) column
(Mallinckrodt-Baker) and were eluted with 15% methanol containing 0.25%
acetic acid, pH 3.5, at a flow rate of 1 mL min~ .

AO activity was measured by following ascorbate oxidation at 265 nm
(Pignocchi et al., 2003). Nodule extracts were centrifuged (13,000g, 15 min),
and the pellet was resuspended by vigorous shaking for 10 min in 10 mm
sodium phosphate buffer, pH 6.5, and 1 M NaCl. The extract was centrifuged
again and AO activity was determined in the supernatant.

Quantification and Redox State of Ascorbate
and (Homo)glutathione

For ascorbate and (homo)glutathione determinations, only nodules that
had been harvested directly in liquid nitrogen and stored at —80°C were used.
Thiol compounds were extracted with 0.2 M methanesulfonic acid containing
0.5 mm diethylenetriaminepentaacetic acid, were derivatized with 7 mm
monobromobimane at pH 8.0 in the dark, and were quantified as fluorescent
adducts by HPLC (Matamoros et al., 1999) using the same column as described
above. The (homo)glutathione redox state was determined spectrophotometri-
cally by an enzyme-cycling assay (Griffith, 1980). Two aliquots were made for
each nodule extract and one of them was treated with 2-vinylpiridine to block
free thiol groups. Both aliquots were then incubated with yeast GR, and the
NADPH-dependent reduction of the oxidized (homo)glutathione present in
each aliquot was followed at 340 nm for 3 min. The two aliquots allowed the
quantification of total (homo)glutathione (not treated with 2-vinylpyridine) and
oxidized (homo)glutathione (treated with 2-vinylpyridine) using appropriate
standards.

Total ascorbate (reduced ascorbate + dehydroascorbate) was measured
after incubation of samples with 0.4 mm dithioerythritol for 15 min at room
temperature in the dark (Matamoros et al., 2006). Reduced ascorbate was
determined in the same way but omitting the incubation with dithioerythritol,
and dehydroascorbate was calculated as the difference between the concen-
trations of total and reduced ascorbate.

Immunoblots and Immunoprecipitation

Proteins were extracted from nodules, roots, and leaves at 0°C with 50 mm
potassium phosphate buffer, pH 7.8, containing 0.15% (v/v) Triton X-100, and
were quantified by the Bradford microassay (Bio-Rad). Proteins were resolved
in 10% (yECS) or 15% (DR) SDS-PAGE gels and were transferred onto
polyvinylidene fluoride membranes (Pall) using a transfer buffer consisting of
25 mm Tris-HCI, pH 8.3, 192 mm Gly, and 20% methanol. Equal loading of
lanes and transfer quality were verified by Ponceau staining of membranes.
Immunoblot analyses were performed using a rabbit polyclonal antibody
raised against bean yECS or a guinea pig polyclonal antibody raised against
Arabidopsis cytosolic DR (Eltayeb et al., 2006) at dilutions of 1:1,000 or 1:2,500,
respectively. Goat anti-rabbit (yECS) or anti-guinea pig (DR) IgG horseradish
peroxidase conjugated antibodies (Sigma-Aldrich) were used as secondary
antibodies at a dilution of 1:20,000 or 1:5,000, respectively, with 5% (w/v) skim
milk to reduce background signal. Inmunoreactive proteins were visualized
using the SuperSignal West Pico (Pierce) chemiluminescent reagent for
peroxidase detection.

The specificity of the antibodies was confirmed by immunoprecipitation of
the corresponding proteins. Nodule extracts were incubated at 4°C for 8 h
with different amounts of the primary antibody or with 20 mm sodium
phosphate buffer, pH 7.4, containing 0.01% (w/v) thimerosal. The extracts
were incubated at 0°C for 16 h with the corresponding secondary antibodies at
a dilution of 1:1,000 and were centrifuged. Enzyme activities were measured
in the supernatant as described above.

Expression Analysis by qRT-PCR

Total RNA was isolated from 50 to 100 mg of nodules using the RNAqueous
isolation kit (Ambion) and was treated with DNase I (Roche) at 37°C for
1 h. Contamination with genomic DNA was tested in RNA samples using
common bean ubiquitin as the housekeeping gene (Supplemental Table S1).
cDNA was synthesized from DNase-treated RNA using (dT),, and Moloney
murine leukemia virus reverse transcriptase (Promega). qRT-PCR analysis
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was carried out with the iCycler iQ instrument and iQ SYBR-Green Supermix
reagent (Bio-Rad) using specific primers (Supplemental Table S1). These were
designed based on common bean ESTs for GMP, GME, GalPP, GalDH, yECS,
hGSHS, DR1, DR2, and AO. Because ESTs for GalLDH were not available, a
partial sequence was obtained by PCR using common bean nodule cDNA as a
template and primers (forward, 5'-TCAGAAACATGCTTCCCTGCT-3'; re-
verse, 5'-CATCCACAGGAAACCGCTTT-3') based on the sequence of Lotus
japonicus GalLDH (accession no. DQ455608). The qRT-PCR program consisted
of a first denaturation and Taq activation step at 95°C for 5 min, followed by 40
cycles at 95°C for 15 s and 60°C for 1 min. To verify PCR specificity, the
amplified products were subjected to melting curve analysis. The mRNA
levels of each gene were normalized with respect to those of common bean
ubiquitin and the R values calculated by the method of Livak and Schmittgen
(2001).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Primers used for qRT-PCR.
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