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Figure 4. Changes in the expression levels of AINUDX6 and AtN

UDX7 in response to SA treatment. A, Quantitative RT-PCR

analysis of AINUDX6 and AtNUDX?7 expression in the leaves of control, KO-nudx6, and KO-nudx7 plants under the SA
treatment. SA treatment was imposed by growing 2-week-old plants on MS medium containing 0.5 mm SA for 0 to 24 h. The

relative amounts were normalized to Actin2 mRNA. B, Protein gel-

blot analysis of the AINUDX6 and AtNUDX?7 proteins in the

leaves of control, KO-nudx6, and KO-nudx7 plants under the SA treatment. Arrows indicate the bands of AINUDX6 (31.9 kD)
and AtNUDX?7 (31.8 kD) proteins. C, NADH pyrophosphohydrolase activities in the leaves of control, KO-nudx6, and KO-nudx7

plants under the SA treatment. Data are means = sp for three indiv
Different letters indicate significant differences (P < 0.05).

levels of AtNUDX6 mRNA and protein were increased
in KO-nudx7 compared with the control plants under
normal conditions and by treatment with SA, although
the levels of AtNUDX7 mRNA and protein in the KO-
nudx6 plants were similar to those in the control plants
(Fig. 4A). The activity of NADH pyrophosphohydro-
lase in the crude extract prepared from the leaves of
control and KO-nudx7 plants was increased by the SA
treatment, although the basal activity in the KO-nudx7
plants was significantly lower than that in the control
plants (Fig. 4C). On the other hand, the increase in the
activity under the treatment was markedly suppressed
in the KO-nudx6 plants.

Intracellular Levels of NADH, NAD*, and Antioxidants
in the AINUDX6 Disruptants and Overexpressors under
SA Treatment

Next, we analyzed the effects of SA treatment on the
levels of NADH and NAD" in the control, Prossg:
AtNUDX6, KO-nudx6, and KO-nudx7 plants. The
levels of NADH in the control plants were increased
by the SA treatment (Fig. 5). The levels in the Prossq:
AtNUDX6 plants under the SA treatment were signif-
icantly low compared with those in the control plants
(Fig. 5A). On the other hand, the levels of NADH in
both KO-nudx6 and KO-nudx7 were markedly high
compared with those in the control plants. Impor-
tantly, the degree of increase in NADH level in the KO-
nudx6 and Pro,;;:AtNUDX6 plants under the treatment

2004

idual experiments (n = 3) using plants grown independently.

was higher and lower, respectively, than that in the
control and KO-nudx7 plants. No significant difference
was observed in the levels of NAD" between the
control, KO-nudx6, and Pro;;g:AtNUDX6 plants, al-
though the levels were constitutively high in the KO-
nudx7 plants (Fig. 5B), in agreement with the findings
reported previously (Ishikawa et al., 2009). These
results clearly indicated that AtNUDX6 regulates
NADH levels in response to SA accumulation. There
was no difference in the PAR activity regulated by
AtNUDX7 between the Pros;c:AtNUDX6 and KO-
nudx6 plants and the control plants (Supplemental
Fig. S1).

The levels of reduced glutathione (GSH), a major
thiol-disulfide redox buffer in plant cells, and its
oxidized form (GSSG) in the Pros;:AtNUDX6 and
KO-nudx6 and KO-nudx7 plants before and after the
SA treatment were similar to those in the control
plants (Supplemental Fig. S2, A and B). Similarly, there
was no difference in the levels of ascorbate (reduced
form: AsA) and oxidized AsA (dehydro-AsA; Supple-
mental Fig. S2, C and D). These findings suggest that
changes in NADH level in the cytosol caused by
AtNUDX6 are not involved in the perturbation of
cellular redox status, probably due to their subcellular
distributions; a large amount of AsA and GSH in green
tissues are present in the chloroplasts, whereas 45%
to 55% of total NADH is in the cytosol (Wigge et al.,
1993; Noctor and Foyer, 1998; Meyer and Hell, 2005;
Mullineaux and Rausch, 2005; Ishikawa and Shigeoka,
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Figure 5. Changes in the levels of NADH

a
ad and NAD* by disruption or overexpression of

i AINUDX6 under SA treatment. Experimental

b D conditions are the same as in Figure 4. The levels
b of NADH (A) and NAD* (B) in the control,
KO-nudx6, Pro;sc AtNUDX6, and  KO-nudx7
plants under SA treatment were determined as
described in “Materials and Methods.” Data are
means = sb for at least three individual experi-
ments (n = 3-6) using plants grown indepen-
dently. Different letters indicate significant
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2008). Similar results have been reported in the
AtNUDX?7 disruptants and overexpressors (Ishikawa
et al., 2009).

Effect of Disruption or Overexpression of AtINUDX6 on
the Expression of NPR1-Dependent SA-Induced Genes
under SA Treatment

To clarify the roles of AtNUDX6 in the SA signaling
pathways, we analyzed the expression of SA-induced
genes in the Prosc:AtNUDX6, KO-nudx6, and KO-
nudx7 plants treated with SA (Fig. 6). The transcript
levels of NPR1-dependent SAIGs (PATHOGENESIS-
RELATED GENE1 [PR1], NIMI-INTERACTINGI
[NIMIN1], NIMIN2, and WRKY DNA-BINDING PRO-
TEIN70 [WRKY70]) were significantly decreased and
increased in the KO-nudx6 and Pro;;:AtNUDX6
plants, respectively, compared with those in the con-
trol plants under normal conditions and SA treatment
(Fig. 6A). On the other hand, the transcript levels of
NPR1-independent SAIGs (PR2, PR5, ARABIDOPSIS
NAC DOMAIN CONTAINING PROTEIN102 [ANAC102],
12-OXOPHYTODIENOATE REDUCTASE1 [OPR1],
and SDRLP [for short-chain dehydrogenase/reductase
family protein]; Blanco et al., 2009; Zhang and Mou,
2009) in the KO-nudx6 and Pro;;q:AtNUDX6 plants
were mostly similar to those in the control plants (Fig.
6B). The expression levels of both NPR1-dependent
and -independent SAIGs were significantly increased
in KO-nudx7 compared with those in the control plants
under normal conditions and SA treatment.

Next, we analyzed the expression levels of genes
encoding thioredoxins, TRX-h3 and TRX-h5, which
catalyze an SA-induced NPR1 oligomer-to-monomer
reaction. The expression level of TRX-h3 and TRX-h5
was markedly increased by treatment with 0.5 mm SA
in the control plants (Fig. 7A). The induction of TRX-h5
expression was suppressed in the KO-nudx6 plants,
while the induction was accelerated in the Pross:
AtNUDX6 and KO-nudx7 plants. There was no differ-
ence in the levels of TRX-h3 between the control and
transgenic plants.

Recently, it has been reported that nuclear NPR1
suppresses the expression of isochorismate synthasel
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(ICS1), which is required to synthesize SA, through a
feedback loop, thus preventing the already elevated
SA content from continuing to escalate (Zhang et al.,
2009). Under normal conditions and SA treatment, the
transcript levels of ICS1 were significantly increased in
the KO-nudx6 compared with the control plants, while
the levels in Pro;;: AINUDX6 were decreased similar
to the KO-nudx7 plants (Fig. 7B).

Effect of Disruption or Overexpression of AtINUDX6 on
SA Tolerance

Seeds of control, KO-nudx6, Pros;e:AtNUDX6, and
KO-nudx7 plants were plated on MS medium contain-
ing 04 mM SA, and their germination rates were
determined (Fig. 8). In the absence of SA, there was
no significant difference in the germination rates
among these plants. At 0.4 mm SA, the germination
rates of KO-nudx6 plants were significantly lower than
those of the control, Pros;;;:AtNUDX6, and KO-nudx7
plants, although the rates of Pro;;;: AtNUDX6 and KO-
nudx7 plants were not altered (Fig. 8A). The KO-nudx6
seedlings developed chlorotic cotyledons and failed to
develop beyond the cotyledon stage, while the seed-
lings of control, Pros;;:AtNUDX6, and KO-nudx7 de-
veloped green cotyledons (Fig. 8B).

DISCUSSION

AtNUDX6 Functions as an NADH
Pyrophosphohydrolase in Vivo

Nudix hydrolases act in a variety of cellular pro-
cesses, including maintenance of cellular homeostasis
and transduction of accurate signaling for both biotic
and abiotic stress (Bartsch et al., 2006; Jambunathan and
Mahalingam, 2006; Ge etal., 2007; Adams-Phillips etal.,
2008, Ishikawa et al., 2009; Ogawa et al., 2009). First, we
studied the physiological properties of an ADP-
Rib/NADH pyrophosphohydrolase, AtNUDX6, in the
leaves of 2-week-old wild-type (control), KO-nudx6,
and Pro;;;: AINUDX6 plants.

We previously reported that AtNUDX? accounts for
53% and 23% of the total pyrophosphohydrolase ac-
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Figure 6. Changes in the expression of NPR1-dependent and -independent SA-induced genes by disruption or overexpression of
AtNUDX6 under SA treatment. Experimental conditions are the same as in Figure 4. Quantitative PCR analysis was performed to
determine the expression levels of NPR1-dependent SA-induced genes (PR1, WRKY70, NIMINT, and NIMIN2 [A]) and NPR1-
independent SA-induced genes (PR2, PR5, SDRLP, ANAC102, and OPR1 [B]) in the control, KO-nudx6, Pro;;;: AINUDX6, and
KO-nudx7 plants. The relative amounts were normalized to Actin2 mRNA. Basal levels in the control plants under normal
conditions were set at 1.0, and results are expressed as fold increase over the control levels. Data are means = sp for three
individual experiments (n = 3) using plants grown independently. Different letters indicate significant differences (P < 0.05).

tivities toward NADH and ADP-Rib, respectively, in
the leaves of wild-type plants and thus acts as the
predominant ADP-Rib/NADH pyrophosphohydro-
lase in leaves under normal conditions (Ishikawa
et al., 2009). The differences in the amounts of ADP-
Rib and NADH, and the activities of pyrophosphohy-
drolase toward both molecules in the leaves of control,
KO-nudx6, and Pro;;:: AtNUDXG6 plants (Figs. 1 and 2),
suggest that AINUDX®6, accounting for 25% of the total
NADH pyrophosphohydrolase activity, prefers NADH
to ADP-Rib as a physiological substrate but barely
contributes to the activity toward ADP-Rib in the
leaves under normal conditions. It is well known
that pyridine nucleotides, including NADH, mediate
hundreds of redox reactions and thus impact on vir-
tually every metabolic pathway (Berger et al., 2004;
Hunt et al., 2004; Ying, 2006); therefore, the intracellu-
lar NADH level or its redox state are important not
only for maintaining a balance between anabolic and
catabolic pathways but also for signaling processes in
higher organisms (Moller, 2001; Apel and Hirt, 2004;
Hunt et al., 2004; Mittler et al., 2004; Foyer and Noctor,
2005; Noctor et al., 2006). By the action of AINUDX6 as
an NADH pyrophosphohydrolase, NADH is hydro-
lyzed to reduced nicotinamide mononucleotide and

2006

AMP (Ogawa et al., 2005). In addition to de novo and
salvage pathways, NAD" is thought to be produced
via a novel salvage pathway, by which NADH can be
directly generated from nicotinamide mononucleotide
and ATP by the action of nicotinamide mononucleo-
tide adenylyl transferase (Berger et al., 2005). There-
fore, like AtINUDX7 (Ishikawa et al., 2009), AtNUDX6
may play a regulatory role in the maintenance of pool
size and/or redox state of NADH without perturba-
tions of the other pyridine nucleotide levels.

To assess the physiological importance of AINUDX6
in respective tissues, the expression of AtNUDX6 was
analyzed in the roots, rosette leaves, stems, cauline
leaves, and inflorescences of 4-week-old Arabidopsis
plants. We demonstrated that the transcript levels of
AtNUDXG6 in the leaves were higher than those in the
roots and stems (Ogawa et al., 2005). In agreement
with the previous reports, the transcript level and the
NADH pyrophosphohydrolase activity of AtNUDX6
were lowest in the roots and highest in the rosette and
cauline leaves (Fig. 3). Consistent with the tissue-
specific activities, the decrease in the activity of NADH
pyrophosphohydrolase and the marked increase in the
level of NADH were observed in the rosette and
cauline leaves, but not in the roots, of the KO-nudx6
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Figure 7. Changes in the expression of TRXs and ICST by disruption or overexpression of AINUDX6 under SA treatment.
Experimental conditions are the same as in Figure 4. Quantitative PCR analysis was performed to determine the expression levels
of genes encoding TRXs (TRX-h3 and TRX-h5 [A]) and ICS1 (B) in the control, KO-nudx6, Pro;s AtNUDX6, and KO-nudx7
plants. The relative amounts were normalized to Actin2 mRNA. Basal levels in the control plants under normal conditions were
setat 1.0, and results are expressed as fold increase over the control levels. Data are means = sb for three individual experiments
(n = 3) using plants grown independently. Different letters indicate significant differences (P < 0.05).

plants. These results suggest that AINUDX6 distrib-
utes primarily in the leaves of Arabidopsis plants and
is associated with NADH metabolism.

AtNUDX6 Acts Primarily in NADH Metabolism in
Response to SA Signaling

The innate immune responses involve the produc-
tion of signaling molecules, including reactive oxygen
intermediates, nitric oxide, and SA (Malamy et al.,

1992; Jabs et al., 1997; Dangl, 1998; Delledonne et al.,
2001). SA accumulation has been shown to be neces-
sary for the onset of systemic acquired resistance
(SAR), which protects plant cells against further path-
ogen infection, since the treatment of plant tissues
with SA or its functional analogs is sufficient to trigger
a defense reaction resembling SAR (Cao et al., 1994;
Lawton et al., 1996). The transcript level of AtINUDX6
was increased by not only the infection of virulent and
avirulent pathogens but also the application of the

Figure 8. Enhancement of SA tolerance by dis-
ruption of AINUDX6 seed germination rates (A)
and growth (B) of the control, KO-nudx6, KO-
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nudx7, and Pro;;¢c AINUDX6 plants under SA
treatment. A, Seeds plated on MS medium with
or without 0.4 mm SA were incubated at 4°C for
3 d and then grown under long-day conditions for
3 d. Germination rates were calculated from
results of three replicates using 100 to 150 seeds.
Data are means * sp for at least three individual
experiments (n = 3) using plants grown indepen-
dently. Different letters indicate significant
differences (P < 0.05). B, Growth of the control,
KO-nudx6, KO-nudx7, and Pro;;s AtNUDX6
seedlings under SA treatment. Seeds plated on
MS medium with or without 0.4 mm SA were
grown for 7 d.
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SA analogs 2,6-dichloroisonicotinic acid and BTH
(Bartsch et al., 2006; Ge et al., 2007; Qiu et al., 2008;
Knoth et al., 2009). In addition, AtNUDX?7, having
enzymatic properties similar to those of AtNUDX6 in
vivo, is known to act as a negative regulator of im-
mune responses (Bartsch et al., 2006; Ge et al., 2007).
Therefore, we explored the physiological function of
AtNUDX6 in SA signaling. Increases in the AtNUDX6
transcript and subsequent accumulation of the protein
were observed in the leaves of control plants within 24
h after treatment with 0.5 mm SA, whereas changes in
the expression of AtNUDX7 were barely detected
under the treatment (Fig. 4). Notably, the SA treatment
caused a marked increase in NADH pyrophosphohy-
drolase activity in the control and KO-nudx7 plants but
not in the KO-nudx6 plants. The levels of NADH under
normal conditions and the treatment with SA were
negatively correlated with the expression levels of
AtNUDXG6 (Figs. 4 and 5).

The findings presented here indicated that the phys-
iological role of AtNUDX6 considerably differs from
that of AINUDX?. Under normal and stressful condi-
tions, AINUDX7 accounts for the majority of the total
pyrophosphohydrolase activity toward NADH and
ADP-Rib, thereby controlling energy and redox ho-
meostasis and modulating defense mechanisms via
activation of the PAR reaction against stress (Ishikawa
et al., 2009). Importantly, the treatment with SA had no
effect on the AtNUDX7 expression (Fig. 4). Since
AtNUDX?7 was rapidly expressed by various types of
oxidative stresses (Jambunathan and Mahalingam,
2006; Ishikawa et al., 2009), the induction may be
dependent on the accumulation of ROS or subsequent
perturbation of the cellular redox state. On the other
hand, AtNUDX6 accounts for the majority of the
NADH pyrophosphohydrolase activity in response to
the accumulation of SA, probably due to pathogen
attacks, and therefore may play a regulatory role in the
immune responses through NADH metabolism or
subsequent changes in pool size and/or the redox state
of the molecule. The increased expression of AtNUDX6
in KO-nudx7 under normal conditions and by the
SA treatment in the KO-nudx7 plants (Fig. 4A) may
be caused by an accumulation of SA through excess
activation of immune responses by depletion of the
AtNUDX7 expression (Bartsch et al., 2006; Ge et al.,
2007).

AtNUDX6 Serves as a Positive Regulator of the
NPR1-Dependent SA Signaling Pathway

NPR1, a positive regulator of SAR, functions in
multiple nodes of the SA signaling network (Tada
et al., 2008). Innate immune responses are associated
with changes in cellular redox states sensed by NPR1
(Cao et al., 1994; Mou et al., 2003; Tada et al., 2008). In
uninfected plants, NPR1 resided in the cytoplasm as
an oligomer maintained through redox-sensitive in-
termolecular disulfide bonds (Mou et al. 2003). Either
following pathogenic infection or in response to SA

2008

treatment, the NPR1 oligomer becomes a monomer by
reduction of the disulfide bonds and then moves into
the nucleus to activate the transcription of NPR1-
dependent SAIGs. However, little is known about the
signaling mechanisms from the cellular redox changes
to the activation of NPR1. Recent data revealed that
the actions of AtNUDX? in the immune defense re-
sponse are both dependent on, and independent of,
NPRI1 and SA (Ge et al., 2007). Therefore, we analyzed
the expression of NPRI1-dependent SAIGs (PRI,
WRKY70, NIMIN1, and NIMIN2) and NPR1-indepen-
dent SAIGs (PR2, PR5, SDRLP, ANAC102, and OPR1)
in the control, Pro;;:AtNUDX6, and KO-nudx6 plants
treated with SA (Fig. 6). Notably, the expression of
NPR1-dependent SAIGs paralleled that of AtNUDX6
under normal conditions and by the SA treatment,
while that of NPRl-independent SAIGs did not
change together with expression of AtNUDX6. Deple-
tion of AtNUDX7 expression caused the increased
expression of NPR1-dependent and -independent
SAIGs under normal conditions and SA treatment
(Fig. 6), in agreement with previous reports (Ge et al.,
2007). These findings suggest that AtNUDX6 posi-
tively regulates the expression of NPR1-dependent
SAIGs in the course of SAR against pathogen attacks.

Since AINUDX?7, but not AtINUDX®, acts as a pyro-
phosphohydrolase toward not only NADH but also
ADP-Rib in vivo (Ishikawa et al., 2009), metabolism of
ADP-Rib by AtNUDX7 may cause the differences in
the physiological actions between AtNUDX6 and
AtNUDX?. Notably, it has been suggested that metab-
olism of ADP-Rib is important for the defense mecha-
nisms against pathogenic attacks, since both the PAR
reaction and its degradation reaction catalyzed by
poly(ADP-Rib) glycohydrolases (PARG), which hydro-
lyzed protein-bound poly(ADP-Rib) due to the PAR
reaction to free ADP-Rib, were accelerated in response
to the attacks (Adams-Phillips et al., 2008, 2010). In
addition, the knockout mutation of AtPARG caused
accelerated onset of disease symptoms when infected
with Botrytis cinerea (Adams-Phillips et al., 2010). These
findings strongly support the importance of ADP-Rib
metabolism by AINUDX7 in immune responses.

In addition, accumulation of SA caused by depletion
of AtNUDX7 expression (Bartsch et al., 2006; Ge et al.,
2007) may at least partially cause the different gene
responses between the disruptants of AtINUDX6 and
AtNUDX?7. Furthermore, it remains a possibility that
the actions of AtNUDX6 and/or AtINUDX?7 in immune
responses are independent of the activity of hydroly-
sis; these enzymes may regulate the activity of other
protein(s) through protein-protein interaction. It has
been reported that a Nudix hydrolase in the cauli-
flower (Brassica oleracea) acts as an inhibitor of GIn
synthetase and nitrate reductase (Moorhead et al.,
2003).

It has been demonstrated that the SA-induced NPR1
oligomer-to-monomer reaction is regulated by thiore-
doxin through reduction or oxidation of its intermo-
lecular disulfide bonds (Tada et al., 2008). However, it
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remains unclear how the expression of thioredoxin is
regulated in response to SA accumulation. Among the
eight cytosolic TRX-h genes in Arabidopsis, the ex-
pression of TRX-h5 was substantially up-regulated
upon infection with pathogens, whereas TRX-h3 was
the most highly and constitutively expressed TRX-h
(Laloi et al., 2004; Tada et al., 2008). The induction of
TRX-h5 expression under SA treatment was signifi-
cantly accelerated and suppressed in the KO-nudx6
and Prosc:AtNUDX6 plants, respectively, compared
with that of the control plants (Fig. 7). On the other
hand, the induction of TRX-h5 expression was signif-
icantly accelerated in the KO-nudx7 plants, probably
due to the accumulation of SA in the mutants reported
previously (Bartsch et al., 2006; Ge et al., 2007). These
results suggest that AtINUDX6 enhances the expres-
sion of TRX-h5, probably via NADH metabolism, in
response to SA accumulation and thereby activates
subsequent SA signal transduction.

Furthermore, an inverse correlation was observed
between the levels of ICS1 and AtNUDX6 under both
normal conditions and SA treatment (Fig. 7). An
Arabidopsis plant expressing a nprl with a dysfunc-
tional nuclear localization signal had enhanced sensi-
tivity to the toxicity of high-level SA and an
overaccumulation of SA in response to pathogen in-
fection caused by an increase in expression of ICSI,
whose product acts on SA synthesis from chorismate,
suggested that accurate activation of NPR1 is required
to maintain an adequate level of SA (Zhang et al.,
2009). Like the nprl mutants, the KO-nudx6 plants
showed enhanced sensitivity to SA compared with the
control, Pro;;;:AtNUDX6, and KO-nudx7 plants (Fig.
8). These results strongly suggest that AINUDX6 con-
tributes to controlling the SA level in the cells through
modulation of NPR1 activity.

There is fairly general agreement that fine-tuning by
both positive and negative regulation of the expression
of defense-related genes is important for precise im-
mune responses; excess activation of the responses
often causes deleterious effects on normal cell func-
tioning. In conclusion, it was indicated that, through
induction of TRX-h5 expression, AtNUDX6 signifi-
cantly impacts the plant immune response as a posi-
tive regulator of NPR1-dependent SA signaling
pathways, although it needs further consideration
regarding the differences in the regulatory mecha-
nisms of expression and physiological actions between
AtNUDX6 and AtNUDX7. A definitive understand-
ing of how NADH metabolism with AtNUDX6 and
AtNUDX?7 is involved in the regulation of SA signal-
ing will provide important insight into the mecha-
nisms of plant immune responses.

MATERIALS AND METHODS
Materials and Plant Growth Conditions

The vectors for the Gateway cloning system, pDONR201 and pGWB2,
were obtained from Dr. T. Nakagawa. Restriction enzymes and modifying
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enzymes were purchased from TaKaRa. All other chemicals were of analytical
grade and used without further purification. Arabidopsis (Arabidopsis thaliana)
ecotype Columbia was used in this study. Since AtNUDX? acts as a modulator
in immune responses, pathogens and insects that frequently presented in a
growth room have been reported to cause delayed growth of KO-nudt7 plants
(Ge etal., 2007). Therefore, all experimental data presented here were obtained
using ecotype Columbia plants grown on a sterilized MS medium under long-
day conditions (16 h of light, 25°C/8 h of dark, 22°C; 100 uE m 2 s7') in an
isolated growth chamber, unless otherwise specifically indicated in the text.

Generation of Transgenic Plants

Total RNA was isolated from the leaves of 4-week-old Arabidopsis plants
(1.0 g fresh weight) as described previously (Yoshimura et al., 1999). First-
strand cDNA was synthesized using ReverTra Ace reverse transcriptase
(Toyobo) with an oligo(dT) primer. The vector for generation of the AtNUDX6-
overexpressed plants was constructed using Gateway cloning technology
(Invitrogen). The cDNA encoding the open reading frame of AtNUDX6 was
cloned into the donor vector, pPDONR201, and then recloned into the desti-
nation vector, pPGWB2. The specific primers with attB1 and attB2 sequences
were as follows: attB1-AtNUDX6 (5'-AAAAAGCAGGCTATGGACAAT-
GAAGATCAG-3') and attB2-AtNUDX6 (5'-AGAAAGCTGGGTCACGTTCT-
GAAGAAGGGT-3'). PCR and in vitro BP and LR recombination reactions
were performed according to the manufacturer’s instructions (Invitrogen).

Agrobacterium tumefaciens, which was transformed with the obtained
constructs by electroporation, was used to infect Arabidopsis via the vacuum
infiltration method. T1 seedlings were selected on basic MS medium in petri
dishes containing 3% Suc, 20 mg L™" hygromycin, and 20 mg L' kanamycin
for 2 weeks and then transferred to soil. Homozygous T3 seeds were
harvested and used for the experiments. The knockout Arabidopsis line (the
KO-nudx6 plant; obtained through the SIGnAL project [http://signal.salk.
edu/]) containing a T-DNA insert in the AINUDX6 gene (At2g04450) was
outcrossed and selfed to check for segregation and to obtain a purely
homozygous line. The knockout Arabidopsis line (the KO-nudx plant)
containing a T-DNA insert in the AtNUDX7 gene (At4g12720) was reported
as described previously (Ishikawa et al., 2009).

Determination of mRNA Levels

Semiquantitative RT-PCR analysis was performed as described previously
(Ogawa et al., 2008, 2009). Total RNA extracted from Arabidopsis leaves was
converted into first-strand cDNA using ReverTra Ace (Toyobo) with the oligo
(dT),, primer. The specific primers used for amplification of the cDNAs
encoding AtNUDX6 and Actin2 were as follows: AtNUDX6-F (5'-TGGA-
CAATGAAGATCAGGAG-3'), AtNUDX6-R (5'-CAACCAGAGGTGGAG-
GCTAG-3'), Actin2-F (5'-GAGATCCACATCTGCTGG-3"), and Actin2-R
(5'-GCTGAGAGATTCAGGTGCCC-3’). PCR amplification was performed for
20 to 30 cycles of 95°C for 60 s, 55°C for 60 s, and 72°C for 60 s, followed by 72°C
for 10 min. Equal loading of each amplified cDNA was determined using the
control Actin2 PCR product. The transcript levels were estimated from densi-
tometric readings of three independent experiments and expressed as relative
expression ratios.

Quantitative RT-PCR analysis was performed as described previously
(Ogawa et al., 2008, 2009). Total RNA extracted from Arabidopsis leaves was
purified with an RNeasy Plant Mini Kit (Qiagen), treated with DNase I to
eliminate any DNA contamination (TaKaRa), and converted into first-strand
c¢DNA using ReverTra Ace (Toyobo) with the oligo(dT),, primer. Primer pairs
for the quantitative PCR designed using Primer Express software (Applied
Biosystems) were as follows; AtNUDX6-F (5'-TGCCAATGCGTCTCATCG-
TA-3'), AtNUDX6-R (5'-TGGACCACAAGCACCTCTTTG-3"), AtNUDX7-F
(5'-CTTGGGATTCGCCATTGTG-3"), AtNUDX7-R (5'-CATGATCCGCA-
TTGCAGTAGAT-3'), AtPR1-F (5'-CGAAAGCTCAAGATAGCCCACA-3’),
AtPRI-R (5'-TTCTGCGTAGCTCCGAGCATAG-3'), AtWRKY70-F (5'-CTC-
AAAATGCTTCATGTGATAACGA-3"), AtWRKY70-R (5'-CCCTTAACGGG-
TCCCAATCTT-3"), AINIMIN1-F (5'-GCACGGAAACGTAGACGAGAAG-3'),
AtNIMIN1-R (5'-GACCTTTCTCCGCCGTTAGATT-3'), At NIMIN2-F (5'-CAC-
GAACGGTTGCGAAAGTT-3'), At NIMIN2-R (5'-TTCTGACTCCGTTTC-
CTCTTCTTAGA-3'), AtPR2-F (5'-CACGGCCAACATCCATCTAGAC-3"),
AtPR2-R (5'-AACCGAGTCGAGATTTGCGTC-3"), AtPR5-F (5'-GGCGATG-
GAGGATTTGAATTG-3'), AtPR5-R (5'-GCGTCAAAGTTGCAGCCTGTA-3"),
AtSDRLP-F (5'-CCGCCGTTGAGACAATGG-3'), AtSDRLP-R (5'-ACGCA-
ATTCGCGGTTATCC-3"), AtANAC102-F (5'-TCAATCCATGGGAGCTT-
CCA-3'), AtANAC102-R  (5'-CCGGTCTCTATGCGAGAAGAAGT-3'),
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AtOPRI-F (5'-GTGATTGAAGCGAGAATGAAAACA-3'), AtOPRI1-R (5'-CGC-
TTTCCTCATCGGCATTA-3'), AtTRX-h3-F (5'-AGATTGGACCGAGAAGCT-
CAAAG-3’), AtTRX-h3-R (5'-GGCACCATGTTGCAGTGAAGT-3'), AtTRX-
h5-F (5'-TGCTTGCCATACCCTCGAA-3’), AtTRX-h5-R (5'-GTCTATCAC-
AATCAGTTTCTTGGATTCA-3'), AtICS1-F (5'-CTAATCTCCGCCGTCTCT-
GAACT-3"), AtICS1-R (5'-TTGGAACCTGTAACCGAACGA-3'), and Actin2-
F (5'-GGCAAGTCATCACGATTGG-3'), Actin2-R (5'-CAGCTTCCATTCC-
CACAAAC-3’). PCR was performed with an Applied Biosystems 7300 Real
Time PCR System using SYBR Premix Ex Taq (TaKaRa). Actin2 mRNA was
used as an internal standard in all experiments.

Protein Analysis

A polyclonal mouse antibody raised against the AtINUDX6 protein was
prepared using the His-tagged recombinant AtNUDX6 protein, synthesized
as described previously (Ogawa et al., 2005). Preparation of a polyclonal
mouse antibody raised against the AtNUDX7 protein was reported previously
(Ishikawa et al., 2009). Protein gel blot analysis was performed as reported
(Yoshimura et al., 2004). The AtNUDX6 and AtNUDX? proteins were detected
using each antibody as the primary antibody and anti-mouse IgG-horseradish
peroxidase conjugate (Bio-Rad) as the secondary antibody. Protein bands were
detected using the enhanced chemiluminescence detection system (GE
Healthcare). The protein concentration was determined by the method of
Bradford (1976).

Analysis of ADP-Rib and NADH
Pyrophosphohydrolase Activities

The leaves (0.5 g) of Arabidopsis plants were homogenized with 1 mL of
100 mm Tris-HCl (pH 8.0) containing 20% glycerol. After centrifugation
(20,000¢) for 20 min at 4°C, the supernatant was used for analysis of the
enzymatic activity. ADP-Rib and NADH pyrophosphohydrolase activities
were assayed by coupling to alkaline phosphatase and measuring colorimet-
rically the amount of inorganic phosphate formed at 37°C (Ames, 1966;
Ribeiro et al., 2001; Ishikawa et al., 2009). The standard assay mixture
contained, in a volume of 0.1 mL, 50 mm Tris-HCI (pH 8.0), 5 mm MgCl,, 0.1
mu substrates, 0.7 units of alkaline phosphatase, 1 mg mL ™" bovine serum
albumin, and crude extract (approximately 10.0 ug of protein). The reaction
was stopped and color developed by the addition of 1 mL of standard
inorganic phosphate reagent (6 volumes of 3.4 mm ammonium molybdate in
0.5 M H,SO,, 1 volume of 570 mm AsA, and 1 volume of 130 mm SDS). Blanks
without enzyme and/or substrate were run in parallel. Enzyme activities were
linear with time and amount of enzyme.

Determination of NAD*, NADH, NADP*, and
NADPH Contents

The leaves (0.5 g) of Arabidopsis plants were homogenized with 1 mL of
0.1 N KOH containing 50% ethanol (for determination of NADPH and NADH)
or 5mL of 0.1 N HCI containing 50% ethanol (for determination of NADP* and
NAD"). After centrifugation (15,000¢) for 20 min at 4°C, the oxidized and
reduced forms of the nucleotide were determined by enzymatic cycling
according to the method reported previously (Maciejewska and Kacperska,
1987; Tamoi et al., 2005). The NADP* and NADPH contents were determined
in a reaction mixture containing 100 mm HEPES-KOH (pH 8.0), 0.5 mm EDTA,
2.5 mMm Glc-6-P, 1.66 mm phenazine ethosulfate, 0.42 mm 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, and an extract or a standard
solution corresponding to 0 to 500 pmol of NADP(H) in a final volume of
1 mL. The reaction was started by addition of 0.7 unit of Glc-6-P dehydro-
genase. For the determination of NAD" and NADH, the reaction mixture was
the same except that Glc-6-P was replaced by 96% ethanol (0.1 mL). For the
determination of NADH, the mixture contained 0.2 mMm phenazine ethosulfate.
The reaction was started by the addition of 0.7 unit of alcohol dehydrogenase.
The rate of thiazolyl blue reduction was recorded by measuring the Agy,.

Determinations of Antioxidants

The levels of AsA and dehydro-AsA were determined spectrophotomet-
rically using AsA oxidase as described previously (Miyagawa et al., 2000).
Levels of GSH and GSSG were determined using a glutathione reductase
recycling system coupled to 5,5'-dithiobis(2-nitrobenzoic acid) (Shigeoka
et al., 1987).

2010

Immunological Detection of PAR Activity

PAR activity was quantified as described previously (Ogawa et al., 2008;
Ishikawa et al., 2009). The protein (7.5 ug) extracted from Arabidopsis plants
was spotted on a polyvinylidene difluoride membrane (Bio-Rad). The poly
(ADP-ribosyl)ated proteins were detected using anti-PAR antibody (BIO-
MOL) and anti-mouse IgG-horseradish peroxidase conjugate (Bio-Rad) as a
secondary antibody. The quantitative intensity was determined by applying
densitometry to video images of the blots (ATTO).

Determination of ADP-Rib

ADP-Rib was quantified by capillary electrophoresis-electrospray-tandem
mass spectrometry analyses using a P/ACE MDQ capillary electrophoresis
system (Beckman Coulter) coupled to a 4000QTRAP hybrid triple quadrupole
linear ion-trap mass spectrometer (Applied Biosystems) followed by semi-
purification using an ICS-3000 system (Dionex) as described previously
(Ogawa et al., 2008; Ishikawa et al., 2009).

Stress and SA Treatments

Arabidopsis plants were subjected to various forms of stress: treatment
with paraquat and salinity, high light, and drought. Paraquat treatment was
imposed by growing 14-d-old plants on MS medium containing the agent at 3
uM for 0 to 7 d under normal light (100 uE m~2s Y or for 0 to 12 h under high
light (1,600 uE m~*s ~"). Salinity stress was imposed by growing the plants on
MS medium containing 250 mm NaCl for 0 to 48 h. Drought stress was
imposed by subjecting the plants to dehydration on paper towels for 0 to 6 h.
SA treatment was imposed by growing the plants on MS medium containing
0.5 mm SA for 0 to 24 h. For mock treatment, the plants were transferred to MS
medium without SA for the same period.

Germination Experiments

Germination assays were performed on three replicates of 100 to 150 seeds
for independent experiments. Seeds were incubated on the MS medium
containing 0 to 0.8 mm SA for 3 d under long-day conditions. The germination
rate of seeds was scored when the radicles completely penetrated the seed
coat.

Data Analysis

All measurements were repeated at least three times using plants grown
independently. Significance of differences between data sets was evaluated by
t test. Calculations were performed with Microsoft Excel software.

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers At2g04450 (AtNUDX6), At4g12720
(AtNUDX?), At2g14610 (AtPR1), At3g57260 (AtPR2), Atlg75040 (AtPR5),
At1g02450 (AtNIMINT), At3g25882 (AtNIMIN2), At3g56400 (AtWRKY70),
At5g63790 (AtANACI102), Atlg76680 (AtOPR1), Atdgl3180 (AtSDRLP),
At5g42980 (AtTRX-h3), At1g45145 (AtTRX-h5), and At1g74710 (AtICS1).

Supplemental Data

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

Supplemental Figure S1. Changes in the levels of poly(ADP-Rib) by
disruption or overexpression of AINUDX6 under SA treatment.

Supplemental Figure S2. Changes in the levels of AsA and GSH by
disruption or overexpression of AINUDX6 under SA treatment.
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