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Programmed cell death, developmental senescence, and responses to pathogens are linked through complex genetic controls
that are influenced by redox regulation. Here we show that the Arabidopsis (Arabidopsis thaliana) low vitamin C mutants, vtc]
and vtc2, which have between 10% and 25% of wild-type ascorbic acid, exhibit microlesions, express pathogenesis-related (PR)
proteins, and have enhanced basal resistance against infections caused by Pseudomonas syringae. The mutants have a delayed
senescence phenotype with smaller leaf cells than the wild type at maturity. The vtc leaves have more glutathione than the wild
type, with higher ratios of reduced glutathione to glutathione disulfide. Expression of green fluorescence protein (GFP) fused to
the nonexpressor of PR protein 1 (GFP-NPR1) was used to detect the presence of NPR1 in the nuclei of transformed plants.
Fluorescence was observed in the nuclei of 6- to 8-week-old GFP-NPR1 vtc1 plants, but not in the nuclei of transformed GFP-
NPR1 wild-type plants at any developmental stage. The absence of senescence-associated gene 12 (SAG12) mRNA at the time
when constitutive cell death and basal resistance were detected confirms that elaboration of innate immune responses in vic
plants does not result from activation of early senescence. Moreover, H,O,-sensitive genes are not induced at the time of
systemic acquired resistance execution. These results demonstrate that ascorbic acid abundance modifies the threshold for
activation of plant innate defense responses via redox mechanisms that are independent of the natural senescence program.

The complex relationships between programmed
cell death (PCD) and natural senescence observed
during leaf development are far from understood.
However, one clear distinction is that senescence in
leaves is essentially reversible, but PCD is not (Thomas
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et al., 2003). The genetically programmed cell suicide
events that comprise PCD are triggered by enhanced
levels of reactive oxygen species (ROS; Chen and
Dickman, 2004; Laloi et al., 2004; Wagner et al., 2004).
However, senescence-enhanced genes are also ex-
pressed in response to ROS (Navabpour et al., 2003).

While the chemical nature of ROS dictates that they
are potentially harmful to cells, plants use ROS as
second messengers in signal transduction cascades
regulating diverse processes such as mitosis, tropisms,
and cell death. It is now well accepted that ROS ac-
cumulation is crucial to plant development as well as
defense (Foyer and Noctor, 2005a). ROS signal trans-
duction will ensue only if ROS escape destruction by
cellular antioxidants that determine the lifetime and
specificity of the signal. Ascorbic acid (AA) and glu-
tathione are the major redox buffers of the plant cells,
and they themselves are also signal-transducing mol-
ecules that can either signal independently or further
transmit ROS signals (Fig. 1). They are thus intrinsic to
redox homeostasis and redox-signaling events (Foyer
and Noctor, 2005b).

ROS production is often genetically programmed,
for example, during the hypersensitive response (HR)
and PCD following pathogen recognition (Jabs et al.,
1996; Levine et al., 1996). In mammals, the mitochondria-
controlled PCD response involves the proapoptotic Bax
family of proteins and antiapoptotic Bcl-2 and Bcl-XL
families. Although Bax, Bcl-2, and Bcl-XL homologs
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have not yet been found in plants, expression of mam-
malian Bax causes death, while that of mammalian
Bcl-XL or Bl-1 suppresses cell death in plant cells
challenged with elicitors, suggesting that elements of
mammalian PCD processes are also found in plants
(Matsumura et al., 2003). Moreover, mammalian Bcl-2
family proteins localize to the mitochondrial, chloro-
plast, and nuclear fractions when expressed in plants,
where they prevent herbicide and ROS-induced PCD
(Chen and Dickman, 2004). Such observations suggest
that mitochondrial and chloroplast ROS accumulation
is intrinsic to genetically programmed PCD events and
function alongside NADPH oxidases and other super-
oxide-generating systems on the plasma membrane.
Mitochondria also contribute to ROS-dependent gene

Figure 2. The delayed development
phenotype of the vtcT (vtc1) and vtc2
(vtc2) mutants compared to the wild
type (WT). The number of weeks after
sowing is indicated.
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expression during pathogen-induced PCD (Maxwell
et al., 2002).

In addition to redox buffering and ROS detoxifica-
tion (Foyer and Noctor, 2005a, 2005b), AA fulfills many
essential roles in plant biology (Arrigoni and de Tullio,
2000). In particular, AA modulates growth through
regulation of the cell cycle (Potters et al., 2002, 2004)
and through regulation of elongation growth (Fry,
1998; Tokuna et al., 2005). AA and hydroxyl radicals
participate in the oxidative scission of structural poly-
saccharides, promoting cell wall loosening (Fry, 1998).
In addition, AA is a substrate for secretory peroxidases
involved in cell wall stiffening and its presence limits
the formation of phenolic radical intermediates in wall
peroxidase reactions (de Pinto and De Gara, 2004).

Week 10
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Table I. Comparative developmental changes in vtc1-1, vtc2-1, and wild-type shoot biomass, leaf antioxidants, chlorophyll, and soluble protein

FW, Fresh weight.

Plant Age Biomass GSH Glutathione-Disulfide GSH-to-GSSG Ratio AA Chlorophyll Protein
g 'Fw nmol g~ ' FW nmol g~ FW nmol g~ ' FW ugg ' FW mg~ ' FW

Week 2

vtc2-1 0.004 = 0.0002 235 =12 27 =1 9:1 624 * 21 1,287 £ 29 11 (x0.4)

vicl-1 0.003 = 0.0001 368 £ 25 11 =1 33:1 1,154 £ 54 921 £ 13 13 (x0.3)

Col-0 0.006 *= 0.0003 272 * 45 17 £3 16:1 3,395 + 57 1,064 £ 12 13 (x0.5)
Week 4

vtc2-1 0.09 = 0.01 598 * 20 37 £ 0.7 16:1 1,037 £ 67 1,186 £ 11 10 (0.3

vicl-1 0.31 £ 0.01 546 £ 16 8 + 0.5 68:1 1,278 £ 67 1,045 £ 7 9 (x0.2

Col-0 0.52 £ 0.02 424 = 31 13 £1 33:1 3,885 = 100 894 £ 6 9 (+0.3)
Week 6

vic2-1 0.95 £ 0.15 338 £9 302 11:1 639 = 41 786 £ 15 9 (*+0.2)

vtcl-1 1.17 = 0.01 441 = 16 81 55:1 1,382 £ 43 970 £ 5 10 (x0.2)

Col-0 2.39 £ 0.08 326 £ 26 12 £3 27:1 4,648 = 112 894 £ 6 10 (x0.4)
Week 8

vtc2-1 4.62 = 0.31 293 =10 9*1 31:1 375 £ 26 996 * 29 7 (£0.2)

vtcl-1 5.38 £ 0.12 312 £ 19 15 =1 20:1 1,464 = 156 1,048 £ 10 9 (+0.3)

Col-0 8.03 £ 0.15 211 = 16 17 £3 12:1 3,322 =123 895 * 18 9 (*+0.2)
Week 10

vic2-1 6.63 = 0.14 279 £ 6 71 60:1 - 1,073 £ 39 7 (£0.2)

vtcl-1 17.2 £ 0.12 298 £ 8 24 = 4 12:1 - 1,146 £ 15 5(x0.4

Col-0 16.2 = 0.11 183 = 11 12 £2 15:1 680 £ 17 3 (x0.1

AA-dependent dioxygenases participate in the syn-
thetic pathways of a number of key plant hormones
that also influence growth (Arrigoni and de Tullio, 2000).
For example, AA is required for the activity of 9-cis-
epoxycarotenoid dioxygenase, an enzyme catalyzing
the formation of xanthoxin, the precursor of abscisic acid.

A number of Arabidopsis (Arabidopsis thaliana) mu-
tants that have low AA (vitamin C; vtc) have been
isolated (Conklin et al., 2000). Since the function of
most of the genes modified in these mutants is un-
known, we have concentrated our efforts on analyzing
vtcl and vtc2, which are better characterized. Most
importantly, the vtcl and vtc2 phenotypes are caused
by low AA alone, as shown by studies involving the
expression of the animal AA biosynthetic enzyme

L-gulono-1,4-oxidase, which restores wild-type AA
levels and the wild-type phenotype to these mutants
(Radzio et al., 2003). vtcl is relatively well studied,
harboring a point mutation in the AA biosynthetic
enzyme GDP-Man pyrophosphorylase (Conklin et al.,
2000). This mutant was instrumental in the character-
ization of the pathway of AA synthesis in plants
(Conklin et al., 1999). In contrast, vtc2 (At4g26850) har-
bors a less-characterized mutation in an unknown pro-
tein (for gene database information, see, for example,
http:/ /mips.gsf.de/projects/plants).

The vtcl mutation confers sensitivity to ozone and
other abiotic stresses, such as freezing and UV-B irra-
diation (Conklin et al., 1996), but it enhances pathogen
resistance (Barth et al., 2004). We have previously
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Figure 3. The appearance of the apical meristem is
delayed in the vtc? mutant compared to the wild
type. The days to flowering were compared in vitcT
(m) and wild-type plants (A). The experiment was
performed using 100 plants and repeated three times
with similar results.
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Figure 4. The appearance of individual dead cells (microlesions) in the
rosette leaves of wild-type (A), vtcl (B), and vtc2 (C) plants during
development. Cell death was monitored using autofluorescence (top) or
lactophenol blue staining (bottom) of leaf tissues. To aid clarity, examples of
individual dead cells are marked with fine arrowheads, while large patches
of dead cells are marked by thick arrowheads in the bottom images.

shown that AA deficiency in the vfcl mutant led to
the differential expression of 171 genes, a substantial
number of which encode pathogenesis-related (PR)
proteins such as PR1, PR2, and PR5 (Kiddle et al., 2003;
Pastori et al., 2003). Moreover, PR proteins accumu-
lated more rapidly in vfcl than the wild type when
challenged with Pseudomonas syringae (Barth et al., 2004).
However, when grown under optimal growth condi-
tions, vtcl shows no evident indications of increased
oxidative stress in terms of tissue H,O, content or the
redox state of key indicator pools such as AA (Veljovic-
Jovanovic et al., 2001).

Like AA (1-5 umol mg71 fresh weight or umol mg71
chlorophyll), glutathione is an abundant plant metab-
olite (100-300 nmol mg ' fresh weight or nmol mg ™"
chlorophyll) that has many diverse and important
functions (Noctor and Foyer, 1998), including signal
transduction (Noctor et al., 2002; Gomez et al., 2004).
As an indicator of the general cellular thiol-disulfide
redox balance, the reduced glutathione (GSH)-oxidized
glutathione (GSSG) couple is well suited to the role of
redox sensor. Cytosolic thiol-disulfide status appears
to be important in regulating the expression of PR genes
through the nonexpressor of PR protein 1 (NPR1) path-
way (Mou et al., 2003). NPR1 is an intrinsic component
of the salicylic acid (SA)-triggered systemic acquired
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resistance (SAR) response to biotic attack. The redox de-
pendence of the NPR1 pathway implies that biotic or
abiotic stimuli that perturb the cellular redox state can
up-regulate defense genes via the NPR1 pathway (Mou
etal., 2003). Such redox-linked effects explain, for example,
PR gene expression in response to UV-B exposure (Green
and Fluhr, 1995) and in catalase-deficient mutants
(Chamnongpol et al., 1996). Figure 1 illustrates the redox
relationships between the different components impli-
cated in the regulation of NPR1 movement from the cy-
tosol to the nucleus to elicit SAR and PR gene expression.

The redox poise of the plant cell at any moment in
time is largely dictated by three redox pools, namely,
pyridine nucleotides, AA, and glutathione (Fig. 1). The
high cellular AA content dictates that it is the major
low-M, antioxidant and redox buffer of plant cells
(Foyer, 2004). It is therefore logical to pose the question
of whether low redox buffering capacity alone, as
occurs during AA deficiency, is sufficient to trigger
a redox-sensitive pathway leading to enhanced basal
resistance. To address this question, we have analyzed
SAR and pathogen resistance in two AA-deficient
Arabidopsis mutants, vtcl and vtc2. We provide evi-
dence that a decrease in overall cellular redox-buffering
capacity in these mutants, resulting from a diminished
AA pool, together with an enhanced GSH-to-GSSG
ratio, reduces the threshold for local PCD and causes
movement of NPR1 into the nucleus, triggering sys-
temic resistance responses in the absence of enhanced
ROS levels or external cues.

RESULTS

AA Deficiency Retards Growth and Senescence and
Enhances Leaf GSH-to-GSSG Ratios

In this study, the Columbia (Col-0) wild type and the
vtcl and vtc2 mutants were grown in a 10-h photoperiod
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Figure 5. The number of dead cells present in vtcT and wild-type leaves
through development. Values were calculated from leaves stained with
lactophenol blue as shown in Figure 4, and data represent the means *
st of five separate experiments involving 25 samples per line.
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Figure 6. Pathogen-induced macroscopic and microscopic cell death
symptoms are greatly decreased in Pst-infected vtcT leaves compared
to Pst-infected wild-type leaves. A and B, Lactophenol blue staining of
7-week-old wild-type and vtc1 leaves before (A) and after (B) pathogen
inoculation (5 X 10° cfu/mL). The black arrows in A indicate the
presence of individual dead cells in vtcT but not wild type (WT) in the
absence of inoculation. Attached leaves were infiltrated with Pst at
single-point sites (black arrowheads; B [top]), and pathogen-induced
cell death was analyzed at 5 d postinfiltration. Middle section, The
whole leaves show that patches of dead cells occur around inoculation
sites in wild type but not in vtc1. Magnification of the infiltration sites (B
[bottom]) shows massive cellular collapse (indicated by fat arrowheads)
in the wild-type plants, whereas only a few small groups of dead cells in
vtc (thin arrows). Bars, 50 um.

in controlled environment chambers with filtered air
to remove atmospheric ozone. In these conditions, the
vtcl (Fig. 2) and vtc2 (data not shown; see Radzio et al.,
2003) mutants were smaller at equivalent stages in
development than wild-type plants. This phenotype
was clearly evidenced at 2 weeks and was maintained
throughout the plant growth cycle (Fig. 2). As shown
in Table I, the vtcl and vic2 rosettes accumulate bio-
mass at a much slower rate than the wild type. The
vtcl leaves had about 70% less AA than the wild type
throughout development. The vtc2 mutants studied
here had even lower leaf AA content for most of the
growing period, with leaf AA reaching maximum
values of about 25% of those of the wild type at
4 weeks (Table I). In addition, the vtc1 leaves had 1.3 to
1.6 times more glutathione than the wild type. More-
over, the GSH-to-GSSG ratios of vtcl rosette leaves
were almost double those measured in the wild type at
all stages of development. The vtc2 rosette leaves also
tended to have more leaf glutathione than the wild
type, with much higher GSH-to-GSSG ratios later in
rosette development (Table I). Wild-type, vtc1, and vtc2
leaves had similar amounts of chlorophyll and leaf
protein at equivalent time points in the growth phase
up to 10 weeks of growth. Thereafter, leaf chlorophyll

Plant Physiol. Vol. 139, 2005
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and soluble protein declined in wild-type plants, but
in vtcl and vtc2 they remained at similar values to
those observed at 8 weeks (Table I). On the other hand,
the vtcl plants were delayed in flowering compared to
the wild type (Fig. 3), as did vtc2 (see Fig. 2). Together,
these features show that vtcl and vtc2 rosettes senesce
later than the wild-type leaves.

Cell Death and Microscopic Lesions Are Evident in
Naive vtc1 Leaves from Early in Rosette Development

Macroscopic spontaneous lesions were not observed
in naive vtcl leaves from plants grown on either short
or long days (Fig. 2), but a few whole chlorotic leaves
per plant appeared after 10 weeks, and these, by eye,
might easily be mistaken for a symptom of senescence.
However, in contrast to Col-0 rosette leaves (Fig. 4A),
we consistently detected the presence of individual
dead cells early in the development of vtcl (Fig. 4B)
and vtc2 (Fig. 4C) rosette leaves at the microscopic
level. Small foci of collapsed cells were found all over
the leaf surface and preferentially in the mesophyll
layer of vtcl and vtc2 leaves (Fig. 4, B and C). By
8 weeks, the areas of dead cells had expanded in vtc2
leaves to form larger foci with clear patches of dead
cells detectable by autofluorescence or lactophenol
blue staining (Fig. 4C). Even the young (4-6 weeks)
vtcl and vtc2 rosettes had a small number of dead cells
as detected by autofluorescence (Fig. 4, B and C) or
lactophenol blue staining (Figs. 4 and 5). Individual
dead cells were also detected in wild-type leaves, but
their appearance was delayed compared to vtcl and
vtc2 (Figs. 4 and 5).

Enhanced Resistance to P. syringae Reveals That vtcl
and vtc2 Mutations Limit Bacterial Proliferation
and Cell Death Expansion

To evaluate how vtcl controls cell death expansion
once it is initiated by an exogenous stimulus, we
challenged leaf tissues with high doses of the biotro-
phic bacterium P. syringae pv tomato DC3000 (Pst).
This virulent pathogen proliferates in the intercellular
spaces of leaf tissues of naive wild-type plants causing
disease with spreading, chlorotic lesions (Whalen et al.,
1991). However, proliferation is restricted when plants
orchestrate SAR (Uknes et al., 1992; Cameron et al.,
1994). We monitored the development of pathogen-
induced lesions in 8-week-old wild-type and vfcl
and vtc2 plants infiltrated with a high titer of bacteria
(5 X 10° cfu/mL). Large patches of necrotic tissue were
evident 5 d postinfection in inoculated wild-type
leaves, while only a few small groups of dead cells
(without spreading necrosis) were found in inoculated
vicl tissues (Fig. 6). Thus, vtcl mutation does not lead
to cell death propagation once it is initiated by Pst
inoculation. Like vtc1, vtc2 leaves exhibited individual
collapsed cells in the young (4-6 weeks) rosettes.
Spontaneous cell death is therefore more prolific in
vtcl than vtc2 leaves, whereas cell death patches were
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Figure 7. The vtcT and vtc2 mutants dis-
play enhanced resistance to infection by
Pst. Leaves from 6-week-old plants were
locally infiltrated with Pst (5 X 10° cfu/
mL), and symptoms were analyzed at the
infiltration sites (indicated by yellow ar-
rows) at 4 d postinfection. Visible disease
symptoms, displayed by Pst-infected wild-
type (Col-0) leaves, were much reduced in
vtcl and vtc2 plants (A). Moreover, Pst
growth curves in planta, quantified in leaf
discs excised at the indicated times from
the infiltration sites inoculated with a low
titer of Pst (10° cfu/mL), show that bacte-
rial growth is restricted in vtcT and vtc2
leaves compared with wild-type (Col-0)
controls. Data represent the mean * st of
three independent experiments (B).

more abundant in vtc2 leaves in which AA content is
much lower than vtcl at the 6- and 8-week stages
(Table I). Individual dead cells were also detected in
wild-type leaves, but their appearance was delayed
compared to vtcl (Figs. 4 and 5).

Four days after Pst inoculation, typical disease
symptoms were observed in wild-type leaves, while
little chlorosis was detected in vtcl and vfc2 leaves
(Fig. 7A). We quantified bacterial growth in planta in
wild type, vtcl, and vtc2 infected tissues and observed
that both mutations conferred the ability to restrict Pst
proliferation by 15-fold and 13-fold, respectively, over
wild-type levels (Fig. 7B). Similar protection is con-
ferred by biological (Cameron et al., 1994) or chemical
(Uknes et al.,, 1992; Alvarez et al. 1998) treatments
activating SAR in wild-type plants. The level of basal
resistance was measured every 2 to 3 weeks during the
development of naive wild-type and vtcl plants. En-
hanced levels of basal resistance were clearly detect-
able in vtcl plants at 6 to 8 weeks (Fig. 8).

The vtcl and vtc2 Mutations Lead to Constitutive
Expression of PR Genes But Not the Antioxidant
GST Gene or Early Expression of the Senescence

Marker Gene SAG12

By week 6, both mutants displayed constitutive ex-
pression of PR genes (Fig. 9). However, neither vtc
mutants nor wild-type plants displayed substantial
constitutive expression of the antioxidant glutathione
S-transferase (GST) gene at this time (Fig. 9). PR gene
expression was first detected in naive vtcl plants

1296

108 -+ WT
= vtct
- vic2 -

108

102

1086

104

Bacterial growth (cfu / leaf disc)
o

102

0 1 2 3 4 5
Days Post Inoculation

after 6 weeks of growth and was clearly evident by
week 8 (Fig. 10). In contrast, PR expression was active
only at the time of senescence in wild-type plants
(about 16 weeks; Fig. 10). Neither Col-0 nor vtc1 plants
showed expression of the senescence marker gene
senescence-associated gene 12 (SAGI12) during the
developmental period in which leaves were analyzed
(2-11 weeks) in these experiments (Fig. 10). The
absence of SAGI12 expression in vtcl confirms the
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Figure 8. Growth of Pst is increasingly restricted as vitcl rosettes
develop. Leaves from 2-, 4-, 6-, 8-, and 11-week-old plants were
infiltrated with Pst (10° cfu/mL). Pst growth in planta was quantified in
leaf discs excised from infiltration sites at 5 d postinfiltration. Data
represent the mean = sk of three independent experiments.
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Figure 9. Six-week-old vtc1 left and vtc2 rlght rosette leaves
constitutively express PR transcripts. RNA-blot analyses of wild-type,
vtcl, and vtc2 naive leaf tissues were hybridized with Arabidopsis
probes (Uknes et al., 1992). The 55 rRNA probe was used as the gel-
loading control.

conclusion drawn from the enhanced duration of
levels of high protein and chlorophyll that vtc1 rosettes
do not develop faster or senesce earlier than the wild-

type plants.

The vtcl and vtc2 Mutations Lead Early Cessation of
Cell Expansion Coupled to Movement of NPR1 into
the Nucleus

The mature vtcl and ovtc2 leaves had the same
numbers of cells as the wild type, but they were
smaller (Fig. 11). The vtcl leaf cells stopped growing
early in development at about week 6 (Fig. 12). Trans-
genic wild-type and vtcl plants expressing green fluo-
rescent protein (GFP) fused to NPR1 (Col-0 GFP-NPR1
and vtcl GFP-NPR1, respectively) were constructed
and the fluorescence profile was assessed throughout
the development of homozygous transformed plants.
The amount of GFP fluorescence observed in the
cytosol of mesophyll or epidermal cells was very low
in all conditions. However, the stomatal guard cells
of all genotypes always showed nuclear localization of
NPR1 as observed by high fluorescence (Fig. 13), as
reported previously (Mou et al., 2003). When the fluo-
rescence images are overlaid bright-field images of the
cells (Fig. 14, bottom), then nuclear localization of the
fluorescent spots within the guard cell pairs is evident.
A higher resolution image of an individual stomatal
guard cell pair is shown in the inset to Figure 14
(bottom right) to clearly illustrate this point.

GFP fluorescence was not detected in the nuclei of
unchallenged mesophyll or epidermal cells of trans-
genic Col-0 plants at any stage of development (Figs. 13
and 14). However, GFP fluorescence accumulated in
the nuclei of transgenic Col-0 plants following the
application of SA (Fig. 13, bottom). Similarly, GFP fluo-
rescence was not accumulated in the nuclei of un-
challenged mesophyll or epidermal cells of transgenic
vtcl rosettes prior to the 6-week stage. Thereafter,
however, fluorescence increased in the nuclei of trans-

Plant Physiol. Vol. 139, 2005
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genic vicl rosettes, becoming increasingly intense at
8 weeks and beyond (Fig. 14).

DISCUSSION

As in animals, plant PCD is a physiological process
that is indispensable for correct development and
regulates homeostasis through the elimination of un-
needed cells. In contrast to necrosis, PCD is triggered
by intrinsic factors or extrinsic defense cues and is
executed through genetic signals that lead to a cell
suicide program through the activation of defined
autolytic processes. Current concepts suggest that
pathogen-induced PCD is triggered by an interaction
of signaling molecules, such as ROS and nitric oxide,
and simultaneous suppression of ROS detoxification
(Delledonne et al., 2001; Apel and Hirt, 2004). ROS-
mediated cell suicide events are genetically controlled
(Wagner et al., 2004) and ROS are required in many
(but not all) systems leading to pathogen-induced
PCD (Apel and Hirt, 2004). The intrinsic pathway
involves two of the most important ROS-generating
organelles of the plant cell, the chloroplasts and the
mitochondria (Chen and Dickman, 2004; Yao et al.,
2004). The aim of this study was to elucidate the mech-
anisms whereby AA deficiency in the vtcl and vtc2
mutants modifies pathogen-induced PCD and enhan-
ces pathogen resistance. In addition, the experiments
were designed to explore the role of AA in the co-
ordinate control of growth and defense. We used the
vtcl and vfc2 mutants because the slow-growth phe-
notype observed in these mutants can be reversed by
expression of L-gulono-1,4-oxidase, which restores wild-
type AA levels and the wild-type phenotype to these
mutants (Radzio et al., 2003). These results suggest that
low AA alone causes the observed phenotypic char-
acteristics of the vtcl and vtc2 mutants. The results
presented in this article allow us to draw the following
conclusions.

AA Deficiency Stimulates the Innate Immune
Response via Activation of Localized PCD
Rather Than Early Senescence

PCD events in plants that can be triggered by elicitors,
such as harpin (Boccara et al., 2001), or by pathogens

Age (weeks) 2 4 6 8 11 16
S e e €
PR5 —

SAG12 -
5S TRINA sk il S0 S o B O S B .

Figure 10. Accumulation of defense-related markers. The abundance
of PR5 and SAG12 mRNA was determined on RNA blots prepared from
naive leaves of 2-, 4-, 6-, 8-, and 11-week-old vtcl and wild-type
(Col-0) plants. Gel loading was controlled by hybridization with the
55 rRNA probe.
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Figure 11. Light microscopy sections of naive leaves showing the
comparative cell structure of 10-week-old plants. Wild-type leaves (A)
have larger cells than vtc1 (B) or vtc2 (C) leaves. Bar, 100 wm.

(Schon et al., 2005) can involve an early loss of
photosynthesis and ROS accumulation in chloroplasts
(Joo et al., 2005). Moreover, photosynthetic electron
transport inhibitors block lesion formation in the lesion
mimic mutant (LMM), Isd1. Similarly, ROS-mediated
lesion development is favored by high light and low
CO,, implicating photorespiratory H,O, production in

Figure 12. The effect of rosette age on cell area in 5000

the PCD response (Mateo et al., 2004). Under optimal
growth conditions, photosynthesis is largely unaffected
in the vtcl and vtc2 mutants (Pastori et al., 2003). However,
photosynthetic CO, assimilation and other related
parameters are much more sensitive to inhibition by
environmental stress and high light in vtc mutants
compared to the wild type (Mulle-Moule et al., 2002).
Here we show AA deficiency limits overall cell size, an
effect that becomes apparent only after the first weeks
of plant development. Total leaf cell number and size
were measured every 2 weeks throughout rosette de-
velopment. These data show that the wild-type and
mutant leaves contain more or less the same number of
cells, but that final cell size is smaller in the vfcl and
vtc2 mutants than in the wild type. Although leaf AA
content is low throughout development, cell area is
affected only in older rosettes (age more than 6 weeks;
Fig. 12). This result is consistent with known effects of
AA on cell wall expansion and cross-linking (Fry, 1998;
de Pinto and De Gara, 2004). Interestingly the cessa-
tion of growth coincides with the appearance of micro-
scopic lesions (cell death events). Moreover, NPR1 is
detectable in the nuclei and key features of SAR ap-
pear (PR gene expression and increased resistance to
virulent pathogens) only after this point, suggesting an
inverse correlation between cell growth and activation
of innate immune responses.

In Arabidopsis, the age of the leaf is considered to be
a predictor of the timing of senescence, the sequential
senescence of rosette leaves coinciding with the time of
maximum inflorescence development (Hensel et al.,
1993). Based on SA accumulation and the early ex-
pression of SAGs, Barth et al. (2004) attributed the en-
hanced pathogen resistance in vtc mutants to early
senescence. During senescence, leaf metabolism is shifted
toward the breakdown of macromolecules, particularly
leaf soluble protein and chlorophyll. While the vtc
mutant leaves accumulate increasing numbers of

vtcT (O), vtc2 (W), and wild-type (A) leaves.
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Col0-NPR1-4weeks

vtc1-NPR1-4weeks

Col0-NPR1-4weeks

+Salicylate

Figure 13. Detection of the cellular localization of GFP fused to NPR1
in transformed 4-week-old wild-type (Col-0-NPR1; top) and vtcT plants
(vtc1-NPR1; middle). Top and middle sections show fluorescence only
in stomatal guard cells. The bottom section shows that SA causes
fluorescence to appear in mesophyll nuclei as well as in guard cells.
The bottom image shows fluorescence in 4-week-old Col-0-NPR1 24 h
after spraying with T mm SA.

microlesions through development, they do not show
early senescence. Evidence supporting this conclusion
is as follows: (1) the vtc leaves retain chlorophyll and
protein longer than those of the wild type; (2) the vfc
mutants flower later than the wild type; and (3) SAG12
mRNA was absent at the time when microlesions
developed. Taken together, these results confirm that
cell death in vtc mutants does not result from activa-
tion of a senescence program. Since low AA does not
trigger early senescence, other effects of AA deficiency
must trigger the events leading to enhanced basal
resistance.

The data shown in Figure 9 indicate that the ex-
pression of H,O,-induced genes, such as GST, is not
constitutively induced in vtcl. Moreover, when we
analyzed the expression profile of H,O,-sensitive genes
in vtcl using a database search, the vtcI transcriptome
signature (Pastori et al., 2003) showed no characteristic
features of H,0O,-mediated gene expression (data not
shown). Then we compared the effect of AA feeding
on the vtcl transcriptome (Pastori et al., 2003) with that
produced in Arabidopsis cells by H,0O, application
(Desikan et al., 2001). The data for both the H,O,
application (Desikan et al., 2001) and AA feeding micro-
arrays were downloaded from the Stanford Micro-
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array Database (SMD) site and analyzed as described
by Desikan et al. (2001) to ensure uniform data anal-
ysis, the rationale being that any genes controlled by
H,0, in vtc1 would show reversed expression patterns
after AA feeding. AA feeding also modified only 6% of
the genes with altered expression patterns following
H,O, treatment (Table II). H,O, application led to
changes in the expression of 175 expressed sequence
tags, of which 113 were induced (26 low expressing,
87 high expressing) and 62 were repressed (Desikan
et al., 2001). Of the 106 genes repressed in vtcl by AA
(Pastori et al., 2003), three of these were also changed
by H,O, (two were repressed and one was induced).
Of the 112 genes induced by AA (Pastori et al., 2003),
Desikan et al. (2001) also reported nine of these, but
all were induced. Thus, genes whose expression was
modulated by both H,0O, and AA showed similar
patterns of expression rather than inverse trends. Taking
into account effects due to random patterns of gene
expression, these results show that the AA and
H,O, transcriptome signatures are different, with no
common genes with patterns of expression consistent
with predicted direct oxidant/antioxidant effects
(Table II).

vitc1-NPR1-6 weeks

Col0-NPR1-6 weeks

vitc1-NPR1-8 weeks

Col0-NPR1-8 weeks

- \Y -0 "

N 1-5,_.\,' L el
i N G S ST g
Figure 14. The effect of rosette age on the cellular localization of GFP
fused to NPR1 in transformed Col-0 (Col-0-NPR1) and vtc1 (vtcl-
NPR1) plants. Fluorescence in the nuclei of mesophyll (arrowheads)
and stomatal (fine arrows) guard cells is indicated for leaf samples of
6- and 8-week-old plants. For the vtcT1-NPR1 8-week-old sample, the
bright-field image (bottom left) of the leaves has been overlaid with
the GFP fluorescence (bottom right) to illustrate the cellular locali-
zation of the fluorescence. The inset shows a higher focus image of an
individual stomatal guard cell pair in the epidermis in the overlaid

image.
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Leaf GSH-to-GSSG Ratios Are Generally Higher in the
vtc Mutants and This, Together with Low Redox
Buffering Capacity, Facilitates SAR Responses

In order to elucidate whether the molecular mech-
anisms leading to activation of pathogen resistance
and SAR responses in the mutants were modulated by
altered redox-buffering controls, we first measured the
total amount of glutathione and the GSH-to-GSSG
ratios in vtcl, vtc2, and wild-type leaves. The mecha-
nisms through which the SA signal pathway functions
are not completely understood, but the ankyrin repeat
protein NPR1 is one of the key regulators of SA-
dependent gene expression (Cao et al., 1994; Delaney
et al.,, 1995). It has recently been demonstrated that
NPR1 is converted from an inactive oligomer to an
active monomer as a result of cellular redox changes
induced by SA during SAR (Mou et al., 2003). The
monomer form of NPR1 moves into the nucleus, where
it activates expression of defense genes such as PR1 via
redox interaction with TGA transcription factors
(Després et al., 2003). Both monomerization of NPR1
oligomers and reduction of monomeric NPR1 involve
thiol-disulfide exchange reactions with the participa-
tion of glutathione and specific forms of thiol-active
proteins, such as thioredoxins, as shown in Figure 1
(Vanacker et al., 2000; Mou et al., 2003; Laloi et al.,
2004). The total amount of glutathione and the GSH-to-
GSSG ratios were increased in vtcl leaves compared to
wild-type leaves along development. These data sug-
gest that vtcl leaves have key adjustments in the
glutathione pool that would favor the monomerization
and nuclear translocation of NPR1, resulting in the
enhancement of the basal resistance level of the cell.
Modulation of cellular glutathione content transmits
information through diverse signaling mechanisms,
including the establishment of an appropriate redox
potential for thiol-disulfide exchange and release of
calcium to the cytosol (Gomez et al., 2004). However,
the changes in glutathione reported here, since 2
weeks of growth, are not alone sufficient to trigger
PR gene expression, which occurs only after 6 to
8 weeks of growth when NPR1 is increasingly located
in the nucleus.

The Onset of SAR Is Linked to the Cessation of
Expansion Growth and the Appearance of Microlesions
But Not to ROS Enhancement in vtc Mutants

Our results suggest that another factor associated
with low AA is triggered during development and
that this, together with favorable GSH-to-GSSG ratios,
stimulates SAR. AA deficiency in vtcl and vtc2 acti-
vates cell death and the development of microlesions
from about 4 weeks and prevents cell expansion from
4 to 6 weeks onward. The onset of SAR is linked in
time to the cessation of expansion growth and the ap-
pearance of microlesions in vtcl and vtc2. Nearly 40
Arabidopsis LMMs that develop HR-like lesions on
their leaves have been characterized to date. Some, but
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not all, LMMs develop enhanced disease resistance
(Lorrain et al., 2003). Among the LMM mutants having
enhanced resistance to virulent infections, cpnl (copine),
hrl1 (HR-like lesions), and hlm1 (HR-like lesion mimic)
show low-level or microscopic cell death (Jambunathan
et al.,, 2001, Devadas et al, 2002; Balagué et al.,
2003) similar to that observed in vtcl leaves. We have
found no evidence that vtcl and vtc2 stimulate low-
level cell death by ROS enhancement. We conclude
that the threshold of sensitivity to ROS produced dur-
ing the normal course of cell development and growth
is decreased because of low redox buffering capacity.
Localized ROS accumulation occurs in a wide range of
hormone-dependent developmental signaling processes,
as well as in cell wall cleavage and associated cell wall
growth in a diverse range of developing and expand-
ing organs, such as embryonic axes (Puntarulo and
Cederbaum, 1988), roots (Joo et al., 2001; Foreman et al.,
2003), germinating seeds (Schopfer et al., 2001), ex-
panding leaves (Rodriguez et al., 2002), and coleoptiles
(Schopfer et al., 2002). The absence of apoplastic AA in
vtc]l means that ROS generated during normal de-
velopmental signaling will have a longer lifetime than
in wild-type plants. In addition, zinc finger proteins
and transcription factors involved in PCD and SAR are
probably activated in these conditions by virtue of
their modulation by cellular redox poise.

In summary, the results demonstrate that AA de-
ficiency positively modulates plant biotic defense
cascades leading to greater disease resistance as re-
ported by Barth et al. (2004), but here we show that this
effect is not caused by early senescence, as suggested
by these authors. In contrast, our results show that vtc
rosettes exhibit nuclear localization of the NPR1-GFP
and SAR in association with localized PCD events. The

Table Il. A comparison of transcripts modulated by ascorbate (A)
and H,0, (B)

Description of

Gene Model A B Encoded Protein

At1g49600 -2.4 -1.8 Putative DNA-binding
protein (ACBF)

At4g14400 -24 -24 Hypothetical protein

At2g28200 -2.1 +1.6 Zinc finger protein
(ZAT)5)

At3g28200 +1.9 +2.6 Similarity to peroxidase
protein

At2g36220 +2.0 +3.9
At3g52400 +2.1 +1.9

Unknown proteins

Syntaxin-like protein
(SYNT4)

Cytochrome P450-like
protein

Putative protein

Similarity to calmodulin

Similarity to purine
permease

Zinc finger protein
(ZAT12)

Phytocyanin II; blue
copper-binding protein Il

At4g37370  +2.4  +4.2
At4g39670  +2.4  +3.6
At5g42380  +2.4  +6.9
At1g57990  +2.5  +2.2
At5g59820  +2.5  +83

At2g44790 +3.9 +2.2
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observed overall smaller leaf cell size in the vtc leaves
is consistent with the known roles of AA in cell wall
formation. However, this cannot be the sole explana-
tion of the smaller cell area in the vtc lines because cell
expansion is affected only in older rosettes, even
though AA content is low throughout leaf development.
It is possible that AA levels also modulate DELLA
protein activity and hence growth by modulation of
gibberellic acid and abscisic acid levels, as discussed
previously (Pastori et al., 2003). The inverse relation-
ship between growth and defense that is frequently
observed in plants is crucial in any consideration of
plant productivity, but it is poorly understood. The
results presented suggest that cellular AA may be
one component that influences this relationship acting
either downstream or alongside ROS accumulation to
coordinate plant growth and defense processes.

MATERIALS AND METHODS
Plant Growth

Seeds of the wild-type Arabidopsis (Arabidopsis thaliana L. Heynh. acces-
sion Col-0) and the vtcl-1 and vtc2-2 mutants were obtained from the
Nottingham Arabidopsis Stock Centre (NASC) and from Nick Smirnoff
(University of Exeter). These plants were grown in a controlled environment
chamber essentially as described previously (Veljovic-Jovanovic et al., 2001).
Plants were grown for 12 weeks at 22°C under low (250 pmol m 2 s™") light
with a 10-h photoperiod and 70% humidity. The air in the chamber was fil-
tered to remove atmospheric ozone and with strict hygiene.

Biomass, Chlorophyll, and Metabolite Analyses

Whole rosettes were harvested in the growth chamber and biomass recorded
(fresh weight). Extraction and assay of AA, glutathione, protein, and chlorophyll
were performed as described previously (Vernon, 1960; Veljovic-Jovanovic et al.,
2001).

Pathogen Inoculation

The virulent Pseudomonas syringae pv tomato strain DC3000 (Pst) was
grown overnight in King’s B medium with 10 ug/mL tetracycline and 100 ug/mL
rifampicine, and bacterial suspensions were washed twice in 10 mm MgCl,,
diluted to appropriate concentrations and used for infiltration into fully
expanded leaves at two sites on the abaxial surface, as previously described
(Alvarez et al., 1998). For bacterial growth curves, two leaf discs (6-mm di-
ameter) were cut around the Pst-inoculation sites from each leaf. Discs from
different inoculated leaves were pooled at each time point and homogenized
in 10 mm MgCl, to liberate the bacteria. Serial dilutions of the homogenates
were plated (in duplicate) on King’s B medium supplemented with 10 ug/mL
tetracycline and 100 ug/mL rifampicine. Colonies on the plates were counted
after incubation at 28°C for 24 h.

Northern-Blot Analysis

Total RNA was prepared for RNA gel-blot hybridization analysis by use
of standard protocols as described previously (Alvarez et al., 1998). Arabi-
dopsis probe templates were used for detection of GST-1 (At1g02930), SAG12
(At5g45890), PR-1 (At2g14610), PR-2 (At3g57260), and PR-5 (Atl1g75040)
transcripts (Uknes et al., 1992).

Plant Transformation

Competent Agrobacterium tumefaciens (strain GV3101; pMP90) were pre-
pared using the protocol of McCormac et al. (1998). Arabidopsis (Col-0/vtc1)
plants were transformed with Agrobacterium containing the NPR1-GFP con-
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struct (pBI 1.4t backbone; Kinkema et al., 2000) using a simple dip trans-
formation technique (Clough and Bent, 1998). Primary transformed seedlings
were selected on Murashige and Skoog agar plates containing kanamycin
(2.1 g/L Murashige and Skoog salts, 0.7% bacto-agar, and 50 wug/mL
kanamycin, pH 5.7).

Microscopy

GFP fluorescence in leaves expressing the NPR1 reporter constructs was
determined using a Zeiss Axiophot microscope. Leaf samples were mounted
in water and illuminated using an excitation and emission wavelength of 490
and 510 nm, respectively, and viewed using the appropriate filters (BP 470/20,
FT 493, BP 505-530; Zeiss).

Histochemistry

Leaf sections were fixed and embedded in Spurr’s medium as described by
Jones et al. (2002). Semithin sections (0.5 wm) were stained with toluidine blue
and examined with a Leica DMR light microscope. Quantitative determina-
tions were developed using an imaging analysis Leica QM500 as described
previously by Olmos and Hellin (1998).

Dead cells were identified using lactophenol blue (Fluka) staining followed
by destaining in saturated chloral hydrate as previously described (Waspi
et al., 2001). Leaves were then mounted on microscopic slides in 40% glycerol
and analyzed by bright-field or blue-light incident fluorescence microscopy.
Numbers of dead cells per leaf were counted and 40 independent measure-
ments were made per time point. Autofluorescence detection was performed
as described previously (Waspi et al., 2001).
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