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ABSTRACT

 

Ascorbic acid is a well-known antioxidant and cellular
reductant with an intimate and complex role in the
response of plants to ozone. It is clear from a number of
studies that sensitivity to ozone is correlated with total
ascorbic acid levels, and that a first line of defence against
the reactive oxygen species generated in the apoplastic
space by ozone is ascorbic acid. For activity, ascorbic acid
must be in the fully reduced state. Therefore, both the rate
of ascorbic acid synthesis and recycling via dehydroascor-
bate and monodehydroascorbate reductases are critical in
the maintenance of a high ascorbic acid redox state. Active
transport of ascorbic acid across the plasma membrane is
necessary to achieve reduction of oxidized ascorbic acid by
cytoplasm-localized reductases. It has been known for some
time that the chlorotic lesions produced by exposure to
ozone are not unlike lesions produced by the hypersensitive
response to avirulent pathogen attack. Surprisingly, activa-
tion of a defence gene-signalling network by both ozone
and pathogens is influenced by the level of ascorbic acid.
Indeed, in addition to acting simply as an antioxidant in the
apoplastic space, ascorbic acid appears to be involved in a
complex phytohormone-mediated signalling network that
ties together ozone and pathogen responses and influences
the onset of senescence.
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Abbreviations

 

: AA, 

 

L

 

-ascorbic acid; ABA, abscisic acid;
ACC, 1-aminocyclopropane-1-carboxylate; APX, ascor-
bate peroxidase; DHA, dehydorascorbate; DHAR, dehy-
dorascorbate reductase; GMPase, GDP-mannose pyro-
phosphorylase; GSH, reduced glutathione; GSSG, oxidized
glutathione; HR, hypersensitive response; JA, jasmonic
acid; MDA, monodehydroascorbate; MDHAR, monode-
hydroascorbate reductase; NAT, Na

 

+

 

-dependent 

 

L

 

-ascorbic
acid transporter; NCED, nine-

 

cis

 

-epoxycarotenoid dioxy-

genase; PAL, phenylalanine ammonium lyase; PCD, pro-
grammed cell death; PM, plasma membrane; ROS, reactive
oxygen species; PR, pathogenesis-related; SA, salicylic
acid; 

 

SAG

 

, senescence associated gene; SAR, systemic
acquired resistance.

 

INTRODUCTION

 

For many years, it has been clear that the well-known anti-
oxidant and cellular reductant, 

 

L

 

-ascorbic acid (AA) has a
significant role in prevention of the cellular damage
imposed by ozone. As early as 1960, foliar application of
AA was demonstrated to act as an ozone protectant (Free-
bairn 1960). It is the facile oxidation of AA to the primary
oxidation product, monodehydroascorbate radical (MDA)
that defines the biological activity of this small molecule.
MDA that is not reduced by the reductase activity detailed
below disproportionate to the labile dehydroascorbate
(DHA) and AA. If DHA is not rapidly reduced enzymati-
cally back to AA, it is lost from the cell. Despite the high
turnover of AA (Pallanca & Smirnoff 2000) intracellular
levels of AA are in the millimolar range. A combination of

 

de novo

 

 synthesis and efficient AA recycling via reductases
(see below for details) are obviously important in mainte-
nance of this high AA concentration. Realization of the
importance of this 

 

de novo

 

 synthesis led to the recent elu-
cidation of the major AA biosynthetic pathway in plants
(Wheeler, Jones & Smirnoff 1998). This pathway includes
the intermediates GDP-mannose and 

 

L

 

-galactose and has
been supported in part by the identification of the 

 

Arabi-
dopsis thaliana VTC1

 

 gene, which encodes a GDP-mannose
pyrophosphorylase (Conklin 

 

et al

 

. 1999). Several additional
genes encoding the biosynthetic enzymes of this major
pathway have been identified including 

 

L

 

-galactose dehy-
drogenase (Gatzek, Wheeler & Smirnoff 2002), GDP-
mannose 3,5-epimerase (Wolucka 

 

et al

 

. 2001), and 

 

L

 

-
galactono-1,4-lactone dehydrogenase (Imai 

 

et al

 

. 1998). The
latter enzyme catalyzes the final step in the AA biosyn-
thetic pathway, the conversion of 

 

L

 

-galactono-1,4-lactone
into AA. However, some studies suggest that there is an
alternative AA biosynthetic pathway, which occurs through

 

D

 

-galacturonic acid that is converted into 

 

L

 

-galactonic acid
by 

 

D

 

-galacturonic acid reductase (Isherwood & Mapson
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1956; Loewus & Kelly 1961). 

 

L

 

-galactonic acid can then be
converted into 

 

L

 

-galactono-1,4-lactone, the direct precursor
of AA. Recently, Agius and coworkers demonstrated that
over-expression of 

 

D

 

-galacturonic acid reductase in ripe
strawberry fruit increases AA levels (Agius 

 

et al

 

. 2003).
Although it is tempting to categorize AA function simply

based on its obvious role as a small molecular antioxidant,
it has become increasingly clear that AA function is inter-
twined in a complex network that meshes the plant’s
responses to ozone, pathogens, and the onset of senescence.
Below, we attempt to summarize the role of AA in detox-
ification of the reactive oxygen species (ROS) generated by
ozone, and furthermore to clarify the more global role of
AA in the response of a plant to the environment.

 

ASCORBIC ACID AND OZONE TOLERANCE

The role of ascorbate peroxidase

 

Ascorbate peroxidase (APX) isoenzymes are present in
most subcellular compartments within the plant cell (see
Table 1 for a list of Arabidopsis APX loci and the localiza-
tion of the encoded protein products) and promote the
dismutation of hydrogen peroxide to water with the con-
current oxidation of AA to MDA (Shigeoka 

 

et al

 

. 2002).
Hydrogen peroxide has been shown to be a major player
in the regulation of cytosolic ascorbate peroxidase gene
expression (Shigeoka 

 

et al

 

. 2002). In response to ozone
exposure, cytosolic APX mRNA levels are elevated (Wille-
kens 

 

et al

 

. 1994; Conklin & Last 1995; Kubo 

 

et al

 

. 1995;
Orvar, McPherson & Ellis 1997), suggesting that increased
levels of this isoenzyme have a functional role in detoxifi-
cation of the elevated levels of ROS generated by ozone.
Indeed, tobacco plants that express an antisense version of
cytosolic APX and have clearly decreased cytosolic APX
activity are more sensitive to ozone exposure (Orvar &
Ellis 1997). One might therefore predict that elevation of
APX activity via a transgenic approach may increase ozone
resistance. However, transgenic over-expression of cytoso-
lic APX in an ozone-sensitive tobacco line failed to alter its
sensitivity (Orvar & Ellis 1997). Similarly, over-expression
of chloroplastic APX also does not provide protection
against either chronic or acute ozone exposure (Torsethau-

gen 

 

et al

 

. 1997). Therefore, it is apparent that APX activity
is an essential component of ozone tolerance but greatly
elevating APX alone cannot alleviate ozone-generated
ROS. This may be due at in part to limitations on the
availability of the reduced AA in the cytosol that is utilized
as a substrate by APX (see Fig. 1). It is interesting to note
that (in spinach) chloroplastic APX transcript levels are
unresponsive to stresses imposed by a variety of treatments
such as methyl viologen, drought, ABA, and salinity, sug-
gesting that the genes encoding the chloroplastic APX
isoenzymes are constitutively expressed (Yoshimura 

 

et al

 

.
2000).

 

Total ascorbic acid levels correlate with 
ozone tolerance

 

Ascorbic acid is an integral weapon in the defence against
ROS generated by ozone. It is therefore not surprising that
the levels of total AA correlate with ozone resistance across
a wide variety of plant species. In a recent study, the AA
pool was approximately two times higher in the ozone-
resistant Bel B tobacco relative to the ozone-sensitive Bel
W3, in both control and ozone-treated (150 p.p.b. ozone,
5 h) leaves (Pasqualini 

 

et al

 

. 2002). Furthermore, soybean
leaflets of an ozone-tolerant cultivar Essex maintained
higher total AA levels than the ozone sensitive-Forrest cv.
under both ozone-treatment and control conditions (Rob-
inson & Britz 2000). The AA-deficient 

 

Arabidopsis thaliana

 

mutant 

 

vtc1

 

 contains approximately one-third of the wild-
type level of AA and was isolated by virtue of its sensitivity
to ozone. Restoration of ozone-resistance in this mutant
was achieved by artificial elevation of AA by pre-treatment
with the AA biosynthetic precursor, 

 

L

 

-galactono-1,4-
lactone (Conklin 

 

et al

 

. 1997). Similarly, elevation of total
AA in radish with this biosynthetic precursor (Maddison 

 

et
al

 

. 2002) and in barley by direct AA feeding (Machler 

 

et al

 

.

 

Table 1.

 

Known or predicted ascorbate peroxidase (APX) loci in 

 

Arabidopsis thaliana

 

Gene Designation Locus Localization

 

a

 

APX1 At1g07890 cytoplasm
APX1b At3g09640 cytoplasm
APX, putative At4g35970 transmembrane
tAPX At1g77490 thylakoid
APX, putative At4g09010 thylakoid lumen
APX3 At4g35000 peroxisome

 

a

 

Based on annotations from The Institute for Genomic Research
(TIGR), The Arabidopsis Information Resource (TAIR) and the
Munich Information Center for Protein Sequences (MIPS).

 

Figure 1.

 

Oxidation-reduction reactions of ascorbic acid (AA) in 
the cytoplasm and apoplast along with known or proposed AA/
DHA transport mechanisms across the plasma membrane. Mono-
dehydroascorbate radical (MDA), monodehydroascorbate reduc-
tase (MDAR), ascorbate oxidase (AOX), dehydroascorbate 
(DHA), dehydroascorbate reductase (DHAR), Na

 

+

 

-dependent 

 

L

 

-
ascorbic acid transporter (NAT), and ascorbate peroxidase (APX).
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1995) was found to alleviate ozone-induced injury. These
studies confirm and extend the early results of H.T. Free-
bairn who, in 1960 clearly demonstrated that pre-treatment
of Pinto beans with AA resulted in partial to complete
ozone resistance (Freebairn 1960).

 

Apoplastic ascorbic acid – the front line of 
ozone defence

 

Within the apoplast, the interception and detoxification of
ozone and/or the reactive oxygen intermediates that result
from its dissolution is one of the main defensive mecha-
nisms thought to govern resistance of plants to ozone. It has
been estimated that approximately 10% of the AA pool is
localized within the apoplastic space (Fig. 1; Noctor &
Foyer 1998) or less than 2 m

 

M

 

 if one assumes that 10% of
fresh weight is attributable to the apoplast (Burkey, Eason
& Fiscus 2003). Several older studies suggest that the pool
of apoplastic AA is an important component of the defence
against ozone injury (Castillo & Greppin 1988; Luwe, Taka-
hama & Heber 1993; Polle, Wieser & Havranek 1995). For
example, in one study, younger leaves, containing the high-
est level of apoplastic AA, were also the most resistant to
ozone exposure (Luwe 

 

et al

 

. 1993). In the ozone-tolerant
radish in which elevation of intracellular AA was achieved
via pre-treatment with 

 

L

 

-galactono-1,4-lactone, apoplastic
AA was also elevated (Maddison 

 

et al

 

. 2002). In contrast,
total AA was found to be decreased to 23% of wild type in
the ozone-sensitive AA-deficient 

 

vtc1

 

 mutant (Veljovic-
Jovanovic 

 

et al

 

. 2001).
Although tolerance to ozone has been shown to correlate

with an elevated level of AA in the apoplast, this relation-
ship does not hold in all circumstances. In snap bean
(

 

Phaseolus vulgaris

 

 L.) genotypes grown under low concen-
trations of ozone, apoplastic AA was significantly higher
(six to eight times) in the resistant relative to the sensitive
genotypes. Exposure to higher levels of ozone over an 8 d
period revealed no such global correlation between ozone
tolerance and apoplastic AA levels across several geno-
types with a wide range of ozone sensitivities (Burkey &
Eason 2002). However, if one focuses on a comparison
between the most ozone-sensitive (Provider) and resistant
snap bean genotypes (S156), the concentration of total AA
in the apoplast was consistently higher (two times) in Pro-
vider relative to S156 regardless of the ozone treatment
(Burkey 

 

et al

 

. 2003). Mathematical modelling suggests that,
in general, the concentration of apoplastic AA should be
sufficient to directly detoxify the majority of ozone
absorbed into the leaf (Plochl 

 

et al

 

. 2000). However, as the
authors of this study point out, the variation in ozone sen-
sitivities between different species clarifies the fact that
other detoxification mechanisms are also involved.

 

Ascorbic acid redox state in the apoplast

 

Apoplastic AA is most likely an important first line of
defence against ozone, but it is essential that this antioxi-
dant is maintained in a reduced state to effect this defensive

action. Therefore, the redox status of AA in the apoplast
cannot be overlooked. The previously mentioned ozone-
resistant snap bean genotype ‘Provider’ maintained a strik-
ingly higher apoplastic AA:(AA 

 

+

 

 DHA) ratio relative to
the sensitive genotype ‘156’ upon exposure to ozone (Bur-
key 

 

et al

 

. 2003).
That the redox state of AA is an important factor in

protection against ozone-induced oxidative injury is clearly
demonstrated in transgenic plants that over-express ascor-
bate oxidase in the apoplast. Ascorbate oxidase oxidizes
AA to MDA, which rapidly disproportionates to DHA and
AA (Fig. 1). In these transgenic tobacco lines, the pool of
apoplastic AA is largely oxidized. In one study, the reduced
AA in the apoplast fell from 40% of the total in wild type
to only 3% in the over-expression line (Pignocchi 

 

et al

 

.
2003). In a second independent study, the pool of reduced
apoplastic AA (which was 30% in the wild-type line) fell
to undetectable levels in the transgenic line, and resulted
in greatly enhanced foliar injury upon chronic ozone expo-
sure (Sanmartin 

 

et al

 

. 2003). Tobacco expressing ascorbate
oxidase in the antisense orientation maintain a higher per-
centage of reduced AA (66 versus 40% in the wild type;
Pignocchi 

 

et al

 

. 2003) but the effect of this altered AA redox
status on ozone sensitivity has not been reported. In both
studies, over-expression of ascorbate oxidase in the apo-
plast did not dramatically affect total AA levels nor result
in a large change in the total AA redox status (Pignocchi

 

et al

 

. 2003; Sanmartin 

 

et al

 

. 2003)
A number of studies have shown that the proportion of

apoplastic AA in the reduced state is much lower than that
of the intracellular AA (Noctor & Foyer 1998). This fact
suggests that reduction of apoplastic MDA and DHA and/
or transport of (fully reduced) AA into the apoplast as a
limiting factor in maintenance of a high apoplastic redox
status. Reduction of apoplastic AA appears to be intimately
linked to transport across the plasma membrane.

 

Recycling of MDA and DHA to ascorbic acid

 

An ascorbate-reducible transmembrane b-type cyto-
chrome 

 

c

 

 (plant PM cyt b

 

561

 

) has been implicated for the
reduction of MDA back to AA within the apoplastic com-
partment (Fig. 1). Three Arabidopsis genes that encode
putative plant PM cyt b

 

561

 

 proteins have been found
(Asard 

 

et al

 

. 2001) and plant PM cyt b

 

561

 

 proteins that are
fully ascorbate-reducible have been purified from bean,
corn and Arabidopsis (Trost 

 

et al

 

. 2000; Berczi, Luthje &
Asard 2001; Berczi, Caubergs & Asard 2003). Using AA-
loaded ‘right-side-out’ vesicles (vesicles with the apoplas-
tic face exposed), plant PM cyt b

 

561

 

 could be shown to
transport electrons from the internal AA across the
plasma membrane to external electron acceptors such as
MDA (Asard, Horemans & Caubergs 1992). The func-
tional significance of this plant PM cyt b

 

561

 

 has not yet
been demonstrated in intact plants. It would be of consid-
erable interest to alter the concentration of this protein in
the plasma membrane via insertional inactivation, RNA
interference, or over-expression and monitor the affect on
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apoplastic AA redox status and associated sensitivity to
ozone stress.

NADH-dependent monodehydroascorbate reductases
that reduce MDA back to AA have been localized to sev-
eral subcellular compartments including the plastids, mito-
chondria, microbodies, and cytoplasm (Arrigoni & De
Tullio 2002 for a review). Indeed, as seen in Table 2, at least
five predicted MDAR genes are present in the Arabidopsis
genome.

A monodehydroascorbate reductase (MDAR) has been
found to be associated with the inner (cytoplasmic) side of
the plasma membrane in spinach (Fig. 1). This enzyme has
been shown to preferentially utilize NADH as an electron
donor (Berczi & Moller 1998). Models have been pro-
posed in which this MDAR is involved in recycling AA
that is oxidized to MDA on the cytoplasmic side of the
plasma membrane by the action of the above mentioned
plant PM cyt b

 

561

 

 protein (Pignocchi & Foyer 2003). We
are aware of no evidence indicating that MDAR activity
in general is regulated in response to the elevated ROS
generated by ozone. In one study, it was noted that fumi-
gation of 

 

Arabidopsis thaliana

 

 with 0.1–0.15 p.p.m. ozone
for up to a week had no significant effect on total
MDHAR activity (Kubo 

 

et al

 

. 1995). However, at least in
one species, it is clear that cytosolic MDHAR expression
is not merely constitutive but can be varied at the level of
mRNA. The abundance of a putative cytosolic MDAR
mRNA from tomato (

 

Lycopersicon esculentum

 

 Mill.) was
shown to be inversely proportional to total AA and
greatly elevated in response to wounding (Grantz, Brum-
mell & Bennett 1995).

 

Transport of ascorbic acid/DHA across the 
plasma membrane

 

Similar to MDAR, glutathione-dependent dehydroascor-
bate reductases (DHAR) that reduce DHA back to AA,
have also been localized to several subcellular compart-
ments and at least five DHAR loci have been found in the
Arabidopsis genome (Table 2).

In addition to the probable reduction of MDA in the
apoplast via cyt b

 

561

 

 and a plasma membrane associated
MDAR, there is much evidence suggesting that the apo-
plastic DHA that disproportionates from MDA is actively
transported across the plasma membrane and reduced by a
DHAR in the cytosol (Fig. 1; for a recent review see Hore-
mans, Foyer & Asard 2000). Although the probable exist-
ence of an AA carrier in the plasma membrane had been
suspected for some time (Mozafar & Oertli 1993), it was
not until 1997 that Horemans and colleagues demonstrated
that this carrier had preferential high affinity for DHA
(Horemans, Asard & Caubergs 1996). This transporter of
DHA across isolated plasma membranes and intact leaves
relies on a proton gradient across the membrane for activity
(Rautenkranz 

 

et al

 

. 1994; Horemans, Asard & Caubergs
1998; Kollist, 

 

et al

 

. 2001). In AA-loaded plasma membrane
vesicles, DHA transport into the vesicles is enhanced,
which led to the suggestion that transport of DHA into the

cytosol is concurrent with export of AA out of the cell
(Horemans 

 

et al

 

. 1998). The activity of this transporter
changes at different times in the cell cycle, indicating that
DHA/AA transport across the plasma membrane is a reg-
ulated process (Horemans 

 

et al

 

. 2003). However, as proto-
plasts with ten to twenty times elevated levels of AA did
not take up DHA at significantly higher rates than control
protoplasts, it has been speculated that the millimolar con-
centration of AA normally present in the cytosol is not
limiting this transport system (Horemans 

 

et al

 

. 2003).
Transport of DHA across the plasma membrane of the AA-
deficient 

 

vtc1

 

 cells is currently being quantified to further
investigate the possible role of internal AA concentrations
on the rate of DHA/AA transport (Horemans personal
comm.). It may indeed be that it is not the rate of transport
of DHA/AA that is limiting but rather the cytosolic recy-
cling of DHA back to AA, as detailed in the next section
of this review.

In the plant plasma membrane, other AA transporters
may exist and perhaps several different carriers are present
(for a review see Horemans 

 

et al

 

. 2000). In animals, the
major carriers of AA across the plasma membrane are
nucleobase Na

 

+

 

-dependent 

 

L

 

-ascorbic acid transporters
(NATs; Tsukaguchi 

 

et al

 

. 1999). Although a number of plant
NATs (Fig. 1) have been identified, none to-date have been
shown to be involved in active AA transport (Argyrou 

 

et
al

 

. 2001; http://www.uni-frankfurt.de/fb15/botanik/mcb/
AFGN/fluegge.htm).

It is not known whether DHA/AA transport across the
plasma membrane is altered in response to ozone. How-
ever, early observations that AA accumulates in the apo-
plast upon exposure to ozone led to the speculation that
indeed, this transport may be regulated (Horemans 

 

et al

 

.
2000).

 

Table 2.

 

Arabidopsis thaliana

 

 loci predicted to encode dehy-
droascorbate reductases (DHAR) and monodehydroascorbate 
reductases (MDAR)

 

a

 

Gene Product Locus Localization

 

a

 

DHAR At1g19550 unknown
At1g19570 cytoplasm
At1g75270 cytoplasm/membrane
At5g16710 plastids
At5g36270 cytoplasm/membrane

MDAR At1g63940 plastids, mitochondria

 

b

 

At3g09940 cytoplasm
At3g27820 mitochondria
At3g52880 cytoplasm
At5g03630 cytoplasm

 

a

 

Based on annotations from The Institute for Genomic Research
(TIGR), The Arabidopsis Information Resource (TAIR) and the
Munich Information Center for Protein Sequences (MIPS). 

 

b

 

Dual-
targeted to both plastids and mitochondria (Obara, Sumi &
Fukuda 2002).

http://www.uni-frankfurt.de/fb15/botanik/mcb/
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Recycling of ascorbic acid in the apoplast 
and cytosol

 

Reduction of DHA back to AA may be a limiting factor
in the resistance to ozone. The strong positive relationship
between ozone resistance and the total pool size of AA
was discussed earlier. It is logical to hypothesize that this
total AA pool is dependent on both the rate of synthesis,
and the rate of reduction of MDA and the more labile
DHA. The rate of AA synthesis is regulated to a large
degree by light intensity (Smirnoff & Pallanca 1996).
Turnover of AA via loss through DHA decay is not insig-
nificant. In pea seedlings, approximately 40% of the total
AA pool was metabolized over a 22 h period (Pallanca &
Smirnoff 2000). This turnover may be due in large part to
limiting DHAR activity. In a recent study, transgenic
maize and tobacco that over-express a wheat DHAR had
significantly elevated total AA (approximately two to four
times) and the ratio of reduced AA to total AA (the AA
redox status) rose from 1.5 to more than 4 in the tobacco
transgenics (Chen 

 

et al

 

. 2003). If these transgenics have
elevated apoplastic AA, one might predict that they may
be more resistant to ozone and other ROS-generating
environmental stresses. In a similar study, a human
DHAR gene was over-expressed in transgenic tobacco
and targeted to the chloroplasts. Although these plants
did not have elevated total AA relative to non-transgenic
controls, the AA:(DHA 

 

+

 

 AA) ratio increased to approxi-
mately twice. The DHAR-overproducing transgenics were
more tolerant to methyl viologen (which primarily gener-
ates superoxide in the chloroplasts), hydrogen peroxide,
low temperature, and salt-induced stresses (Kwon 

 

et al

 

.
2003), suggestive of a limitation in the ability of non-trans-
genic plants to recycle DHA produced in response to
ROS.

Ozone is a major air pollutant that may negatively affect
plant growth, development and thus productivity, if the
plant antioxidant capacity is not sufficient (Heagle, Miller
& Pursley 2003). High levels of AA are a prerequisite to
efficiently detoxify ROS in order to reduce ozone-induced
tissue damage. The ozone response, on the other hand,
mimics pathogen-induced responses and can activate pre-
mature senescence (Miller, Arteca & Pell 1999). Therefore,
ozone is a useful tool to study plant-signalling pathways
triggered upon pathogen and ozone exposure as well as
during senescence. Recent studies reveal evidence that AA
plays an important role in both plant–pathogen interactions
and senescence.

 

OZONE, PATHOGENS, AND SENESCENCE – 
CONNECTIONS WITH ASCORBIC ACID

Ozone response resembles the hypersensitive 
response in incompatible plant–pathogen 
interactions

 

Ozone has become widely used in studies of the physiolog-
ical responses of plants to oxidative stress. Acute exposures

to ozone (150–300 p.p.b) for a short time period (4–6 h)
cause necrotic lesions on leaves and induce plant reactions
that resemble the hypersensitive response (HR), suggesting
similarities between ozone- and pathogen-induced
responses (Kangasjärvi 

 

et al

 

. 1994; Sharma & Davis 1994;
Sandermann 

 

et al

 

. 1998; Rao, Koch & Davis 2000a).
HR is a form of programmed cell death (PCD) in plants.

HR is considered part of a complex defence response to
microbial pathogens in which death of host cells at the site
of avirulent pathogen entry occurs within a few hours of
pathogen attack (incompatible interaction, i.e. plant is
resistant to the invading pathogen) (Crute 

 

et al

 

. 1994; Kat-
agiri, Thilmony & He 2002).

The similarity between ozone responses and the HR-like
PCD in plants is related to the occurrence of ROS in the
apoplast and the induction of defence responses. ROS that
derive from ozone exposure are thought to trigger an oxi-
dative burst in affected cells, resulting in a variety of bio-
chemical changes (Schraudner 

 

et al

 

. 1998; Rao & Davis
1999; Pellinen, Palva & Kangasjarvi 1999). Similarly, asso-
ciated with pathogen-induced HR is a rapid oxidative
burst at the site of microbial infection. ROS production
during HR (and recognition of the invading pathogen) and
upon ozone exposure is presumably mediated by a
NAD(P)H oxidase localized in the plasma membrane
(Levine 

 

et al

 

. 1994; Rao & Davis 2001). ROS-induced sig-
nal-transduction networks appear to involve a Map(K) sig-
nalling cascade pathway(s) (Vranova, Inze & Van
Breusegem 2002).

Generally, ROS formed during ozone exposure (Rao &
Davis 2001) and HR (Leon, Lawton & Raskin 1995; Ryals

 

et al

 

. 1996) activate ethylene, salicylic acid (SA) and jas-
monic acid (JA) signalling pathways. These pathways serve
to induce defence-gene expression to counteract the invad-
ing pathogen and to minimize lesion formation in plants
exposed to ozone. Ethylene synthesis and emission
increase in plants exposed to ozone (Overmyer 

 

et al

 

. 2000).
Ethylene triggers PCD in the accelerated cell death mutant
(

 

acd1

 

) (Greenberg & Ausubel 1993) and is involved in reg-
ulating PCD in plant–pathogen interactions (Bent 

 

et al

 

.
1992). SA signalling is required for ozone-induced cell
death responses (Overmyer, Brosche & Kangasjarvi 2003;
Vahala 

 

et al

 

. 2003), induction of pathogenesis-related pro-
teins (PR) (Greenberg 1996; Dong 1998; Dempsey, Shah &
Klessig 1999), and systemic acquired resistance (SAR –
increased 

 

s

 

ystemic 

 

acquired resistance to subsequent infec-
tion by a broad range of pathogens) (for reviews see Ryals
et al . 1996; Shah & Klessig 1999). JA biosynthesis is
induced in ozone-treated Arabidopsis and hybrid poplar
plants within several hours of treatment (Koch et al . 2000;
Rao et al . 2000b). Treatment with JA has been shown to
reduce the extent of cell death in tobacco (Orvar et al .
1997). Arabidopsis mutants constitutively expressing JA,
such as cev1 , are more resistant to powdery mildew (Ellis
& Turner 2001). These plant hormones do not act indepen-
dently in response to ozone and/or pathogens, but rather in
a complex signalling network (Dong 1998; Rao & Davis
2001).
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The ascorbate-deficient mutant vtc1 and the role 
of ascorbic acid in this signalling network

AA is a major cellular antioxidant involved in ozone-
induced ROS detoxification as detailed above. As ROS are
responsible for the triggering of a phytohormone-regu-
lated signal transduction pathway in response to patho-
gens and ozone, the role of AA in this response was
investigated. The AA-deficient Arabidopsis mutant vtc1
(vitamin C-deficient) was employed in several studies to
address this question. The vtc1 mutant was isolated by its
sensitivity to ozone, but was also found to exhibit
increased sensitivity to other abiotic stress factors, such as
sulphur dioxide, UV-B radiation and freezing (Conklin,
Williams & Last 1996).

In a recent study (Pastori et al . 2003), vtc1 was subjected
to a large-scale microarray analysis to identify genes that
are differentially expressed in the AA-deficient mutant rel-
ative to the wild type in the absence of added ROS. One
hundred and seventy-one transcripts that were either
increased or decreased in vtc1 versus wild type were iden-
tified. Specifically, the most dramatic changes in transcript
abundance were observed in genes involved in plant
defence responses against biotic stress. PR proteins, such
as PR-1, PR-2 and PR-5, and lytic enzymes, such as b-
glucanases and chitinases, were significantly increased in
vtc1 compared to wild type. In contrast, major antioxidant
enzymes, such as catalase and APX were largely unaffected
in vtc1. Interestingly, when the AA content was artificially
elevated by feeding with 10 mM ascorbate resulting in AA
levels similar to wild type treated equally, the transcript
abundance was reversed in vtc1, indicating that low AA
induces defence responses and high ascorbate suppresses
the induction of defence genes.

One would predict that constitutively induced defence-
gene expression in vtc1 might correlate with resistance to
pathogens. Barth et al . (2004) tested this hypothesis with
vtc1 and wild type, using the virulent bacterium Pseudomo-
nas syringae  pv. maculicola  ES4326 and the virulent fungus
Peronospora parasitica  pv. Noco , the cause of downy mil-
dew. The bacterial growth of P. syringae  was significantly
lower in vtc1 than in wild type. In addition, hyphal devel-
opment and fungal conidiophore production was signifi-
cantly reduced in vtc1 and also vtc2, a second non-allelic
AA-deficient mutant. PR-1 and PR-5 proteins were of
higher abundance in vtc1 than in wild type, particularly
within the first 24 h post-inoculation with P. syringae , as
revealed by Western blot analysis. This supports and
extends the observation by Pastori et al . (2003) of elevated
PR transcript accumulation in this mutant.

Induction of the PR genes in vtc1 may be due to an SA-
dependent pathway as the total SA content was found to
be approximately six-fold higher in vtc1 than in wild type.
Virulent pathogens have been reported to induce non-
specific resistance responses via the induction of SA syn-
thesis and PR proteins (Glazebrook et al . 1997; Rogers &
Ausubel 1997). However, the defence responses elicited by
virulent pathogens are either activated more slowly and/or

they are activated to lower levels than the defence response
induced by avirulent pathogens. An oxidative burst elicited
by virulent pathogens is usually very small or absent (Crute
et al . 1994 and references therein). Counter to our evidence
suggesting a role for SA in induction of PR genes in vtc1,
increased transcript levels of phenylalanine ammonium
lyase (PAL), an enzyme that is required for the synthesis
of SA, were not observed. Pastori et al . therefore concluded
that the constitutive induction of PR proteins in vtc1 occurs
through an SA-independent pathway.

PR gene induction in the AA-deficient mutant may occur
via altered SA-dependent signalling. However, there is also
evidence for the possible involvement of other phytohor-
mone signalling pathways (Pastori et al . 2003). Many recent
studies suggest the specific requirement of AA as a cofactor
for the activity of 2-oxoacid-dependent dioxygenases, a
class of enzymes that includes those regulating the synthesis
of hydroxyproline-containing proteins and hormones in
plants (and animals) (Arrigoni & De Tullio 2000, 2002).
Indeed, we review evidence below that suggests an involve-
ment of AA as a cofactor in the synthesis of ABA, gibber-
ellin (GA), and ethylene.

AA-dependent dioxygenases are involved in ABA bio-
synthesis. Specifically, NCED, a dioxygenase catalyzing the
formation of xanthoxin, the precursor of ABA, can be acti-
vated by the addition of both AA and Fe3+ (Schwartz et al .
1997). Pastori et al . (2003) observed that transcripts encod-
ing NCED are up-regulated in vtc1 compared to wild type,
suggesting that low AA in vtc1 decreases the flux through
the dioxygenase reaction. They hypothesized that the
observed elevation of NCED transcript in the mutant com-
pensates for the decreased cofactor (AA) availability, and
results in increased ABA biosynthesis (Pastori et al . 2003).
ABA has been demonstrated to induce PR genes in several
other plant species, such as in rice (Agrawal et al . 2001) and
in lithospermum (Yu et al . 1999).

AA is also strictly required by some enzymes that are
involved in GA biosynthesis (Arrigoni & De Tullio 2000).
Pastori et al . also showed that in vtc1, two 2-oxoglutarate-
dependent dehydrogenases, which may be involved in GA
biosynthesis, are expressed at higher levels in vtc1 versus
wild type. A role of GA in pathogen defence has been
suggested, for example, in tomato (van den Heuvel et al .
2001) and in arbuscular mycorrhizal plants of Linum usi-
tatissimum  when infected by fungal pathogens (Dugassa,
vonAlten & Schonbeck 1996).

Ethylene, in addition to SA and ABA, also plays a role
in the pathogen response (as detailed above) and specifi-
cally in the induction of PR genes (Knoester et al . 1995;
Grimmig et al . 2003). Although not tested to-date, it is pos-
sible that altered ethylene biosynthesis could also play a
role in the pathogen resistance and the ozone sensitivity of
vtc1. In ethylene biosynthesis, AA is required for 1-ami-
nocyclopropane-1-carboxylate (ACC) oxidase that forms
ethylene (Dong, Fernandez-Maculet & Yang 1992). The
microarray analysis of vtc1 revealed the up-regulation of an
ethylene-responsive transcription factor when the endoge-
nous AA content in vtc1 is artificially elevated (Pastori et al .
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2003; supplemental data), suggesting that AA availability
may regulate ethylene biosynthesis/signalling.

Taken together, analyses of the vtc1 mutant suggest that
AA affects cell signalling. Presumably, the availability and/
or the redox status of AA regulate enzyme activity directly
or modulate redox-sensitive proteins which trigger signal-
ling cascades (Pignocchi & Foyer 2003). Thereby, AA mod-
ulates the content of several signalling molecules, such as
SA, ABA, ethylene and GA, thus regulating plant defence
responses as well as developmental processes. SA may act
in concert with ABA and/or ethylene to induce defence-
related proteins and other antimicrobial compounds in
response to pathogen attack, resulting in increased patho-
gen resistance.

Pathogen resistance and ozone sensitivity – 
a connection

Given that pre-treatment with ozone generally leads to
increased pathogen resistance (Plazek et al . 2001; Sander-
mann et al . 1998), it may seem somewhat counterintuitive
that a mutant sensitive to ozone would be resistant to
pathogens. How does the pathogen-resistance phenotype
of vtc1 connect to the increased sensitivity to ozone? Upon
ozone exposure, the extent of an oxidative burst and the
resulting accumulation of SA in wild-type plants are pre-
sumably low, but sufficient to induce defence-gene expres-
sion conferring ozone resistance, but not high enough to
trigger PCD. JA apparently mediates this response by
attenuating SA biosynthesis in wild type, as jar1, a JA-
insensitive mutant, exhibits higher levels of H2O2 and SA
after ozone exposure, resulting in increased sensitivity to
ozone compared with the wild type (Rao et al . 2000b). In
contrast, in vtc1, ozone fumigation may cause higher than
wild-type levels of SA to accumulate (given that the base-
line concentration is elevated), resulting in the activation
of PCD and ozone sensitivity visualized in the form of
chlorotic lesions and tissue collapse. Upon virulent patho-
gen infection, the somewhat elevated levels of SA, other
phytohormone alterations and downstream defence gene
activation in this mutant may paradoxically serve to gener-
ate resistance. However, as the ozone exposure and patho-
gen experiments as well as the microarray analysis on wild
type and vtc1 were performed with plants at two different
developmental stages, it is difficult to directly compare the
ozone fumigation and pathogen studies.

Exposure of plants to anthropogenic sources of ROS has
only occurred very recently in evolutionary time due to the
relatively short coexistence of land plants with modern
man. However, the interaction of plants with pathogens
has occurred over a much longer span of time. Unfortu-
nately, the signal transduction pathway that has evolved to
so efficiently limit pathogen spread inadvertently causes
global tissue destruction when triggered by the ROS gen-
erated by ozone. Therefore, if one alters this signalling
pathway (by for example, altering AA levels), responses to
pathogens and anthropogenic sources of ROS are both
altered.

Role of ascorbic acid in the triggering of 
senescence by ozone

Chronic ozone exposures (100 p.p.b) over a long time
period (days to months) can induce symptoms of chlorosis
and premature senescence (Pell, Schlagnhaufer & Arteca
1997; Miller et al . 1999). Such ozone exposures result in the
induction of several senescence associated genes  (SAGs)
that are induced during natural senescence, whereas tran-
script levels of photosynthetic genes (rbcS, cab) decrease
(Miller et al . 1999). Genes identified as SAGs encode pro-
teins involved in protein metabolism, such as cystein pro-
teases, glutamine synthase, aspartic protease, RNases, but
also enzymes involved in response to pathogens and oxida-
tive stress, such as PR proteins, glutathione-S-transferease,
nitrilases, cinnamyl alcohol dehydrogenases and catalase
(for a review see Lim, Woo & Nam 2003).

AA deficiency in vtc1 results in the induction of some
SAGs, such as SAG13 , SAG15 , SAG 27 , whereas transcrip-
tion levels of others, such as SAG27  and SAG29,  are not
elevated (Barth et al . 2004). These results suggest that vtc1
enters at least some stages of senescence prematurely. This
is supported by the fact that incubation of wild-type and
vtc1 leaves in the dark caused faster senescence of vtc1
leaves than of wild-type leaves, as indicated by the
enhanced chlorophyll loss and higher transcript levels of
SAG13  (dark-induced senescence, Fig. 2a). Furthermore, in
the presence of exogenous AA, expression levels of SAG13
and PR1 are decreased to wild-type levels both in the dark
and in the light (Barth et al . 2004), indicating that low AA
promotes senescence, whereas high AA delays senescence
(Navabpour et al . 2003). In addition to this premature
senescence phenotype, we have found that an early flower-
ing phenotype also co-segregates with the mutant vtc1
allele (Fig. 2b). However, contrary to this early flowering
phenotype of vtc1, the Foyer laboratory reported delayed
development and flowering of vtc1 versus wild type (Veljo-
vic-Jovanovic et al . 2001; Pastori et al . 2003; Kiddle et al .
2003). One explanation for the reported variations in the
vtc1 phenotype may be the different growth conditions
used in the studies (i.e. 8-h photoperiod in the Foyer labo-
ratory versus 16-h photoperiod in the Conklin laboratory).

A faster senescence phenotype has been reported previ-
ously in transgenic potato plants expressing GMPase (the
enzyme defective in vtc1) in antisense (Keller et al . 1999).
In comparison with controls, transgenic lines exhibited
decreased levels of AA and senesced earlier. The authors
hypothesized that imbalance between antioxidant defi-
ciency and ROS results in the premature senescence phe-
notype in these transgenic plants. Oxidative stress has long
been associated with senescence (Prochazkova et al . 2001;
Navabpour et al . 2003). However, it is not known whether
these antisense GMPase plants indeed contain increased
levels of ROS. In fact, the vtc1 mutant does not appear to
suffer from oxidative stress under optimal growth condi-
tions despite its AA deficiency. A general increase in anti-
oxidant enzymes was not observed (Conklin et al . 1997;
Veljovic-Jovanovic et al . 2001) and elevated levels of hydro-
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gen peroxide (Veljovic-Jovanovic et al . 2001) and super
oxide anion radicals (Barth and Conklin, unpublished
results) could not be detected in vtc1. Therefore, it appears
that entrance into at least some stages of senescence pre-
maturely (and the induction of defence-related genes) in
vtc1 is independent of ROS, but instead is due to an alter-
ation in the relative levels of certain phytohormones, spe-
cifically SA, ABA, and ethylene (as detailed above).

A number of plant hormones that are induced upon
ozone exposure are also involved in promotion of senes-
cence (SA and ABA; Weaver et al . 1998; Morris et al . 2000)
or modulation of the timing of senescence (ethylene;
Nakashima et al . 1997; Weaver et al . 1998). Numerous stud-
ies have shown that SAGs are differentially regulated by
SA, ethylene, ABA, cytokinin and methyl jasmonate, sug-
gesting that multiple signalling pathways are activated dur-
ing the senescence process (Becker & Apel 1993; Oh et al .
1996; Chung et al . 1997; Park et al . 1998; Weaver et al .
1998).

Several genes, such as SAG13 , SAG15  are induced by

ethylene and ABA treatment (Nakashima et al . 1997;
Weaver et al . 1998). This suggests that different signalling
pathways control responses to ozone, pathogen attack and
senescence and that there is cross talk between those path-
ways. However, gene expression during natural senescence
is distinct from premature senescence induced by ozone or
AA deficiency. For example, SAG12  is not induced by
ozone or other ROS generators such as silver nitrate, but
only during natural senescence (SAG12  = natural senes-
cence marker) (Morris et al . 2000; Navabpour et al . 2003).
In 5-week-old wild type and vtc1, SAG12  expression could
not be detected (Barth and Conklin unpublished results).

Based on the recent findings in vtc1 we propose a model
that attempts to tie together the ozone-sensitive, the patho-
gen-resistant and the premature senescence phenotypes
caused by AA deficiency (Fig. 3). Possibly, premature
senescence of vtc1 contributes to pathogen-resistance. This
age-related resistance phenomenon, which has been
reported previously in many plant species, is dependent on
the accumulation of SA (Kus et al . 2002). However, other
SA-independent signalling pathways presumably contrib-
ute to pathogen resistance as well.

CONCLUSIONS

There has been much progress towards a better under-
standing of AA biosynthesis, transport, its antioxidant func-
tion in response to ozone and the role of AA in response
to pathogens and senescence. It has become clear that apo-
plastic as well as cytosolic AA is important for detoxifica-

Figure 2. (a) The phenotype of 5-week-old, wild-type and vtc1 
mutant plants before and after a 6 d treatment in darkness. Note 
that dark incubation accelerates senescence in vtc1 leaf discs, which 
is evident in the pronounced chlorophyll loss compared to wild 
type. (b) Early flowering phenotype of vtc1 versus wild type. Shown 
are a wild-type plant, a representative F3 vtc1 mutant individual 
descended from a F2 (parental cross: Col-0 ¥ vtc1) ozone-sensitive 
(vtc1/vtc1) plant and an M5 vtc1 plant. In contrast, F3 individuals 
from single F2 ozone-resistant (VTC1/VTC1) plants do not have 
this early flowering phenotype (data not shown). F3 individuals 
from five VTC1/VTC1 and five vtc1/vtc1 F2 plants were included 
in this analysis.

WT vtc1

No dark 
treatment

Six days 
incubation
in darkness

vtc1 (M5)vtc1 (F3)WT

(a)

(b)

Figure 3. A hypothetical model illustrating that low AA, ozone 
and pathogens can activate similar plant defence pathways. Pre-
sumably, low levels of AA result in heightened levels of ROS, 
through which MAP kinases may be activated, thereby inducing 
certain phytohormones that trigger defence responses. However, 
the redox status and/or the abundance of AA may also directly 
result in the induction of plant hormones resulting in the expres-
sion of defence-related genes and senescence associated genes, 
which may contribute to resistance to virulent pathogens. On the 
other hand, SA, ethylene and ABA initiate HR and lesion forma-
tion, a response that is attenuated by JA, resulting in ozone 
sensitivity.
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tion of ROS derived from ozone. However, the role of AA
goes beyond that of simply an antioxidant given its appar-
ent involvement in a complex signalling pathway that medi-
ates responses to ozone. An intriguing question in this
respect is how AA influences gene expression. AA may
modulate a MAP kinase pathway, such as through SIPK,
an SA-induced protein kinase that can be induced by ozone
(Jonak et al . 1996; Samuel, Miles & Ellis 2000). In mamma-
lian cells a JNK kinase involved in ROS signal transduction
is inhibited by AA (Chuang & Yang 1998). Pathogen expo-
sure of plants with low amounts of AA could cause
increased ROS signal transduction, resulting in pronounced
HR-like lesions and increased resistance to virulent patho-
gens. However, direct evidence for such signalling is lack-
ing. Knowledge about regulatory genes that control
interactions of several signalling molecules in this network
will provide valuable information on how plants respond to
both biotic and abiotic stress.
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