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L-Ascorbic acid (vitamin C) is as essential to plants as it is to animals. Ascorbic acid functions as a major redox buffer and as a
cofactor for enzymes involved in regulating photosynthesis, hormone biosynthesis, and regenerating other antioxidants. Ascorbic
acid regulates cell division and growth and is involved in signal transduction. In contrast to the single pathway responsible for
ascorbic acid biosynthesis in animals, plants use multiple pathways to synthesize ascorbic acid, perhaps reflecting the importance of
this molecule to plant health. Given the importance of ascorbic acid to human nutrition, several technologies have been developed to
increase the ascorbic acid content of plants through the manipulation of biosynthetic or recycling pathways. This paper provides an
overview of these approaches as well as the consequences that changes in ascorbic acid content have on plant growth and function.
Discussed is the capacity of plants to tolerate changes in ascorbic acid content. The many functions that ascorbic acid serves in

plants, however, will require highly targeted approaches to improve their nutritional quality without compromising their health.

1. Introduction

Vitamin C (r-ascorbic acid) is a water-soluble antioxidant
that serves a predominantly protective role. Despite the fact
that most mammals can synthesize ascorbate (Asc), humans
(along with other primates, bats, and guinea pigs) are unable
to make vitamin C as a result of a mutation to the gene encod-
ing L-gulono-1,4-lactone oxidase, the last enzyme in the Asc
biosynthetic pathway [1]. Although the symptoms associated
with severe vitamin C deficiency, for example, weak joints,
bleeding gums, and skin discoloration due to ruptured blood
vessels, had been observed and described as early as 1497 by
Vasco da Gama among his crew during their voyage around
the southern tip of Africa to India, it was not until 1747
that James Lind demonstrated that consumption of citrus
fruit prevented or cured the disorders associated with scurvy.
Because of this, vitamin C was originally referred to as the
“antiscorbutic factor” Vitamin C (L-threo-hex-2-enono-1,4-
lactone) was eventually isolated in 1928 by Dr. Szent-Gyorgyi
although he was uncertain of its function. Only in 1932
did crystallization of the physiologically active compound
isolated from natural sources identify the antiscorbutic factor

as vitamin C [2-4], and its structure determined the following
year [5].

In animals, ascorbate is involved in the synthesis of
carnitine and collagen, an important component of skin,
scar tissue, tendons, ligaments, and blood vessels [6-8]. As
a result, Asc is essential for the repair and maintenance of
cartilage, bones, and teeth and during wound healing. It is
also important in increasing the absorption of nonheme iron
from plant-based foods. The National Academy of Sciences
has established 90 mg/day (for adult males) and 75 mg/day
(for adult females) as the Recommended Dietary Allowance
(RDA) for vitamin C [9]. In USA, 20-30% of adults get less
than 60 mg of vitamin C from dietary sources, and the extent
of subclinical vitamin C deficiency in the population has not
been appreciated [10].

As plant-based foods constitute the principle source of
vitamin C in human diets, the possibility of increasing the
Asc content of plants to improve their nutritive value has
received considerable attention in recent years [11-13]. Asc,
however, serves many functions in plants. For example, it is
a major redox buffer [14] and serves as a required cofactor
for several enzymes and as a major antioxidant [15, 16].



Asc also regulates cell division and growth [17] and is
involved in signal transduction [14, 18]. Although plants
can tolerate moderate changes to the endogenous level of
Asc, such alterations are not without consequences as might
be expected for a molecule so inextricably linked to plant
growth and health. This paper will examine and evaluate the
approaches that have been used to increase Asc content in
plants including those that have focused on increasing Asc
biosynthesis as well as those that have targeted the efficiency
of Asc recycling. The consequences of altering Asc levels on
plant growth and development, health, and their ability to
respond to environmental stress will also be presented.

2. Biosynthesis of L-Ascorbic Acid in Plants

In mammals, D-glucuronic acid is generated from Db-
glucose via the intermediates: D-glucose-1-P, UDP-glucose,
UDP-p-glucuronic acid, UDP-p-glucuronic acid-1-P, and
D-glucuronic acid (Figure 1). p-Glucuronic acid is then
converted to L-gulonic acid by glucuronate reductase which
is then converted to gulono-1,4-lactone by aldono-lactonase
(aka. gluconolactonase) [19]. L-Ascorbic acid is generated
from gulono-1,4-lactone through the action of gulono-1,4-
lactone oxidase which produces 2-keto-gulono-y-lactone
which spontaneously converts to L-ascorbic acid. The ini-
tial elucidation of the Asc biosynthetic pathway in plants
suggested that it differed substantially from the animal
pathway. The Smirnoff-Wheeler pathway in plants involves
the generation of L-ascorbic acid from L-galactose [20]
(Figure 1). r-Galactose is generated from mannose-1-
phosphate by the conversion of guanosine diphosphate
(GDP)-mannose to GDP-r-galactose by GDP-mannose-

3/, 5,—epimerase [21] which is then converted to L-galactose.
L-Galactono-1,4-lactone is synthesized from the oxidation
of L-galactose by the NAD-dependent L-galactose dehy-
drogenase. L-Galactono-1,4-lactone serves as the immediate
precursor of L-ascorbic acid and is oxidized to L-ascorbic acid
by L-galactono-1,4-lactone dehydrogenase which is located
on the outer side of the inner membrane of mitochondria
[22, 23]. Although the initial steps of the pathway are
located in the cytosol, the oxidation of L-galactono-1,4-
lactone via cytochrome c in the mitochondria suggests the
integration of Asc biosynthesis with energy metabolism and
the cellular redox state. Feeding experiments with leaf tissue
demonstrated that r-galactose and L-galactono-1,4-lactone
are indeed converted to L-ascorbic acid and can rapidly
increase the Asc pool size [20, 24, 25]. Several mutants
that displayed various degrees of Asc deficiency have been
isolated in Arabidopsis and described as vtc mutants. The vtcl
mutant results from a mutation in GDP-mannose pyrophos-
phorylase, the vtc2 and vtc5 mutants result from a mutation
in GDP-L-galactose phosphorylase (or GDP-L-galactose-
hexose-1-phosphate guanyltransferase), and the vtc4 mutant
results from a mutation in L-galactose-1-P phosphatase, all
enzymes in the Smirnoft-Wheeler pathway [26-30] (Figure
1).

In contrast to the single mammalian biosynthetic path-
way, however, evidence for additional Asc biosynthetic path-
ways in plants has accumulated in recent years. A second
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Asc biosynthetic pathway was suggested by the radiotracer
work of Loewus and Kelly [31] using detached ripening
strawberry fruit in which p-galacturonic acid-1-'*C was
metabolized to 1-ascorbic acid-6-"*C by an inversion path-
way. This suggested a pathway in which p-galacturonic acid,
generated from the breakdown of pectin in the ripening
fruit, is reduced to L-galactonic acid through the action of an
NADPH-dependent p-galacturonic acid reductase (GalUR),
and the L-galactonic acid then spontaneously converts to L-
galactono-1,4 lactone [32] (Figure 1). As in the L-galactose
pathway described above, L-galactono-1,4-lactone dehydro-
genase converts L-galactono-1,4 lactone to L-ascorbic acid.
The radiotracer data in strawberry fruits and the observation
that feeding of a methyl ester of D-galacturonic acid to cress
seedlings and Arabidopsis cell cultures lead to a significant
increase in L-ascorbic acid [33, 34] indicated the presence
of GalUR. Overexpression of GalUR from strawberry in
Arabidopsis increased whole-plant Asc content 2- to 3-
fold (Table 1) [35]. Additional radiotracer data indicated,
however, that the generation of L-ascorbic acid from GalUR
could account for only a small portion of the total ascorbate
produced in strawberry fruit [36]. This suggested that this
pathway may make only a minor contribution to Asc biosyn-
thesis or may be specific to certain organs under specific
conditions.

A link with the Asc biosynthetic pathway in animals has
been suggested in plants from studies with GDP-mannose

3,,5’—epimerase. This enzyme not only catalyzes the con-
version of GDP-p-mannose to GDP-L-galactose in the L-
galactose pathway [21] but can also generate GDP-L-gulose

from the 5,—epimerizati0n of GDP-p-mannose [40] (Figure
1). Whether GDP-L-galactose or GDP-L-gulose is produced

by GDP-mannose 3, 5/—epimerase from GDP-p-mannose
appears to be dependant on the molecular form of the enzyme
[40]. Although the remaining steps in this pathway have yet
to be demonstrated, L-gulonic acid and L-gulono-1,4-lactone
dehydrogenase activity are present in plants [40, 41]. Further
evidence for the mammalian biosynthetic pathway in plants
was provided by the expression of L-gulono-1,4-lactone oxi-
dase from rat in lettuce and tobacco which increased Asc 4- to
7-fold (Table 1) [38]. Expression from the same gene reversed
the foliar Asc deficiency of the Arabidopsis vfc mutants,
restoring Asc content to a level that was similar or greater
than in wild-type plants [42]. This supports the notion that L-
gulono-1,4-lactone is present in plants. The possibility that L-
galactono-1,4-lactone might have served as a substrate for the
rat L-gulono-1,4-lactone oxidase probably cannot account for
the increase in the Asc pool size as the level of L-galactono-
1,4-lactone is reduced in the vtcI mutant. To what extent this
alternative pathway may be operative in plants is unknown.
As with other approaches to overexpress enzymes that are
not normally present in plants or whose expression may be
subject to organ-specific regulation, ectopic overexpression
from a gene can cause the ectopic expression of a pathway or
the introduction of a novel pathway in plants.

D-Glucuronic acid, an intermediate of the mammalian
biosynthetic pathway,can be generated in plants by myo-
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FIGURE 1: L-Ascorbic acid biosynthetic pathways in plants and animals. Reactions 1-8 represent the pathway in animals and reactions
9-24 represent the pathways in plants. Enzymes in each pathway are 1, phosphoglucomutase; 2, UDP-glucose pyrophosphorylase; 3, UDP-
glucose dehydrogenase; 4, glucuronate-1-phosphate uridylyltransferase; 5, glucuronate 1-kinase; 6, glucuronate reductase; 7, aldonolactonase
(aka. gluconolactonase); 8, gulono-1,4-lactone oxidase or dehydrogenase; 9, glucose-6-phosphate isomerase; 10, mannose-6-phosphate
isomerase; 11, phosphomannose mutase; 12, GDP-mannose pyrophosphorylase (mannose-1-phosphate guanylyltransferase) (VICI);

13, GDP-mannose-3 , 5,—epimerase; 14, GDP-1-galactose phosphorylase (VTC2 and VTC5); 15, L-galactose-1-phosphate phosphatase
(VTC4); 16, L-galactose dehydrogenase; 17, L-galactono-1,4-lactone dehydrogenase; 18, methylesterase; 19, p-galacturonate reductase; 20,
aldonolactonase; 21, phosphodiesterase; 22, sugar phosphatase; 23, L-gulose dehydrogenase; 24, myo-inositol oxygenase. Adapted from Agius

etal. [35].

inositol oxygenase (Figure 1). Ectopic expression of an Ara-
bidopsis gene having homology to myo-inositol oxygenase
from pig increased Asc levels in Arabidopsis [39]. Once
again, the extent to which this pathway may be operative in
plants is unknown although radiotracer data indicates that
myo-inositol does not function as a precursor of L-ascorbic
acid in ripening strawberry fruit or in parsley leaves [36].
Whether there are additional pathways for the biosynthesis
of L-ascorbic acid in plants remains unknown at this point.
However, as the Asc content in the vtc2 mutants is just
10-20% of the level in wild-type Arabidopsis and vtc2/vtc5
double mutants bleach within one week of transfer to L-
Gal-free medium [28], the Smirnoff-Wheeler pathway is
likely responsible for the bulk of foliar Asc biosynthesis
in Arabidopsis and perhaps in other plant species as the
other pathways are unable to compensate for the loss in Asc
biosynthetic capacity in these mutants.

3. L-Ascorbic Acid Transport in Plants

3.1. Intracellular Transport of Ascorbic Acid. Because Asc is
transported throughout a plant, changes in Asc content in

one part of a cell or tissue may affect its levels in other
cellular compartments or tissues. Consequently, attempts to
alter Asc content need to consider Asc transport mechanisms
present in plants. Despite the fact that the last step in the
Asc biosynthetic pathway takes place on the inner membrane
of mitochondria [22, 43], Asc is found throughout the cell
including the apoplast. Consequently, Asc must be trans-
ported to all other compartments of the cell in which it is
present [44, 45]. Given that the bulk of Asc would exist in its
negatively charged form at physiological pH values (pK,; =
4.2; pK,, = 11.6), diffusion of Asc through lipid bilayers is
unlikely. Although uncharged, dehydroascorbate (DHA), the
oxidized form of Asc, is not hydrophobic enough for it to
diffuse across cellular membranes. In animal cells, transport
of DHA but not Asc utilizes glucose transporters [46-48].
Evidence indicates that transport of Asc and DHA into
plants cells occurs through energized uptake at the expense
of the transmembrane proton motive force and that the
energized transport of Asc was calculated to be approximately
650 nmol m ™2 leaf area s™' [49]. Due to the presence of
dehydroascorbate reductase (DHAR), which catalyzes the
reduction of DHA to Asc, the latter predominates in the
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TABLE 1: Approaches to increase ascorbic acid content through increasing ascorbate biosynthesis.
Species Enzyme Tissue Gene source Folcil niI;xcsr:ase Comments Reference
Tobacco L-Galactose Leaves Arabidopsis No change Antisense. suppression (37]
dehydrogenase resulted in lower Asc
Transient
Tobacco GDP-L-galactose Leaves Kiwifruit 3 overexpression by [29]
phosphorylase : .
agroinfection
Arabidopsis GDP-r-galactose Leaves Kiwifruit 4 Stable transformant [29]
phosphorylase
GDP- L-galactose .
phosphorylase and Transient
Tobacco GDP )5 Leaves Kiwifruit 7 overexpression by [29]
-mgnnose— 5 - agroinfection
epimerase
Galact ic acid Enzyme is from the
Arabidopsis D-salacturonic act Leaves Strawberry 2t03 p-galacturonate [35]
reductase
pathway
No clear evidence that
Tobacco L—Gulono.—l,4—1actone Leaves Rat 7 . the amrpal Asc (38]
oxidase biosynthetic pathway
exists in plants
No clear evidence that
Lettuce L—gulon0j1,4—lactone Leaves Rat dto7 . the anlrpal Asc (38]
oxidase biosynthetic pathway
exists in plants
inositol myo-inositol/p-
Arabidopsis 1y0-1NOSIto Leaves Arabidopsis 2t03 glucuronate [39]

oxygenase

pathway

cytosol. The absence of DHAR in the apoplast, however,
means that once Asc is transported out of the cell, it
undergoes oxidation to DHA. This results in DHA being the
predominant form in the apoplast from which it is efficiently
transported back into the cytosol for reduction to Asc.

Both Asc and DHA are taken up by plasma membrane
vesicles derived from Phaseolus vulgaris and in protoplasts
from tobacco and barley but with a demonstrated higher
affinity for DHA than for Asc [50-54]. Although Asc trans-
porters have yet to be identified definitively, analysis of the
Arabidopsis thaliana genome identified twelve genes shar-
ing similarity with known nucleobase-ascorbate transporters
(NATs) from other species [55], suggesting the possibility
that these genes encode putative ascorbate transporters.
Localization to the plasma membrane was observed for three
of the AtNAT family members. Single knockout mutants of
all AtNAT genes, as well as some double and triple mutants,
did not exhibit any obvious phenotype, indicating functional
redundancy among the members of this gene family [55]. The
elucidation of the function of AtNAT proteins and whether
they are actually involved in Asc transport remains to be
determined.

Asc uptake in chloroplasts employs a specific transporter
[56, 57]. Analysis of mitochondria from tobacco indicated
that the uptake of DHA and glucose occurs by facilitated
diffusion and is mediated by the same transporter [58].
In contrast, uptake of Asc in mitochondria occurs with

low affinity and therefore likely crosses the mitochondrial
membrane in its oxidized form [58].

3.2. Long-Distance Transport of Ascorbic Acid. The observa-
tion that radiolabeled Asc applied to leaves accumulated in
the phloem and is transported to root tips, shoots, and floral
organs, but not to mature leaves, was the first demonstration
of phloem-mediated, long-distance transport of Asc [59].
Feeding 1-galactono-1,4-lactone, the precursor to Asc, to
intact leaves of Arabidopsis or Medicago sativa resulted in up
to an 8-fold increase in Asc content in the treated leaf and
up to a 3-fold increase of Asc in sink tissues [59]. Moreover,
the increase in Asc was proportional to the amount of the
Asc precursor applied [59]. In potato, feeding L-galactono-
1,4-lactone or L-galactose to source leaves resulted in a
substantial increase in Asc in phloem exudates as well as
in sink organs, such as flowers and developing tubers [60].
Foliar Asc content was 2-fold higher during the day than
at night which was reflected in phloem exudates, suggesting
that Asc content in the phloem is highly responsive to
changes in Asc biosynthesis in source leaves [60]. Because the
enzymes needed for Asc biosynthesis are present in the plant
phloem [61], the relative contributions of its transport from
source leaves versus its in situ biosynthesis in the phloem
on the accumulation of Asc in sink tissues remains to be
determined. The observation that there is a 3- to 10-fold
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higher biosynthetic capacity and a lower turnover rate for
Asc in mature leaves than in sink tissues [59] underscores the
importance of phloem-mediated transport of Asc during the
growth and development of sink organs.

Asc feeding to leaves of Micro-Tom tomato plants
demonstrated translocation and accumulation of Asc in
immature green fruits [62]. The same feeding experiments
demonstrated a decrease in Asc translocation with subse-
quent ripening. L-Galactose feeding (representing the p-
mannose/L-galactose pathway) also increased the Asc con-
tent in immature green fruit, but feeding with either p-
galacturonate or L-gulono-1,4-lactone did not [62]. In red
ripened fruits, however, feeding with L-galactose (represent-
ing the p-mannose/L-galactose pathway) or D-galacturonate
(representing the D-galacturonate pathway) increased the
Asc content of the fruits whereas feeding with L-gulono-1,4-
lactone (representing the myo-inositol/p-glucuronate or L-
gulose pathways) did not [62]. Correlating with the feeding
results was the detection of the activities for the last two
enzymes, that is, D-galacturonate reductase and aldonolac-
tonase, of the p-galacturonate pathway in immature and
ripe fruits [62]. These data demonstrate Asc translocation
from source leaves and they suggest that a switch from the
D-mannose/L-galactose pathway as the sole means for Asc
synthesis during early fruit development to a combination
of this pathway and the alternative p-galacturonate pathway
occurs during fruit ripening.

4. Role of L-Ascorbic Acid in Plants

4.1. Ascorbic Acid as an Enzyme Cofactor. Asc can serve as an
enzyme cofactor, for example, for violaxanthin de-epoxidase
(VDE) [63], which catalyzes the conversion of violaxanthin
to zeaxanthin as part of the xanthophyll cycle. Zeaxanthin,
and thus the correct functioning of the xanthophyll cycle,
is required for the energy-dependent, thermal dissipation of
excess absorbed excitation energy during nonphotochemical
quenching (NPQ). Asc also participates in the regenera-
tion of a-tocopherol (vitamin E) from the tocopheroxyl
radical [64]. In addition, Asc functions as a cofactor for
enzymes such as prolyl and lysyl hydroylases [65, 66]; 1-
aminocyclopropane-1-carboxylate oxidase that catalyzes the
last reaction of ethylene biosynthesis [63, 67, 68]; 2-oxoacid-
dependent dioxygenases including those involved in the
synthesis of abscisic acid [69], gibberellic acid [70-73], and
anthocyanins [74-76]. Asc is also involved in the regulation
of cell elongation and progression through the cell cycle
(45, 77].

4.2. Ascorbic Acid Detoxifies Reactive Oxygen Species Gener-
ated during Photosynthesis. Asc is just one of many antiox-
idants present in plants that include glutathione (GSH),
carotenes, carotenoids, tocopherols, and polyphenols. Asc
is abundant in leaf tissue and is present in millimolar
concentrations in the chloroplast stroma [78, 79]. As the
concentration of Asc exceeds that of other antioxidants,
it is considered the major antioxidant present in plants.
Because of its high concentration, Asc serves as the major

contributor to the cellular redox state and is important in
maintaining photosynthetic function [64, 80]. Asc is used to
detoxify reactive oxygen species (ROS), for example, singlet
oxygen ('0,), superoxide anion (O,°”), hydroxyl radical
(OH®), and hydrogen peroxide (H,0,), in order to protect
the photosynthetic apparatus and other cellular components
from oxidative damage [81]. ROS are detoxified through the
action of antioxidants such as Asc and GSH either directly
or in reactions catalyzed by superoxide dismutase (SOD),
ascorbate peroxidase (APX), and catalase (CAT) [82, 83].
The ascorbate-glutathione (Asc-GSH) cycle, which includes
the activities of monodehydroascorbate reductase (MDAR),
dehydroascorbate reductase (DHAR), and glutathione reduc-
tase (GR), plays an important recycling role to regenerate
Asc and GSH when they undergo oxidation through their
reaction with ROS during conditions of oxidative stress [84].

Asc can serve as a direct electron donor to photosystem I
(PSI) and photosystem II (PSII) in isolated thylakoids under
conditions where the water-oxidase complex is impaired,
for example, under high light stress [85, 86], although in
planta confirmation is needed. Photoreduction of monode-
hydroascorbate (MDHA), produced following the oxidiza-
tion of Asc, functions to maintain electron transport flow
when NAPD" is limiting by competing with Fd-NAPD"
for electrons at the reducing side of PSI [87, 88]. Asc is
also used by APX to convert H,O, to water, and Asc can
directly scavenge other ROS that are produced during aerobic
metabolic processes such as photosynthesis or respiration
[81] although the extent to which the direct reduction of ROS
occurs in planta remains to be determined.

Despite its essential role in supporting life, oxygen can be
highly damaging. In the chloroplast, excess light, can result
in the production of O,*” which is then converted by SOD
to H,0, and further reduced to H,O by APX in the water-
water cycle [89]. This cycle serves to maintain electron flow
through the photosystems. Exposure to many abiotic stresses,
including cold, drought, or high light can exacerbate ROS
production by creating conditions of light stress at lower
photon flux density. H,O, inactivates APX within seconds
if Asc recycling is impaired [90]. H,O, can also inhibit CO,
assimilation by inhibiting several Calvin cycle enzymes [91].
H,0, can also be generated in response to exposure to pol-
lutants such as ozone [92, 93]. As H, O, serves as a signaling
intermediate in guard cells which promotes stomatal closure,
plants attempt to limit further exposure to ozone by closing
their stomata which also limits photosynthetic activity [94,
95]. Despite this defense mechanism, an acute exposure to
ozone can result in damage to cell membranes or even induce
programmed cell death [96-98].

Although most plants grow photoautotrophically, they
often must cope with rapid changes in the level of incident
light resulting from the angle of the sun, changes in cloud
cover, or from shade produced by neighboring plants. Despite
the conversion of solar energy into chemical energy, the
capacity of photosynthesis to use absorbed light energy is
limited. Excess light energy can be dangerous as it can result
in the production of triplet state chlorophyll (*Chl) that can
transfer energy to ground-state O, to produce singlet oxygen



('0,). In addition, the overreduction of the photosystems
can result in the generation of other ROS such as O,°” and
H,0, [81]. Such ROS can damage the protein subunits, mem-
branes, and pigments of PSI and PSII, resulting in protein
degradation, inactivation of reaction centers, and inhibition
of the subsequent repair mechanisms of the reaction center
[99, 100].

The importance of Asc in protecting photosynthetic
function has been shown with vfc mutants of Arabidopsis
[27, 101]. The vtcl mutant, defective in GDP-mannose
pyrophosphorylase, accumulates 25%-30% of the wild-type
level of Asc. vtcl plants experience chronic photooxidative
stress in high light and are hypersensitive to ozone, sulfur
dioxide, or UVB light [25, 27, 102]. However, vtcl plants
exhibit only a moderately slower growth rate under normal
growth conditions [102], suggesting that much of the Asc
in plants is essential to respond to conditions of oxidative
stress. The vtc2 mutant, defective in GDP-L-galactose
phosphorylase, contains about 10-20% of wild-type Asc
and exhibits sensitivity to ozone [101]. The vtc2 mutant
also has reduced energy-dependent NPQ (qE), in which
excess absorbed light energy is thermally dissipated [103].
As Asc is a cofactor for the VDE- catalyzed deepoxidation of
violaxanthin and antheraxanthin to zeaxanthin, the latter of
which contributes to energy-dependent NPQ, the reduction
in Asc content in the vfc2 mutant limits VDE activity [104].
The vtc2 mutant also experiences increased photoinhibition
when transferred from low to high light which is
accompanied by increased lipid peroxidation suggesting a
higher level of photooxidative damage [102, 103, 105].

VTC2 and VTC5 encode GDP-L-galactose phosphory-
lase. In contrast to the level of Asc in vtc2, Asc content in
vte5 is 80% of the wild-type level [28]. Growth of vtc2/vtc5
double mutant seedlings, however, is only possible when
supplemented with Asc or L-galactose [28]. The cotyledons
of vtc2/vtc5 seedlings germinated in the absence of Asc
or L-galactose undergo expansion but bleach within two
weeks [28]. vtc2/vtc5 plants maintained on Asc will grow
to flowering, but the plants will bleach within one week in
the absence of supplementation [28], suggesting that they
experience an extreme level of photoinhibition in the absence
of Asc. These results indicate the essential nature of Asc to
prevent photooxidative damage. The absence of Asc would
impair the deepoxidation of xanthophyll pigments catalyzed
by VDE and its production of zeaxanthin required for the
energy-dependent dissipation of excess absorbed light energy
that composes the qE component of NPQ. The npgl mutant,
which lacks VDE and therefore is unable to synthesize
zeaxanthin in response to light, is also deficient in the qE
component of NPQ but exhibits only a moderate increase
in photoinhibition [103, 105]. Moreover, combining the vtc2
mutation with either the npgl or npg4, which lacks PsbS
required for the qE component of NPQ, was only slightly
more photosensitive than the vtc2 mutant itself [103, 105].
These observations suggest that the role of Asc as a scavenger
of ROS generated during photosynthesis is more important
than its role in the xanthophyll cycle as a cofactor for VDE or
the role of NPQ altogether.
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4.3. Ascorbic Acid Regulates Abiotic and Biotic Stress Re-
sponses. As with conditions of excess light, environmental
stress can also result in the production of ROS, often by
limiting photosynthetic capacity leading to the overreduction
of the photosystems and transfer of electrons from the
photosynthetic machinery to molecular oxygen. Because of
the critical role that Asc plays in detoxifying ROS generated
during photosynthetic activity under normal growth con-
ditions, it is not surprising that Asc is also important in
determining the level of tolerance to many environmental
stresses, including chilling, drought, salt, and exposure to
heavy metals. The increased production of H,O, under stress
conditions, such as exposure to salt or water deficit, is a major
contributor to the damage experienced by plants [84]. As
H,0, passes readily through cell membranes, it can cause
damage at locations far from its site of generation [106].

A reduction in Asc content can increase sensitivity to salt
stress. For example, the vtcl mutant has reduced tolerance to
200 mM NaCl as determined by CO, assimilatory capacity
and PSII function [107]. Under salt stress, vtcl plants had
higher levels of H,0, relative to wild-type plants despite
having an elevated glutathione pool [107]. Although the tran-
script levels of MDAR and DHAR are induced by oxidative
stress [108, 109], a reduction in MDAR and DHAR enzyme
activities was observed in salt-stressed Arabidopsis [107],
suggesting either that MDAR and DHAR protein levels are
reduced in response to salt exposure, or their activities are
inhibited by salt.

In an analysis of four interspecific Prunus hybrids sub-
jected to water deficit, an increase in H,O,-related oxidative
stress that occurred with the progressive loss of water from
leaves was accompanied by an increase in the ascorbate-
glutathione cycle-associated enzymes and their respective
antioxidant substrates and was reversed following rewatering
[110]. The Asc content in pumpkin (Cucurbita pepo L.) roots
increased following exposure to 50 uM aluminum sulfate,
which correlated with an increase in the level of H,O,, APX
activity, and ascorbate free radical reductase (AFRR) activity,
whereas DHAR and glutathione reductase activity did not
change [111].

A reduction in Asc content can also affect resistance to
pathogens. The vtcl and vfc2 mutants are more resistant
to infection by Pseudomonas syringae and Peronospora par-
asitica as growth of the bacterial or fungal pathogen was
substantially reduced [112]. The greater resistance correlated
with a greater induction of the pathogenesis-related proteins
PR-1 and PR-5 upon infection as well elevated salicylic
acid levels [112], suggesting a faster induction of defense
responses when Asc levels are low.

4.4. Ascorbic Acid Detoxifies Developmentally Generated ROS.
ROS such as H,0, are not only generated as a byproduct
of photosynthesis following exposure to high light or stress
conditions, but can be produced in large amounts during
specific developmental stages. For example, H,O, is gen-
erated in substantial quantities within the peroxisome of
oilseeds as a byproduct of fatty acid 3-oxidation during lipid
catabolism that accompanies seedling growth [113, 114]. In
order to detoxify H,O,, plant peroxisomes employ catalase in
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the matrix and a membrane-bound APX and MDAR, which
detoxify the H,O, through its Asc-dependent reduction
[114-117]. The membrane association of the APX/MDAR
system may serve to protect the peroxisomal membrane and
reduce leakage of H,O, into the cytosol [114, 116, 117].
Although apparently not required for growth under normal
conditions [118], increasing expression from APX3, which is
targeted to peroxisomes in Arabidopsis, increases tolerance
against oxidative stress [119]. APX catalyzes the transfer
of electrons from two molecules of Asc to H,O, to form
water and two molecules of MDHA. Thus, the enhanced
ability to tolerate oxidative stress through an increase in the
expression of the peroxisomal-targeted APX suggests that
APX3 contributes significantly to detoxifying H,O, before
it can damage cellular components. That APX, and the
Asc used by this enzyme, is important for responding to
environmentally imposed oxidative stress was shown by the
enhanced tolerance of tobacco overexpressing chloroplast-
targeted APX to salt exposure or water stress [120].

The importance of peroxisomal APX activity in limiting
H,0,-mediated cellular damage was further supported by
the finding that peroxisomal-targeted MDAR also is critical
in reducing cellular damage caused by H,O, generated in
the peroxisome. The Arabidopsis sugar-dependent 2 (sdp2)
mutant is deficient in MDAR4, a peroxisomal membrane
isoform of MDAR, and is conditionally seedling-lethal as
the seedlings are unable to catabolize storage oil [121]. sdp2
mutants are impaired in fatty acid breakdown and exhibit
increased levels of lipid peroxidation and protein oxidation.
The SDPI-encoded triacylglycerol (TAG) lipase, which is
responsible for a significant amount of the TAG lipase activity
associated with oil body membranes [122], was inactivated
through oxidative damage in sdp2 mutant seedlings [121].
These findings suggest, that in the absence of MDAR4, some
of the H, O, generated in the peroxisome as a consequence of
fatty acid fB-oxidation during seed germination escapes and
causes oxidative damage to oil bodies, including inactivating
the SDP1 TAG lipase. The observation that peroxisomes and
oil bodies cluster together, at least in sdp2 seedlings, suggests
that oil bodies are likely to be in close proximity to any H,O,
that may leak from the peroxisome. In contrast to oil bodies,
peroxisomes appear less dependent on the APX/MDAR
system for protection against H,O,, perhaps because catalase
remains active within the peroxisomal matrix [121]. There-
fore, the peroxisome-membrane associated MDAR isoform
functions to reduce H, O, leakage from peroxisome in order
to protect TAG lipase activity and storage oil hydrolysis in the
closely associated oil bodies during seedling growth.

4.5. Ascorbic Acid Regulates the Cell Cycle. In addition to
its role as an antioxidant that reduces ROS, Asc also plays
a role in regulating the cell cycle. An increase in the Asc
pool size promotes cell division as did MDHA [17, 33, 123-
127] whereas repression of L-galactono-1,4-lactone dehy-
drogenase (GalLDH) expression in tobacco BY-2 cell lines
resulted in 30% less Asc and a reduced rate of cell division and
growth [128]. Ascorbate oxidase mRNA and DHA decrease
in the G1 phase of synchronous BY-2 cells [129]. During cell

elongation, however, the level of ascorbate oxidase mRNA
and activity increase as does the level of Asc and DHA,
suggesting that the oxidation of Asc may be important during
cell elongation [129].

Supporting the role of Asc in regulating the cell cycle
is the inhibitory effect that an increase in the level of DHA
has on cell-cycle progression but only if it is increased
during the G, and not during G, phase [130, 131]. Asc
promotes cell division by inducing G, to S progression of
cells within the quiescent center of onion roots [123, 126,
132-134]. Exogenous Asc also reversed the inhibition of cell
division caused by lycorine treatment which reduces Asc
content [132]. The addition of DHA reduced the mitotic
activity of onion root meristems [124]. Interestingly, uptake
of DHA in tobacco bright yellow-2 cell culture cells is highest
during M phase and the M/G;, transition [135]. The effect
of DHA appears, in part, to be due to its rapid reduction
to Asc and the depletion of GSH, as the latter is a cofactor
in the DHAR-mediated reduction of DHA. Supporting this
conclusion is the observation that depletion of GSH through
inhibiting its biosynthesis also inhibits cell-cycle progression
[131]. Depletion of other possible reductants of DHA (e.g.,
thioredoxin), however, has also been proposed [130, 136].
This was suggested by the observations that increasing GSH
did not prevent the inhibition of cell division by DHA and
that a reduction in the level of GSH in combination with
an increase in the level of DHA has an additive effect on
inhibiting the cell cycle [130], indicating that their effects are
independent. Given the effects of Asc, DHA, and GSH on the
cell cycle, an oxidative stress checkpoint pathway has been
proposed that controls cell-cycle progression by responding
to one or more redox-sensing systems [137].

Exogenous DHA increased Asc content in Lupinus albus
L. and Allium cepa L. root tips and inhibited cell proliferation,
perhaps because of the transient depletion of GSH and
oxidation of thiol-containing proteins [138]. Exogenous L-
galactono-1,4-lactone, the precursor to Asc, also increased
Asc content but did not cause the oxidation of thiol-
containing proteins. Increasing Asc content in this manner
stimulated growth [138]. These results suggest that DHA may
inhibit cell division in roots through changes in the cellular
redox state whereas Asc promotes root cell proliferation.

The quiescent center (QC) of the root is composed of a
group of cells at the most distal part of the root proper just
behind the root cap. It is this part of the root proper that
represents the terminus for polar transport of auxin from
the shoot. Auxin levels in the QC of Zea mays roots are
higher than in adjacent meristematic cells while Asc content
in the QC is substantially lower and ascorbate oxidase mRNA
and activity higher relative to the adjacent meristematic cells
[17]. Similarly, GSH content in the QC of Arabidopsis roots
is lower than in surrounding tissues [139]. As ascorbate
oxidase mRNA and activity were induced by exogenous
auxin, these results suggest that the elevated levels of auxin
in quiescent cells induce ascorbate oxidase expression which
in turn reduces Asc content, thereby maintaining quiescent
cells in their characteristic G, state [17]. Exogenous Asc
promoted a more rapid G,-G, transition in embryo roots of
Pisum sativum L. cv. Lincoln during germination but failed to



promote cell division within cells of the QC [133]. In Allium
cepa roots, however, Asc stimulated the mitotic activity of
cells within the QC, as measured by the DNA synthesis
activity, as well as stimulated cell proliferation in the root
meristem and pericycle [123, 126, 127]. This suggests that
Asc is necessary to promote cell-cycle progression for cells
competent to pass through the G,/S phase checkpoint but
may be insufficient to promote cell-cycle progression for cells
that are not competent to pass this checkpoint, at least in
some species.

How Asc functions to promote cell-cycle progression
remains unknown. Asc is a cosubstrate of peptidyl-prolyl-
4 hydroxylase, which catalyzes the hydroxylation of proline
residues of cell wall-associated hydroxyproline-rich glyco-
proteins (HRGPs), for example, extensins and arabinogalac-
tan proteins, which are involved in cell wall stiffening,
signaling, and cell proliferation. The inhibition of peptidyl-
prolyl hydroxylase with 3, 4-pL-dehydroproline reduced the
hydroxyproline content of HRGP, altered cell growth, and
inhibited cell-cycle progression in onion roots [140]. The low
level of Asc in the QC may limit hydroxylation of proline
residues and therefore the generation of HRGP peptidyl-
prolyl hydroxylase which may contribute to the characteristic
arrest of cell-cycle progression of cells in the QC.

4.6. Ascorbic Acid Regulates Cell Division during Embryo
Development. The effect that Asc has on cell division is
perhaps best illustrated by its effect on the first zygotic cell
division during early plant embryo development. Embryo
development normally initiates following the transverse
division of a zygote into an apical, proembryo cell and a
basal cell that gives rise to the suspensor, to generate one
embryo per seed. Increasing the endogenous Asc content in
tobacco through increasing expression of DHAR, however,
induced monozygotic twinning and polycotyly [141]. Twin-
ning induced by DHAR resulted from altered cell polarity and
longitudinal instead of transverse cell division of the zygote,
generating embryos of equal size. The direct injection of Asc
into ovaries of wild-type tobacco phenocopied the DHAR-
induced twinning and confirmed that it was the increase in
Asc content resulting from the increased DHAR activity that
was responsible for the twinning [141]. The effect of Asc on
monozygotic twinning is developmentally limited to the first
two days after pollination, consistent with its role in altering
zygotic division. Similarly, polycotyly was induced when Asc
levels were elevated just prior to cotyledon initiation [141].
The ability of Asc to promote monozygotic twinning and
polycotyly can be understood by its effect on cell polarity
and cell division. The promotion of zygotic division in a way
that deviates from the normal transverse division results in
the loss of the positional cues needed for the subsequent
differentiation of the apical cell into the embryo and the
basal cell into the suspensor. Consequently, the result is
the generation of two genetically identical zygotes, each of
which develops into an independent embryo. One of the twin
zygotes can also divide again into two genetically identical
zygotes, resulting in triplets [141]. Similarly, the alteration
of cell division during the specification of cotyledon-forming
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fields during embryo development can increase the frequency
of polycotyly. Although it is likely that Asc affects the division
of other cells in a similar manner, it is perhaps only at critical
stages of development, such as the first division of the zygote
or during the specification of cotyledon-forming fields, that
the control of cell division by Asc becomes readily apparent.

Perhaps related to its effects on cell division and elon-
gation, Asc content is also correlated with growth. During
seed development, the Asc pool size and Asc redox state
(i.e., the ratio of Asc to DHA) change dramatically from a
high level of Asc largely in its reduced state during early
embryo development, followed by a decrease in the Asc
redox state during cell elongation such that the level of DHA
exceeds Asc, and finally the complete oxidation of Asc at seed
maturity [142-144]. The DHA is once again rapidly reduced
during germination to generate Asc and which is eventually
augmented by an increase in Asc biosynthetic activity [143,
144]. The synthesis of Asc continues during leaf growth and
declines with the decrease in leaf function as part of the
aging process [145-147]. The vtcl mutant, with just 30% of
the wild-type level of Asc, exhibits a significant reduction in
growth [102]. A similar reduction in growth was observed in
tobacco in which DHAR expression was repressed resulting
in a lower ASC pool size and decrease in the redox state of
Asc [146].

4.7. Ascorbic Acid Regulates Flowering Time. Analysis of vic
mutants has also suggested that Asc levels may affect flower-
ing. Although the vtcI mutant was reported to exhibit a late
flowering phenotype [102, 148], this was subsequently shown
to be specific to growth under short-day length conditions
[149]. Under long-day conditions, the vtcI mutant, as well as
other vtc mutants, including vtc2-1 and vtc4-1, exhibited an
early flowering phenotype [150, 151]. Increasing Asc levels
by feeding with L-galactono-1,4-lactone, the precursor to
Asc, delayed flowering by 5 days [152]. The examination
of transcripts associated with controlling flowering time
revealed that circadian clock and photoperiod pathway genes
are elevated in vfc mutants, suggesting that they are epistatic
to these vfc mutants [151]. Changes in transcript levels for
171 genes were observed for the vtcl mutant, including
many defense genes such as pathogenesis-related genes [148].
Abscisic acid (ABA) content was significantly increased in the
vtc] mutant, up to 60% above WT levels, suggesting that some
of the observed gene expression changes may be a result of
this change in hormone balance [148].

5. Increasing L-Ascorbic Acid Content through
Increased Biosynthesis

The most obvious approach to increasing Asc content in
plants is to increase its biosynthesis. Depending on the
biosynthetic enzyme employed, this approach has met with
mixed results, possibly related to whether the catalyzed
reaction represents a rate-limiting step. Overexpression of
L-galactose dehydrogenase, the enzyme that converts L-
galactose to L-galactono-1,4-lactone (Figure 1), in tobacco
resulted in a 3.5-fold increase in L-galactose dehydrogenase
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activity but did not increase foliar Asc content although
the suppression of L-galactose dehydrogenase expression in
Arabidopsis resulted in reduced enzyme activity and foliar
Asc content (Table 1) [37]. This observation suggests that the
wild-type level of foliar L-galactose dehydrogenase activity
is not rate limiting but may become so if its expression
level is decreased, at least in tobacco. Whether this is true
for other species will require a more comprehensive cross-
species examination. In contrast, transient overexpression
of an Actinidia chinensis (i.e., kiwifruit) GDP-L-galactose
phosphorylase (within the b-mannose/L-galactose pathway)
using agroinfection in tobacco leaves resulted in a 50-
fold increase in GDP-L-galactose-D-mannose-1-phosphate
guanyltransferase activity and more than a 3-fold increase in
foliar Asc content [29] whereas its overexpression in stably-
transformed Arabidopsis resulted in up to a 4-fold increase
in Asc content [153]. Transient overexpression of kiwifruit

GDP-L-galactose phosphorylase and GDP-mannose-3 , 5 -
epimerase in agroinfected tobacco leaves resulted in up
to a 7-fold increase in Asc content [153], suggesting that
endogenous expression levels of these gene products may
be rate limiting in leaves, at least in tobacco and possibly
Arabidopsis.

Overexpression of D-galacturonic acid reductase (GalUR
in the p-galacturonate pathway) from strawberry in Ara-
bidopsis resulted in 2- to 3-fold increase in foliar Asc content
(Table 1) [35]. The observation that GalUR can catalyze
the production of L-ascorbic acid via p-galactonic acid and
D-galacturonic acid does not indicate the extent to which
this pathway contributes to Asc production in strawberry
fruits or in other organs such as leaves. Radiotracer data
in strawberry fruits had suggested that GalUR may be
no more than a minor contributor to Asc biosynthesis
[36]. However, a reduction in the expression of pectate
lyase, which releases D-galacturonic acid during pectin
solubilization in ripening strawberry fruits, reduced Asc
levels suggesting that the D-galacturonate pathway does
contribute to the Asc pool size in this fruit. Moreover,
the demonstration that foliar Asc increases following over-
expression of GalUR [35] suggests that the substrates for
this pathway are present in leaves and therefore may pro-
vide another avenue to increase Asc content. The potential
for this overexpression strategy will likely depend on the
availability of Dp-galacturonic acid in a tissue and may
therefore limit the usefulness of this approach to those
organs where D-galacturonic acid is being released from
pectin.

Transgenic tobacco and lettuce plants expressing a rat
c¢DNA encoding L-gulono-1,4-lactone oxidase (GulLO) accu-
mulated up to seven times more Asc than control plants [38].
Whether L-galactono-1,4-lactone or L-gulono-1,4-lactone
served as the substrate for the rat GulLO is unknown.
These results suggest, therefore, that either endogenous L-
galactono-1,4-lactone served as the substrate for the rat
GulLO or that L-gulono-1,4-lactone is present in plants. The
observation that L-gulono-1,4-lactone can be converted into
Asc in several plant species [34, 154, 155] supports the
presence of this Asc biosynthetic pathway in plants.
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FIGURE 2: Role of DHAR and MDAR in L-ascorbic acid recycling.
Asc is synthesized from L-galactono-1,4-lactone by L-galactono-
1,4-lactone dehydrogenase (GLDH). When Asc is oxidized to
monodehydroascorbate (MDHA), it can be reduced to Asc by
monodehydroascorbate reductase (MDAR) or it can disproportion-
ate non-enzymatically to Asc and dehydroascorbate (DHA). DHA
spontaneously hydrolyzes to 2,3-diketogulonic acid unless salvaged
by dehydroascorbate reductase (DHAR) which uses glutathione
(GSH) as the reductant. Oxidized glutathione (GSSG) is reduced by
glutathione reductase (GR) using NADPH as the reductant.

6. Regulation of L-Ascorbic Acid Recycling

6.1. Regulation of DHAR Expression. DHA is produced fol-
lowing the spontaneous disproportionation of MDHA to Asc
and DHA. This disproportionation reaction can occur rapidly
when the pH is low, for example, in the thylakoid lumen
following exposure to light. As MDAR is absent from the
thylakoid lumen and the ferredoxin of the photosynthetic
electron transport chain is located on the stromal side of the
thylakoid membrane and therefore unable to reduce MDHA
generated in the lumen, all MDHA in the thylakoid lumen
likely disproportionates into Asc and DHA. If DHA is not
rapidly recycled to Asc; however, it undergoes irreversible
hydrolysis to 2,3-diketogulonic acid which cannot be con-
verted to Asc and therefore represents a loss to the Asc pool.

DHA is reduced to Asc by DHAR in a reaction requiring
glutathione as the reductant [156, 157] (Figure 2). Because the
apoplast contains little DHAR, DHA, which predominates in
the apoplast, must reenter the cell for reduction. Reduction
by DHAR allows the plant to recycle DHA before its irre-
versible hydrolysis, thereby recapturing the Asc before it is
lost. Because Asc is the major reductant in plants, DHAR
contributes to the regulation of the redox state in a plant.
The importance of DHAR in preventing photoinhibition is no
better demonstrated than in Ficus microcarpa, a tropical fig.
This species contains little to no DHAR activity and is highly
photosensitive to high light, resulting in photobleaching
[158]. Consequently, the capacity to efficiently recycle DHA
into Asc can be critical under conditions in which Asc is
being rapidly consumed, for example, during exposure to
light levels that exceed the photosynthetic capacity of a plant.

Five DHAR or DHAR-like genes have been annotated
in Arabidopsis genome [159]. Three gene members: (AtD-
HARI; At5g16710), (AtDHAR3; At1g75270), and (AtDHARS5;
Atl1g19570) encode polypeptides for which other species
contain obvious orthologs. Of the remaining two members,
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At5g36270 (AtDHAR2) may be a pseudogene as microarray
data indicate that it is not expressed [159] and Atlgl9550
(AtDHAR4) is substantially smaller than canonical DHAR
proteins as a result of multiple regions of the polypeptide
missing from this member. The gene products of the three
canonical DHAR genes likely localize to the cytoplasm (AtD-
HAR3; At1g75270), mitochondria (AtDHARS5; Atlgl9570),
or chloroplast (AtDHARI; At5g16710) [160]. Analysis of
microarray data of individual DHAR genes revealed a com-
plex pattern of regulation in response to environmental
stresses or loss of other antioxidant enzymes [159]. AtDHAR1
and AtDHAR3 expression was induced following exposure
to cold or in plants suppressed for CAT2 expression [159].
Their expression response differs, however, in that expression
from AtDHARI was induced by heat while AtDHAR3 expres-
sion was repressed. Moreover, expression from AtDHAR3
was induced by high light while AtDHARI expression was
repressed [159]. Expression from all three canonical DHAR
genes was repressed following exposure to salt or in plants
lacking CSD2 expression. CSD2 encodes a SOD, and suppres-
sion of its expression leads to high-light stress response even
under low light [161]. These observations indicate that the
regulation of individual AtDHAR gene family members has
evolved to respond to specific abiotic cues.

AtDHAR3 expression increased 32-fold at the mRNA
level following exposure to 200 ppb ozone with no change
in expression of the isoforms targeted to the mitochondria
or chloroplast [160]. In the absence of AfDHAR3 expression,
plants lacked cytosolic DHAR activity and were more sen-
sitive to ozone [160], consistent with the induction of this
gene following ozone exposure. Although the total pool size
of Asc and GSH was unchanged in the absence of AtDHAR3
expression, the Asc redox state was decreased by more than
2-fold due to an increase in DHA. A 61.5% reduction in
the level of apoplastic Asc was also observed in this DHAR
mutant. As there is no DHAR activity in the apoplast and
therefore DHA must be transported from the apoplast to the
cytoplasm for recycling back into Asc, a reduction in the
cytosolic isoform of DHAR would be expected to affect the
Asc redox state of the apoplast. The effect that a reduction in
DHAR expression has on reducing the apoplastic Asc content
and on increasing ozone sensitivity is in good agreement with
earlier observations made in tobacco [162].

In an analysis of the regulation of the ascorbate-
glutathione cycle enzymes during germination of barley,
DHAR, glutathione reductase, and MDAR activities were
already present by 4 hr after imbibition. In the case of DHAR,
its activity decreased until 72 hr after imbibition but increased
again by 144 hr after imbibition where GR and MDAR
activities increased modestly by 144 hr after imbibition [163].
No APX activity was detected in mature seeds, but it was
detected 24 hr after imbibition and increased a further 14-
fold up to 144 hr after imbibition. The lack of correlation
between DHAR protein levels and the observed changes at
the level of its activity suggested possible posttranslational
regulation.

GalLDH, DHAR, APX, MDAR, and GR activities in
potato leaves exhibited a transient increase (with an accom-
panying increase in the Asc pool size) following exposure
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to either high (40°C) or low (5°C) temperature which was
then followed by a decrease in these activities and in Asc
content but an increase in the level of foliar MDA and H,O,
[164]. Similarly, the level of transcript, protein, and activity
of DHAR increased in rice seedlings exposed to elevated
temperature (i.e., 40°C) [165]. A lower Asc redox state was
observed in leaves of the drought-sensitive wheat genotype,
Cappelle Desprez, than in the drought-tolerant Plainsman
V genotype in response to mild water deficit [166]. These
observations indicate that the expression of enzymes involved
in ROS detoxification is induced as part of the early response
to many abiotic stresses but is also repressed with prolonged
stress conditions.

6.2. Regulation of MDAR Expression. The oxidation of Asc
produces the short-lived radical MDHA (Figure 2). MDHA
is generated by several means including as a product of
the reaction catalyzed by APX; following the reaction of
Asc with any O,°7, OH®, or thiyl radical not reduced by
the normal scavenging systems present in the chloroplast;
following the reaction with organic radicals such as the
tocopherol radical in order to regenerate tocopherol in the
thylakoids [91]. Within the thylakoid lumen, MDHA is also
produced by VDE or following the donation of electrons
from Asc to PSI or PSII [86, 167]. MDHA can be recycled
to Asc by ferredoxin (Fd) in the chloroplast stroma or by
MDAR in the chloroplast stroma or cytosol [91]. Within the
thylakoid lumen, MDHA cannot be reduced by Fd or MDAR
as neither is present in the luminal space. Instead, MDHA
spontaneously disproportionates rapidly to Asc and DHA
when the pH of the lumen is low, that is, during exposure
to light which results in the transport of protons from the
stroma across the thylakoid membrane into the luminal space
[85, 91]. In the stroma where the pH is higher, particularly
following exposure to light, MDHA disproportionates much
more slowly. In this case, Fd or MDAR is available to reduce
MDHA to Asc. PsaC of the PSI complex is responsible
for reducing Fd, which, in the form of photoreduced Fd,
donates electrons to NADP" in a reaction catalyzed by
Fd-NADP" reductase (ENR). Photoreduced Fd (redFd) can
donate electrons to MDHA to reduce it to Asc at a rate of
10"’ M s [168]. Although redFd reduces both NADP" and
MDHA, the rate of MDHA reduction by redFd is 34-fold
greater than NADP" [168]. MDHA can also be reduced by
MDAR, a flavin adenine dinucleotide (FAD) enzyme, which
uses NADH (K,,,; 5 uM) or NADPH (K,,,; 22-200 uM) as the
source of the electrons [169]. Because redFd preferentially
reduces MDHA over NADP", the bulk of MDHA reduction
by the thylakoidal scavenging system likely occurs through
Fd. In the stroma, however, MDAR is expected to contribute
significantly to the reduction of MDHA as part of the stromal
scavenging system.

The Arabidopsis genome contains five genes that encode
MDAR enzymes [159]. Analysis of microarray data for the
individual MDAR gene family members revealed a complex
pattern of regulation in response to environmental stresses or
loss of other antioxidant enzymes [159]. However, expression
of all MDAR genes was repressed following exposure to heat
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[159]. Expression of AtMDAR3, AtMDAR4, and AtMDARS5
was similarly induced by water deficit or exposure to high
light [159]. These same genes were also induced in the
absence of APX1I expression [159]. Loss of APXI expression
resulted in a lack of stomatal opening in response to light, as
well as lower photosynthetic activity and enhanced induction
of heat shock proteins following exposure to moderate light
stress [170]. AtMDAR4 was induced by most stresses includ-
ing water deficit, cold, salt, and high light as well in plants
lacking APX1 expression or suppressed for CAT2 expression.
In other species, a cytosolic MDAR was induced in tomato
following wounding [109] while MDAR activity increased
in Pinus sylvestris roots following exposure to cadmium but
declined in roots of poplar hybrids (Populus x Canescens)
exposed to this heavy metal [171, 172]. MDAR activity
increased in rice seedlings subjected to water deficit [173].

MDAR is expressed solely from nuclear genes, but these
encode isoforms that are targeted to the cytosol, chloroplast,
mitochondria, and peroxisomes. Those MDAR isozymes that
are targeted to peroxisomes, chloroplasts, and mitochondria
accompany APX and function as a scavenging system to
detoxify any H,O, that has not undergone disproportiona-
tion normally catalyzed by peroxisomal catalase [174]. Dual
targeting of MDAR to chloroplasts and mitochondria was
observed in Arabidopsis and resulted from the use of multiple
transcription start sites, producing a seven amino acid N-
terminal extension in the mitochondrial-targeted form of the
protein [175]. The 47-kDa AtMDAR1 and 54-kDa AtMDAR4
isoforms contain a C-terminal sequence that is responsible
for matrix (PTS1) and membrane peroxisomal targeting,
respectively [176]. Expression from MDARI, a peroxisomal-
targeted MDAR in pea, was upregulated most following
exposure to cold and to a lower extent by wounding or
treatment with the herbicide 2,4-dichlorophenoxyacetic acid
[177].

7. Increasing L-Ascorbic Acid Content
through Improved Recycling

7.1. Increasing DHAR Expression. DHAR is expressed in rate-
limiting amounts and contributes significantly to establish-
ing the cellular Asc redox state [11, 146, 162, 178]. The
first attempt to increase the Asc content in plants through
the overexpression of DHAR employed the expression of
a human DHAR gene in tobacco chloroplasts [179]. The
transgenic plants had more than a 2-fold increase in DHAR
activity and a 1.43-fold increase in GR activity (Table 2).
Although the plants exhibited a 2-fold increase in the Asc
redox state, the Asc content was not significantly changed
[180]. Moreover, the GSH redox state (i.e., the ratio of GSH to
GSSG) of the plants was substantially lower due to a decrease
in GSH and an increase in GSSG [179].

The first demonstration that increasing DHAR expression
could elevate Asc content was shown in transgenic tobacco
and maize expressing a cytosolic wheat DHAR [11]. Follow-
ing the introduction of the wheat DHAR ¢DNA into tobacco
and maize, DHAR activity increased 11-100 fold and was
accompanied by increases in Asc and its redox state (Table
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2), consistent with the function of DHAR in reducing DHA
to Asc. In expanding tobacco leaves, the overexpression of
DHAR resulted in a simultaneous increase in Asc and a
decrease in DHA. Similar increases in the Asc pool size and
redox state were observed in maize leaves and developing
kernels [11], demonstrating that changes in Asc can be made
in photosynthetic and nonphotosynthetic organs. When the
level of Asc and DHA was measured in the apoplast of DHAR-
overexpressing tobacco leaves, increases in Asc content and
its redox state were observed [178], demonstrating that the
level of cytosolic DHAR serves to regulate the symplastic
and apoplastic Asc pool size and redox state. The increase in
DHAR expression did not appear to affect Asc biosynthesis
as no increase in L-galactono-1,4-lactone dehydrogenase
activity was observed. An increase in the pool size and
redox state of GSH, however, did occur [11]. As the cellular
concentration of Asc is determined by the rate of its synthesis
and decay, the observed increase in Asc can be understood
through the recycling function of DHAR which recycles DHA
to Asc before it is lost through decay. Thus, the increase in
Asc content and the reduction in DHA content in DHAR
overexpressing plants alter not only the Asc pool size but also
its redox state. The ability to improve the efficiency of Asc
recycling through increases in DHAR expression indicates
that the level of DHAR expression in these species is rate
limiting. Therefore, the likelihood of successfully increasing
the Asc content of a plant by this means will depend on
whether the level of DHAR expression in a species is rate
limiting.

Increasing DHAR expression as a viable strategy to
increase Asc levels and/or the redox state of Asc in plants
has been validated in a number of studies. Approaches have
included increasing DHAR expression in the cytosol or in the
chloroplast, as DHAR isoforms are present in both with the
chloroplast isoform a product of a nuclear gene. Transgenic
tobacco expressing a cytosolic DHAR from Arabidopsis had
a 2.3- to 3.1-fold increase in DHAR activity and a 1.9- to
2.1-fold increase in Asc with a 2.4-2.6-fold increase in the
Asc redox state [182]. Expression of an Arabidopsis cytosolic
DHAR in Arabidopsis increased DHAR expression by 1.5- to
5.4-fold and was accompanied by an increase in foliar Asc
by 2 to 4.25-fold [187]. The Asc redox state also increased 3-
to 16-fold relative to the wild type. Tobacco overexpressing
an Arabidopsis cytosolic DHAR exhibited an increase in Asc
and its redox state with no change to the pool size or redox
state of GSH [183]. A slight increase in DHAR expression
following introduction of a rice cytosolic DHAR cDNA into
Arabidopsis resulted in a slight increase in Asc content
[188]. Expression of a rice DHAR in transformed tobacco
chloroplasts increased foliar Asc levels slightly which was fur-
ther increased in double chloroplast transgenics expressing
GR and DHAR [184]. The Asc redox state increased more
substantially due to a simultaneous increase in Asc and a
decrease in DHA.

In an effort to bolster the nutritional value of maize
endosperm by increasing synthesis of three vitamins, trans-
genic corn was generated expressing a maize phytoene syn-
thase (psyl) under the control of a wheat glutenin promoter
as well as a Pantoea ananatis carotene desaturase (crtl), a rice
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TABLE 2: Approaches to increase ascorbic acid content or redox state through increasing DHAR expression.
Subcellul Fold i Fold increase C fi .
Species Tissue  SUPCCMUMAT Gene source ¢ MCTCASE L Asc redox onsequence ol Increasing Reference
location in Asc DHAR expression
state
Increased GSH content and
redox state; increased ozone
Tobacco  Leaves  Cytosol Wheat 2.2t03.9 2t03 tolerance; reduced ROS; reduced [11, 141, 146, 162, 178, 181]
photoinhibition; embryo
twinning
. . Enhanced tolerance to ozone,
Tobacco  Leaves Cytosol Arabidopsis  1.9t0 2.1 2.4102.6 [182]
drought, and salt
Tobacco  Leaves  Cytosol ~ Arabidopsis 1.3 1.6 Enhanced tolerance to aluminum [183]
Increased GR activity; lower
Tobacco  Leaves  Chloroplast Human No change 2 GSH redox state; enhanced [179, 180]
tolerance to low temperature and
oxidative stress
Increased GSH content;
Tobacco  Leaves Chloroplast Rice 16 2 4t03 decreased GSH redox state; [184]
enhanced tolerance to salt and
cold stress
Potato Leaves Cytosol Sesame 15 Not reported 1.6-fold incrgase in Asc in tubers [185]
as well using 35S promoter
Potato Leaves Cytosol Potato 16 16 1.2-fold incrf:ase in Asc in tubers [186]
as well using 35S promoter
Potato Leaves  Chloroplast Potato 14to 1.5 14to 1.5 No increase in Asc in tubers [186]
Increased GSH content and
Arabidopsis Leaves Cytosol Arabidopsis 2to 4.25 3t0 16 redox state;. enhe.anced tolerance [187]
to high-light and
high-temperature stress
Arabidopsis Leaves  Cytosol Rice l.1tol4 0.9to1.1  Enhanced tolerance to salt stress [188]
Maize Leaves Cytosol Wheat 18 L3to 14 Increased GSH content and (11]
redox state
Tomato Fruit Cytosol Tomato 1.6 Not reported No increase in foliar Asc content [189]
No change in foliar Asc content
Potato Tubers  Cytosol Sesame 1.1to1.3  Notreported using the tuber-specific patatin [185]
promoter
Improved nutritive value of
Maize Kernels  Cytosol Wheat 1.9 1to4 maize grain; increased GSH [11]
content and redox state
Maize Kernels  Cytosol Wheat 6 Not reported Improved nutritive value of (13]

maize grain

DHAR, and an E. coli GTP cyclohydrolase (folE), each under
the control of a barley p-hordein promoter [13]. Together,
the psyl and crtl genes function to increase [3-carotene
levels, while DHAR increases Asc content, and the folE gene
functions to increase folate levels. These transgenes resulted
in a 169-fold increase in 3-carotene, a 6-fold increase in Asc,
and doubling of folate content [13].

A sesame DHAR ¢cDNA was introduced into potato under
the control of either the constitutively active CaMV 35S
promoter or the patatin promoter, which directs expression
specifically in tubers [185]. The patatin promoter directs
high expression of the sesame DHAR in tubers but not
in leaves whereas the CaMV 35S promoter resulted in
expression in leaves to a higher level than in tubers. Asc

content in Patatin:DHAR tubers increased from 1.1- to
1.3-fold with no increase in leaves whereas Asc content
in CaMV35S:DHAR leaves increased 1.5-fold while Asc
content in CaMV35S::DHAR tubers increased 1.6-fold [185].
In a second study using potato, expression of a potato
cytosolic DHAR from the CaMV 35S promoter increased the
Asc content in leaves by more than 1.6-fold and in tubers by
more than 1.2-fold [186]. This correlates with the expression
profile of this cytosolic DHAR where it is expressed in leaves,
stems, and tubers, but its expression is higher in tubers and
lower in leaves and declines with leaf age [186]. In contrast,
expression of a chloroplast-localized DHAR from potato
increased DHAR activity and Asc content in leaves by up
to 1.5-fold but not in tubers correlating with its expression
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profile in which it is normally expressed highest in leaves
up to their maturity but is not expressed in tubers [186].
These results indicate that increasing DHAR expression in
chloroplasts as a means to increase Asc may be limited to
photosynthetically active tissues whereas increasing cytosolic
DHAR expression may provide an approach for increasing
Asc content in a wider range of organs.

7.2. Increasing MDAR Expression. Expression of a cytosolic
tomato DHAR from a constitutive promoter in tomato
(var. Micro-Tom) resulted in a 1.6-fold increase in Asc in
mature green and red ripe fruit from plants grown under
low light, but foliar Asc was unchanged [189]. A similar
approach to overexpress a cytosolic tomato MDAR resulted
in a significantly reduced Asc content in mature green tomato
fruits but an unaltered Asc content in leaves (Table 3)
[189]. However, a correlation between MDAR expression in
tomato and improved chilling tolerance was observed in fruit
[190], and increasing MDAR expression in tobacco improved
tolerance against salt and osmotic stresses [191]. Expression
of a tomato chloroplast-targeted MDAR in tomato increased
MDAR activity by about 1.9-fold and increased foliar Asc
by 1.2-fold with a corresponding decrease in DHA, resulting
in an approximate doubling of the Asc redox state [192].
Tobacco overexpressing an Arabidopsiscytosolic MDAR had
a slightly higher Asc content and redox state with no change
to the GSH pool size or redox state [183]. Compared to work
on DHAR, there are relatively fewer reports on the effect that
increasing MDAR expression has on Asc content. The reports
to date do suggest, however, that targeting MDAR expression
may increase Asc content but that it may not be as successful
as targeting DHAR expression.

8. Consequences of Altering DHAR
Expression in Plants

8.1. DHAR Expression May Affect the Level of Antioxidants
other than Ascorbic Acid. Altering Asc content and/or its
redox state might be expected to impact the level of other
antioxidants or the activities of those enzymes that generate
them. To date, although most studies have observed that
increasing DHAR expression results in an increase in Asc
content and/or in Asc redox state, there is less agreement on
its possible secondary effects on other antioxidants. Increases
in GSH content and its redox state were observed in DHAR-
overexpressing tobacco and maize with no significant change
in the activities of GR, APX, CAT, and SOD [11]. Similar
effects on GSH content and its redox state were observed
in Arabidopsis expressing an Arabidopsis cytosolic DHAR
[187]. The increase in GSH that accompanies an increase in
Asc suggests a coordinate balance between these two antioxi-
dants, which is not unexpected given that GSH is required by
DHAR. Because glutathione is present at a concentration that
is one to two orders of magnitude lower than that of Asc [79],
an increase in the level of Asc may require a corresponding
increase in GSH, suggesting that changes in Asc may act as a
signal for changes in the GSH pool size. Expression of human
DHAR gene in tobacco chloroplasts, however, resulted in a

13

1.43-fold increase in GR activity and a substantial decrease
in the GSH redox state due to a lower level of GSH [179].
Additional work is needed to fully characterize the effect that
an increase in the expression of cytosolic versus chloroplastic
DHAR has on other antioxidants and those enzymes that
generate them.

8.2. DHAR Expression Regulates Tolerance to Environmental
ROS. Because Ascis the most abundant antioxidant in plants,
most studies examining the consequences of altering DHAR
expression have focused on alterations in the response to
environmental stress known to generate ROS, for example,
high light, ozone, chilling, salt, or drought. The first convinc-
ing demonstration that Asc plays a critical role in protecting
a plant from environmental ROS was shown with the vtc
mutants of Arabidopsis [27, 101]. The vfcI mutant, with just
25%-30% of the wild-type level of Asc, is hypersensitive to
ozone and sulfur dioxide [25, 27, 102]. As vtcl plants contain
a higher oxidative load relative to wild-type plants when
exposed to stress conditions such as salt even though they
contain more GSH [107], their lower Asc content is clearly
responsible for the impairment in detoxifying stress-related
ROS.

That the endogenous level of apoplastic Asc is important
in detoxifying ozone was shown in tobacco in which the
level of apoplastic Asc was specifically altered [193]. A
decrease in the Asc redox state following overexpressing an
apoplastic-localized ascorbate oxidase (AO) from cucumber
in transgenic tobacco increased its ozone sensitivity [193].
The increase in AO expression did not affect the total
amount of ascorbate (i.e., Asc and DHA) in the apoplast
or symplast but did convert virtually all apoplastic Asc to
DHA thus eliminating the potential for detoxification of
ozone in the apoplast. The increase in apoplastic DHA also
resulted in a lower symplastic Asc redox state which would
further compromise the ability to detoxify the ozone invading
the cytosol. The observation that the level of symplastic
glutathione was not reduced, and its redox state was actually
higher in tobacco overexpressing the apoplastic-localized AO
[193] suggested that the increase in ozone sensitivity was
likely due to a lower Asc redox state alone.

Plants can limit damage caused by environmental ROS,
such as ozone, either by reducing its diffusion into the leaf
interior (i.e., avoidance) or detoxification of any that does
enter (i.e., tolerance) [194]. When ozone does enter the plant,
it rapidly degrades into hydroxyl radicals and other ROS that
can be converted to H,0, [92, 195]. ROS are first observed
in guard cell chloroplasts and membranes but spread to
neighboring cells [196]. As ozone is converted to H,O, in
the apoplast or following its entry into the cytoplasm [92],
an increase in the amount of H,O, present in guard cells
promotes stomatal closure thereby limiting further entry of
ozone into the leaf interior. Avoidance strategies, therefore,
focus on limiting ozone diffusion into a leaf. In contrast, tol-
erance strategies involve ozone detoxification, either through
chemical reaction with apoplastic Asc or enzymatically, for
example, by APX, following the conversion of ozone to H,0,
in the cytosol.
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TABLE 3: Approaches to increase ascorbic acid content or redox state through increasing MDAR expression.
Speci Subcellular Fold increase  Fold increase in Consequence of increasing
pecies Tissue . Gene source . . Reference
location in Asc Asc redox state MDAR expression
Tobacco Leaves Cytosol Arabidopsis 1.2 1.3 No change in aluminum [183]
tolerance
. . Enhanced tolerance to ozone
Tobacco Leaves Cytosol Arabidopsis 2.2 22103 [191]
and salt stress
Enhanced tolerance to low-
Arabidopsis Leaves  Chloroplast Tomato 1.2 2.2 and high-temperature stress; [192]
enhanced tolerance to
oxidative stress
Tomato Fruit Cytosol Tomato No change Not reported No increase in Asc content in (189]

leaves or green fruit

Increasing Asc recycling by increasing DHAR expression
reduces the level of H,O, in guard cells, resulting in a
reduction in the responsiveness of guard cells to ozone
[162, 178]. As a consequence, this slower responsiveness
of guard cells allows more ozone to diffuse into the leaf
interior [162, 178]. At the same time, however, the increase
in DHAR activity in the other cells of the leaf increases the
Asc content of their apoplast and symplast and thus increases
their ability to detoxify the ozone which does enter the leaf
interior [162, 178]. Conversely, a reduction in Asc recycling
through the suppression of DHAR expression increases the
responsiveness of guard cells to ozone thereby limiting ozone
diffusion into the leaf interior [162, 178]. The decrease in
DHAR expression, however, lowers the Asc content and
redox state of leaf cells and thus reduces their ability to
detoxify invading ozone.

The generation of plants in which DHAR expression was
either increased or suppressed provided a means to address
the question of whether altering guard cell responsiveness
or the foliar Asc content itself is more useful in prevent-
ing the oxidative stress imposed by environmental ROS.
Although guard cells of DHAR-overexpressing tobacco were
less responsive to ozone and allowed greater diffusion of
ozone, the greater Asc content of the leaves reduced their
oxidative load (i.e., a lower level of foliar and apoplastic
H,0,) such that they had a lower induction of ROS-related
enzyme activities, more chlorophyll, and a higher level
of photosynthetic activity following an acute exposure to
ozone than control plants [162]. Conversely, guard cells of
DHAR-suppressed tobacco were hyperresponsive to ozone
which limited its diffusion into the leaf interior but also
reduced photosynthetic activity of the leaf [162]. Therefore,
increasing DHAR expression allowed more ozone to enter
the leaf interior but also provided the additional capacity to
reduce the invading ozone. This strategy provided greater
protection (i.e., greater tolerance) against oxidative damage
imposed by this environmental ROS without compromising
photosynthetic activity than did reducing total stomatal
area (i.e., greater avoidance) which limited photosynthetic
activity in addition to ozone diffusion [162]. These results
demonstrated that higher foliar Asc confers a greater degree
of protection against environmental oxidative damage than
does increasing guard cell responsiveness.

These observations were validated in transgenic tobacco
expressing a cytosolic Arabidopsis DHAR that had a 2-fold
increase in Asc content and exhibited enhanced tolerance
to ozone (as well as drought, salt, or polyethylene glycol)
as measured by photosynthetic activity [182]. Moreover, the
greater sensitivity to ozone exhibited by the Arabidopsis
AtDHAR3 mutant, which fails to express cytosolic DHAR
activity [160], serves as additional evidence indicating the
importance of DHAR in responding to environmental ROS.
The observation that the AtfDHAR3 mutant has a lower Asc
redox state but not pool size suggests that it is the efficiency of
Asc recycling that is critical to limiting oxidative damage. The
induction of AtDHAR3 expression following ozone exposure
[160] is further indication of role the DHAR plays in this
response program. These results are in general agreement
with reports indicating the importance of Asc in providing
resistance against oxidative stress imposed by ozone [197,
198].

8.3. DHAR Expression Regulates Tolerance to Other Abiotic
Stresses. In addition to ozone, increasing DHAR expression
confers greater tolerance to other environmental stresses.
Tobacco expressing a human DHAR gene in chloroplasts
increased the Asc redox state without altering the Asc pool
size [180] and following exposure to 5 M methyl viologen or
200 mM H,O,, the plants exhibited a 40% and 25% reduction
in membrane damage relative to the control, respectively.
Transgenic seedlings also had enhanced tolerance to low
temperature (15°C) and 100 mM NaCl [180]. Combining
expression of a chloroplast-localized DHAR with the expres-
sion of a chloroplast-localized SOD (i.e., a CuZnSOD) and
APX had a similar effect on increasing DHAR activity as well
as the Asc and GSH redox states relative to plants expressing
just the chloroplast-localized CuZnSOD and APX [199]. The
combination of these three antioxidant enzymes resulted in
enhanced tolerance to paraquat and 100 mM salt, indicating
that the beneficial effect of increasing DHAR expression can
be used in a combinatorial approach with other enzymes
involved in oxidative stress, and its inclusion provides a
significant improvement over approaches that employ just
CuZnSOD and APX.

The simultaneous expression in tobacco of two pairs
of chloroplast-localized enzymes, that is, an E. coli GR in
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combination with either an E. coli glutathione-S-transferase
(GST) that exhibits GSH-dependent peroxidase activity or a
rice DHAR, resulted in an increase in Asc and GSH content as
well as their respective redox states [184]. Enhanced tolerance
to salt and cold was observed for these transformants [184].
Leaf discs from plants overexpressing a combination of
DHAR and GR or GST and GR were more efficient at
reducing H,0, during chilling stress than were leaf discs
from plants overexpressing DHAR or GST alone. Although
expression of each single transgene failed to confer tolerance
to methyl viologen-induced oxidative stress, the combina-
torial expression of DHAR and GR or GST and GR did
[184], suggesting that increasing chloroplastic DHAR and GR
recycling activities increases tolerance to abiotic stress. No
difference in sensitivity to CdCl, or ZnSO, was observed in
the transplastomic lines relative to the WT, and only a slight
increase in salt tolerance was observed [184].

Tobacco overexpressing Arabidopsis cytosolic DHAR
exhibited greater tolerance to aluminum, without affecting
the distribution or accumulation of Al in root tips after 24 hr
of exposure [183]. DHAR-overexpressing plants maintained
greater Asc content in roots prior to and following Al
treatment and maintained a higher level of APX activity
following Al treatment than wild-type plants. Roots of
DHAR-overexpressing plants also had lower levels of H,O,,
lipid peroxidation, and DNA damage and had better root
growth relative to wild-type plants [183]. Increasing APX
expression or suppressing AO expression appears to have a
similar effect on tobacco as overexpression of APX in tobacco
chloroplasts enhanced tolerance to salt stress and water deficit
[120] whereas suppression of AO expression resulted in a
greater Asc redox state, higher photosynthetic activity, and
a reduction in H,O, [200].

In Arabidopsis, increasing DHAR expression increased
Asc content and its redox state with an accompanying
increase in GSH content and its redox state [187]. These
DHAR-expressing plants retained more Asc and chlorophyll
with less membrane damage than did control plants following
exposure to high light and high temperature or following
treatment with paraquat [187]. Overexpression of a rice
DHAR in Arabidopsis also increased tolerance to salt stress
during germination although the increase in DHAR activity
and total ascorbate was small [188], suggesting that rice
may be highly sensitive to changes in DHAR activity and
total ascorbate. Growth beyond the seedling stage was not
examined. No difference in cold tolerance was observed.

8.4. DHAR Expression Regulates Guard Cell Responsiveness.
Although ROS can be highly damaging and altering Asc con-
tent through changes in DHAR expression can significantly
impact the level of damage sustained upon exposure to ROS-
generating environmental stresses, ROS also serve important
signaling functions providing information about changes in
the external environment. H,O, has been implicated to serve
a signaling role in guard cells which determine the extent
of gas exchange and transpiration. Stomatal pores in many
species open in the morning but close in the afternoon to
limit water loss [201]. Stomatal pores also close in response
to conditions of limited water which is mediated through the
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action of ABA. ABA signaling results in an increase in cytoso-
lic Ca®" concentration from H,0,-activated Ca®" channels
and from release from intracellular stores [94, 95, 202].
Water stress causes an increase in H,0O, production, which
in turn serves as a signaling intermediate to promote stomatal
closure [202]. Although tobacco overexpressing DHAR grew
normally under well-watered conditions, increasing the Asc
redox state resulted in an increase in transpiration rate and
rate of water loss under normal and water stress conditions
whereas lowering the Asc redox state by suppressing DHAR
expression decreased water loss up to 30% [178]. In addition,
following a severe water stress which caused leaf wilting in
DHAR-overexpressing plants and in which the rate of CO,
assimilation was substantially reduced, DHAR-suppressed
leaves retained turgor, and the rate of CO, assimilation
was only slightly reduced relative to well-watered conditions
[178]. Therefore, increasing DHAR expression increases the
Asc redox state of guard cells and results in a reduced
responsiveness to water stress. This in turn results in an
enhanced rate of water loss as a consequence of the increase in
the total open stomatal area. Conversely, suppressing DHAR
expression reduces transpiration and CO, assimilation under
normal growth conditions as a consequence of the reduction
in the open stomatal area but also reduces water loss resulting
in increased drought tolerance.

The role of Asc in guard cell functioning can thus be
understood through its role as a scavenger of H,O, whereby
the balance between H,0, production and the Asc redox
state establishes whether the H,O, concentration rises to a
level that can trigger stomatal closure. A diurnal increase in
H,0, occurs such that the level of H,0O, rises during the
course of the day and declines again during the night [178].
This diurnal change in the level of H,0O, is likely a result
of photosynthetic-related processes such as photorespiration
and oxygen photoreduction (e.g., the Mehler peroxidase
reaction). These function to maintain a flow of electrons
through PSI in order to prevent the overreduction of the
photosystems and photodamage [91]. In the Mehler reaction,
superoxide is generated from the transfer of electrons from
PSI to oxygen which SOD disproportionates to O, and
H,0,. APX then reduces H,O, to water using Asc as the
reductant. ABA can also elicit H,O, production as part of
the signaling required to promote stomatal closure [202].
As DHAR is present in rate-limiting amounts, the observed
diurnal increase in DHA that occurs during the day likely
reflects the consumption of Asc during the reduction of
H,0, and the inability of the endogenous level of DHAR to
efficiently reduce the DHA to Asc. Thus, under conditions
of excess light, the consumption of Asc in the water-water
cycle and the inability of a rate-limiting amount of DHAR
to regenerate Asc efficiently allows the concentration of
H,0, to increase to a level that signals stomatal closure.
Overexpression of DHAR provides a larger reservoir of Asc
while also enabling more efficient regeneration of Asc so that
H,0, is maintained at a lower level and therefore delays
stomatal closure. This explains the greater open stomatal area,
increased stomatal conductance, higher transpiration rate,
higher rate of water loss, decreased tolerance to water stress,
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and reduced guard cell responsiveness to ABA and H,0,
signaling that is observed in DHAR-overexpressing plants
[178]. Conversely, reducing DHAR expression to below wild-
type levels decreases the Asc redox state and reduces the
efficiency of Asc regeneration when it is being consumed
leading to an elevated accumulation of H,O,, which in turn
triggers a greater degree of stomatal closure even under
nonstress conditions [178]. The signaling function of H,O,
in guard cells, therefore, is controlled by the rate of its
production and the rate of its removal in which the level of
Asc and DHAR play critical roles.

8.5. DHAR Expression Regulates Plant Growth. In addition to
being hypersensitive to ozone, sulfur dioxide, or UVB light,
vtcl plants exhibit slower shoot growth, smaller leaves, and
reduced shoot fresh weight and dry weight [102], suggesting
that changes to the Asc pool size affect plant growth. Plants
suppressed in DHAR expression exhibited a slower rate
of leaf expansion, slower shoot growth, delayed flowering
time, and reduced foliar dry weight [146]. These phenotypes
correlated with reduced leaf function as measured by the
preferential loss of chlorophyll a, a reduced level of the
ribulose bisphosphate carboxylase/oxygenase large subunit
(RbcL), and a lower rate of CO, assimilation in young
leaves and a premature onset of senescence in mature leaves
[146]. Although reducing DHAR expression reduces stomatal
conductance which might be expected to limit CO, diffusion
into the leaf interior, the reduced rate of CO, assimilation
was observed in expanding and newly expanded leaves in
which stomatal conductance was not substantially affected
[146]. Moreover, despite the lower stomatal conductance in
older DHAR-suppressed leaves, the substomatal CO, con-
centration was higher than in control leaves, suggesting that
CO, diftusion into the leaf interior was not being limited but
rather CO, was not being used efficiently. The reduced rate
of expansion observed in young leaves in DHAR-suppressed
plants is a likely a consequence of the accelerated loss of
leaf function in the fully expanded leaves that may have
prematurely reduced the photosynthate that could be made
avaijlable to the sink tissues. This would also explain the
slower growth rate of the plant as measured by plant height
and leaf number. The effect of DHAR expression on leaf
aging inversely correlated with the level of lipid peroxidation
indicating that the efficiency of Asc recycling was important
in regulating ROS-mediated damage [146]. A similar effect
on plant growth was observed in tomato in which expression
of the enzyme that catalyzes the last step in the principle
Asc biosynthetic pathway was repressed using an antisense
approach [203]. The inhibition of up to 80% of expression of
L-galactono-1,4-lactone dehydrogenase (GalLDH) resulted
in a lower Asc redox state without altering the total ascorbate
content in tomato. Plant growth rate was decreased with
reductions in the final size of leaves and fruits which was a
consequence of reduced cell expansion [203]. Repression of
GalLDH expression in tobacco BY-2 cell lines resulted in 30%
less Asc, and the lines exhibited a reduction in cell division
and growth rate [128].

In contrast, increasing DHAR expression resulted in
higher levels of RbcL and chlorophyll and a higher rate
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of CO, assimilation in presenescent leaves [146]. However,
increasing DHAR expression did not substantially increase
leaf expansion or overall plant growth, indicating that the
endogenous level of DHAR expression is sufficient to provide
the level of Asc recycling that is not rate limiting for the
photosynthetic activity needed to support maximum growth.
This is in contrast to the role of DHAR in regulating guard
cell function whereby the overexpression of DHAR results in
a wilty phenotype [178].

8.6. DHAR Expression Regulates Photosynthetic Activity.
Reducing DHAR expression resulted in the alteration of
xanthophyll pigments that could account for a reduced qE
and an increased photoinhibition (qI) [181]. A reduction in
the quantum yield of PSII (¢PSII) and the electron transport
rate (ETR) accompanied the decrease in NPQ, while the level
of ROS increased. Leaves with reduced DHAR expression
exhibited poor recovery following exposure to high light,
indicating that they experienced a greater degree of photoin-
hibition [181]. Increasing DHAR expression resulted in an
increase in the xanthophyll pigment and chlorophyll pool
size, as well as in the ETR and in the rate of CO, assimilation,
particularly at high-light intensities, while the level of ROS
was reduced [181]. The increase in DHAR expression resulted
in less photoinhibition following exposure to high light. Thus
DHAR functions to ensure the appropriate level of induction
of NPQ and contributes to photoprotection during leaf aging.
These observations support the conclusion that through its
Asc recycling function, DHAR acts to regulate the basal level
of ROS present in leaves during their development and, as
a consequence, regulates the rate of leaf aging as defined by
its photosynthetic activity. Thus, these observations support
the conclusion that an important function of DHAR in leaves
is to maintain photosynthetic functioning by limiting ROS-
mediated damage.

9. Consequences of Altering MDAR
Expression in Plants

Relative to the work with DHAR or Asc biosynthetic mutants,
fewer studies on how changes in MDAR expression affect
plant growth and function have been reported. The observa-
tion that MDAR overexpression appears to affect Asc levels
to smaller extent than does the overexpression of DHAR
may account to some extent for these fewer reports. MDAR
null mutants, however, have demonstrated the critical role
that this activity can play. As mentioned previously, loss of
expression of MDARA4, as in the sdp2 mutant of Arabidopsis,
is conditionally seedling-lethal as the seeds are unable to
catabolize storage oil [121]. This peroxisome-membrane
associated MDAR isoform functions to reduce H, O, leakage
from peroxisome in order to protect TAG lipase activity
and storage oil hydrolysis in the closely associated oil bodies
during seedling growth. Loss of its activity results in H,O,-
mediated inactivation of TAG lipase activity and therefore the
inability to use storage oil needed to support seedling growth
[121].
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Tomato seedlings overexpressing a chloroplast-targeted
tomato MDAR, which had a slight increase in Asc con-
tent and an approximate doubling of the Asc redox state,
had a lower oxidative load (as measured by H,0,), lower
thiobarbituric acid reactive substance (TBARS) content (a
measure of membrane damage), a higher net photosynthetic
rate (P,,), higher maximal photochemical efficiency of PSII
(F,/F,,)- and greater fresh weight when subjected to low-
(4°C for 7 days) or high- (40°C for 7 days) temperature
stress [192]. Similar results were obtained when the plants
were treated with methyl viologen. In contrast, antisense
transgenic lines exhibiting 54-60% of the wild-type level of
MDAR activity with a 21-27% reduction in Asc and a 2-
fold decrease in the Asc redox state had a higher oxidative
load, higher TBARS content, lower P,, lower F,/F,,, and
reduced fresh weight under the same stress conditions [192],
suggesting that increasing chloroplastic MDAR expression
can improve the tolerance of tomato seedlings to certain
types of environmental stress. It will be important to examine
whether a similar benefit is conferred in adult plants and
whether this would be reflected in fruit yield.

Overexpression of an Arabidopsis MDAR in tobacco
exhibited enhanced tolerance to ozone and exhibited a
reduction in H,0O, and increased photosynthetic activity
when exposed to salt [191]. An increase in Asc content
was observed in tobacco roots in which an Arabidopsis
cytosolic MDAR was overexpressed when grown under
normal conditions but not during growth in the presence of
aluminum whereas DHAR-overexpressing plants maintained
a larger Asc pool size prior to and following Al treatment
[183]. Moreover, no difference root growth or in the degree of
DNA damage was observed between MDAR-overexpressing
and wild-type plants [183], suggesting that overexpression of
DHAR, but not MDAR, was important in maintaining the
higher level of Asc required to promote root growth in the
presence of AL

10. Conclusions

In contrast to the single pathway responsible for Asc biosyn-
thesis in animals, multiple Asc biosynthetic pathways are
present in plants, perhaps reflecting the importance of this
molecule to plant health. The rise in atmospheric oxygen
during Earth’s past history would have presented a particular
challenge to land-based organisms, resulting in a greater
reliance on antioxidants to limit the harmful consequences
resulting from increased exposure to oxygen. All of the
enzymes of the Smirnoff-Wheeler Asc biosynthetic pathway
are present in algae [204], demonstrating the evolution of this
pathway prior to the appearance of land plants. However, as
an uncharged molecule that is relatively long-lived, H,O, can
freely pass through membranes, and so diffusion from algae
to the aqueous environment may provide another means to
reduce their oxidative load. As this avenue is not available
to land plants, ascorbic acid, along with other antioxidants,
likely facilitated their colonization of land. From its role in
regulating photosynthesis and as an antioxidant detoxifying
exogenous and endogenously-generated ROS, to its role in
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regulating cell division and flowering, to its function as an
enzyme cofactor in multiple enzymatic reactions, ascorbic
acid has become essential to many aspects of plant growth
and response programs. Vitamin C has also become vital to
plants on a daily basis as it is unlikely that a plant could
tolerate a single day of exposure to sunlight without ascorbic
acid being used to detoxify photosynthetically generated
ROS. Despite the importance of its role in detoxifying ROS,
ascorbic acid is now so integrated into plant growth and
development that its importance cannot be underestimated.
Moreover, changes in ascorbic acid levels substantially alter
the plant gene expression profile, particularly the expression
of those genes associated with photosynthetic functioning
[205], raising the possibility of multiple unintended conse-
quences following alterations to Asc content. Although the
effects of changes in Asc content on Calvin cycle enzyme
activity have not been examined, the extent to which Asc
supports photosynthetic functioning may affect the estab-
lishment of the light-dependent transthylakoid membrane
pH gradient which is required for the activation of Calvin
cycle enzymes. Additional roles of ascorbic acid during plant
growth and in response programs that are presently unknown
(e.g., nitrosative stress) also need to be identified for a full
appreciation of this multifunctional molecule. Because of
the complexity of its many roles, any attempts to engineer
changes in ascorbic acid content in plants that improves
one aspect, such as nutritional content, will require close
examination of how such changes might impact the overall
health and performance of the plant under field conditions.
This will undoubtedly require highly targeted approaches to
alter ascorbic acid content in specific cell types or tissues
to achieve a desired end while limiting possible unintended
consequences in other aspects of growth, development, and
responses to biotic and abiotic stresses.

Abbreviations

ABA: Abscisic acid

AFRR:  Ascorbate-free radical reductase
AO: Ascorbate oxidase

APX: Ascorbate peroxidase

Asc: Ascorbate

CaMV: Cauliflower mosaic virus
CAT: Catalase

Chl: Chlorophyll

DHA:  Dehydroascorbate

DHAR: Dehydroascorbate reductase
ETR: Electron transport rate

Fd: Ferredoxin
GalLDH: L-Galactono-1,4-lactone dehydrogenase

GulLO: L-Gulono-1,4-lactone oxidase
GalUR: D-Galacturonic acid reductase
GR: Glutathione reductase

GSH: Glutathione

GST: Glutathione-S-transferase

HRGP: Hydroxyproline-rich glycoprotein
MDA:  Monodehydroascorbate reductase
MDAR: Monodehydroascorbate reductase



18

NAT:  Nucleobase-ascorbate transporter

NPQ: Nonphotochemical quenching

¢PSII:  Quantum yield of PSII

qE: Energy-dependent NPQ

ql: Photoinhibition

RbcL:  Ribulose bisphosphate
carboxylase/oxygenase large subunit

QC: Quiescent center

PSI: Photosystem I

PSIL:  Photosystem II

RDA: Recommended dietary allowance

ROS:  reactive oxygen species

SOD:  superoxide dismutase

TBARS: thiobarbituric acid reactive substance

VDE: violaxanthin de-epoxidase.

Acknowledgments

The author thanks the United States Department of Agri-
culture (NRICGP 02-35100-12469) and the University of
California Agricultural Experiment Station for the support of
his work cited.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9

(10]

(11]

I. B. Chatterjee, “Evolution and the biosynthesis of ascorbic
acid,” Science, vol. 182, no. 4118, pp. 1271-1272, 1973.

J. L. Svirbely and A. Szent-Gyorgyi, “Hexuronic acid as the
antiscorbutic factor,” Nature, vol. 129, no. 3259, p. 576, 1932.

J. Tillmans and P. Hirsch, “Vitamin C,” Biochem Z, vol. 250, pp.
312-320, 1932.

W. A. Waugh and C. G. King, “The isolation and identification
of vitamin C,” The Journal of Biological Chemistry, vol. 97, pp.
325-331, 1932.

R. W. Herbert, E. L. Hirst, E. G. V. Percival, R. J. W. Reynolds,
and E Smith, “The constitution of ascorbic acid,” Journal of the
Chemical Society, pp. 1270-1290, 1933.

M. Levine, “New concepts in the biology and biochemistry of
ascorbic acid,” The New England Journal of Medicine, vol. 314,
no. 14, pp. 892-902, 1986.

M. Levine, C. C. Cantilena, and K. R. Dhariwal, “Determination
of optimal vitamin C requirements in humans,” The American
Journal of Clinical Nutrition, vol. 62, pp. 13475-1356S., 1995.

H. Sies and W. Stahl, “Vitamins E and C, S-carotene, and
other carotenoids as antioxidants,” American Journal of Clinical
Nutrition, vol. 62, no. 6, pp. 13155-13218, 1995.

Food and Nutrition Board and Institute of Medicine, Vitamin
C. Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium,
and Carotenoids, National Academy Press, Washington DC,
USA, 2000.

C. S. Johnston and L. L. Thompson, “Vitamin C status of
an outpatient population,” Journal of the American College of
Nutrition, vol. 17, no. 4, pp. 366-370, 1998.

Z. Chen, T. E. Young, J. Ling, S. C. Chang, and D. R. Gallie,
“Increasing vitamin C content of plants through enhanced
ascorbate recycling,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 100, no. 6, pp.
3525-3530, 2003.

(12]

[13]

(14]

[15]

(16]

(17]

(18]

[19]

(20]

[21]

[22]

(23]

(24]

(25]

(26]

[27]

Scientifica

R. D. Hancock and R. Viola, “Improving the nutritional value of
crops through enhancement of L-ascorbic acid (vitamin C) con-
tent: rationale and biotechnological opportunities,” Journal of
Agricultural and Food Chemistry, vol. 53, no. 13, pp. 5248-5257,
2005.

S. Naqvi, C. Zhu, G. Farre et al., “Transgenic multivitamin
corn through biofortification of endosperm with three vitamins
representing three distinct metabolic pathways,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 106, no. 19, pp. 7762-7767, 2009.

C. Pignocchi and C. H. Foyer, “Apoplastic ascorbate metabolism
and its role in the regulation of cell signalling,” Current Opinion
in Plant Biology, vol. 6, no. 4, pp. 379-389, 2003.

N. Smirnoff and G. L. Wheeler, “Ascorbic acid in plants:
biosynthesis and function,” Critical Reviews in Plant Sciences,
vol. 19, no. 4, pp. 267-290, 2000.

N. Smirnoff and G. L. Wheeler, “Ascorbic acid in plants:
biosynthesis and function,” Critical Reviews in Biochemistry and
Molecular Biology, vol. 35, no. 4, pp. 291-314, 2000.

N. M. Kerk and L. J. Feldman, “A biochemical model for the
initiation and maintenance of the quiescent center: Implications
for organization of root meristems,” Development, vol. 121, no.
9, pp. 2825-2833, 1995.

G. Noctor, S. Veljovic-Jovanovic, C. H. Foyer, and S. Grace,
“Peroxide processing in photosynthesis: antioxidant coupling
and redox signalling,” Philosophical Transactions of the Royal
Society B, vol. 355, no. 1402, pp. 1465-1475, 2000.

J. J. Burns, “Ascorbic acid,” in Metabolic Pathways, D. M.
Greenberg, Ed., vol. 1, pp. 394-411, Academic Press, New York,
NY, USA, 3rd edition, 1967.

G. L. Wheeler, M. A. Jones, and N. Smirnoff, “The biosynthetic
pathway of vitamin C in higher plants,” Nature, vol. 393, no.
6683, pp. 365-369, 1998.

B. A. Wolucka, G. Persiau, J. Van Doorsselaere et al., “Par-
tial purification and identification of GDP-mannose 3,,5,—
epimerase of Arabidopsis thaliana, a key enzyme of the plant
vitamin C pathway,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 98, no. 26, pp.
14843-14848, 2001.

C. G. Bartoli, G. M. Pastori, and C. H. Foyer, “Ascorbate
biosynthesis in mitochondria is linked to the electron transport
chain between complexes III and IV;” Plant Physiology, vol. 123,
no. 1, pp. 335-343, 2000.

E. Siendones, J. A. Gonzalez-Reyes, C. Santos-Ocana, P. Navas,
and E Cordoba, “Biosynthesis of ascorbic acid in kidney bean.
L-Galactono-y-lactone dehydrogenase is an intrinsic protein
located at the mitochondrial inner membrane,” Plant Physiol-
0gy, vol. 120, no. 3, pp- 907-912, 1999.

P. L. Conklin, J. E. Pallanca, R. L. Last, and N. Smirnoff, “L-
Ascorbic acid metabolism in the ascorbate-deficient Arabidop-
sis mutant vtc1,” Plant Physiology, vol. 115, no. 3, pp. 1277-1285,
1997.

P. L. Conklin, E. H. Williams, and R. L. Last, “Environmental
stress sensitivity of an ascorbic acid-deficient Arabidopsis
mutant,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 93, no. 18, pp. 9970-9974, 1996.
P. L. Conklin, S. Gatzek, G. L. Wheeler et al., “Arabidopsis
thalianaVTC4 encodes L-galactose-1-P phosphatase, a plant
ascorbic acid biosynthetic enzyme,” Journal of Biological Chem-
istry, vol. 281, no. 23, pp- 15662-15670, 2006.

P. L. Conklin, S. R. Norris, G. L. Wheeler, E. H. Williams,
N. Smirnoff, and R. L. Last, “Genetic evidence for the role of



Scientifica

[28

(29]

[30

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

[39]

(40]

(41]

(42]

GDP-mannose in plant ascorbic acid (vitamin C) biosynthesis,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 96, no. 7, pp. 4198-4203, 1999.

J. Dowdle, T. Ishikawa, S. Gatzek, S. Rolinski, and N. Smirnoff,
“Two genes in Arabidopsis thaliana encoding GDP-L-galactose
phosphorylase are required for ascorbate biosynthesis and
seedling viability,” Plant Journal, vol. 53, no. 3, p. 595, 2008.

W. A. Laing, M. A. Wright, J. Cooney, and S. M. Bulley, “The
missing step of the L-galactose pathway of ascorbate biosyn-
thesis in plants, an L-galactose guanyltransferase, increases leaf
ascorbate content,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 104, no. 22, pp.
9534-9539, 2007.

C. L. Linster, T. A. Gomez, K. C. Christensen et al., “Arabidopsis
VTC2 encodes a GDP-L-galactose phosphorylase, the last
unknown enzyme in the Smirnoff-Wheeler pathway to ascorbic
acid in plants,” Journal of Biological Chemistry, vol. 282, no. 26,
pp- 18879-18885, 2007.

E A. Loewus and S. Kelly, “The metabolism of p-galacturonic
acid and its methyl ester in the detached ripening strawberry;’
Archives of Biochemistry and Biophysics, vol. 95, no. 3, pp.
483-493, 1961.

V. Valpuesta and M. A. Botella, “Biosynthesis of L-ascorbic acid
in plants: new pathways for an old antioxidant,” Trends in Plant
Science, vol. 9, no. 12, pp. 573-577, 2004.

M. W. Davey, C. Gilot, G. Persiau et al., “Ascorbate biosynthesis
in Arabidopsis cell suspension culture;” Plant Physiology, vol.
121, no. 2, pp. 535-543, 1999.

E A. Isherwood, Y. T. Chen, and L. W. Mapson, “Synthesis of
L-ascorbic acid in plants and animals,” The Biochemical Journal,
vol. 56, no. 1, pp. 1-15, 1954.

E Agius, R. Gonzédlez-Lamothe, J. L. Caballero, J. Munoz-
Blanco, M. A. Botella, and V. Valpuesta, “Engineering increased
vitamin C levels in plants by overexpression of a b-galacturonic
acid reductase,” Nature Biotechnology, vol. 21, no. 2, pp.
177-181, 2003.

F. A. Loewus, “Tracer studies on ascorbic acid formation in
plants,” Phytochemistry, vol. 2, no. 2, pp. 109-128, 1963.

S. Gatzek, G. L. Wheeler, and N. Smirnoff, “Antisense sup-
pression of L-galactose dehydrogenase in Arabidopsis thaliana
provides evidence for its role in ascorbate synthesis and reveals
light modulated r-galactose synthesis,” Plant Journal, vol. 30,
no. 5, pp. 541-553, 2002.

A. K. Jain and C. L. Nessler, “Metabolic engineering of an
alternative pathway for ascorbic acid biosynthesis in plants,”
Molecular Breeding, vol. 6, no. 1, pp. 73-78, 2000.

A. Lorence, B. I. Chevone, P. Mendes, and C. L. Nessler,
“myo-Inositol oxygenase offers a possible entry point into plant
ascorbate biosynthesis,” Plant Physiology, vol. 134, no. 3, pp.
1200-1205, 2004.

B. A. Wolucka and M. Van Montagu, “GDP-mannose 3,,5,-
epimerase forms GDP-L-gulose, a putative intermediate for
the de novo biosynthesis of vitamin C in plants,” Journal of
Biological Chemistry, vol. 278, no. 48, pp. 47483-47490, 2003.
C. Wagner, M. Sefkow, and ]. Kopka, “Construction and
application of a mass spectral and retention time index database
generated from plant GC/EI-TOF-MS metabolite profiles,”
Phytochemistry, vol. 62, no. 6, pp. 887-900, 2003.

J. A. Radzio, A. Lorence, B. I. Chevone, and C. L. Nessler,
“L-Gulono-1,4-lactone oxidase expression rescues vitamin C-
deficient Arabidopsis (vtc) mutants,” Plant Molecular Biology,
vol. 53, no. 6, pp. 837-844, 2003.

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

[58]

19

P. Askerlund and C. Larsson, “Transmembrane electron trans-
port in plasma membrane vesicles loaded with an NADH-
generating system or ascorbate,” Plant Physiology, vol. 96, no.
4, pp. 1178-1184, 1991.

N. Horemans, C. H. Foyer, and H. Asard, “Transport and action
of ascorbate at the plant plasma membrane,” Trends in Plant
Science, vol. 5, no. 6, pp. 263-267, 2000.

N. Horemans, C. H. Foyer, G. Potters, and H. Asard, “Ascorbate
function and associated transport systems in plants,” Plant
Physiology and Biochemistry, vol. 38, no. 7-8, pp. 531-540, 2000.
H. Goldenberg and E. Schweinzer, “Transport of vitamin
C in animal and human cells;” Journal of Bioenergetics and
Biomembranes, vol. 26, no. 4, pp. 359-367, 1994.

R. C. Rose, “Transport of ascorbic acid and other water-soluble
vitamins,” Biochimica et Biophysica Acta, vol. 947, no. 2, pp.
335-366, 1988.

J. C. Vera, C. L. Rivas, J. Fischbarg, and D. W. Golde, “Mam-
malian facilitative hexose transporters mediate the transport of
dehydroascorbic acid,” Nature, vol. 364, no. 6432, pp. 79-82,
1993.

U. Heber, N. G. Bukhov, C. Wiese, and R. Hedrich, “Energized
uptake of ascorbate and dehydroascorbate from the apoplast of
intact leaves in relation to apoplastic steady state concentrations
of ascorbate,” Plant Biology, vol. 5, no. 2, pp. 151-158, 2003.

N. Horemans, H. Asard, and R. J. Caubergs, “Transport of
ascorbate into plasma membrane vesicles of Phaseolus vulgaris
L) Protoplasma, vol. 194, no. 3-4, pp. 177-185, 1996.

N. Horemans, M. Asard, and R. J. Caubergs, “The ascor-
bate carrier of higher plant plasma membranes preferentially
translocates the fully oxidized (dehydroascorbate) molecule,”
Plant Physiology, vol. 114, no. 4, pp. 1247-1253, 1997.

N. Horemans, H. Asard, P. Van Gestelen, and R. J. Caubergs,
“Facilitated diffusion drives transport of oxidised ascorbate
molecules into purified plasma membrane vesicles of Phaseolus
vulgaris;” Physiologia Plantarum, vol. 104, no. 4, pp. 783-789,
1998.

N. Horemans, G. Potters, R. J. Caubergs, and H. Asard,
“Transport of ascorbate into protoplasts of Nicotiana tabacum
Bright Yellow-2 cell line;” Protoplasma, vol. 205, no. 1-4, pp.
114-121, 1998.

A. A. F. Rautenkranz, Li Liantje, F. Machler, E. Martinoia, and
J. J. Oertli, “Transport of ascorbic and dehydroascorbic acids
across protoplast and vacuole membranes isolated from barley
(Hordeum vulgare L. cv Gerbel) leaves,” Plant Physiology, vol.
106, no. 1, pp. 187-193, 1994.

V. G. Maurino, E. Grube, J. Zielinski, A. Schild, K. Fischer, and
U. 1. Fliigge, “Identification and expression analysis of twelve
members of the nucleobase-ascorbate transporter (NAT) gene
family in Arabidopsis thaliana,” Plant and Cell Physiology, vol.
47, no. 10, pp. 1381-1393, 2006.

E. Beck, A. Burkert, and M. Hofmann, “Uptake of L-ascorbate
by intact spinach chloroplasts,” Plant Physiology, vol. 73, pp.
41-45, 1983.

C. H. Foyer and M. Lelandais, “A comparison of the relative
rates of transport of ascorbate and glucose across the thylakoid,
chloroplast and plasmalemma membranes of pea leaf meso-
phyll cells,” Journal of Plant Physiology, vol. 148, no. 3-4, pp.
391-398, 1996.

A. Szarka, N. Horemans, G. Banhegyi, and H. Asard, “Facil-
itated glucose and dehydroascorbate transport in plant mito-
chondria;” Archives of Biochemistry and Biophysics, vol. 428, no.
1, pp. 73-80, 2004.



20

[59] V.R. Franceschiand N. M. Tarlyn, “L-Ascorbic acid is accumu-
lated in source leaf phloem and transported to sink tissues in
plants,” Plant Physiology, vol. 130, no. 2, pp. 649-656, 2002.

[60] L. Tedone, R. D. Hancock, S. Alberino, S. Haupt, and R. Viola,
“Long-distance transport of L-ascorbic acid in potato, BMC
Plant Biology, vol. 4, article 16, 2004.

[61] R.D.Hancock, D. McRae, S. Haupt, and R. Viola, “Synthesis of
L-ascorbic acid in the phloem,” BMC Plant Biology, vol. 3, article
7,2003.

[62] A. A. Badejo, K. Wada, Y. Gao et al., “Translocation and the
alternative D-galacturonate pathway contribute to increasing
the ascorbate level in ripening tomato fruits together with the p-
mannose/L-galactose pathway,” Journal of Experimental Botany,
vol. 63, pp. 229-239, 2012.

[63] M. Eskling, P. O. Arvidsson, and H. E. Akerlund, “The
xanthophyll cycle, its regulation and components,” Physiologia
Plantarum, vol. 100, no. 4, pp. 806-816, 1997.

[64] K. Asada, “Mechanisms for scavenging reactive molecules
generated in chloroplasts under light stress photoinhibition of
photosynthesis: from molecular mechanisms to the field,” in
BIOS Scientific Publishers, N. R. Baker and J. R. Bowyer, Eds.,
pp- 129-142, Oxford, UK, 1994.

[65] K. I. Kivirikko and T. Pihlajaniemi, “Collagen hydroxylases
and the protein disulfide isomerase subunit of prolyl 4-
hydroxylases,” Advances in Enzymology and Related Areas of
Molecular Biology, vol. 72, pp. 325-398, 1998.

P. Wojtaszek, C. G. Smith, and G. P. Bolwell, “Ultrastructural
localisation and further biochemical characterisation of prolyl
4-hydroxylase from Phaseolus vulgaris: comparative analysis,”
International Journal of Biochemistry and Cell Biology, vol. 31,
no. 3-4, pp. 463-477, 1999.

[67] M. B. Davies, J. Austin, and D. A. Partridge, Vitamin C:
Its Chemistry and Biochemistry, Royal Society of Chemistry,
Cambridge, UK, 1991.

[68] J. J. Smith, P. Ververidis, and P. John, “Characterization of
the ethylene-forming enzyme partially purified from melon,”
Phytochemistry, vol. 31, no. 5, pp. 1485-1494, 1992.

[69] X. Qin and J. A. D. Zeevaart, “The 9-cis-epoxycarotenoid
cleavage reaction is the key regulatory step of abscisic acid
biosynthesis in water-stressed bean,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 96, no.
26, pp. 15354-15361, 1999.

[70] O. Arrigoni and M. C. De Tullio, “The role of ascorbic acid in
cell metabolism: between gene-directed functions and unpre-
dictable chemical reactions,” Journal of Plant Physiology, vol.
157, no. 5, pp. 481-488, 2000.

[71] O. Arrigoni and M. C. De Tullio, “Ascorbic acid: much more
than just an antioxidant,” Biochimica et Biophysica Acta, vol.
1569, no. 1-3, pp. 1-9, 2002.

[72] P. Hedden and Y. Kamiya, “Gibberellin biosynthesis: enzymes,
genes and their regulation,” Annual Review of Plant Biology, vol.
48, pp. 431-460, 1997.

[73] T. Lange, “Purification and partial amino-acid sequence of
gibberellin 20-oxidase from Cucurbita maxima L. endosperm,”
Planta, vol. 195, no. 1, pp. 108-115, 1994.

[74] L. Britsch, “Purification and characterization of flavone syn-
thase I, a 2-oxoglutarate-dependent desaturase,” Archives of
Biochemistry and Biophysics, vol. 282, no. 1, pp. 152-160, 1990.

[75] L. Britsch, J. Dedio, H. Saedler, and G. Forkmann, “Molecu-
lar characterization of flavanone 3f-hydroxylases. Consensus
sequence, comparison with related enzymes and the role of

[66

Scientifica

conserved histidine residues,” European Journal of Biochemistry,
vol. 217, no. 2, pp. 745-754, 1993.

[76] T. A. Holton, F. Brugliera, and Y. Tanaka, “Cloning and
expression of flavonol synthase from Petunia hybrida, Plant
Journal, vol. 4, no. 6, pp. 1003-1010, 1993.

[77] N. Smirnoff, “The function and metabolism of ascorbic acid in
plants,” Annals of Botany, vol. 78, no. 6, pp. 661-669, 1996.

[78] N. Smirnoff and C. Critchley, “Ascorbate biosynthesis and
function in photoprotection,” Philosophical Transactions of the
Royal Society B, vol. 355, no. 1402, pp. 1455-1464, 2000.

[79] N. Smirnoft, “Ascorbic acid: metabolism and functions of a
multi-facetted molecule,” Current Opinion in Plant Biology, vol.
3, n0. 3, pp. 229-235, 2000.

[80] C. Foyer, J. Rowell, and D. Walker, “Measurement of the
ascorbate content of spinach leaf protoplasts and chloroplasts
during illumination,” Planta, vol. 157, no. 3, pp. 239-244, 1983.

[81] K. Asada and M. Takahashi, “Production and scavenging of
active oxygen in photosynthesis;” in Photoinhibition, D. J. Kyle,
C. B. Osmond, and C. J. Arntzen, Eds., pp. 227-287, Elsevier,
Amsterdam, The Netherlands, 1987.

[82] C. H. Foyer, “Oxygen metabolism and electron transport in
photosynthesis,” in Oxidative Stress and the Molecular Biology of
Antioxidant Defenses, ]. G. Scandalios, Ed., pp. 587-621, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New
York, NY, USA, 1997.

B. Halliwell and J. M. C. Gutteridge, Free Radicals in Biology and
Medicine, Oxford University Press, New York, NY, USA, 2000.

[84] R. Mittler, “Oxidative stress, antioxidants and stress tolerance,”
Trends in Plant Science, vol. 7, no. 9, pp. 405-410, 2002.

[85] J. Mano, E. Hideg, and K. Asada, “Ascorbate in thylakoid lumen
functions as an alternative electron donor to photosystem II
and photosystem I,” Archives of Biochemistry and Biophysics, vol.
429, 0. 1, pp. 71-80, 2004.

[86] J. Mano, T. Ushimaru, and K. Asada, “Ascorbate in thylakoid
lumen as an endogenous electron donor to Photosystem II:
protection of thylakoids from photoinhibition and regeneration
of ascorbate in stroma by dehydroascorbate reductase,” Photo-
synthesis Research, vol. 53, no. 2-3, pp. 197-204, 1997.

[87] G. Forti and A. M. Ehrenheim, “The role of ascorbic acid in
photosynthetic electron transport,” Biochimica et Biophysica
Acta, vol. 1183, no. 2, pp. 408-412, 1993.

[88] S. Grace, R. Pace, and T. Wydrzynski, “Formation and decay
of monodehydroascorbate radicals in illuminated thylakoids
as determined by EPR spectroscopy, Biochimica et Biophysica
Acta, vol. 1229, no. 2, pp. 155-165, 1995.

[89] K. Asada, “The water-water cycle as alternative photon and
electron sinks,” Philosophical Transactions of the Royal Society
B, vol. 355, pp. 1419-1431, 2000.

[90] Y. Nakano and K. Asada, “Spinach chloroplasts scavenge hydro-
gen peroxide on illumination,” Plant and Cell Physiology, vol. 21,
no. 7, pp. 1295-1307, 1980.

[91] K. Asada, “The water-water cycle in chloroplasts: scavenging
of active oxygens and dissipation of excess photons,” Annual
Review of Plant Biology, vol. 50, pp. 601-639, 1999.

[92] J. B. Mudd, “Biochemical basis for the toxicity of ozone,” in
Plant Response to Air Pollution, M. Yunus and M. Igba, Eds., pp.
267-284, Wiley & Sons, New York, NY, USA, 1997.

[93] M. Schraudner, W. Moeder, C. Wiese et al., “Ozone-induced
oxidative burst in the ozone biomonitor plant, tobacco Bel W3,
Plant Journal, vol. 16, no. 2, pp. 235-245, 1998.

(83



Scientifica

[94]

[95]

(96]

[97]

(98]

(99]

(100]

[101]

[102]

[103]

[104]

(105

[106]

[107]

[108]

[109]

Z. M. Pel, Y. Murata, G. Benning et al.,, “Calcium channels
activated by hydrogen peroxide mediate abscisic acid signalling
in guard cells,” Nature, vol. 406, no. 6797, pp. 731-734, 2000.
X. Zhang, L. Zhang, F. Dong, ]. Gao, D. W. Galbraith, and C. P.
Song, “Hydrogen peroxide is involved in abscisic acid-induced
stomatal closure in Vicia faba,” Plant Physiology, vol. 126, no. 4,
pp. 14381448, 2001.

J. R. Koch, R. A. Creelman, S. M. Eshita, M. Seskar, J. E.
Mullet, and K. R. Davis, “Ozone sensitivity in hybrid poplar
correlates with insensitivity to both salicylic acid and jasmonic
acid. The role of programmed cell death in lesion formation,”
Plant Physiology, vol. 123, no. 2, pp. 487-496, 2000.

S. Pasqualini, C. Piccioni, L. Reale, L. Ederli, G. D. Della Torre,
and F. Ferranti, “Ozone-induced cell death in tobacco cultivar
Bel W3 plants. The role of programmed cell death in lesion
formation,” Plant Physiology, vol. 133, no. 3, pp. 1122-1134,
2003.

M. V.Rao, J. R. Koch, and K. R. Davis, “Ozone: a tool for probing
programmed cell death in plants,” Plant Molecular Biology, vol.
44, no. 3, pp. 345-358, 2000.

E. M. Aro, L. Virgin, and B. Andersson, “Photoinhibition of
photosystem. II. Inactivation, protein damage and turnover,
Biochimica et Biophysica Acta, vol. 1143, no. 2, pp. 113-134,
1993.

Y. Nishiyama, S. I. Allakhverdiev, and N. Murata, “A new
paradigm for the action of reactive oxygen species in the
photoinhibition of photosystem II,” Biochimica et Biophysica
Acta, vol. 1757, no. 7, pp. 742-749, 2006.

P. L. Conklin, S. A. Saracco, S. R. Norris, and R. L. Last,
“Identification of ascorbic acid-deficient Arabidopsis thaliana
mutants,” Genetics, vol. 154, no. 2, pp. 847-856, 2000.

S. D. Veljovic-Jovanovic, C. Pignocchi, G. Noctor, and C. H.
Foyer, “Low ascorbic acid in the vfc-1 mutant of Arabidopsis is
associated with decreased growth and intracellular redistribu-
tion of the antioxidant system,” Plant Physiology, vol. 127, no. 2,
pp. 426-435, 2001.

P. Miiller-Moulé, T. Golan, and K. K. Niyogi, “Ascorbate-
deficient mutants of Arabidopsis grow in high light despite
chronic photooxidative stress,” Plant Physiology, vol. 134, no. 3,
pp. 1163-1172, 2004.

P. Miiller-Moulé, P. L. Conklin, and K. K. Niyogi, “Ascorbate
deficiency can limit violaxanthin de-epoxidase activity in vivo,”
Plant Physiology, vol. 128, no. 3, pp. 970-977, 2002.

P. Miller-Moulé, M. Havaux, and K. K. Niyogi, “Zeaxanthin
deficiency enhances the high light sensitivity of an ascorbate-
deficient mutant of Arabidopsis,” Plant Physiology, vol. 133, no.
2, pp. 748-760, 2003.

C. H. Foyer, H. Lopez-Delgado, J. E Dat, and I. M. Scott,
“Hydrogen peroxide- and glutathione-associated mechanisms
of acclimatory stress tolerance and signalling Physiologia
Plantarum, vol. 100, no. 2, pp. 241-254, 1997.

C. Huang, W. He, J. Guo, X. Chang, P. Su, and L. Zhang,
“Increased sensitivity to salt stress in an ascorbate-deficient
Arabidopsis mutant,” Journal of Experimental Botany, vol. 56,
no. 422, pp. 3041-3049, 2005.

O. Chew, J. Whelan, and A. H. Millar, “Molecular definition
of the ascorbate-glutathione cycle in Arabidopsis mitochondria
reveals dual targeting of antioxidant defenses in plants,” Journal
of Biological Chemistry, vol. 278, no. 47, pp. 46869-46877, 2003.
A. A. Grantz, D. A. Brummell, and A. B. Bennett, “Ascorbate
free radical reductase mRNA levels are induced by wounding,”
Plant Physiology, vol. 108, no. 1, pp. 411-418, 1995.

[110]

[111]

(112

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

21

S. Adriano, C. T. Angelo, D. Bartolomeo, and X. Cristos,
“Influence of water deficit and rewatering on the components
of the ascorbate-glutathione cycle in four interspecific Prunus
hybrids,” Plant Science, vol. 169, no. 2, pp. 403-412, 2005.

N. Dipierro, D. Mondelli, C. Paciolla, G. Brunetti, and S.
Dipierro, “Changes in the ascorbate system in the response
of pumpkin (Cucurbita pepo L.) roots to aluminium stress,”
Journal of Plant Physiology, vol. 162, no. 5, pp. 529-536, 2005.
C. Barth, W. Moeder, D. E Klessig, and P. L. Conklin, “The
timing of senescence and response to pathogens is altered in
the ascorbate-deficient arabidopsis mutant vitamin c-1,” Plant
Physiology, vol. 134, no. 4, pp. 1784-1792, 2004.

I. A. Graham and P. ]. Eastmond, “Pathways of straight and
branched chain fatty acid catabolism in higher plants,” Progress
in Lipid Research, vol. 41, no. 2, pp. 156-181, 2002.

R. T. Mullen and R. N. Trelease, “Biogenesis and membrane
properties of peroxisomes: does the boundary membrane serve
and protect?” Trends in Plant Science, vol. 1, no. 11, pp. 389-394,
1996.

J. R. Bunkelmann and R. N. Trelease, “Ascorbate peroxidase:
a prominent membrane protein in oilseed glyoxysomes,” Plant
Physiology, vol. 110, no. 2, pp. 589-598, 1996.

K. Karyotou and R. P. Donaldson, “Ascorbate peroxidase, a
scavenger of hydrogen peroxide in glyoxysomal membranes,
Archives of Biochemistry and Biophysics, vol. 434, no. 2, pp.
248-257, 2005.

K. Yamaguchi, H. Mori, and M. Nishimura, “A novel isoenzyme
of ascorbate peroxidase localized on glyoxysomal and leaf per-
oxisomal membranes in pumpkin,” Plant and Cell Physiology,
vol. 36, no. 6, pp. 1157-1162, 1995.

S. Narendra, S. Venkataramani, G. Shen et al., “The Arabidopsis
ascorbate peroxidase 3 is a peroxisomal membrane-bound
antioxidant enzyme and is dispensable for Arabidopsis growth
and development,” Journal of Experimental Botany, vol. 57, no.
12, pp. 3033-3042, 2006.

J. Wang, H. Zhang, and R. D. Allen, “Overexpression of an
Arabidopsis peroxisomal ascorbate peroxidase gene in tobacco
increases protection against oxidative stress,” Plant and Cell
Physiology, vol. 40, no. 7, pp. 725-732, 1999.

G. H. Badawi, N. Kawano, Y. Yamauchi et al., “Over-expression
of ascorbate peroxidase in tobacco chloroplasts enhances the
tolerance to salt stress and water deficit,” Physiologia Plantarum,
vol. 121, no. 2, pp. 231-238, 2004.

P. J. Eastmond, “MONODEHYROASCORBATE REDUCTASE4
is required for seed storage oil hydrolysis and postgerminative
growth in Arabidopsis,” Plant Cell, vol. 19, no. 4, pp. 1376-1387,
2007.

P. J. Eastmond, “SUGAR-DEPENDENT1 encodes a patatin
domain triacylglycerol lipase that initiates storage oil break-
down in germinating Arabidopsis seeds,” Plant Cell, vol. 18, no.
3, pp. 665-675, 2006.

O. Arrigoni, M. B. Bitonti, R. Cozza, A. M. Innocenti, R. Liso,
and R. Veltri, “Ascorbic acid effect on pericycle cell line in
Allium cepa root,” Caryologia, vol. 42, pp. 213-216, 1989.

R. C.De Cabo, J. A. Gonzalez-Reyes, and P. Navas, “The onset of
cell proliferation is stimulated by ascorbate free radical in onion
root primordia,” Biology of the Cell, vol. 77, no. 2, pp. 231-233,
1993.

M. C. De Pinto, D. Francis, and L. De Gara, “The redox state of
the ascorbate-dehydroascorbate pair as a specific sensor of cell
division in tobacco BY-2 cells,” Protoplasma, vol. 209, no. 1-2,
pp. 90-97, 1999.



22

[126]

[127]

[128]

[129]

[130

(131

[132]

[133]

[134]

[135]

(136]

(137

(138

[139]

[140]

[141]

A. M. Innocenti, M. B. Bitonti, O. Arrigoni, and R. Liso, “The
size of quiescent centre in roots of Allium cepa L. grown with
ascorbic acid,” New Phytologist, vol. 110, pp. 507-509, 1990.

R. Liso, A. M. Innocenti, M. B. Bitonti, and O. Arrigoni,
“Ascorbic acid-induced progression of quiescent centre cells
from G1 to S phase,” New Phytologist, vol. 110, pp. 469-471,
1988.

K. Tabata, K. Oba, K. Suzuki, and M. Esaka, “Generation
and properties of ascorbic acid-deficient transgenic tobacco
cells expressing antisense RNA for L-galactono-1,4-lactone
dehydrogenase;” Plant Journal, vol. 27, no. 2, pp. 139-148, 2001.

N. Kato and M. Esaka, “Changes in ascorbate oxidase gene
expression and ascorbate levels in cell division and cell elon-
gation in tobacco cells;,” Physiologia Plantarum, vol. 105, no. 2,
pp. 321-329, 1999.

G. Potters, N. Horemans, S. Bellone et al., “Dehydroascor-
bate influences the plant cell cycle through a glutathione-
independent reduction mechanism,” Plant Physiology, vol. 134,
no. 4, pp. 1479-1487, 2004.

G. Potters, N. Horemans, R. J. Caubergs, and H. Asard, “Ascor-
bate and dehydroascorbate influence cell cycle progression in a
tobacco cell suspension,” Plant Physiology, vol. 124, no. 1, pp.
17-20, 2000.

O. Arrigoni, “Ascorbate system in plant development,” Journal
of Bioenergetics and Biomembranes, vol. 26, no. 4, pp. 407-419,
1994.

S. Citterio, S. Sgorbati, S. Scippa, and E. Sparvoli, “Ascorbic acid
effect on the onset of cell proliferation in pea root,” Physiologia
Plantarum, vol. 92, no. 4, pp. 601-607, 1994.

R. Liso, G. Calabrese, M. B. Bitonti, and O. Arrigoni, “Relation-
ship between ascorbic acid and cell division,” Experimental Cell
Research, vol. 150, no. 2, pp. 314-320, 1984.

N. Horemans, G. Potters, L. De Wilde, and R. J. Caubergs,
“Dehydroascorbate uptake activity correlates with cell growth
and cell division of tobacco Bright Yellow-2 cell cultures,” Plant
Physiology, vol. 133, no. 1, pp. 361-367, 2003.

G. Potters, L. De Gara, H. Asard, and N. Horemans, “Ascorbate
and glutathione: guardians of the cell cycle, partners in crime?”
Plant Physiology and Biochemistry, vol. 40, no. 6-8, pp. 537-548,
2002.

J. P. Reichheld, T. Vernoux, E Lardon, M. van Montagu, and D.
Inzé, “Specific checkpoints regulate plant cell cycle progression
in response to oxidative stress,” Plant Journal, vol. 17, no. 6, pp.
647-656, 1999.

C. Paciolla, M. C. De Tullio, A. Chiappetta et al., “Short- and
long-term effects of dehydroascorbate in Lupinus albus and
Allium cepa roots,” Plant and Cell Physiology, vol. 42, no. 8, pp.
857-863, 2001.

M. J. May, T. Vernoux, C. Leaver, M. Van Montagu, and
D. Inzé, “Glutathione homeostasis in plants: implications for
environmental sensing and plant development,” Journal of
Experimental Botany, vol. 49, no. 321, pp. 649-667, 1998.

M. C. De Tullio, C. Paciolla, E. Dalla Vecchia et al., “Changes in
onion root development induced by the inhibition of peptidyl-
prolyl hydroxylase and influence of the ascorbate system on cell
division and elongation,” Planta, vol. 209, no. 4, pp. 424-434,
1999.

Z. Chen and D. R. Gallie, “Induction of monozygotic twinning
by ascorbic acid in tobacco,” PLoS ONE, vol. 7, Article ID
€39147, 2012.

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149

[150]

[151]

(152

[153]

[154]

[155]

[156]

[157]

Scientifica

O. Arrigoni, L. De Gara, F. Tommasi, and R. Liso, “Changes in
the ascorbate system during seed development of Vicia faba L,
Plant Physiology, vol. 99, no. 1, pp. 235-238, 1992.

L. De Gara, M. C. De Pinto, and O. Arrigoni, “Ascorbate
synthesis and ascorbate peroxidase activity during the early
stage of wheat germination,” Physiologia Plantarum, vol. 100,
no. 4, pp. 894-900, 1997.

F. Tommasi, C. Paciolla, M. C. De Pinto, and L. De Gara, “A
comparative study of glutathione and ascorbate metabolism
during germination of Pinus pinea L. seeds,” Journal of Exper-
imental Botany, vol. 52, no. 361, pp. 1647-1654, 2001.

G. Borraccino, L. Mastropasqua, S. De Leonardis, and S.
Dipierro, “The role of the ascorbic acid system in delaying the
senescence of oat (Avena sativa L.) leaf segments,” Journal of
Plant Physiology, vol. 144, no. 2, pp. 161-166, 1994.

Z. Chen and D. R. Gallie, “Dehydroascorbate reductase affects
leaf growth, development, and function,” Plant Physiology, vol.
142, no. 2, pp. 775-787, 2006.

U. Takahama, M. Hirotsu, and T. Oniki, “Age-dependent
changes in levels of ascorbic acid and chlorogenic acid, and
activities of peroxidase and superoxide dismutase in the
apoplast of tobacco leaves: mechanism of the oxidation of
chlorogenic acid in the apoplast,” Plant and Cell Physiology, vol.
40, no. 7, pp. 716-724, 1999.

G. M. Pastori, G. Kiddle, J. Antoniw et al., “Leaf vitamin C
contents modulate plant defense transcripts and regulate genes
that control development through hormone signaling,” Plant
Cell, vol. 15, no. 4, pp. 939-951, 2003.

V. Pavet, E. Olmos, G. Kiddle et al., “Ascorbic acid deficiency
activates cell death and disease resistance responses in Ara-
bidopsis,” Plant Physiology, vol. 139, no. 3, pp. 1291-1303, 2005.
P. L. Conklin and C. Barth, “Ascorbic acid, a familiar small
molecule intertwined in the response of plants to ozone,
pathogens, and the onset of senescence,” Plant, Cell and Envi-
ronment, vol. 27, no. 8, pp- 959-970, 2004.

S. O. Kotchoni, K. E. Larrimore, M. Mukherjee, C. F. Kempin-
ski, and C. Barth, “Alterations in the endogenous ascorbic acid
content affect flowering time in Arabidopsis,” Plant Physiology,
vol. 149, no. 2, pp. 803-815, 2009.

C. Barth, M. De Tullio, and P. L. Conklin, “The role of
ascorbic acid in the control of flowering time and the onset of
senescence,” Journal of Experimental Botany, vol. 57, no. 8, pp.
1657-1665, 2006.

S. M. Bulley, M. Rassam, D. Hoser et al., “Gene expression
studies in kiwifruit and gene over-expression in Arabidopsis
indicates that GDP-L-galactose guanyltransferase is a major
control point of vitamin C biosynthesis,” Journal of Experimen-
tal Botany, vol. 60, no. 3, pp. 765-778, 2009.

M. M. Baig, S. Kelly, and E Loewus, “L-Ascorbic acid biosynthe-
sis in higher plants from L-gulono-1, 4-lactone and L-galactono-
1, 4-lactone,” Plant Physiology, vol. 46, no. 2, pp. 277-280, 1970.
K. Oba, M. Fukui, Y. Imai, S. Iriyama, and K. Nogami, “L-
Galactono-y-lactone dehydrogenase: partial characterization,
induction of activity and role in the synthesis of ascorbic acid in
wounded white potato tuber tissue,” Plant and Cell Physiology,
vol. 35, no. 3, pp. 473-478, 1994.

G. Noctor and C. H. Foyer, “Ascorbate and glutathione: keeping
active oxygen under control,” Annual Review of Plant Biology,
vol. 49, pp. 249-279, 1998.

N. Smirnoff, P. L. Conklin, and F. A. Loewus, “Biosynthesis of
ascorbic acid in plants: a renaissance,” Annual Review of Plant
Biology, vol. 52, pp. 437-467, 2001.



Scientifica

[158]

(159

[160]

(161

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

(170

(171

(172

[173]

H. Yamasaki, S. Takahashi, and R. Heshiki, “The tropical
fig Ficus microcarpa L. f. cv. Golden leaves lacks heat-stable
dehydroascorbate reductase activity,” Plant and Cell Physiology,
vol. 40, no. 6, pp. 640-646, 1999.

R. Mittler, S. Vanderauwera, M. Gollery, and F. Van Breusegem,
“Reactive oxygen gene network of plants,” Trends in Plant
Science, vol. 9, no. 10, pp. 490-498, 2004.

S. Yoshida, M. Tamaoki, T. Shikano et al., “Cytosolic dehy-
droascorbate reductase is important for ozone tolerance in
Arabidopsis thaliana,” Plant and Cell Physiology, vol. 47, no. 2,
pp. 304-308, 2006.

L. Rizhsky, H. Liang, and R. Mittler, “The water-water cycle
is essential for chloroplast protection in the absence of
stress,” Journal of Biological Chemistry, vol. 278, no. 40, pp.
38921-38925, 2003.

Z. Chen and D. R. Gallie, “Increasing tolerance to ozone by
elevating foliar ascorbic acid confers greater protection against
ozone than increasing avoidance;” Plant Physiology, vol. 138, no.
3, pp. 1673-1689, 2005.

B. C. Bonsager, A. Shahpiri, C. Finnie, and B. Svensson,
“Proteomic and activity profiles of ascorbate-glutathione cycle
enzymes in germinating barley embryo,” Phytochemistry, vol.
71, no. 14-15, pp. 1650-1656, 2010.

C. Yu, Y. Yang, X. Liu et al, “Molecular and biochemical
analysis of two genes encoding dehydroascorbate reductase in
common wheat,” Shengwu Gongcheng Xuebao/Chinese Journal
of Biotechnology, vol. 25, no. 10, pp. 1483-1489, 2009.

J. Urano, T. Nakagawa, Y. Maki et al., “Molecular cloning and
characterization of a rice dehydroascorbate reductase,” FEBS
Letters, vol. 466, no. 1, pp- 107-111, 2000.

M. Secenji, E. Hideg, A. Bebes, and J. Gyorgyey, “Transcrip-
tional differences in gene families of the ascorbate-glutathione
cycle in wheat during mild water deficit,” Plant Cell Reports, vol.
29, no. 1, pp. 37-50, 2009.

C. Neubauer and H. Y. Yamamoto, “Membrane barriers and
Mehler-peroxidase reaction limit the ascorbate available for
violaxanthin de-epoxidase activity in intact chloroplasts,” Pho-
tosynthesis Research, vol. 39, no. 2, pp. 137-147, 1994.

C. Miyake and K. Asada, “Ferredoxin-dependent photoreduc-
tion of the monodehydroascorbate radical in spinach thy-
lakoids,” Plant and Cell Physiology, vol. 35, no. 4, pp. 539-549,
1994.

S. Sano, C. Miyake, B. Mikami, and K. Asada, “Molecular
characterization of monodehydroascorbate radical reductase
from cucumber highly expressed in Escherichia coli” Journal of
Biological Chemistry, vol. 270, no. 36, pp. 21354-21361, 1995.

L. Pnueli, H. Liang, M. Rozenberg, and R. Mittler, “Growth sup-
pression, altered stomatal responses, and augmented induction
of heat shock proteins in cytosolic ascorbate peroxidase (Apx1)-
deficient Arabidopsis plants,” Plant Journal, vol. 34, no. 2, pp.
187-203, 2003.

A. Schiitzendiibel, P. Nikolova, C. Rudolf, and A. Polle, “Cad-
mium and H,O,-induced oxidative stress in Populus x canescens
roots,” Plant Physiology and Biochemistry, vol. 40, no. 6-8, pp.
577-584, 2002.

A. Schiitzendiibel, P. Schwanz, T. Teichmann et al., “Cadmium-
induced changes in antioxidative systems, hydrogen peroxide
content, and differentiation in Scots pine roots,” Plant Physiol-
0gy, vol. 127, no. 3, pp. 887-898, 2001.

P. Sharma and R. Shanker Dubey, “Modulation of nitrate
reductase activity in rice seedlings under aluminium toxicity

[174]

(175]

[176]

(177]

(178]

[179]

(180]

[181]

(182]

[183]

[184]

[185]

[186]

(187]

23

and water stress: role of osmolytes as enzyme protectant,’
Journal of Plant Physiology, vol. 162, no. 8, pp. 854-864, 2005.
A. Jiménez, J. A. Hernandez, L. A. del Rio, and F. Sevilla,
“Evidence for the presence of the ascorbate-glutathione cycle in
mitochondria and peroxisomes of pea leaves,” Plant Physiology,
vol. 114, no. 1, pp- 275-284, 1997.

K. Obara, K. Sumi, and H. Fukuda, “The use of multiple tran-
scription starts causes the dual targeting of Arabidopsis putative
monodehydroascorbate reductase to both mitochondria and
chloroplasts,” Plant and Cell Physiology, vol. 43, no. 7, pp.
697-705, 2002.

C. S. Lisenbee, M. J. Lingard, and R. N. Trelease, “Arabidopsis
peroxisomes possess functionally redundant membrane and
matrix isoforms of monodehydroascorbate reductase,” Plant
Journal, vol. 43, no. 6, pp- 900-914, 2005.

M. Leterrier, E J. Corpas, J. B. Barroso, L. M. Sandalio, and
L. A. Del Rio, “Peroxisomal monodehydroascorbate reductase.
Genomic clone characterization and functional analysis under
environmental stress conditions,” Plant Physiology, vol. 138, no.
4, pp. 2111-2123, 2005.

Z.Chen and D. R. Gallie, “The ascorbic acid redox state controls
guard cell signaling and stomatal movement,” Plant Cell, vol. 16,
no. 5, pp. 1143-1162, 2004.

S.Y. Kwon, Y. O. Ahn, H. S. Lee, and S. S. Kwak, “Biochemical
characterization of transgenic tobacco plants expressing a
human dehydroascorbate reductase gene,” Journal of Biochem-
istry and Molecular Biology, vol. 34, no. 4, pp. 316-321, 2001.

S. Y. Kwon, S. M. Choi, Y. O. Ahn et al, “Enhanced stress-
tolerance of transgenic tobacco plants expressing a human
dehydroascorbate reductase gene,” Journal of Plant Physiology,
vol. 160, no. 4, pp. 347-353, 2003.

Z. Chen and D. R. Gallie, “Dehydroascorbate reductase affects
non-photochemical quenching and photosynthetic perfor-
mance,” Journal of Biological Chemistry, vol. 283, no. 31, pp.
21347-21361, 2008.

A. E. Eltayeb, N. Kawano, G. H. Badawi et al., “Enhanced
tolerance to ozone and drought stresses in transgenic tobacco
overexpressing dehydroascorbate reductase in cytosol,” Physi-
ologia Plantarum, vol. 127, no. 1, pp. 57-65, 2006.

L. Yin, S. Wang, A. E. Eltayeb et al, “Overexpression of
dehydroascorbate reductase, but not monodehydroascorbate
reductase, confers tolerance to Aluminum stress in transgenic
Tobacco,” Planta, vol. 231, no. 3, pp. 609-621, 2010.

B. Le Martret, M. Poage, K. Shiel, G. D. Nugent, and P.
J. Dix, “Tobacco chloroplast transformants expressing genes
encoding dehydroascorbate reductase, glutathione reductase,
and glutathione-S-transferase, exhibit altered anti-oxidant
metabolism and improved abiotic stress tolerance,” Plant
Biotechnology Journal, vol. 9, no. 6, pp. 661-673, 2011.

Y.-M. Goo, J.-C. Hyun, T.-W. Kim et al., “Expressional charac-
terization of dehydroascorbate reductase cDNA in transgenic
potato plants,” Journal of Plant Biology, vol. 51, no. 1, pp. 35-41,
2008.

A. Qin, Q. Shi, and X. Yu, “Ascorbic acid contents in transgenic
potato plants overexpressing two dehydroascorbate reductase
genes,” Molecular Biology Reports, vol. 38, no. 3, pp. 1557-1566,
2011.

Z. Wang, Y. Xiao, W. Chen, K. Tang, and L. Zhang, “Increased
vitamin C content accompanied by an enhanced recycling
pathway confers oxidative stress tolerance in Arabidopsis,
Journal of Integrative Plant Biology, vol. 52, no. 4, pp. 400-409,
2010.



24

(188]

[189]

[190]

[191

[192]

[193]

(194

[195]

(196

[197]

[198]

[199]

[200]

[201]

[202]

T. Ushimaru, T. Nakagawa, Y. Fujioka et al., “Transgenic Ara-
bidopsis plants expressing the rice dehydroascorbate reductase
gene are resistant to salt stress,” Journal of Plant Physiology, vol.
163, no. 11, pp. 1179-1184, 2006.

V. M. Haroldsen, C. L. Chi-Ham, S. Kulkarni, A. Lorence, and
A. B. Bennett, “Constitutively expressed DHAR and MDHAR
influence fruit, but not foliar ascorbate levels in tomato,” Plant
Physiology and Biochemistry, vol. 49, pp. 1244-1249, 2011.

R. Stevens, D. Page, B. Gouble, C. Garchery, D. Zamir, and
M. Causse, “Tomato fruit ascorbic acid content is linked
with monodehydroascorbate reductase activity and tolerance to
chilling stress,” Plant, Cell and Environment, vol. 31, no. 8, pp.
1086-1096, 2008.

A. E. Eltayeb, N. Kawano, G. H. Badawi et al., “Overexpression
of monodehydroascorbate reductase in transgenic tobacco
confers enhanced tolerance to ozone, salt and polyethylene
glycol stresses,” Planta, vol. 225, no. 5, pp. 1255-1264, 2007.

E Li, Q Y. Wu, Y. L. Sun, L. Y. Wang, X. H. Yang, and Q. W.
Meng, “Overexpression of chloroplastic monodehydroascor-
bate reductase enhanced tolerance to temperature and methyl
viologen-mediated oxidative stresses,” Physiologia Plantarum,
vol. 139, no. 4, pp- 421-434, 2010.

M. Sanmartin, P. D. Drogoudi, T. Lyons, 1. Pateraki, J. Barnes,
and A. K. Kanellis, “Over-expression of ascorbate oxidase in
the apoplast of transgenic tobacco results in altered ascorbate
and glutathione redox states and increased sensitivity to ozone,”
Planta, vol. 216, no. 6, pp. 918-928, 2003.

G. E. Taylor Jr., “Plant and leaf resistance to gaseous air pollution
stress,” New Phytologist, vol. 80, pp. 523-534, 1978.

H. D. Grimes, K. K. Perkins, and W. E. Boss, “Ozone degrades
into hydroxyl radical under physiological conditions. A spin
trapping study;” Plant Physiology, vol. 72, no. 4, pp. 1016-1020,
1983.

J. H. Joo, S. Wang, J. G. Chen, A. M. Jones, and N. V. Fedoroff,
“Different signaling and cell death roles of heterotrimeric G
protein o and 3 subunits in the Arabidopsis oxidative stress
response to ozone,” Plant Cell, vol. 17, no. 3, pp. 957-970, 2005.

Y. K. Sharma and K. R. Davis, “The effects of ozone on antiox-
idant responses in plants,” Free Radical Biology and Medicine,
vol. 23, no. 3, pp. 480-488, 1997.

K. Tanaka, Y. Suda, N. Kondo, and K. Sugahara, “O; tolerance
and the ascorbate-dependent H,O, decomposing system in
chloroplasts,” Plant and Cell Physiology, vol. 26, no. 7, pp.
1425-1431, 1985.

Y. P. Lee, S. H. Kim, J. W. Bang, H. S. Lee, S. S. Kwak,
and S. Y. Kwon, “Enhanced tolerance to oxidative stress in
transgenic tobacco plants expressing three antioxidant enzymes
in chloroplasts,” Plant Cell Reports, vol. 26, no. 5, pp. 591-598,
2007.

A. Yamamoto, M. N. H. Bhuiyan, R. Waditee et al., “Suppressed
expression of the apoplastic ascorbate oxidase gene increases
salt tolerance in tobacco and Arabidopsis plants,” Journal of
Experimental Botany, vol. 56, no. 417, pp. 1785-1796, 2005.

S. M. Assmann and X. Q. Wang, “From milliseconds to millions
of years: guard cells and environmental responses,” Current
Opinion in Plant Biology, vol. 4, no. 5, pp. 421-428, 2001.

J. 1. Schroeder, G. J. Allen, V. Hugouvieux, J. M. Kwak, and D.
Waner, “Guard cell signal transduction,” Annual Review of Plant
Biology, vol. 52, pp. 627-658, 2001.

Scientifica

[203] M. Alhagdow, E. Mounet, L. Gilbert et al., “Silencing of the

[204

[205

]

mitochondrial ascorbate synthesizing enzyme L-galactono-1,4-
lactone dehydrogenase affects plant and fruit development in
tomato,” Plant Physiology, vol. 145, no. 4, pp. 1408-1422, 2007.
E. I. Urzica, L. N. Adler, M. D. Page et al., “Impact of
oxidative stress on ascorbate biosynthesis in Chlamydomonas
via regulation of the VTC2 gene encoding a GDP- L-galactose
phosphorylase,” The Journal of Biological Chemistry, vol. 287,
pp. 14234-14245, 2012.

G. Kiddle, G. M. Pastori, S. Bernard et al., “Effects of leaf ascor-
bate content on defense and photosynthesis gene expression in
Arabidopsis thaliana,” Antioxidants and Redox Signaling, vol. 5,
no. 1, pp. 23-32, 2003.



International Joumal of

Peptide

BioMed Stem Ce||S f | ~ International ‘ urnal of
Research International International é ( Genomics

Journal of

Nucleic Acids

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal of e The SCientiﬁC
Signal Transduction World Journal

International Journal of Biochemistry Aqvapces in .
Mlcroblology Research International Bioinformatics

Enzyme 4 International Journal of Molecular Biology

Archaea Research Evolutionary Biology International Marine Biology




