®

Check for
updates

Physiological Role of Ascorbic Acid
Recycling Enzymes in Plants

Marina Suekawa, Yukichi Fujikawa, and Muneharu Esaka

Abstract Ascorbic acid (AsA) is oxidized to monodehydroascorbate (MDHA),
which dissociates to form dehydroascorbate (DHA) instead of detoxifying reactive
oxygen species (ROS). MDHA and DHA are directly reduced to AsA by two reduc-
tases, monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase
(DHAR), respectively. They contribute to maintaining AsA contents and its redox
status, which are dependent on the rate of its biosynthesis and recycling. The pri-
mary functions of MDHAR and DHAR appear to recycle AsA in the AsA-glutathione
(GSH) cycles for diminishing ROS produced during photosynthesis in leaves. In
fruits, MDHAR and DHAR might function in a complementary manner to maintain
the AsA redox status during fruit development and ripening. Also, MDHAR and
DHAR function as part of the AsA-GSH cycles in the different plant cellular com-
partments, like chloroplasts, mitochondria, and peroxisomes. Taking into account
the physiological functions of AsA in plants, MDHAR and DHAR as AsA regenera-
tors are paid much attention in engineering of stress tolerance and nutrient values.
Transgenic plants overexpressing MDHAR and DHAR exhibit an increase in AsA
contents and enhanced stress tolerance. This chapter focuses on the primary struc-
tures and gene expressions of plant MDHAR and DHAR isozymes as well as their
contributions to the AsA contents in the leaves and fruits of plants. Also, this chapter
provides the information about the roles of MDHAR and DHAR in the chloroplast,
the cytosol, the guard cells, and stress tolerance in plants.

Keywords Ascorbic acid-glutathione cycle - Ascorbic acid recycling -
Dehydroascorbate reductase - Environmental stress - Monodehydroascorbate
reductase - Oxidative stress tolerance

M. Suekawa - Y. Fujikawa - M. Esaka (D<)

Graduate School of Biosphere Sciences, Hiroshima University,
Higashi-Hiroshima, Hiroshima, Japan

e-mail: mesaka@hiroshima-u.ac.jp

© Springer International Publishing AG, part of Springer Nature 2017 355
M. A. Hossain et al. (eds.), Ascorbic Acid in Plant Growth, Development
and Stress Tolerance, https://doi.org/10.1007/978-3-319-74057-7_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74057-7_14&domain=pdf
https://doi.org/10.1007/978-3-319-74057-7_14
mailto:mesaka@hiroshima-u.ac.jp

356 M. Suekawa et al.

1 Introduction

Ascorbic acid (AsA) is the major antioxidant of plants, and it detoxifies reactive
oxygen species (ROS) such as singlet oxygen, superoxide anion, hydroxyl radical,
and hydrogen peroxide (H,O,). When removing H,0,, AsA is oxidized to monode-
hydroascorbate (MDHA) by ascorbate peroxidase and followed by nonenzymatic
dissociation to form dehydroascorbate (DHA). In AsA recycling (Noctor and Foyer
1998), after AsA is oxidized to MDHA and DHA, two types of reductases reduce
MDHA and DHA respectively back to AsA. The ratio of total AsA (reduced and
oxidized AsA) and DHA relates to cellular redox status. Considering the physiolog-
ical functions of AsA in plants, it is essential to maintain the AsA redox status under
condition increasing ROS production, such as light, extreme temperature, metal or
salt stress (Davey et al. 2000; Conklin 2001; Anjum et al. 2014). Thus, the AsA
redox status, as well as its contents in cells, is a significant indicator of physiologi-
cal properties to stress tolerance, and it depends on the balance of AsA biosynthesis
and recycling. In AsA recycling as described above, two reductases participate in
the reduction of oxidized AsA; one of the reductases is monodehydroascorbate
reductase (MDHAR; EC 1.6.5.4), which can reduce MDHA to AsA using NAD(P)
H as a reductant (Fig. 1; Noctor and Foyer 1998). The other is dehydroascorbate
reductase (DHAR; EC 1.8.5.1) for reducing DHA to AsA in a reaction requiring
glutathione (GSH) as a reductant. MDHAR and DHAR, as well as AsA
biosynthesis enzymes, are essential enzymes to maintain the AsA redox status
(Leterrier et al. 2005; Lunde et al. 2006; Tang and Yang 2013; Zhang et al. 2015).
As shown in Fig. 1, the AsA recycling is a component of the AsA-GSH cycle. In the
AsA-GSH cycle, oxidized glutathione (GSSG), which comes from GSH used by
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Fig. 1 Ascorbic acid recycling by the ascorbate-glutathione cycle through DHAR and
MDHAR. After oxidization of AsA to monodehydroascorbate (MDHA), monodehydroascorbate
reductase (MDHAR) converts MDHA to AsA, or MDHA disproportionates nonenzymatically to
dehydroascorbate (DHA). Dehydroascorbate reductase (DHAR) reduces DHA to AsA using glu-
tathione (GSH) as the reductant. Oxidized glutathione (GSSG) is reduced by glutathione reductase
(GR) to GSH using NADHP as the reductant. DHA will spontaneously hydrolyze to
2,3-diketoguloninc acid unless salvaged by DHAR. Total AsA represents the inclusion of reduced
(AsA) and oxidized AsA (MDHA and DHA)
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DHAR to recycle AsA from DHA, is reduced by glutathione reductase using
NADPH as a reductant. If DHA does not get back to AsA, it spontaneously hydro-
lyzes to 2,3-diketogulonic acid, which results in irreversible AsA loss. Since irre-
versible DHA oxidation causes the decrease of AsA contents, the efficiencies of
AsA recycling are important in maintaining not only AsA redox status but also AsA
contents in cells. In plants, the primary structures of MDHAR and DHAR are deter-
mined, and they can be classified into several groups based on their primary struc-
tures. In leaves, MDHAR and DHAR mainly participate in scavenging ROS in
photosynthesis. The gene expressions of MDHAR and DHAR during fruit develop-
ment and ripening suggest that MDHAR and DHAR have a complementary rela-
tionship in maintaining the AsA redox status. Acerola (Malpighia glabra) fruits,
containing high AsA contents (Badejo et al. 2009; Eltelib et al. 2011), possess high
DHAR activities compared to other plants with relatively low AsA contents (Hossain
and Asada 1984; Dipierro and Borraccino 1991; Kato et al. 1997; Shimaoka et al.
2000; Eltayeb et al. 2006). Thus, the AsA recycling appears to contribute high AsA
contents in acerola fruits. Under abiotic stress conditions accompanied by ROS
accumulation, the gene expressions of MDHAR and DHAR are enhanced in plants,
suggesting that they improve the AsA redox status by the AsA recycling from
MDHA and DHA. And transgenic plants overexpressing MDHAR and DHAR
exhibit enhanced oxidative stress tolerance, even slight increase of AsA contents
and AsA redox status (Kwon et al. 2003; Amako et al. 2006; Eltayeb et al. 20006,
2007, 2011; Ushimaru et al. 2006; Li et al. 2010a; Yin et al. 2010; Qin et al. 2011;
Eltelib et al. 2012; Chang et al. 2017). On the other hand, biotic stress by pathogen
reduced the gene expression of MDHAR in wheat leaves. Moreover, the suppres-
sion of MDHAR in wheat leaves improved resistance to pathogen infection (Feng
et al. 2014a, b). Under biotic stress, ROS serve as not only the toxic substance but
also pathogen resistive element (Wang et al. 2007). Thus, the regulation of MDHAR
and DHAR expressions may be of importance for resistance to abiotic and biotic
stresses through ROS regulation by the AsA-GSH cycles.

2 The Primary Structures of Ascorbic Acid Recycling
Enzymes in Plants

In plants, there are many isozymes of MDHAR and DHAR, and their primary struc-
tures have been deposited at public database sites, such as National Center for
Biotechnology Information (U.S. National Library of Medicine) and DNA Data
Bank of Japan (Japan, National Institute of Genetics). As described in the previous
section, MDHAR is the first enzyme to recycle oxidized AsA (MDHA). MDHAR
contains the FAD-NAD-binding sites, which play a significant role in its enzyme
activity. The alignment of the primary structures of plant MDHAR shows they are
classified into four groups (Fig. 2a: Leterrier et al. 2005; Lunde et al. 2006). Each
group of the plant MDHAR appears to localize at different cell compartments:
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Fig. 2 Phylogenetic tree of plant MDHAR and DHAR. Phylogenetic trees based upon protein
sequences of plant MDHAR (a) and DHAR (b) are presented. The dotted-line box indicated each
clade in the phylogenetic trees of plant MDHAR and DHAR. For abbreviations and accession
numbers see the following, and accession numbers are given in parentheses. MDHAR; Arabidopsis
thaliana, AAMDHAR1 (AAMS83213), AtMDHAR?2 (NP_568125), AtMDHAR3 (NP_566361),
AtMDHAR4 (AAMO91734), AtMDHARS (BAA12349), AtMDHARG6 (NP_564818); Brassica
napus, BrMDHAR1 (XP_013663253), BrMDHAR2 (XP_013749992), BrMDHAR3
(XP_013681036), B-rMDHAR4 (XP_013724800), B-MDHARS (XP_013740977), BrMDHARG6
(XP_013646118), B-MDHAR?7 (XP_013686116); Glycine max, GmMDHAR1 (XP_003557022),
GmMDHAR?2 (XP_006599107), GmMDHAR3 (XP_003553831), GmMDHAR4
(XP_006584627); Oryza sativa, OsMDHARI1 (BAS80528), OsMDHAR2 (BAT06666),
OsMDHAR3 (BAT09471); Solanum lycopersicum, SIMDHAR1 (NP_001234013), SIMDHAR?2
(NP_001318117), SIMDHAR3 (AAZ66138), SIMDHAR4 (ADJ21816). DHAR; Arabidopsis
thaliana, AtDHAR1 (NP_173387), AtDHAR2 (NP_177662), AtDHAR3 (NP_568336); Brassica
napus, BnDHAR1 (No. CDY29420), BnDHAR2 (CDY62535), BnDHAR3 (CDY62535),
BnDHAR4 (CDX85490); Brassica rapa, BrDHARI1 (XP_009149443), BrDHAR?2
(XP_009128088), BrDHAR3 (XP_009128089), BrDHAR4 (XP_009126134); Glycine max,
GmDHARI (NP_001236937), GmDHAR?2 (KRH36212), GmDHAR3 (KRG97934), GmDHAR4
(KRH30940); Oryza sativa, OsSDHAR1 (BAS91971), OsDHAR?2 (BAS96927); Solanum lycoper-
sicum, SIDHAR1 (AAY47048), SIDHAR2 (AAY47049); Solanum tuberosum, StDHARI
(ABX26128), StDHAR2 (ACJ70069). Zea mays, ZmDHAR1 (AIQ78396), ZmDHAR?2
(AIQ78394), ZmDHAR3 (NP_001151414)

cytosol, peroxisome, chloroplast, and mitochondrion. The MDHAR isozymes
which localize in chloroplasts, mitochondria, and peroxisomes have specific exten-
sions at their N-terminus or C-terminus. These extensions act as a transit peptide for
mitochondrial or chloroplast targeting (N-terminus) and peroxisomal targeting
(C-terminus). In Arabidopsis, six MDHAR isozymes (AtMDHAR) were found in
the genome (Leterrier et al. 2005; Lisenbee et al. 2005). Two of them, AtMDHARI
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(gene accession number; At3g52880) and AtMDHAR4 (gene accession number;
At3g27820) localize in the peroxisome and possess specific C-terminal sequences,
which are similar to the type-1 peroxisomal targeting signal (PTS1) and membrane
peroxisomal targeting signals, respectively (Lisenbee et al. 2005). Another two
which arise from a single gene (gene accession number; Atlg639400) at different
transcription initiation sites, AtMDHARS (gene accession number; D84417) and
AtMDHARG (gene accession number; NP_564818) with an N-terminal extended
region, are targeted to mitochondria and chloroplasts, respectively (Obara et al.
2002). The other two, AtMDHAR?2 (At5g03630) and AtMDHAR3 (At3g09940),
localize in the cytosol with no sequence characterized by subcellular localizations
(Lisenbee et al. 2005). These six isozymes of Arabidopsis MDHAR exist in differ-
ent cell compartments. On the other hand, DHAR is the other enzyme to recycle
oxidized AsA (DHA) and prevents DHA from being spontaneously hydrolyzed to
2,3-diketogulonic acid. Plant DHAR contains a highly conserved DHAR peptide
motif (CxxS), corresponding to thiol-dependent redox sites in thiol-disulfide oxido-
reductase enzymes, and it is involved in redox function (Fomenko and Gladyshev
2002). Unlikely to plant MDHAR, the phylogenetic tree shows the plant DHAR
isozymes are classified into two groups (Fig. 2b). In Arabidopsis, three DHAR iso-
zymes, AtDHARI1 (gene accession number; Atlg19570), AtDHAR?2 (gene acces-
sion number; Atlg75270), and AtDHAR3 (gene accession number; At5g16710),
were found in the genome (Yoshida et al. 2006; Noshi et al. 2017). Based on the
primary structures of the plant MDHAR isozymes, two (AtDHAR1 and AtDHAR?2)
of three Arabidopsis DHAR are classified into the same group. AtDHARI and
AtDHAR? having no targeting signal like sequence, they seemed to localize in the
cytosol (Yoshida et al. 2006; Grefen et al. 2010). However, AtDHAR1 was reported
to localize in peroxisomes practically (Reumann et al. 2009). AtDHAR3 only pos-
sesses a specific N-terminal extension, similar to chloroplast targeting signal, and
was found to localize in the chloroplast (Noshi et al. 2016). Zea mays also has four
DHAR isozymes (ZmDHAR) in the genome. One DHAR (ZmDHAR?2) possesses
a similar sequence to chloroplast targeting signal, and another two isozymes
(ZmDHAR1 and ZmDHAR3) don’t contain any targeting signal. However, the
other one (ZmDHAR4) contains signal peptide like sequence and localizes in vacu-
ole (Zhang et al. 2015). In Pisum sativum, DHAR were reported to localize in mito-
chondria as well as peroxisome (Jimenez et al. 1997). Taking into account the
multiplicity of plant MDHAR and DHAR isozymes, the MDHAR and DHAR iso-
zymes function differentially at their localization sites in plants.

3 The Role of Ascorbic Acid Recycling Enzymes
in Regulating Ascorbic Acid Contents and its Redox State

Leaf tissues abundantly contain AsA, especially in chloroplasts (Foyer et al. 1983;
Foyer and Lelandais 1996). Light induces the photosynthesis in chloroplasts. In the
photosynthesis process, ROS are unexpectedly generated when electrons from
reduced ferredoxin of the photosynthetic electron transport chain at photosystem I
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transfer to O, instead of to NADP. In chloroplasts, AsA is essential as a substrate for
APX in the AsA-GSH cycle, which detoxifies ROS through successive oxidation
and reduction with GSH and NADPH. Since MDHAR and DHAR participate in the
AsA-GSH cycle, they play important roles in the regulation of cellular redox status
to scavenge ROS in photosynthesis. In tobacco (Nicotiana tabacum), the levels of
enzyme activities and proteins of DHAR were highest in the youngest leaves and
declined along with leaf aging (Chen and Gallie 2006). The fluctuation in DHAR
activities primarily correlated with the change in the chlorophyll contents and the
rate of CO, assimilation. The overexpression of DHAR also decreased the levels of
lipid peroxidation, whereas the suppression of DHAR expression increased the lev-
els of lipid peroxidation. Moreover, DHAR can affect plant growth development as
well as the diminishment of ROS. In rice (Oryza sativa), the overexpression of
OsDHARI exhibited better growth development, phenotypes, and rice yield, includ-
ing grain yield and biomass (Kim et al. 2013). In potato (Solanum tuberosum) pos-
sessing two DHAR isozymes (StDHARI1 and StDHAR?2), the StDHAR1 was highly
expressed in tubers, whereas the expression of StDHAR?2 was high in leaves (Qin
et al. 2011). Their primary structures suggest StDHAR1 and StDHAR?2 localize in
cytosol and chloroplast, respectively. The overexpression of St(DHARI1 significantly
increased AsA contents in leaves and tubers. In contrast, StDHAR?2 overexpression
resulted in the increase of DHAR activities and AsA contents only in leaves and did
not fluctuate them in tubers, suggesting that StIDHAR2 might need to be activated
by posttranslational processing in chloroplasts. StDHAR1 and StDHAR?2 might
play important roles in improving the AsA contents at different organs and cell
compartments. MDHAR and DHAR expressed not only leaves but also roots.
During development of the taproots of carrot and radish, the AsA contents were
gradually decreased (Xu et al. 2013; Wang et al. 2015). MDHAR and DHAR may
be involved in the fluctuation of AsA contents in root, although their physiological
function remains unknown.

Fruit is a primary source of AsA for humans, which cannot synthesize their own
AsA due to a lack of L-gluconolactone oxidase. Thus, AsA accumulation during
fruit development and ripening has been paid attention to in recent years. The pat-
terns of AsA accumulation during fruit development and ripening depend on plant
species. Several studies have reported that the AsA contents and AsA redox status
in fruits can be modulated during fruit development and ripening. Acerola
(Malpighia glabra) is a tropical fruit containing high AsA contents. The AsA con-
tent in green fruits is the highest during fruit ripening, and it decreases significantly
as ripening progresses (Badejo et al. 2009). In acerola fruits, the high gene expression
levels of the AsA biosynthesis enzymes involved in the Smirnoff-Wheeler were
observed during fruit ripening, suggesting that the Smirnoff-Wheeler pathway
mainly contributes to high AsA contents in acerola fruit (Badejo et al. 2009). In
acerola fruits, AsA contents are decreased during fruit ripening, whereas the ratio of
reduced AsA to DHA is increased. Concerning AsA recycling, MDHAR activities
were greatly higher than DHAR activities in acerola fruits. MDHAR activities are
increased gradually and significantly as ripening progressed, although DHAR activ-
ities increased at the early and intermediate stages of ripening, and then decreased
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dramatically at the later stages (Eltelib et al. 2011). The one of each DHAR and
MDHAR isozymes were cloned from acerola, and the gene expression of the DHAR
was correlated with its enzyme activities during fruit ripening. The MDHAR mainly
expressed at overripe fruits, against high MDHAR activities through fruit ripening.
On the other hand, the gene expression of the MDHAR was consistent with enzyme
activities in other tissues: root, stem, and young and mature leaves. Furthermore,
overexpression of the isolated MDHAR leads to the increase of AsA contents in
tobacco plants (Eltelib et al. 2012), suggesting that the MDHAR function mainly in
other tissue than fruit. However, acerola fruits possess high MDHAR activities and
its activities were increased with fruit ripening. Considering the existence of several
MDHAR isozymes in Arabidopsis, other MDHAR isozymes may mainly function
to maintain the AsA redox status during fruit ripening in acerola. Similar AsA accu-
mulation patterns have been reported in the fruits of blueberry (Vaccinium corymbo-
sum) (Liu et al. 2015) and kiwifruit (Actinidia deliciosa) (Li et al. 2010b) and the
pulps of citrus such as Navel orange (Citrus sinensis) and Satsuma mandarin (Citrus
unshiu) (Lado et al. 2015). In blueberry and kiwifruit (Li et al. 2010b; Liu et al.
2015), the AsA contents were higher in green fruits and decreased as fruit ripening,
and the gene expression of MDHAR increased in fruit ripening, while that of DHAR
decreased. Also, comparative analysis with AsA accumulation patterns was per-
formed with two blueberry cultivars, “Bluecrop” and “Berkeley.” In the two culti-
vars, although the AsA accumulation patterns were similar to each other, the
decrement of AsA content in “Berkeley” fruit was more significant during fruit
ripening than in “Bluecrop” fruit, which was consistent with the gene expressions
of MDHAR and DHAR. The results suggest the higher efficiency of AsA recycling
was partially responsible for the higher AsA accumulation in “Bluecrop.” In pulps
of two citrus fruits, Satsuma Owari Mandarin and Washington Navel orange fruits,
the AsA contents were decreased as fruit development and ripening progress, and
the AsSA contents in oranges were about twofold higher than in mandarins (Lado
et al. 2015). The gene expression levels of three citrus MDHAR isozymes
(MDHAR1, MDHAR?2, MDHAR3) were increased during fruit maturation, sug-
gesting the turnover of AsA in the pulp of oranges and mandarins was enhanced
during fruit ripening. In oranges, the high expression levels of citrus MDHAR3 at
the early stages of fruit development and citrus MDHAR1 and MDHAR?2 during
fruit ripening were observed, compared with those in mandarins. Thus, it may be
assumed that the coordinated expression of the MDHAR isozymes may contribute
to maintaining the AsA recycling in the pulp of fruits accumulating the high AsA
contents. In contrast to AsA accumulation patterns of acerola, blueberry, and
kiwifruit, the AsA contents of strawberry (Fragaria x ananassa) (Agius et al. 2003;
Cruz-Rus et al. 2011), tomato (Ioannidi et al. 2009), and chestnut rose (Rosa rox-
burghii Tratt) were increased during fruit ripening. In strawberry, the gene expres-
sion level of MDHAR was the highest in red fruits and was correlated with the
increase in AsA contents during fruit ripening. On the other hand, the gene expres-
sion of DHAR was high in green fruits of strawberry. Chestnut rose, one of the high
AsA accumulated plants, contained high AsA contents in matured fruits and the
AsA redox status was also enhanced during fruit ripening. The gene expression
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levels and enzyme activities of DHAR significantly correlated with AsA accumula-
tion during fruit ripening, indicating DHAR contributes to the buildup of high AsA
contents in chestnut rose fruits. In fruits, each plant MDHAR and DHAR isozymes
contribute to AsA recycling at different phases of the ripening process. The influ-
ences of MDHAR and DHAR on AsA accumulation during fruit development and
ripening vary among plant species. However, MDHAR and DHAR appear to have a
complementary relationship in maintaining the AsA redox status in fruit develop-
ment and ripening.

4 The Role of Ascorbic Acid Recycling Enzymes
in the Chloroplast, the Cytosol, and the Guard Cell

Aerobic metabolism continuously produces ROS at the different plant cellular com-
partments, like chloroplasts, mitochondria, and peroxisomes. Thus, the AsA redox
status is important to scavenge ROS produced under both normal and stress condi-
tions in those cellular compartments (Gallie 2013). As part of the AsA-GSH cycle,
MDHAR and DHAR isozymes can localize in these organelles. The chloroplast is a
major source of ROS production in plants and produces ROS during the photosyn-
thesis process as described in the previous section. Chloroplasts possess the light
harvesting system in thylakoid membranes. The photosystems, photosystem I (PSI)
and photosystem II (PSII), form the core of the light harvesting system and are the
primary sources of ROS production. In the photosynthesis process, after the PSI
reduces ferredoxin (Fd), photoreduced Fd transfers electrons to NADP*, which is
used for reduction of CO, in the Calvin—Benson cycle. However, especially when
NADP* is limited, excess photoreduced Fd can transfer electrons to O, instead of
NADP*, which leads to ROS production in the stroma of chloroplasts. Thus, the
regulation of the PSII reduction is necessary to maintain electron flow through the
PSI and to prevent over-reduction of Fd. H,0, is produced not only under normal
conditions but also by oxidative stress. Under water deficit conditions like drought,
salinity, and high temperature, intake of CO, is restricted because of stomatal clo-
sure, and excess light leads to the formation of ROS mainly at the PSI as well as
PSII. At the PSI, superoxide radical is formed from O, by photoreduced Fd, and
then it is converted to H,O, by iron-containing superoxide dismutase (FeSOD) at
thylakoid membranes via the Mehler reaction (Miller et al. 2010). The superoxide
radical generated at the PSII is converted into more toxic ROS like hydroxyl radical
via H,0, by the Fenton reaction at the Fe-S centers of the PSII. Hydroxyl radical
can harm different cellular components by lipid peroxidation, protein damage, and
membrane destruction. At the PSII, singlet oxygen is also produced by the imbal-
ance between light harvesting and energy utilization under environmental stress
conditions, as well as by the over-reduction of the PSII. Singlet oxygen can severely
damage the PSI and PSII. As described above, chloroplast is a major source of ROS
production in plants. To detoxify ROS, AsA presents in millimolar concentrations in
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chloroplasts (Smirnoff 2000). In the stroma of chloroplasts, AsA is used as a reduc-
tant in a reaction of stromal APX for the reduction of H,0O,, which is converted by
copper-zinc superoxide dismutase (CuSOD) from the superoxide radical generated
at the PSI, along with oxidation of AsA to MDHA. The AsA recycling is more
essential than AsA biosynthesis to detoxify ROS and to protect from photodamage
in chloroplasts because AsA is synthesized in mitochondria (Ostergaard et al. 1997),
not in chloroplasts. The photoreduced Fd, which donates electrons to NADP* in a
reaction of FA-NADP* reductase, can also donate electrons to MDHA to back to
AsA in the stroma as part of the thylakoid scavenging system (Miyake and Asada
1994). In addition to the AsA recycling by Fd, the MDHAR and DHAR with
N-terminal targeting sequences are localized in chloroplasts, and they participate in
the AsA recycling as part of the AsA-GSH cycle in the stroma of chloroplasts. In the
lumen of chloroplasts, to prevent the over-reduction of the PSII, AsA donates elec-
trons to the oxygen-evolving complex in the PSII. And also, AsA is used as a cofac-
tor for violaxanthin de-epoxidase (VDE) (Eskling et al. 1997), which catalyzes the
conversion of violaxanthin to zeaxanthin in the xanthophyll cycle. The xanthophyll
cycle works for the dissipation of excess absorbed excitation energy during non-
photochemical quenching. If not reduced immediately to AsA, MDHA dispropor-
tionates to AsA and DHA. Because neither Fd nor MDHAR are localized, MDHA
cannot be recycled to AsA in the lumen of chloroplasts. Besides, in the lumen of
chloroplasts, the disproportionation of MDHA is fast due to the low pH during light
exposure (Asada 1999; Mano et al. 2004). Thus, MDHA produced in the lumen
disproportionates to AsA and DHA, then DHA is transported to the stroma and
recycled to AsA. In chloroplasts, the MDHAR and DHAR isozymes play important
roles in maintaining AsA contents as stromal scavenging system.

Peroxisomes are single membrane spherical organelles and are also a major
source of H,O, production by their oxidative metabolism (del Rio et al. 2006; Palma
et al. 2009). In peroxisomes, the B-oxidation of fatty acid produces H,O, as a by-
product of lipid catabolism. Superoxide radical is also produced at the two different
locations of peroxisomes: peroxisomal matrix and membrane. As described above,
when the water availability is low and stomata remains closed under stress condi-
tion, the ratio of CO, to O, is reduced considerably, which causes increased photo-
respiration leading to glycolate formation. The glycolate is oxidized by the glycolate
oxidase in peroxisomes to produce H,O, during photorespiration (Noctor et al.
2002). In order to detoxify H,0O,, peroxisomes possess catalase to convert H,O, to
H,O and O, in the peroxisomal matrix. In addition to catalase, peroxisomes possess
APX and MDHAR in the peroxisomal membranes, and the APX and MDHAR
cooperate with each other on the AsA-dependent electron transfer system to detox-
ify H,0O,. H,0O, passes freely through membranes, and the H,O, escaping from the
peroxisomes is reduced by a peroxisomal membrane-bound APX and MDHAR
using AsA as a reductant. In the seedlings of the Arabidopsis sugar-dependent2
(sdp2) mutant, which is deficient in the MDHAR localized to the peroxisomal mem-
brane (Eastmond 2007), the H,O, level was elevated, and the oil body proteins and
lipids were oxidized, because of the low AsA contents. Moreover, the oxidation
damage in the seedlings of the sdp2 mutant caused the inactivation of the triacylg-
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lycerol (TAG) lipase which is associated with the oil body membranes. In peroxi-
somes, all of catalase, APX, and MDHAR are essential to the peroxisomal
antioxidant system in the seedlings. The main role of MDHAR appears to prevent
H,0, from escaping into the cytosol. The H,O, escaping from the peroxisomes
appears to lead to the inactivation of TAG hydrolysis in oil bodies and prevents the
seedlings from producing energy for initial postgerminative growth. Thus, the
MDHAR located in peroxisomes plays a crucial role in growth of seedlings.

Mitochondrion is involved in respiration and photorespiration and is also a
source of ROS production as well as chloroplast and peroxisome. Although the ROS
production in the mitochondria is less than those in light-exposed chloroplasts or in
peroxisomes, mitochondria are the major sources of ROS under the dark, or in non-
green tissues (Szarka et al. 2012). The inner membrane of mitochondrion performs
oxidative phosphorylation and energy-linked ion translocation. And energy capture,
transduction, and utilization are achieved via a number of reactions in the inner
membrane. The electron transport chain in mitochondria is the major factor to
reduce O, to form ROS. The role of manganese-containing superoxide dismutase is
well known to protect from ROS induced by oxidative stress in mitochondria. In
mitochondria, L-galactono-y-lactone dehydrogenase presents at the inner mitochon-
drial membrane and catalyzes the conversion of L-galactono-y-lactone to AsA,
which is the last step of AsA biosynthesis in plants (Ostergaard et al. 1997). AsA,
which is synthesized in the mitochondria, is not only transported to other cell com-
partments to detoxify ROS but also used as an electron donor to the electron trans-
port chain in the mitochondria. In mitochondria, the presence of the AsA-GSH cycle
was confirmed in some plants such as Pisum sativum (Jimenez et al. 1997) and
Arabidopsis (Chew et al. 2003). DHA is generated in the intermembrane space by
APX, and DHA can be transported to the mitochondrial matrix, where the AsA-
GSH cycle is able to recycle DHA to AsA. In order to fuel these reactions, the
reductants are supplied in the form of NADH and NADPH from the tricarboxylic
acid cycle (Szarka et al. 2013).

In guard cells, ROS serve as secondary messenger for controlling gas exchange
in leaves, and H,0, can regulate the opening and closing of the stomatal pores. The
signaling of abscisic acid (ABA) induces H,O, production to facilitate the closing
of the stomatal pores under water stress conditions. As described above, the photo-
synthesis process can induce the fluctuation of H,O, contents during day and night
along with the movement of the stomatal pores. The AsA redox status is of impor-
tance to the movement of the stomatal pores because AsA is used by APX to convert
H,0, to H,O in cells (Gallie 2013). In tobacco, the increase in the AsA redox status
and the decrease in the H,O, contents in the guard cells were achieved in the DHAR-
overexpression plants (Chen and Gallie 2004). The DHAR-overexpression plants
showed a higher percentage of open stomata, an increase in total open stomatal area,
and increased transpiration. Also, the guard cells with an increase in the AsA redox
status were less responsive to H,O, or ABA signaling, and the plants exhibited
greater water loss under drought conditions. On the other hand, the DHAR-
suppression plant showed an increase in the H,O, contents in the guard cells and a
reduction in total open stomatal area, and consequently, the plant exhibited an
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increase of drought tolerance. Thus, DHAR can regulate the opening and closing of
stomatal pores mediated by the AsA redox status through the AsA recycling in the
guard cells.

5 Contribution of Ascorbic Acid Recycling Enzymes
to Environmental Stress Tolerance

In general, salt, drought, cold/freeze, and high light intensity cause oxidative stresses
at different compartments in cells (Mittler et al. 2004; Choudhury et al. 2013). And
ROS generations such as H,0O, are promoted under oxidative stress conditions. The
AsA-GSH cycle plays a significant role in oxidative stress tolerance by removing
ROS generated in cells (Noctor and Foyer 1998; Mittler et al. 2004; Foyer and
Noctor 2005). As shown in Figs. 1 and 3, MDHAR and DHAR are the components
of the AsA-GSH cycle and they contribute to scavenging and detoxifying of ROS
with AsA and GSH. APX catalyzes the reduction of H,O, with simultaneous oxida-
tion of AsA, which resulted in generation of MDHA as a primary product and fol-
lowed by oxidation of MDHA to DHA. MDHAR and DHAR reduce two oxidized
AsA, MDHA and DHA, respectively, before hydrolyzing to 2,3-diketogulonic acid.

H,0

APX Spontaneous

AsA: MDHA =——=>>DHA - »2,3-diketogulonic acid
(Unstable)

Light, Salt, Drought »2,3-diketogulonic acid

Cold/Freeze, etc.

Oxidative stress
Signal transduction

Fig. 3 Overview of ascorbate recycling in plant cells under oxidative stress. Under oxidative
stress conditions by light, salt, drought, and cold/freeze, ROS generations such as H,O, are pro-
moted. Ascorbate peroxidase (APX) catalyzes the reduction of H,O, with the oxidation of AsA,
which resulted in generation of MDHA as a primary product and followed by oxidation of MDHA
to DHA. The AsA recycling plays a significant role in oxidative stress tolerance by removing ROS
generated in cells. In apoplast, MDHA is rather unstable because of the acidic condition, and
MDHA tend to be spontaneously oxidized to DHA. After transporting into the symplast, where
DHAR exists, DHAR will reduce DHA to AsA (Adapted from Yin et al. 2010)
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Therefore, MDHAR and DHAR are essential enzymes to maintain AsA contents as
well as redox status, especially under oxidative stress conditions. As described in
the previous section, there are many MDHAR and DHAR isozymes in plants
(Leterrier et al. 2005; Lunde et al. 2006; Zhang et al. 2015). And they localize in
various cell compartments such as chloroplast, mitochondrion, peroxisome, and
cytosol. Thus, MDHAR and DHAR work together to protect from oxidative stress
by ROS at different cell compartments. In response to oxidative stresses, the expres-
sion levels of MDHAR and DHAR are influenced, although their expression regula-
tions remain unknown. Salt stress is a major limiting factor to plant growth and
productivity along with ROS production in plant cells. As described above, MDHAR
is the first enzyme getting back oxidized AsA to AsA. In Avicennia marina which is
a highly salt tolerant species, MDHAR gene was inducibly expressed in salt stressed
leaves (Kavitha et al. 2010). Temperature is also one of the factors that not only
affects plant growth and development but also causes oxidative stress. Low
temperature-induced ROS accumulation has been widely reported in plants (Suzuki
and Mittler 2006). And MDHAR activities in tomato fruits were increased by cold
stress (Stevens et al. 2008). In addition to oxidative stresses caused by salt and cold,
the gene expression of MDHAR in Chinese cabbage was increased by oxidative
stress induced by H,0,, salicylic acid, paraquat, and ozone (Yoon et al. 2004). The
gene expression of DHAR is also induced by oxidative stress. In rice (Urano et al.
2000) and acerola (Eltelib et al. 2011), DHAR activities and expressions were
increased under high- and low-temperature conditions. Moreover, the gene expres-
sion of DHAR in Jatropha curcas was also induced by oxidative stress such as
treatments of PEG, NaCl, and H,O, (Chang et al. 2017). The expressions of MDHAR
and DHAR in response to oxidative stress in plants suggest that both of MDHAR
and DHAR play roles in protecting cell components from oxidative stress through
maintaining the AsA redox status. Thus, the overexpressions of MDHAR and
DHAR can enhance oxidative stress tolerance. The overexpression of MDHAR in
the cytosol of tobacco (Eltayeb et al. 2007, Eltelib et al. 2012) significantly increased
AsA contents and AsA redox status as well as MDHAR activities, compared to
wild-type tobacco. And the transgenic plants overexpressing MDHAR showed
enhanced tolerance to oxidative stress by ozone, salt, and drought. The overexpres-
sion of human DHAR in the cytosol of tobacco slightly but significantly increased
only AsA redox status but not AsA contents (Kwon et al. 2003). In contrast to
human DHAR, the overexpression of rice DHAR in Arabidopsis slightly increased
only AsA contents but not AsA redox status (Ushimaru et al. 2006). In spite of slight
increase of AsA contents and AsA redox status by overexpressing DHAR, the trans-
genic plants with high DHAR activities enhanced tolerance to oxidative stress such
as H,0,, methyl viologen, NaCl, and ozone (Kwon et al. 2003; Ushimaru et al.
2006; Chang et al. 2017). Compared to MDHAR, the overexpression of DHAR
seems to provide no significant influence on AsA contents and AsA redox status in
plants. However, under aluminum (Al) stress leading to accumulation of ROS in
roots, tobacco plants overexpressing DHAR in the cytosol showed lower H,O, con-
tents, less lipid peroxidation, and lower level of oxidative DNA damage, compared
with transgenic tobacco overexpressing MDHAR and wild-type tobacco (Yin et al.
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2010). Al stress causes ROS accumulation mainly in the apoplast of roots. Because
of the acidic pH (pH 5-6) where MDHA is unstable in contrast to DHA (Asada
1999), MDHA in the apoplast of roots tend to be spontaneously oxidized to DHA
(Fig. 3). Because DHAR is absent in the apoplast, DHA can be reduced to AsA by
DHAR after transported into the symplast, where DHAR exists. Thus, the tobacco
plants overexpressing DHAR have higher tolerance to Al stress, compared to
tobacco overexpressing MDHAR. MDHAR and DHAR play important roles in
enhancing stress tolerance against environmental stress according to their localiza-
tion sites. However, interestingly, there is a report about 2,4,6-trinitrotoluene (TNT)
toxicity mediated by MDHAR (Johnston et al. 2015). TNT has a high toxicity and
induces ROS accumulation in mitochondria. The suppression of MDHAR targeting
to mitochondria leads to enhance tolerance to TNT, which is converted to a nitro
radical by MDHAR in mitochondria. Also, the recovery of the MDHAR expression
in the mutants reduces the tolerance to TNT.

ROS are accumulated in responses to biotic stress as well as abiotic stress in
plants, and cause damage to the cell. However, under biotic stress conditions, ROS
act as not only harmful compounds but also valuable substances, because ROS seem
to directly kill the invading pathogen and serve as secondary messengers regulating
pathogen defense responses (Tripathy and Oelmuller 2012; Choudhury et al. 2013).
Thus, the cellular ROS levels may have substantial properties to pathogen defense.
It was reported that Arabidopsis mutant vitamin c (vtc), which is deficient in AsA
contents, enhanced resistance to pathogens (Barth et al. 2004). When virulent
Pseudomonas syringae and Peronospora parasitica were infected with the
Arabidopsis vtc mutants, the growth of the bacterial or fungal pathogen was sub-
stantially suppressed, compared to wild type. Besides, the expressions of the
pathogen-related proteins were strongly induced by the infection of P. syringae and
P. parasitica in the Arabidopsis vtc mutants along with high salicylic acid contents.
The AsA contents seem to affect defense responses against pathogens in plant cells.
Considering functional roles of the AsA-GSH cycles, The AsA-GSH cycles can be
a regulator of cellular ROS contents in order to stimulate the redox-regulated plant
defense (Noctor and Foyer 1998). Thus, MDHAR and DHAR must be involved in
plant—pathogen interactions through maintaining the AsA redox status in plants.
Puccinia striiformis f. sp. tritici (Pst) causes wheat stripe rust, which is one of the
serious diseases in wheat. In wheat (Triticum aestivum L.), there are two MDHAR
isoforms: TaMDHAR2 and TAIMDHAR4. TAIMDHAR? gene is isolated as a target
gene of PN-2013, one of microRNAs (miRNAs), in a Pst resistant wheat cultivar.
miRNAs are known as regulator of the gene expression of the target gene at the
posttranslational level by degrading target mRNA or repressing gene translation
(Feng et al. 2014b). When the wheat cultivar was challenged by Pst, the expression
of PN-2013 was induced, and then that of TAIMDHAR?2 was decreased. The negative
correlation of PN-2013 expression with the TAIMDHAR?2 expression suggests that
PN-2013 suppress the gene expression of TAMDHAR?2 in response to Pst. Similar
expression response was reported in the incompatible interaction between wheat
and pathogen (Feng et al. 2014a). The expression of TAIMDHAR4 was decreased at
the early stage of inoculation with a Pst race CYR23 (incompatible interaction),
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while no significant change was observed in the compatible interaction with another
Pst race CYP31. Based on primary structures, TAMDHAR2 and TAaMDHAR4 are
expected to exist in cytosol and peroxisomes, respectively. Plant peroxisomes play
essential roles in plant—pathogen interaction (McCartney et al. 2005) as well as pho-
torespiration detoxification reaction and plant hormone synthesis (Hayashi and
Nishimura 2003; Hu et al. 2012). TaMDHAR?2 and TaMDHAR4 function at differ-
ent cell compartments in plant—pathogen interactions. Besides, the suppression of
TaMDHAR?2 and TaMDHAR4 showed improved resistance to Pst in wheat (Feng
et al. 2014a, b). Thus, MDHAR could contribute to pathogen defense through regu-
lation of ROS metabolism by the AsA-GSH cycles.

6 Conclusion

AsA functions as an antioxidant which is essential for photosynthesis and stress
response in order to remove generated ROS. Therefore, AsA contents and its redox
status are of importance to health and stress tolerance of plants. And because of its
nutrient values for human, which cannot produce AsA by themselves, the AsA con-
tents in vegetables and fruits have been paid attention to for a long time. Although
the AsA biosynthesis appears to be a primary factor in determining and regulating
the AsA contents in plants, the AsA contents as well as its redox status are the result
of the balance between its biosynthesis and recycling. In the AsA-GSH cycles
including AsA recycling, two reductases, MDHAR and DHAR, reduce MDHA and
DHA to AsA, respectively. In this chapter, at first, the primary structures of MDHAR
and DHAR as well as their gene expressions in leaves and fruits are focused. Plants
possess the multiple isozymes of MDHAR and DHAR, and the isozymes of
MDHAR and DHAR are classified into some groups, based on their primary struc-
tures. They localize at different cell compartments: cytosol, chloroplast, mitochon-
drion, peroxisome, and vacuole. Considering that the overexpression of DHAR
localizing in chloroplasts did not increase the DHAR activities in potato tubers,
some MDHAR and DHAR isozymes might need to be posttranslationally modified
in its localization site. The differences in their cellular localization and posttransla-
tional modification suggest the isozymes function at different cell compartments in
plants. In leaves, the gene expression patterns of MDHAR and DHAR suggest they
are mainly involved in the diminishment of ROS produced during photosynthesis.
MDHAR and DHAR also function during fruit development and ripening. There
are mostly two types of the AsA accumulation model during fruit development and
ripening. One is that the AsA is accumulated at the highest levels in green fruits and
its contents decrease as fruit maturation, while the other shows opposite properties
of AsA accumulation. Thus, the contribution and influence of MDHAR and DHAR
on the AsA recycling during fruit development and ripening vary among plant spe-
cies. And their gene expression patterns suggest that they have a complementary
relationship in maintaining the AsA redox status.



Physiological Role of Ascorbic Acid Recycling Enzymes in Plants 369

Aerobic metabolism constantly generates ROS under both normal and stress
condition at the different plant cellular compartments, like chloroplasts, mitochon-
dria, and peroxisomes. Chloroplast is a major source of ROS production in plants.
To ensure the continuous survival of plants under stress conditions, controlling and
scavenging the ROS in the chloroplasts are very essential. AsA present in milli-
molar concentrations in chloroplasts (Smirnoff 2000). However, AsA is synthesized
not in chloroplasts but in the mitochondria (Ostergaard et al. 1997) and transported
to other cell compartments to eliminate ROS. Thus, MDHAR and DHAR isozymes
are essential to scavenge ROS as part of the AsA-GSH cycles in chloroplasts, mito-
chondria, and peroxisomes. In addition, the AsA recycling has sometimes greater
effect than the AsA biosynthesis especially under environmental stress, because the
increase of AsA contents by AsA biosynthesis cannot occur in hours when plants
suffer environmental stresses (Bartoli et al. 2006). Therefore, the efficiency of the
AsA recycling is of importance to regulate cellular ROS contents under stress con-
ditions. In fact, transgenic plants overexpressing MDHAR and DHAR show
enhanced tolerance to oxidative stress, in spite of slight increase of AsA contents.
However, ROS acts as not only toxic substances to damage cell components but also
signal elements involved in pathogen defense. In pathogen infection, the gene
expression of MDHAR was suppressed in the wheat leaves, and the suppression of
MDHAR enhanced the resistance to pathogen stress. According to the environmen-
tal condition, MDHAR and DHAR contribute to stress tolerance through regulation
of ROS metabolism by the AsA-GSH cycles.

In plants, the AsA contents are the results of balance of AsA biosynthesis and its
recycling. Thus, the AsA contents can depend on the ability of AsA recycling as
well as that of its biosynthesis in plants. The AsA recycling can serve as two inte-
grated means by the effect on the AsA contents in plants, one is to control plant
health and development, and the other is engineering of the improving with nutrient
values and stress tolerance. The mechanisms of gene expressions of MDHAR and
DHAR would be of great interest to manipulating the AsA contents in plants.
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