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Background: Ascorbic acid (Asc) is one of the most abundant antioxidants and it serves as a major contributor to
protect plants against oxidative damage. Plants use two enzymes that participate in the metabolic recycling of
Asc. One of these two enzymes is dehydroascorbate reductase (DHAR). It directly regenerates Asc from its
oxidized state and thus prevents Asc from being irreversibly hydrolyzed to 2, 3-diketogulonic acid. This study
aimed to examine whether over-expression of DHAR leads to an enhanced oxidative stress tolerance in
tobacco plants.

Results: In this study, we functionally characterized a novel Jc(DHAR gene from Jatropha curcas and found via
quantitative RT-PCR analysis that JcDHAR can be induced with H,0,, salt and PEG stresses. The DHAR activities
of transgenic tobacco plants increased from 2.0 to 5.3 fold compared to wild-type plants. As a result, the
transgenic plants displayed enhanced tolerance to oxidative stress.

Conclusions: Our results indicate that J)DHAR expression can effectively enhance the tolerance to oxidative stress
in plants.
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Salt stress

PEG stress
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1. Introduction

Plants are constantly exposed to an adverse environment that is
typically associated with the production of reactive oxygen species
(ROS), such as hydrogen peroxide (H,0,), superoxide anions (03 ),
and hydroxyl radicals (OH™) [1]. Enzymatic and non-enzymatic
scavenging systems effectively reduce the damage caused by
these oxide toxicities. Ascorbic acid (Asc), a potent antioxidant, is
synthesized in the mitochondria of plants and then transported to
other cell compartments to eliminate ROS [2,3]. In addition, various
ways exist to regenerate Asc from its oxidative forms. In the
chloroplast or cytosol, Asc is oxidized to the monodehydroascorbate
(MDHA), which can be reduced to Asc via monodehydroascorbate
reductase (MDHAR) in an NAD(P)H-dependent reaction [4].
Moreover, in the chloroplast, MDHA can also be reduced to Asc via
thylakoid-associated reduced ferredoxin via an effective and rapid
disproportionation to Asc and dehydroascorbate (DHA) when the pH
of the lumen is low [4,5]. Furthermore, DHA is reduced to Asc by DHA
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reductase (DHAR) in the presence of reduced glutathione (GSH),
which in turn is regenerated by Glutathione reductase (GR).

Asc represents about 10% of the total soluble carbohydrate pool and
acts as an electron donor for the detoxification of ROS in plants [6,7,8].
The role that Asc plays in responding to oxidative stresses has been
shown in Arabidopsis thaliana vtc mutants, which are impaired in
Asc biosynthesis [9,10,11]. Moreover, Asc is a cofactor for some
hydroxylase enzymes and regulates cell growth and division [12,13], it
modulates growth and defense gene expression through hormones
[14,15], and affects the flowering time in Arabidopsis [16].

The level of Asc is strongly controlled by synthesis, recycling,
degradation and transport, while the Asc recycling pathway is
particularly important for the stress response and adaptation [17,18].
For the recycling of Asc, MDHAR and DHAR are the components that
are crucial to maintain the reduced Asc pool [19]. So far, several DHAR
genes were successively cloned from plants such as rice [20], tobacco
and wheat [21]. Asc content of plants can be increased via enhancing
the expression of DHAR [21]. Over-expressing the wheat DHAR gene
increased protection against oxidative damage in tobacco [22]. Eltayeb
et al. [6] reported that the elevation of Asc levels via expression of
A. thaliana DHAR provided a significantly enhanced oxidative stress
tolerance to drought and salt. Over-expression of rice DHAR increased
the salt tolerance of Arabidopsis plants [23]. The recycling of Asc via
wheat DHAR expression can enhance the protection against photo
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oxidative stress [24]. Over-expression of A. thaliana cytosolic DHAR
conferred enhanced tolerance to Al stress in tobacco [18]. Elevating
ascorbate contents of potatoes via over-expression of A. thaliana DHAR
led to higher tolerance to herbicide, drought and salt stresses [25].

Jatropha curcas L., a tropical energy plant, prefers arid environment
and thus could be used to reclaim lands and many other ways. Due to
its excellent anti-stress properties in several aspects, it became a focus
of attention. In our study, we cloned a full-length cDNA sequence of
J. curcas L. DHAR (JcDHAR) from J. curcas L. leaves. JcDHAR-expressed
tobacco plants showed a significantly enhanced stress tolerance
compared to wild-type plants.

2. Material and methods
2.1. Plant material and treatments

J. curcas L. seeds were germinated and grown in a growth chamber at
25°Cwith a 16-h light/8-h dark photoperiod. To investigate responses of
JcDHAR to different abiotic stresses, we sprayed four-week-old
seedlings or watered with 1% H,0,, 300 mM NaCl, 30% PEG
respectively. For RNA analysis, we collected every alternative leave of
seedlings at 0, 1, 6, 12 and 24 h and stored them at —80°C.

2.2. Isolation of JcDHAR cDNA and expression analysis

We isolated full-length JcDHAR cDNA via rapid amplification
of cDNA ends (RACE) from young leaves of J. curcas seedlings.
We used the sequence of Nicotiana tabacum DHAR (GenBank:
AY074787) as a query sequence for homologous BLAST on NCBI.
We chose two high similarity sequences, Ricinus communis DHAR
(GenBank: XM_002522984) and Populus trichocarpa DHAR (GenBank:
XM_002316281) for analysis with the DNAMAN software. For 3'RACE,
we designed two degenerated primers (L1: 5'-GGAAYTRAAGG
CMTTGGA-3’, L2: 5'-GAKGTKGCTCTTGSCCATT-3’) according to the
conserved sequence regions. For 5'RACE, we designed specific primers
(S1: 5" AGATTCGAGGGAGAACAG-3’, S2: 5'-GAAATGAGTCAAGTTT
TCGG-3’) according to 3’-end sequence obtained via 3’RACE. For
the open reading frame (ORF), we obtained specific primers (D-S:
5'-GCATAACTTCGTATAGCAT-3’, D-R: 5'-ATAATATAAACTAGTTCTG
GT-3) from the aligned sequences of 3’ and 5’ PCR products.

To assay the JcDHAR expression profiles, we treated one-month-old
seedlings with 1% H,0,, 300 mM NaCl, and 30% PEG respectively.
We collected leaves at 0, 1, 6, 12, and 24 h for RNA extraction. We
performed quantitative RT-PCR (qRT-PCR) using JcDHAR gene-specific
primers (F: 5'-GGAGATTGCCCATTTTGCC-3, R: 5'-GGCGTCTGGAGGAG
TAACAAG-3’) and used the primers (18s-F: 5'-CAACCATAAACGATGC
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CGACC-3, 18s-R: 5’-CAGCCTTGCGACCATACTCCC-3’) for 18s rRNA
as reference.

2.3. Plant transformation and western blot analysis

We inserted the cDNA that encodes JcDHAR into the binary vector
pBI121 under the control of the cauliflower mosaic virus 35S
promoter via the Xba I and Sac I sites. We generated transgenic
tobacco plants (Nicotiana benthamiana) that express JcDHAR via
A. tumefaciens transformation [26]. We closed the full-length JcDHAR
cDNA upstream of 6xHis-tag sequence between the Ncol and Xhol
sites of the pET-28 vector. The His-tagged recombinant JcDHAR
protein was over-expressed and purified by Ni-NTA agarose system
(QlAexpress, Qiagen) according to the manufacturer's instructions.
Injecting this protein into rabbit raised antibodies against the purified
recombinant JcDHAR and we used the Anti-JcDHAR antiserum for our
western blot analysis. We ground plant leaves in liquid nitrogen and
transferred to extraction buffer (100 mM Tris-HCl, pH 8.0, 1 mM
EDTA, pH 8.0, 10 mM P-mercaptoethanol, 200 mM sucrose) followed
by centrifugation at 13,000 rpm for 20 min to obtain the soluble
protein. We separated the protein extracts via 12% SDS-PAGE
and transferred to polyvinylidene difluoride membrane (PVDF) via
electroblotting. Following the transfer, we blocked the PVDF in 5%
milk in TPBS (0.1% Tween 20, 137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 1.4 mM KH,PO,4, pH 7.4), then incubated with anti-JcDHAR
antiserum diluted 1:5000 in TPBS with 5% milk for 1 h at room
temperature. After three times of washing with TPBS every 10 min,
we incubated the membrane with goat anti-rabbit horseradish
peroxidase-conjugated antibodies (ZSGB-BIO, China) diluted to
1:10,000 for 1 h at 37°C. We washed the blots five times with TPBS
and used chemiluminescence (Bio-Rad, USA) for the signal detected
between 1 to 3 min. We estimated the protein concentration using
Bradford's [28] method via bovine serum albumin as standard.

24. Enzyme assays

We assayed DHAR activity following the method as described in
Hossain and Asada [29]. We ground 0.2 g plant leaves in liquid
nitrogen and quickly transferred the powders to 5-mL centrifuge
tubes containing 1 mL pre-cooled extraction buffer (50 mM
KH,P04/K;HPO,4, pH 7.8, 2 mM Asc, 5 mM EDTA). We obtained the
soluble protein following a 20-min centrifugation at 12,000 rpm after
short vortex. Enzyme activity was followed by an increase at Ayg5 after
we added the matching volume of soluble protein into the reaction
buffer (50 mM KH,PO4/K,HPO,4, pH 7.0, 0.2 mM DHA, 2.5 mM GSH
and 0.1 mM EDTA). H,0, is able to pass through cell membranes and
reach cell locations remote from its site of formation [30]. In order
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Fig. 1. Expression profile of Jc(DHAR under the treatment of 1% H,0, (A), 300% NaCl (B), and 30% PEG (C) measured via quantitative real-time PCR in four-week-old J. curcas seedlings.
Relative expression levels are shown as fold change values. Data are expressed as means = SD.



L. Chang et al. / Electronic Journal of Biotechnology 25 (2017) 1-8 3

WT OE1 OE2 OE3

JcDHAR

EF1a

WT OE1 OE2z OE3

c
- -

© N DO
w\‘,gr‘?‘\ S ¢ & F
W

o

10
= *%
3 s e
<
E * %
s
=
= 4 *%
£
22
: LM
<L
I
g 0
WT OE1 OE2 OE3

Fig. 2. Identification of Jc(DHAR transgenic N. benthamiana. (A) Identification of Jc(DHAR transgenic N. benthamiana by genome PCR with 35S-F and JcDHAR-R primers. (B) Identification of
JcDHAR transgenic N. benthamiana by RT-PCR with JcDHAR-F1 and JcDHAR-R1. WT, wild-type. 1-3, transgenic lines. (C)Western blot of DHAR transgenic, control plants and J. curcas
protein samples (25 mg) were separated by SDS-PAGE, transferred to a polyvinylidene difluoride membrane (PVDF), and applied to an immunoblotting assay. DHAR: His-tagged
recombinant protein. (E) DHAR enzyme activity. WT: control plant. DHAR transgenic lines are represented by OE1, OE2, OE3. JC, J. curcas L. Data are expressed as means + SD, n = 6.

** indicates significant differences in comparison to the wild type at P < 0.01.

to detect the activities of antioxidant enzymes under H,0, stress,
we treated 4-week-old tobacco plants with 1% H,0, for 12 h. We
collected 0.2 g of leaves for CAT, APX, GR and SOD measurements.
We measured APX activity as described via measuring the decrease
in absorbance at 290 nm as ascorbate is oxidized [31]. We
determined GR activity from the decrease in absorbance of NADPH
at 340 nm [32]. We performed SOD and CAT measurements as
described in Yang et al. [33].

2.5. Analysis of ROS scavenging via H,0, andO5 " staining

To observe H,0, andO; accumulation in plant leaves, we treated
3-week-old tobacco leaves with 1% H,0,, 150 mM NaCl, and 20% PEG
for 5 h, smearing the solutions onto the leaves with cotton buds. For
the H,0, staining, we collected leaves and infiltrated them in the DBA
solution (1 mg/mL, pH 3.8) for 24 h at 25°C in the dark. After staining,
we soaked the leaves in ethanol for 2 d to remove all chlorophyll. For
03 detection, we collected the treated seedling leaves and incubated
them in the substate NBT (0.1 mg/mL) for 24 h at 25°C in the dark,
and then soaked them in ethanol for 2 d to remove all chlorophyll.
We used seedlings that were treated with water as control.
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2.6. The response of tobacco leaves to oxidative stress

For our oxidative damage experiments, we detached leaf disks of
1.5-cm diameter from healthy and fully expanded leaves of wild-type
and transgenic plants. We let all disks float in solutions of three
different concentrations of H,O, (0, 1% and 2%) for 72 h, and then
dipped them in 95% alcohol for 48 h to detect the concentrations of
chlorophyll a and b [34]. This experiment was repeated for three
times. We assessed lipid peroxidation via the TBARS method described
by Heath and Packer [35]. For our MDA assay [36], we ground leaf
samples from plants supplemented with or without 300 mM NaCl in
5 mL of 0.1% trichlorocetic acid (TCA) and mixed with 5 mL of 0.5%
thiobarbituric acid at 4°C. We boiled the homogenate for 10 min and
followed with 3000 rpm centrifugation at 4°C for 10 min. We then
used the cleared supernatant for our MDA assay at As3, and Aggo.

2.7. Salt stress tests

We surface sterilized wild-type and transgenic seeds with 75%
alcohol for 30 s, and washed with sterile water for five times. We
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Fig. 3. Analysis of ROS accumulation in WT and transgenic plants (OE1,0E2 and OE3) in response to abiotic stress. We detected abiotic stress-induced H,0, and O3 accumulation for 5 h via
NBT and DAB staining, respectively. Three-week-old tobacco leaves smeared with H,0,, NaCl and Polyethylene glycol (PEG) for 5 h followed by H,0, and O3 staining. Smeared with water,
almost no H,0, or O staining was detected in either WT or transgenic tobaccos (OE1, OE2, OE3). Following H,0,, salt and PEG treatments, H,0, and O3 staining were notably higher in

OE1, OE2, OE3 compared to WT plants.
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Fig. 4. Effects of oxidative stress on the performance of WT and transgenic tobacco plants (OE1, OE2, OE3). (A) Leaf disks were incubated in water and different concentrations of H,0,
(1% and 2%, respectively) under white light for a total of 72 h. (B) Chlorophyll content was determined in leaf disks of WT and transgenic plants following 72 h treatment of H,0,. Leaf
disks floated in water served as control. Data are expressed as means =+ SD, n = 3. Different letters above the columns indicate significant differences (P < 0.05) according to Duncan's
multiple range test. (C) The influence of antioxidant enzymes in transgenic tobacco plants. The total activities of the antioxidant enzymes APX, CAT, GR and SOD in the tobacco plants
treated with 1% H,0, for 12 h. Data are expressed as means + SD, n = 6. * and ** indicate significant differences in comparison to the wild type at P < 0.05 and P < 0.01, respectively.

let the sterilized transgenic seeds germinate on kanamycin-containing
1/2 MS plates and the WT seeds on antibiotic-free 1/2 MS plates. For
root growth measurements, we transferred the just germinated seeds
to solid 1/2 MS medium supplemented with different concentrations
of NaCl (0, 100, 200, 300 mM). We oriented all plates vertically with
seedlings upside down. We measured the root length after 7 d of
treatment. We performed three replicates for each experiment. For
our salt tolerance experiment, we transferred one-week-old seedlings
to pots containing soil. We watered all plants weekly and cultured
them at 25°C under 16-h light/8-h dark photoperiod with white
fluorescent light (~125 umol m~2 s~ ). We used two different growth
stage plants for our study. We treated four-week-old plants with
300 mM NacCl per week for two weeks, and watered six-week-old
plants with 800 mM NaCl per week for four weeks. We collected
leaves from the same part of plants to analyze chlorophyll a and b
contents. We weighed the plant roots after slightly washing them
with water and subsequent drying in oven at 65°C. We used plants
supplied with water as control.

2.8. Drought tolerance experiment

To detect the drought tolerance, we sterilized WT and transgenic
plant seeds and let them germinate as described above. We

transferred germinated seedlings on the plates into soil and
watered them weekly. One-month-old and two-month-old healthy
plants of identical size were not watered anymore, respectively.
After two weeks, we photographed the plants.

3. Results
3.1. Isolation of JcDHAR full-length cDNA

For the JcDHAR Full-length cDNA isolation, we used the NtDHAR
sequence to blast on NCBI and chose two homologous DHAR
sequences of Ricinus communis and Populus trichocarpa from the
blasting results. Based on the resulting three sequences, we
amplified the 3’ end of a putative JcDHAR fragment from J. curcas
leaves with degenerated primers using 3’-RACE, and obtained the
5’ end sequence using 5’-RACE with gene specific primers designed
according to the sequence of the3’ RACE fragment. Via analyzing
the aligned sequences, we obtained an 809 bp JcDHAR (GenBank:
JF518880.1) fragment containing a 639 bp complete open reading
frame (ORF), that encodes a putative protein of 212 amino
acids with a predicted protein pl of 5.75 and molecular weight of
23.5 KDa.
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Fig. 5. JcDHAR over-expression in transgenic plants leads to significant increase in the tolerance for high concentrations of NaCl. (A) Phenotypes of seedlings treated with different
concentrations of NaCl (0 mM, 100 mM, 150 mM, and 200 mM, respectively). (B) We measured the corresponding relative root lengths after 7 d of NaCl treatment. Data are expressed
as means =+ SD, n = 10. Different letters above the columns indicate significant differences (P < 0.05) according to Duncan's multiple range test. (C) Symptoms of plants that were

treated with NaCl for two weeks. (D) MDA contents of plants treated with or without NaCl after 3 d. Data are expressed as means + SD, n = 10. *

and ** indicate significant

differences in comparison to the wild-type at P < 0.05 and P < 0.01, respectively. (E) Phenotypes of tobacco plants treated with 800 mM NaCl. (F) Leaf chlorophyll concentration of
treated or untreated tobacco plants. Data are expressed as means 4 SD, n = 10. ** indicate significant differences in comparison to the wild type at P < 0.01, respectively. (G) Root
length of tobacco plants treated with 800 mM NaCl. (H) Root weight of treated or untreated tobacco plants. Data are expressed as means + SD, n = 10. ** indicate significant

differences in comparison to the wild type at P < 0.01, respectively.

3.2. Expression profiles of JcDHAR under salt, H;0,, PEG treatment

To identify whether JcDHAR could respond to several stresses, we
treated one-month-old J. curcas seedlings with NaCl, H,O, and PEG
respectively, and extracted the total RNA from the leaves for qRT-PCR
analysis. Fig. 1A shows JcDHAR transcripts gradually increasing from
0 h to 6 h and decreasing over the following hours under H,0,
treatment. Adding PEG or Nadl, strongly induced JcDHAR at 1 h, and
then it quickly reduced and maintained the level over the following
hours (Fig. 1B and Fig. 1C). These results indicate that JcDHAR
responds to these three stresses.

WT

Fig. 6. Effect of drought stress on plant performance. Photograph of a representative
wild type (WT) and transgenic line OE3 grown in nutrient soil without supplying water
for two weeks.

3.3. Constitutive expression of JcDHAR in transgenic tobacco

To obtain tobacco that over-expressed JcDHAR, we introduced JcDHAR
OREF, driven by the Cauliflower Mosaic Virus (CaMV) 35S promoter,
into the genome of tobacco via Agrobacterium tumefaciens-mediated
transformation [26]. We identified a total amount of 20 independent
transgenic lines via genomic PCR and RT-PCR (data not shown) and
randomly selected three lines (OE1, OE2, and OE3) of the T1 progeny
for further study. Western blotting detected JcDHAR proteins in
transgenic lines and J. curcas, while these were absent in wild type
(WT) plants (Fig. 2A). A DHAR activity assay showed that transgenic
lines exhibited highly increased DHAR activities of up to 3.0, 2.0 and 5.3
fold compared with WT plants, respectively (Fig. 2B). These results
showed that JcDHAR was not only successfully introduced but also
highly expressed in our transgenic tobaccos.

3.4. JcDHAR in transgenic tobaccos decreases the accumulation of ROS

The generation of ROS such as H,0, and O3 usually follows stress
conditions in plants [23]. To detect whether JcDHAR results
in enhanced tolerance of transgenic tobaccos, we first observed
the phenotype characteristics of three-week-old tobacco leaves
smeared with H,0,, NaCl and polyethylene glycol (PEG) for 5 h
followed by H,0, and O3 staining. As major members of ROS, the
accumulation of H,0, and O3z could be discriminated via staining
with diaminobenzidine (DAB) and nitro blue tetrazolium (NBT),
respectively. When smeared with water, almost no H,0, or O3 was
detected in either WT or transgenic tobaccos. Following H,0,, salt
and PEG treatments, the accumulation of H,0, was notably lower
in transgenic lines compared to WT plants (Fig. 3). Similar to the
H,0, staining, the concentration of O;" was significantly decreased
in transgenic plants compared to wild-type plants (Fig. 3). As
expected, the lower amount of ROS in transgenic plants suggests
that over-expression of JcDHAR could lead to the enhanced
scavenging ability of transgenic plants.
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3.5. Transgenic tobaccos displayed increased tolerance to H>0, stress

Having demonstrated that JcDHAR over-expressing plants can
reduce ROS accumulation during H,0,, NaCl and PEG stress, we
next focused on the H,0, tolerance of leaf disks from 6-week-old
plants. As shown in Fig. 4A and Fig. 4B, disks incubated in water
that was free of H,0, showed no significant change. When
exposed to 1% or 2% concentrations of H,0, for 72 h, the
bleached border of wild-type disks were damaged more severely
than that of transgenic disks. However, damages in wild-type
plants were more severe than in the transgenic lines. To further
explore the mechanism of antioxidant ability in transgenic
plants, we next investigated the ROS-scavenging enzymes SOD,
CAT, APX, and GR under treatment with 1% H,0, (Fig. 4C). SOD
and GR activities were reduced slightly without any notable
difference in WT and transgenic plants. Although CAT activity
decreased significantly, it was still higher in transgenic plants
than in WT plants. Different to other enzymes, APX activity was
increased in both transgenic plants and WT plants, and a more
apparent elevation was observed in transgenic plants. These
results suggest that over-expression of JcDNAR in transgenic
tobacco leads to increased tolerance to H,0, stress. It
furthermore affected some ROS-scavenging enzyme activities to
resist ROS stresses as well.

3.6. Expression of JcDHAR increases salt tolerance of transgenic
tobacco plants

JcDHAR-expressing tobaccos are known for their ROS scavenging
ability and strong tolerance to H,0, stress. Because salt stress is a
common factor for ROS production, we studied transgenic tobacco
tolerance to salt stress in different growth periods. We transferred
the germinated seeds of wild-type and transgenic tobaccos to 1/2
MS medium containing different concentrations of NaCl. The root
lengths were similar between WT and transgenic lines when cultured
on normal 1/2 MS medium, while we observed more evident growth
retardation in WT compared to transgenic seedlings with increasing
concentrations of NaCl (Fig. 5A and Fig. 5B). We supplemented
one-week-old transgenic tobaccos with 300 mM NaCl once per week.
In addition to growth retardation, WT plants lost almost all chlorophyll
and some began to die in contrast to JcDHAR expressing tobaccos that
performed much better (Fig. 5C). Lipid hydroperoxidation is an
effective indicator for cellular oxidative damage [27]. We determined
the MDA content for the amount of lipid hydroperoxide production
induced by oxidative stress. After 3 d of treatment, the concentration
of MDA increased significantly in WT plants compared to transgenic
lines (Fig. 5D). In addition, six-week-old transgenic tobaccos were
supplemented with 800 mM NaCl once per week. The extreme
concentration of 800 mM NaCl first led to quick leaf wilting due to
severe osmotic pressure on the plant roots in both WT and transgenic
plants, but distinct differences gradually became apparent until the
fourth week (Fig. 5E). WT plants almost turned yellow, while we
observed a smaller intensity of symptoms in transgenic plants. We
quantified these symptoms via chlorophyll content detection of the
leaves (Fig. 5F). Even though the growth of both the transgenic plant
roots and the wild-type plant roots, was inhibited, the roots of the
transgenic plants developed better than those of the wild-type plants
(Fig. 5G and Fig. 5H). These results suggest that over-expression of
JcDHAR can significantly increase tolerance to salt stress in transgenic
tobacco plants.

3.7. JcDHAR expressing tobaccos showed high drought tolerance
Young transgenic seedlings have effective ROS scavenging abilities

that are stimulated by PEG exposure in drought. We tested the effect
of water shortage on tobacco plants. Subsequent to two weeks of

drought, WT plants aged one-month-old and two-month-old were not
watered anymore, respectively. After two weeks, we photographed
the plants wilted completely, while transgenic plants were almost not
affected (Fig. 6). This indicates that JcDHAR can enhance drought
tolerance in tobacco.

4. Discussion

In the present study, we cloned and described a novel gene
JcDHAR from J. curcas. Expression pattern analysis and transgenic
tobacco functional analysis showed that JcDHAR has the potential
to increase the resistance of H,0,, salt and drought stress in
transgenic tobacco plants.

ROS are involved in the damaging effects of various
environmental stressors and they are produced in chloroplasts
and mitochondria [37]. We established that H,0,, NaCl and PEG
induce JcDHAR in J. curcas seedlings (Fig. 1), indicating JcDHAR as
response to these stresses. In comparison with WT tobaccos,
JcDHAR-expressing tobacco lines showed increased DHAR
activities (Fig. 2B). According to these results, we analyzed the
scavenging ability of ROS. We found remarkable differences in
young plant leaves via DAB staining following smearing with
H,0,, NaCl and PEG (Fig. 2C). In addition to self-oxidation-
reduction reactions and elimination by SOD, O3 can also be
reduced to H,0, by Asc through a non-enzymatic reaction [38].
We observed O, staining in the same treatments (Fig. 2C).
Furthermore, as shown in Fig. 3A, leaf disks of transgenic plants
displayed resistance to H,0,-contained water. We also detected
relative enzymes actives and our results show that higher APX and
CAT activities were monitored when the water was mixed with a
concentration of 1% H,0, (Fig. 3C). We thus speculate that JcDHAR
could increase the tolerance of tobacco to oxidative stresses via
eliminating H,0, over time. We obtained evidence to support
this hypothesis from stress tolerance experiments with DHAR
over-expressing plants [18,21,24].

Plants resistance to oxidative stress induced by salt was
previously reported in several studies. In strawberry leaves, NaCl
stress resulted in H,0,/05 accumulation, an increase in lipid
peroxidation and carbonyl-groups content [39]. H,0, accumulation
was observed in the chloroplasts of leafs that were treated with
NacCl [40]. In order to avoid the toxicity of H,0,, maintaining the
level of Asc via synthesis [3] and regeneration [29] is necessary.
Under salinity stress, the salt tolerant Phaseolus aureus showed
higher levels of Asc than salt sensitive plants [41]. In Fig. 4, we
show that transgenic seedlings had better root elongation at
different salt concentrations. Young plants had lower MDA content,
and mature transgenic plants before flowering at the condition of
800 mM NacCl could still display a better state than WT. The
improved performance of DHAR transgenic plants can be attributed
to the elevated level of Asc, which effectively removes H,0, and is
induced by salt stress. Similar conclusions were confirmed by
Kwon et al. [42] and Ushimaru et al. [23].

We found JcDHAR to be induced by PEG (Fig. 1C) and enhanced
JcDHAR supplies transgenic plants with better protection against
drought stress (Fig. 2C). Rice DHAR activity was higher during
drought stress [43]. Drought significantly increased the efficiency
of antioxidant systems and the levels of Asc content [44]. Eltayeb et
al. [6] reported that the DHAR transgenic plants exhibited an
enhanced tolerance to drought and PEG stresses. However, it has
been reported that suppressing DHAR expression confers drought
tolerance while higher Asc redox states in plants exhibited greater
water loss when exposed to drought [45]. An increase in the Asc
redox state has been shown to reduce guard cell responsiveness to
H,0,, which was the trigger of stomatal closure exhibiting lower
CO, assimilation after severe water stress. This caused leaf wilting,
whereas an increased net photosynthesis was monitored in
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transgenic plants [6] and no wilted leafs appeared in our JcDHAR
expressing plants during drought stress. These seem to be
conflicting results. However, Chen and Gallie [22] reported that
decreasing foliar Asc limits ROS diffusion by increasing guard cell
responsiveness (i.e. enhanced avoidance) while decreasing the
ability of leaf cells to detoxify the ROS that enter (i.e. reduced
tolerance). In addition, transpiration of plants is not only affected
by stomatal movements but is also limited by the condition of root
growth. In this study, the root growth of WT plants was more
affected under salt stress than in transgenic plants (Fig. 4G). This
means that over-expression of JcDHAR enhances plant root tolerance
against oxygen toxicity and well-developed root systems have a
stronger capacity of water absorption to counter the water loss due to
transpiration.

In summary, we characterized the functions of JcDHAR in
enhancing tolerance to different stressors. Our results suggest that
JcDHAR effectively increases the resistance to H,0,, salt and
drought stress in plants. We furthermore suggest that future
studies focus on the impact of the whole plant growth under stress
conditions.
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