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Abstract

In a majority of living organisms, a fundamental protection mechanism from reactive oxygen species is by the ascorbate—glutathione
cycle in which an important antioxidant, ascorbate (vitamin C), is utilized to convert harmful H,O, to H,O. Monodehydroascorbate reductase
(MDHAR) maintains reduced pools of ascorbate by recycling the oxidized form of ascorbate. By screening a Brassica campestris cDNA
library, we identified a B. campestris MDHAR c¢DNA (BcMdhar) which encodes a polypeptide of 434 amino acids possessing domains
characteristic of FAD- and NAD(P)H-binding proteins. The predicted amino acid sequence of the open reading frame (ORF) shows a high
level of identity to the cytosolic MDHAR of'rice, pea and tomato, and does not possess N-terminal leader sequence suggesting that it encodes
a cytosolic form of MDHAR. Genomic Southern blot analysis indicated that a single nuclear gene encodes this enzyme. Northern
hybridization analysis detected BcMdhar transcripts in all plant tissues examined. The level of BeMdhar mRNA increased in response to

oxidative stress invoked by hydrogen peroxide, salicylic acid, paraquat, and ozone.

© 2004 Elsevier B.V. All rights reserved.
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Harmful reactive oxygen species (ROS) are inevitably
generated during cellular energy transfer reactions in all
organisms [1]. In plants, photosynthesis and electron trans-
port chain produce superoxide radicals (O3 ) in plastids and
mitochondria. O, is converted into hydrogen peroxide
(H,0,) spontaneously or by superoxide dismutase (SOD;
EC 1.15.1.1) [2]. Hy0, is also produced through (-oxida-
tion in glyoxysomes and photorespiration in leaf-type per-
oxisomes [3]. H,O, is further reduced to H,O by catalase
(EC 1.11.1.6) or ascorbate peroxidase (APX; EC 1.11.1.11).

Various stress conditions invoke the increased produc-
tion of ROS. If the generation rates of free radicals exceed
those of degradation under stress conditions, cells suffer
oxidative stress which can result in premature senescence,
necrosis, or apoptosis [4]. Plants contain several antioxi-
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dant mechanisms that detoxify ROS. The primary compo-
nents of this system include low molecular weight
antioxidants (ascorbate, glutathione, carotenoids, flavo-
noids, and tocopherols), enzymes (SOD, catalase, glutathi-
one peroxidase, and other peroxidases), and the enzymes
involved in the ascorbate—glutathione cycle [monodehy-
droascorbate reductase (MDHAR; EC 1.6.5.4. also called
ascorbate free radical reductase), dehydroascorbate reduc-
tase (DHAR; EC 1.8.5.1), glutathione reductase (GR; EC
1.6.4.2), and ascorbate peroxidase (APX)] [5]. Ascorbate is
one of the essential water-soluble antioxidants in organisms
of all kingdoms. APX catalyses the reduction of H,O, with
the simultaneous oxidation of ascorbate and generates the
monodehydroascorbate (MDHA) radical as the primary
product. MDHAR is critical in maintaining the proper
concentration of ascorbate in cells by reducing the MDHA
radical directly to ascorbate at the expense of an NAD(P)H
[5]. Both NADH and NADPH serve as electron donors, with
NADH being the preferred donor. A previous kinetic study
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suggests that NAD(P)H reduces the enzyme’s FAD, and the
reduced FAD donates electrons to MDHA radicals through
two successive transfers of electrons [6]. MDHAR is ubig-
uitous in all the phylogenetic groups and the activity has
been detected in microsomes and mitochondria in mammals
[7]. Within plant tissues, isoforms of MDHAR exist in
chloroplasts, plyoxysomes, mitochondria and the cytosol
[8]. The enzyme has been purified to homogeneity from
cucumber and shown to be a soluble monomeric enzyme that
contains one molecule of FAD per enzyme molecule [6].
Plant cDNAs of MDHAR have been cloned from cucumber
[9], pea [10], tomato [11], Arabidopsis (accession no.
D84417), rice (accession no. D85764), and leaf mustard
(accession no. AF109695). However, among the antioxidant
enzymes much of the research effort has been focused on GR
and APX until recently, and only limited information is
available concerning the Mdhar gene and its expression
upon oxidative stress. Grantz et al. [11] reported that mRNA
levels of Tomato Mdhar were increased by wounding, and
Nishikawa et al. [12] showed that cytosolic gene expression
of broccoli Mdhar (Brassica oleracea) was stimulated ac-
tively after harvest. We isolated a cDNA for MDHAR from
Brassica campestris var. Pekinensis (Chinese cabbage; one
of the major commercially cultivated vegetable in Asia and
many other countries) and demonstrated Mdhar transcript
level changes in response to stress conditions known to cause
oxidative damages.

B. campestris var. Pekinensis was grown in a greenhouse
on a 25°C day/20°C night cycle. Illumination of 16 h at 350
HE m~2 s~ ' was used for the day period. Plant samples
were harvested before and after oxidative treatments, frozen
in liquid nitrogen, and stored at — 80°C for DNA or RNA
extraction.

A B. campestris cDNA library was kindly provided by
Dr. Won-Il Jung at the Korea Advanced Institute of Science
and Technology. The leaves of 3-week-old Brassica plants
were used for mRNA extraction and double-stranded cDNA
was synthesized using reverse transcriptase. NZAPII vector
(Stratagene) was used to entrap the synthesized cDNA to
construct the Brassica ¢cDNA library. The titer of the
constructed library was 2.6 X 10° plaque forming units/ml
indicating that cDNA of the most expressed genes were
represented. The library was amplified using E. coli strain
XL-1 blue to the titer of 8.24 x 10° and used for screening.
A *?P-labeled Mdhar EST clone of Chinese cabbage,
RF1041, was used as a probe. DNA probes were labeled
using a random primer kit (Amersham, UK) and purified by
Sephadex G-50 Quick Spin Column (Amersham).

Six positive clones containing 1.6-kilobase (kb) inserts
were identified from two rounds of screening the cDNA
library. After in vivo excision of the cDNA clones into
pBluescript 11 SK( —) plasmids following the manufactur-
er’s instruction (Stratagene), double-stranded DNA se-
quencing of the inserts was done by the dideoxy chain
termination method using an ALFexpress Auto Cycle
Sequencing Kit and an automated ALFexpress DNA

sequencer (Pharmacia, Uppsala). Sequence data were ana-
lyzed with Genetyx sequence analysis software (SDC
Software Development, Tokyo) and NCBI sequence-simi-
larity search programs. The DNA sequence of the inserts
revealed a 1305-base pair (bp) open reading frame (ORF)
which can encode 434 amino acids with an expected
molecular weight of 46.5 kilodalton. The ORF is flanked
by a 35-bp 5 -UTR and a 223-bp 3’ -UTR. The nucleotide
sequence and its deduced amino acid sequence are avail-
able at GenBank (accession no. AY039786). The amino
acid sequence deduced from the nucleotide sequence of the
ORF was aligned with those of MDHAR from other plant
species (Fig. 1). A substantial degree of identity was found
to amino acid sequences of cytosolic forms of MDHAR
from tomato (Lycopersicon esculentum Mill., 79%), rice
(Oryza sativa, 78%), pea (Pisium sativum L., 76%), and
cucumber (Cucumis sativus, 75%). In contrast, the amino
acid sequence of the B. campestris ORF showed lower than
50% identity to those of the plastidic MDHAR; Brassica
Jjuncea, 44% and, Spinacia oleracea 43%. The ORF does not
appear to contain an N-terminal leader sequence (Fig. 1)
suggesting the cytosolic location of its product. We conclud-
ed that the ORF encodes most probably a cytosolic isoform
of MDHAR and named it BcMdhar.

The predicted amino acid sequence of the BcMdhar gene
possesses three putative regions that could be involved in
the binding of FAD or NAD(P)H (Fig. 1). The first two
consensus regions (domains I and II in Fig. 1) consist of an
18-amino-acid domain with 11 amino acids in the center
being the ‘core consensus’. These two domains are thought
to bind an ADP moiety of FAD (domain I) or an ADP
moiety of NAD(P)H (domain IT) [13]. The third consensus
region (domain III) consists of 13 amino acids and is known
to be involved in the binding of the flavin moiety of FAD
[13]. These consensus motifs have been shown to be
involved in FAD binding from the crystal structure analysis
of some of the flavin enzymes [14—17]. The presence of
these motifs in the deduced amino acid sequence implies the
involvement of FAD and NAD(P)H in the catalytic activity
of the putative protein and also supports the identification of
the cloned ORF as Mdhar.

The BcMdhar clones were fused under the cauliflower
mosaic virus 35S promoter and introduced into tobacco
plants. Leaf extract of the transgenic tobacco plants showed
a significantly higher level of MDHAR activity than that of
wild-type tobacco plants. MDHAR enzyme activity was
determined by monitoring the decrease in 434 as a result of
NADH oxidation (Lee, B.-H., personal communication).

Southern blot analysis indicated that the BcMdhar gene
exists as a single copy in the B. campestris genome. B.
campestris genomic DNA (10 ng) was completely digested
with either BamHI, EcoRI, or Xbal, and separated on an
agarose gel. After transferring digested DNA onto a Nytran-
Plus nylon membrane (Schleicher & Schuell, Germany) by
the alkaline transfer method, BcMdhar cDNA probe labeled
with *?P was used for Southern hybridization as described
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domain I

BcMcy MA-EKSEKYIILGGGVSAGYAAKEFRASQGV 29
LeMcy R Y R...K... 29
OsMcy LLSLLHY VLo A..... R..|.K... 30
PsMcy WVH-—— s T R.. VK. .. 28
CsMcy L.DL-T VLl A..... R..VK..L 29
BjMch MALASTTLPAKTGLSLWCPTSPSLARRLPVRFSSRIASRGLVTASFANENREFV.I...NA..... RT.VEN.M 74
SoMch MSTVGRFMATMSNSLSLKHGVSLYSSTSSSEFSLSKLHCKPSLVASRPFYNRRCEFSISASSSFANDNRE.V.V...NA..... RT.VEH.L 90

* Kk K * ok Kok K * *

BcMcy KPGELAVISKEAVAPYERPALSKGYLFP-E-GAARLPGFHCCVGSGGEKLLPESYKQKGIELILSTEIVKADLAAKSLVSAAGDVFKYET 117

LeMcy ...... T, AT i Voo, RO...W.AE...S.. ... S.T...... ES...Q. 117
OsMcy ...... T e “O-N........ Voo.o.o.o.. R....W.SE................ S.T.T..V.AT.T..I 118
PsMcy H..... Tt i i A....-.-SP....... T....... R....W.SE...Q.Y...... S...... F.K..N.EH.D.Q. 116
CsMcy N..... T A....-.-SP....... Voo, R...DW..E............ E...P..R.R..H.KIYN.Q. 117
BjMch AD.R.CIVT...Y........ T.A....P.KKP....... T...G...RQT.DW..E....M.YEDPVTG. .FEKQT.TTNT.KQL..GS 164
SoMch AD.K.CIVT...Y........ T.o..... LDKKP....... T...G...RQT..W.QE....M.YEDAVTGV.IEKHT.QTQS.KSL..GS 180

_*.*....***_********_*_**** . _**‘k‘k‘k‘k* ***_***...*._* .*** *.. __* .. * __*
domain II
KAVVVGGGYIGLELSAAJRINNFDVTMVFPEPWCMPRLFTADI 207

BcMcy LIIATGSTVLRLTDFGVKGADSKNILYLREIDDADKVVEAIQAKKG

LeMcy .V....T...K.S....Q0....... Fooooooo. QL. ..LK...NJ..ooiiiiiaa. VJ.L..IE.N..Y........... EG. 207
OsMcy ....... S.IK.S...TQ....N....... Vo.o.o.. L.A.......... I K. oD e 208
PsMcy .V..... A.T....... I..NA...F....V..... LY...KR..NA.R.............. V.KL.DL..... Yoo SE. 206
CsMcy oo IK.S....Q...A...F......... QL. ... K..ENJ. V... ... ... [ S Y. PE. 207
BjMch ...... C.AS.FP.--KI.GNLPGVH.I..VA...SLISSL-G.SKH.V.I....... M.AA..AVAW.L.T.I....DQLLQ....PSL 250
SoMch ..V...C.AT.FPE--KI.GNLPGVH.V.DVA...SLI.SL--..AKH.V.I....... M.VA..ANVGW.L.T.VI...DHLLQ....PSL 266
*..***... .. ... *.. ... *.*...*** .*. .* *.*******.*..*.. .. *x i

BcMcy AAFYETYYTNKGVKIIKGTVASGFTAHPNGEVNEVQLKDGRSLEADIVIVGVGARPLTALFKG-QVEEDKGGIKTDAFFK[ITSVPDVYAVG 296

LeMcy ..... G..K....N....... V..DT...... K..K.o.... A Voo, e 296
OsMcy ..... S.oeeeaa Voo.o.. V..D.DA..D.TA.N..N.SV...... G....G....T....-..AE.......... El....G..... 297
PsMcy ..... G..A...IN....... V....NSD...K..K..... Ve G..QIS....-....QH...... St ee e 295
CsMcy ..... G..AQ..IT....... V...VDT....K..K..... Voo, Voo, S....0T...K=-...... L 296

BjMch .QR..EL.RQN...FV..ASINNLE.GSD.R.TA.K.A..STI...T.VI.I..K.AIGP.ETLAMNKSI...QV.GL.R..T.GIF.I. 340
SoMch .RK..EL.EQN...FV..AMIKNLE.GSD.S.AA.N.EN.STI...TI.I.I..K.AVGP.ENVGLDTTV...EV.GL.REK..GIF.I. 356

* * % * * * % *  * * K * * kK *  * * * * kK * * * * K

BcMcy DVATFPLKMYGDMRRVEHVDHSRKSAEQAVKAIKAAEGG-GAVEEYDYLPFEF-Y-SRSFDLSWQFYGDNVGDSVLFGDSNPSNPKPREFGA 383

LeMcy ... ....... N F.S.Q.-KS.D...... Y.-.— AL ET..... AD.NSATHK..Q 383
OsMcy ... ... M...NEL........ Aot GK.S.-ES.V...... Y.—.—..... Govevniin TI..... D.TSA..K..S 384
PsMcy ... ..... L.N.V........ A....... A...F..DV.-KS........ Y o T e e e ET..... ND.ASS..K..T 382
CsMcy ... o.... L.NEL..... ... S.E.-K.I....... Yo e A..... NS.DSATHK..S 383
BjMch ... I.DR.T....... A.R..QHC..SLLT.HTDTYDYLP.F.SRV.E.EGS.RKVW......... ET.EV.NFD.--——— KIAT 425
SoMch ...A...... DRVA....... A....QHC.S.LLS.RTHTYDYLP.F.SRV.E.EGSQRKVW. ..F..... EA.EV.NFD.-==-—- KIAT 441
***.**.*.*. .*******.*.** ....... .- .. . . .*.*...‘k .. ***.***** ..... *. .*
BcMcy YWVQDGKVVGAFMEGGSGDENKALAKVAKARPAAESLEDLTKQGISFAAKI 434
LeMcy ..IK...I....L.S..PE....I..... VQ.P.T-.DQ.AQE..... S.. 433
OsMcy ..IK....L...L....P..... I..... TQ.PVANI.E.K.E.LQ..S.. 435
PsMcy ..IKE....... L...TP..... I....R.K..V.DVNQ.AEE.L...S.. 433
CsMcy ..IK........ L.S..PE....I....RIQ.SV..SDL.L.E..... S.V 434
BjMch F.IDS.RLK.V.V.S..PE.FQL.P.L.RSQ.IVDKAKLASASSVEE.LE.AQAALQS 483
SoMch F.IDS.RLK.VLV.S..PE.FQL.P.I...Q.LVDKAKLQSASSVEE.LE.IHQSM 497

.*...*...‘k...*.*...‘k ..... *.*. .* . . .. ..*...
Fig. 1. Multiple alignment of the deduced amino acid sequences of BcMdhar with cytosolic Mdhar genes from L. esculentum Mill. (accession no. T06407),
O. sativa (accession no. D85764), P. sativum (accession no. A55333), and C. sativus (accession no. JUO182), and chloroplastic Mdhar from B. juncea
(accession no. AAD28178) and S. oleracea (accession no. BAB63925). Asterisks represent amino acid residues identical to those of BcMdhar. Dots
indicate amino acid residues similar in their chemical properties. Gaps in sequences, which were introduced to improve the alignment, are indicated by
dashes. Amino acid domains involved in the binding of FAD and NAD(P)H are boxed. The 6-amino-acid core consensus of domains I and II was
underlined in the amino acid sequence of BcMdhar.

previously [18]. The probe hybridized strongly to single ent vegetative tissues of B. campestris and from embryo-

bands of approximately 20 and 6 kb in BamHI- and Xbal- genic calli by Northern blot analysis using full-length

digested DNA, respectively (Fig. 2). The two bands of BceMdhar cDNA as a probe (Fig. 3).

approximately 12 and 2.8 kb in EcoRI-digested DNA are Total B. campestris RNA was isolated by the guanidine

due to the internal EcoRI site within the BeMdhar gene. thiocyanate method [19] from stems, roots, young leaves (2-
To characterize the tissue specific expression of week-old growing leaves with less than 1 cm in width),

BceMdhar, we analyzed the total RNAs isolated from differ- mature leaves (5- to 6-week-old healthy leaves with 6—7-cm
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Marker B E X
(kb)

23.1—

am
94—
6.6 — | —
44—

Fig. 2. Southern blot analysis of B. campestris genomic DNA digested with
either BamHI, EcoRl, or Xbal (lanes are labeled with B, E, X, respectively)
and probed with a *?P-labeled BecMdhar cDNA. Numbers at the left side of
the blot are the sizes of a DNA marker in kb.

width), and actively dividing calli. RNA samples (15 pg)
were denatured with formaldehyde, separated by electro-
phoresis on a 1.2% formaldehyde-agarose gel, and trans-
ferred to Hybond-N nylon membrane (Amersham) with
10 x SSC. The blot was then hybridized as described
previously [18]. The level of BcMdhar transcripts was
moderate in all tissues examined (Fig. 3). Leaf tissues of
B. campestris had a higher level of BcMdhar transcript than
roots or stems. Mature leaves seemed to accumulate a
slightly higher level of transcripts than young leaves. This
result is dissimilar to the expression pattern of another
antioxidant enzyme of B. campestris, glutathione reductase
[18], indicating the independent regulation of the two genes
in the ascorbate—glutathione cycle.

It has been shown by many research groups that the
enzyme activity of the ascorbate—glutathione cycle increases
in response to oxidative stresses (reviewed in Ref. [20]). We
investigated the changes in the steady-state mRNA levels of
BcMdhar under oxidative stress inducing conditions. B.
campestris plants were grown in a growth chamber for 3

YL ML R S C

Fig. 3. Northern blot analysis of total RNA from various B. campestris
tissues. Total RNA (15 ng) from each tissue was blotted onto a membrane
and probed with 3°P-labeled BeMdhar ¢DNA. Transcript size is
approximately 1.5 kb. YL, young leaf tissue; ML, mature leaf tissue; R,
roots; S, stems; C, calli. Lower panel is the same blot that was stripped and
re-probed with **P-labeled 18S rDNA to show equal loading.

weeks, misted with an aqueous solution containing 10 mM
H,0,, 20 mM salicylic acid, or 2.38 mM paraquat. Added as
a surface active agent was 0.01% Tween 20. Plants were then
maintained in the growth chamber until the sampling times
for RNA extraction.

Upon treatment of H,O,, which is the direct substrate of
the ascorbate—glutathione cycle, a burst of expression of
BcMdhar was observed in 30 min (approximately 1.8-fold,
Fig. 4A). The transcripts were then slightly reduced at 1 and
2 h after the H,O, treatment but increased again to a high
level at 4 and 6 h.

Although the mode of action of salicylic acid during the
plants’ response against oxidative attack is still under debate
[21], a suggestion is that salicylic acid inhibits catalase
activity resulting in the accumulation of H,O, in plant
tissues [22]. When 20 mM salicylic acid was applied,
BcMdhar transcripts increased gradually to a higher level
(1.5-fold at hour 4) over the experimental period (Fig. 4B).

A H202 (10 mM)

0 05 1 2 4 6 (hn)

BeMdhar s S S

18S IRNA s s S S S s—

Salicylic acid (20 mM)
0 05 1 2 4 6 ()

BOEMANGT s o s e S e
185 RNA -

Paraquat (2.38 mM)
0 05 1 2 4 6 ()

BoMahar S .
185 rRNA A

Ozone (300 ppb)
0 05 1 2 4 6 8 10 12 (hr)

D

Fig. 4. The effect of H,0,, salicylic acid, paraquat, and ozone on the
mRNA abundance of BcMdhar in B. campestris. RNA was prepared from
treated plants which were sampled at the indicated times after each stress
treatment. Total RNAs (10 pg) were separated by electrophoresis on a 1.2%
formamide-containing agarose gel and probed with **P-labeled BcMdhar
cDNA. 10 mM H,0,; (A), 20 mM salicylic acid (B), or 2.38 mM paraquat
was delivered as mist in an aqueous solution. 300 ppb ozone (D) was
fumigated in an ozone fumigation open-top chamber. The lower
autoradiogram of each panel is 18S rRNA to serve as a loading control.
The autoradiograms were scanned and the band intensity was determined
by an image processing and analysis program NIH Image (NIH, USA).
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The mRNA induction appeared to be delayed and less
pronounced than that of the H,O, treatment.

Paraquat (methyl viologen, 1, 19-dimethyl-4, 49-bipyr-
idinium dichloride; Sigma, St. Louis) is a herbicide that
induces the generation of superoxide anions and H,O, in the
plant cell [23]. The mRNA level of BcMdhar increased
immediately after treating the B. campestris leaves with 2.38
mM paraquat, which is the concentration used to control
weeds in the field (Fig. 4C). Increases of 1.3- to 1.6-fold
BcMdhar transcripts relative to untreated plants were
detected until 4 h after the paraquat treatment. Visible
damage on the plants appeared within 4 h after the paraquat
treatment; withering was apparent at 4 h and leaf necrosis
started after 6 h. We assume that the decrease of BeMdhar
transcripts at hour 6 (Fig. 4C) is due to the overall
deterioration of cell functions arising from the oxidative
attack of paraquat.

Ozone is the most abundant tropospheric oxidant and an
important component of photochemical pollution [24].
Public concerns on the deleterious effects of ozone on
human health [25] and vegetation [26] are increasing.
Plants respond to high concentration of ozone by trigger-
ing various defense mechanisms including the antioxidant
defense system [27]. To examine the change of BcMdhar
expression upon exposure to high levels of ozone, 3-week-
old B. campestris plants were transferred to an ozone
fumigation open-top chamber and fumigated with 300-
ppb ozone. The concentration of the ozone was continu-
ously monitored and maintained within 50 ppb of the set
limit. Unlike the rapid response to paraquat and H,O,
treatments, BeMdhar mRNA levels increased approximate-
ly 1.4-fold after 6 h with no apparent change at the 1- and
2-h time points (Fig. 4D). The amount of transcript
decreased at 12 h after a peak at 10 h (1.9-fold) from
the onset of the ozone fumigation. It is conceivable that
the gaseous diffusion of ozone may require a longer time
to trigger the oxidative stress response in B. campestris
than the direct contact of the liquid reagents delivered in
mist. It is noteworthy that the level of transcript induced at
the 10-h time point is comparable to the maximum level of
induction seen in H,O, and paraquat treatments.

The cellular levels of ROS must be tightly regulated in
plant cells [2,5]. At least part of this regulation is known to
be achieved by transcriptional control. mRNAs of several
components of the ROS scavenging system including
glutathione peroxidases, GR, SOD, and APX are induced
in response to many biotic and abiotic stresses [11,12,27—
30]. Unexpectedly, only limited reports are available about
the regulation of MDHAR, which plays a critical role in
the ascorbate—glutathione cycle as a direct reducer of
oxidized ascorbate. In this report, we showed the induction
of BcMdhar transcripts upon H,O,, salicylic acid, para-
quat, and ozone treatments. As in the case of other
components of the ascorbate—glutathione cycle, MDHAR
of B. campestris appeared to be regulated at the transcrip-
tional level to detoxify increased ROS during stressful

conditions. The presence of BcMdhar transcripts in all the
tissues examined and its rapid response to oxidative stress
indicate the importance of this gene in the ROS defense
system in plant cells.
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