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Abstract Monodehydroascorbate reductase (MDHAR),
which is responsible for growth, development and stress
response in plants, is a key enzyme in the maintenance of
the ascorbate (AsA) pool through the AsA—glutathione
(AsA-GSH) cycle and is induced by abiotic stresses. It
has highly conserved regions containing FAD- and
NAD(P)H-binding domains. In particular, NAD(P)H is a
significant electron donor in the AsA—GSH pathway. In
this context, we introduced RNA interference (RNAI) to
determine the functional role of Oryza sativa L. japonica
MDHAR isoform 3 (OsMDHAR3) and developed
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transgenic (mdhar3) rice plants in which the NAD(P)H
domain was silenced. The mdhar3 rice plants were more
sensitive to salt stress than the wild-type (WT) plants. In
addition, the mdhar3 rice plants showed decreased ability
for environmental adaptation because of an imbalance in
the redox homeostasis and reduced AsA pool. These plants
showed increased hydroperoxide levels and ion leakage,
and decreased chlorophyll content and ascorbate/
dehydroascorbate ratio under the paddy field conditions;
they also exhibited a reduction in the total biomass and
grain yield. Furthermore, the activity of a purified E196A
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mutant of the OSMDHAR protein decreased to approxi-
mately 70% of the activity of the WT protein. These results
suggest that OsMDHAR3 plays a critical role in the intrin-
sic resistance, as well as in the sensitivity of seed matura-
tion and productivity, of rice plants to environmental stress-
es, thereby indicating the functional importance of NADH
in MDHAR activity, in vivo and in vitro.

Keywords Antioxidant - Ascorbic acid - Gene
silencing - Monodehydroascorbate reductase - Oryza
sativa - RNAi

Abbreviations

AsA Ascorbic acid

DHA Dehydroascorbic acid

GSH Glutathione

MDHAR Monodehydroascorbate reductase
MV Methyl viologen

ROS Reactive oxygen species

RNAIi RNA interference

Introduction

Rice, a staple crop plant worldwide, whose complete
genome has been sequenced, has been used as an
important monocot model system for conducting
molecular and genetic studies in crops (Xing and
Zhang 2010). Currently, crop plants including rice
are exposed to climate changes as a consequence of
global warming. Change in global variables, rated as
the most serious threat to the environment, has been
at the center of debate among environmentalists and
policy makers, as it has become not only an envi-
ronmental, political, or economic issue but also a
global problem affecting agriculture. At the plant or
field scale, climate change is likely to interact with
the rising CO, concentrations and other environmen-
tal changes, including abiotic stresses, such as tem-
perature, precipitation (associated with flooding and
drought), salinity, and ultraviolet radiation, as well
as biotic stresses, such as pathogen infection, to
affect the physiological processes in crops, leading
to reduced agricultural productivity (Zhu 2001;
Wang et al. 2003; Munns 2005; Bae et al. 2013;
Kim et al. 2013).

Most crop plants are affected by various environmen-
tal stresses under natural paddy fields; they induce the
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production of reactive oxygen species (ROS) that cause
cellular damage, such as membrane instability, enzyme
inactivation, and DNA oxidation (Mittler 2002). High
ROS accumulation inhibits respiratory, metabolic, and
photosynthetic processes, which limit plant growth and
development, and cell rescue systems in the absence and
presence of exogenous stimuli (Price and Hendry 1991).
To overcome the problems posed by environmental
stresses, plants have developed non-enzymatic and en-
zymatic antioxidant defense mechanisms (Asada 1996).
Ascorbic acid (AsA) is a major antioxidant molecule
that directly neutralizes ROS. In addition, AsA also
functions as a substrate in the AsA—glutathione (AsA—
GSH) cycle in plants (Halliwell 2000). The detoxifica-
tion of ROS by the AsA—GSH cycle is controlled by
pathways associated with their synthesis and recycling
within the cells or across the organs in plants (Potters
et al. 2002; Qin et al. 2011). In the antioxidant mecha-
nism involving the AsA—GSH cycle, AsA is oxidized to
monodehydroascorbate (MDHA) and MDHA is oxi-
dized to dehydroascorbate (DHA) by spontanecous au-
to-oxidation. To maintain the AsA pool, the MDHA and
DHA produced must be regenerated to AsA by
monodehydroascorbate reductase (MDHAR) and
dehydroascorbate reductase (DHAR), respectively
(Asada 1996). MDHAR is a well-known flavin adenine
dinucleotide (FAD) enzyme, which uses different organ-
ic radicals as substrates, and its activity is widespread
and upregulated by abiotic stresses, including tempera-
ture, ozone, and drought in plants. It is also known as
AsA free radical reductase (Leterrier et al. 2005). Most
of the MDHARSs have three highly conserved domains,
namely the ADP-, FAD-, and NAD(P)H-binding re-
gions (Yoon et al. 2004). Among these domains, the
relationship between NAD(P)H and MDHAR is very
important for the antioxidant mechanism because
NAD(P)H is the electron donor for MDHAR that cata-
lyzes the conversion of the MDHA radical to AsA
(Hossain et al. 1984). This system is critical in main-
taining the AsA concentration in plant cells. However,
to date, no in vivo or in vitro functional studies have
been reported on MDHAR. Nonetheless, some previous
studies have focused on conferring stress tolerance
through the overexpression of MDHAR in transgenic
tobacco (Eltayeb et al. 2007), pea (Leterrier et al.
2005), Arabidopsis (Li et al. 2010), and rice (Sultana
et al. 2012) plants.

Functional genomics aims at discovering the biolog-
ical function of a particular gene and deciphering how
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sets of genes and their products work together. Trans-
genic plants are powerful tools for studying various
aspects of plant sciences. Functional genomics involves
the following techniques: functional annotation for
genes based on comparison of genomes and proteomes,
gene-targeted and site-directed mutagenesis (loss of
function), overexpression of a normal gene in transgenic
plants (gain of function), study of gene expression using
DNA-RNA hybridization, gene silencing, analysis of
spatial and temporal expression of the gene under study,
microarrays, and next-generation sequencing (Smith
et al. 2000; Earley et al. 2006; Jain et al. 2007; Batista
et al. 2008; Morozova and Marra 2008; Kim et al.
2014). One of the most popular functional genomics
methods to understand the function of a specific gene
is RNA-induced gene silencing (also known as RNA
interference, RNA1); transgene-induced RNAI has been
effective in silencing one or more genes in a wide range
of plants (Hannon 2002). RNAI is a progressive, con-
served, post-transcriptional gene silencing mechanism
in which double-strand RNAs act as a trigger for RNA
breakdown, and short-interfering RNAs lead to the deg-
radation of a homologous target mRNA (Fire et al.
1998; Hannon 2002). The impairment of gene expres-
sion, which has been investigated in various phenotypic
analyses, is a powerful functional genomics tool to
determine gene function across the plant kingdom
(Rassouli and Matin 2009). Since the discovery of this
phenomenon, most gene silencing studies have focused
on non-crop plants such as Arabidopsis.

Research on the physiological response of plants
to changing levels of key factors involved in pro-
ductivity and stress combat is complicated by the
fact that these variables are likely to change simul-
taneously. We need to improve our understanding of
the relationship between environmental factors and
stress-responsive genes to increase crop productivi-
ty. In the present study, Oryza sativa L. japonica
MDHAR3 (OsMDHAR3) cDNA was isolated from
rice leaves and OsMDHAR3-silenced rice plants
(mdhar3) were developed, in which the
OsMDHAR3 gene under the control of the ubiquitin
promoter was silenced by RNAi using the gateway
cloning system. For determining the cell rescue
function of OsMDHAR3 in rice plants, the antioxi-
dant capacity and agronomic characteristics were
evaluated under paddy field conditions. Stress sen-
sitivity to abiotic stresses was tested under the same
natural paddy field conditions. We observed a

decrease in salt tolerance, components involved in
antioxidant mechanisms (redox homeostasis and
AsA pool), chlorophyll content, and grain produc-
tivity in the mdhar3 rice plants compared to the
wild-type (WT) rice plants under the environmental
stresses operating in the paddy fields. Our results
suggest that OsMDHAR3 plays an important role in
the redox homeostasis and affects the AsA pool
through coactivation of the systems involved in
antioxidant mechanisms and in determining the
photosynthetic capacity of rice plants under natural
paddy field conditions.

Materials and methods
Multiple alignment of amino acid sequences

The OsMDHAR sequence was aligned with the known
MDHAR amino acid sequences using the Basic Local
Alignment Search Tool (BLAST) available at the
website of the National Center for Biotechnology Infor-
mation (NCBI). The five MDHAR sequences that were
aligned were from Oryza sativa (OsMDHAR; accession
no. BAA77214), Zea mays (ZmMDHAR; accession no.
AFW73040), Triticum aestivum (TaMDHAR; accession
no. AFU52947), Arabidopsis thaliana (AtMDHAR; ac-
cession no. AEE34171), and Brassica rapa
(BrMDHAR;; accession no. AAK72107).

Generation of OsMDHAR3 knocked-down rice plants

The full-length ¢cDNA encoding OsMDHARS3 (acces-
sion no. D85764) was synthesized from rice seedlings
(O. sativa L. japonica ‘Ilmi’) by reverse transcription
polymerase chain reaction (RT-PCR). For RNA inter-
ference, the sequences of the forward and reverse oligo-
nucleotide primers were 5-TTGCAACTGGCTCC
TCAGTC-3" and 5'-GCAGTTAACCTGAAGAATGG
CA-3', respectively. A 385-bp fragment from the coding
region (458 to 842 bp) of OsMDHAR3 containing the
NAD(P)-binding domain was PCR-amplified and
cloned into a Gateway pENTR/SD/D-TOPO cloning
vector (Invitrogen, USA), which carries two recombi-
nation sites (a#tLI and attL2) for the LR Clonase reac-
tion. Subsequently, the fragment derived from the target
gene was transferred into a pANDA destination vector
(Miki and Shimamoto 2004) by the recombinase reac-
tions to form the recombinant vector carrying the
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MDHAR3-RNAI construct. In these reactions, the PCR-
derived fragments are inserted into two regions flanked
by two recombination sites (a#tBI and attB2) in opposite
directions, and a gus linker sequence is flanked by two
inverted repeats (Miki and Shimamoto 2004). The pAN-
DA vector was developed for Agrobacterium-mediated
transformation and carried the kanamycin and
hygromycin resistance markers for plant transformation.
The recombinant binary pANDA vector was subse-
quently introduced into the Ilmi cultivar by
Agrobacterium-mediated transformation to generate
transgenic rice plants containing the OsMDHAR3-RNAi
construct (Hiei et al. 1994). The hygromycin resistance
assay of T, transformants, inheritance analysis of T,
transgenic plants, DNA isolation, and PCR analysis
were performed as reported previously (Lin et al.
2009). In brief, the inheritance of hygromycin from T,
to T, generation of transgenic plants was examined. The
seeds derived from the individual hygromycin-resistant
Ty plants were soaked in water for 1 day and placed on
wet filter papers for germination. After germination, a
solution consisting of half-strength Murashige and
Skoog (MS) Basal Medium salts and 150 mg Lt
hygromycin was poured into the plates for selection.
The selection solution was added frequently to ensure
that the roots of the seedlings were always immersed.
Two weeks into the selection, the hygromycin-resistant
transgenic plants remained green and continued to grow,
whereas the untransformed plants showed inhibited
growth, became necrotic, and finally died (Lin et al.
2009).

DNA extraction and genotyping

Genomic DNA was isolated from the leaves of rice
plants by the alkali treatment method (Klimyuk et al.
1993). PCR was conducted using the genomic DNA and
the PCR PreMix kit (Bioneer, South Korea). The trans-
genic rice plants were verified by PCR using the primers
for ubiquitin (forward: 5'-CATCTTCATAGTTA
CGAGTTTAAGATGG-3', reverse: 5'-CCAA
GCAAATAAATAGGGTATGAAGGCA-3") and the
gus linker (forward: 5'-CGTTCTACTTTACT
GGCTTTGGTCG-3', reverse: 5'-CGCG
ATCAAAGACGCGGTGATACATATCC-3"). The
PCR conditions were as follows: initial denaturation
for 3 min at 94 °C, followed by 25-30 cycles at 94 °C
for 30 s, 54 °C for 30 s, 72 °C for 40 s, and a final
extension at 72 °C for 5 min.
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Analysis of mRNA expression

Total RNA was extracted from the leaf tissue using the
TRIzol reagent (Invitrogen, USA) according to the man-
ufacturer’s instructions. First-strand cDNA was synthe-
sized from DNase-treated total RNA using
SuperScriptlll (Invitrogen, USA). Semi-quantitative
RT-PCR was performed using RT-PCR PreMix
(Bioneer, South Korea). Quantitative real-time PCR
was performed on the StepOne-Plus™ Real-Time Sys-
tem (Applied Biosystems, USA) using SYBR Green
PCR master mix (Applied Biosystems, USA) and spe-
cific primers for the NAD(P)H-binding domain of
OsMDHAR3. The normalization and relative quantifi-
cation were conducted using the 222" method
(Ferreira et al. 2006). The sequences of the oligonucle-
otide primers used were as follows: 5'-TTGT
TGGTGTTGGTGTTGGG-3' (forward primer) and 5'-
GCAGGCTGTAAAGGCAATCA-3' (reverse primer).

Plant growth conditions and salt tolerance assay

O. sativa L. japonica ‘Ilmi’ was used as the host for the
knockdown of OsMDHAR3. Genotypes and phenotypes
were screened by germinating the seeds from non-
transgenic WT and mdhar3 rice at 28 °C for 3 days.
Subsequently, the seedlings were transplanted to soil
and grown for 4 weeks in a greenhouse at 28-32 °C
under a 16 h-light/8 h-dark photoperiod. Thereafter, the
plantlets were cultivated in a natural paddy field at the
Kyungpook National University, located in Gunwi,
South Korea, during the cultivation season (June to
October). For the salt tolerance assay, 4-week-old seed-
lings were exposed to 200 mM NaCl and were then
allowed to recover on NaCl-free irrigated soil. The plant
weight was measured using about ten mdhar3 and non-
transgenic WT rice plants each.

Measurement of chlorophyll content and ion leakage

Chlorophyll content was measured using the previously
reported ethanol method (Lichtenthaler 1987). About
0.1 g of leaf sample was soaked in 100% ethanol and
incubated at 75 °C for 20 min. For determination of the
chlorophyll content, the supernatant was transferred to a
new tube. Subsequently, the absorbance was measured
using a spectrophotometer at 470, 648, and 664 nm. For
the measurement of ion leakage, ten leaf discs were
punched out from the leaves of mdhar3 and WT plants
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and immediately floated on a solution containing 10 pM
methyl viologen (MV) in deionized H,O. The rice leaf
discs were incubated in dark for 12 h at 25 °C to allow
MYV to diffuse into the leaves. After pre-incubation, the
leaf discs were placed under continuous white light. The
effect of MV on leaf discs was analyzed by monitoring
the phenotypic changes. The extent of cellular mem-
brane damage was quantified by ion leakage from 0 to
72 h by using a conductivity meter (Isteck). At the end
of the specified period, the samples were autoclaved for
15 min at 121 °C. Thereafter, the conductivity of the
solution was measured again, and this value was con-
sidered to be the 100% ion leakage in subsequent cal-
culations for the relative ion leakage at different time
points. The experiment to assess the visible damage
caused by MV application was repeated thrice (Lim
et al. 2007).

Measurement of redox states

The redox states were measured using the method de-
scribed previously (Ma et al. 2012), with minor modifi-
cations. The leaf samples were homogenized in a protein
extraction buffer containing 50 mM Tris-HCI (pH 7.5),
50 mM sucrose, 100 mM KCIl, 1 mM PMSF, and
10 mM EDTA-free protease inhibitor cocktail (Roche,
Swiss). The homogenate was centrifuged at 13,000 rpm
for 15 min at 4 °C, after which the protein concentration
was determined using the protein assay reagent (Bio-
Rad, USA) with bovine serum albumin as a standard.
The cleared supernatant was recovered for the determi-
nation of H,O,. The intracellular H,O, contents were
determined by ferrous ion oxidation in the presence of a
ferric ion indicator, xylenol orange. The crude cell ex-
tract (50 pL) was added to 950 uL of FOX reagent
[100 uM xylenol orange (water-soluble form),
250 uM ammonium ferrous sulfate, 100 mM sorbitol,
and 25 mM sulfuric acid]. The mixture was incubated at
room temperature for 30 min and centrifuged to remove
any flocculated material before measuring the absor-
bance at 560 nm.

Measurement of ASA/DHA ratio

The total AsA (tAsA), AsA, and DHA contents were
determined by the spectrophotometric method described
previously (Gillespie and Ainsworth 2007), with minor
modifications. The frozen leaf samples were ground
with inert sand and 10% trichloroacetic acid (TCA)

solution using a mortar and pestle. The homogenate
was centrifuged at 12,000 rpm for 20 min. The tAsA
contents were determined in a reaction mixture
consisting of crude extract and 150 mM KH,PO, buffer
(pH 7.4) containing 5 mM EDTA and 10 mM dithio-
threitol (DTT) for the reduction of DHA to AsA. The
reaction mixtures were incubated at room temperature
for 10 min and 0.5% N-ethylmaleimide (NEM) was
added. AsA was assayed in a similar manner, except
that deionized H,O was substituted for DTT and NEM.
The color was developed in both the reaction mixtures
by the addition of 10% TCA, 44% o-phosphoric acid,
o,a-dipyridyl in 70% ethanol, and 30% FeCl;. The
reaction mixtures were incubated at 37 °C for 1 h and
quantified spectrophotometrically at 525 nm.

Analysis of agronomic traits and grain length

The effects of OsMDHAR3 on the agronomic traits were
evaluated by conducting field trials for the mdhar3 and
WT rice plants during the cultivation periods in a natural
paddy field. For determining the effect on the yield
parameters, the rice plants were grown from vegetative
to late reproductive stages and the phenotypic and ag-
ronomic traits were evaluated for about 6 months under
natural paddy field conditions. The rice plants were then
harvested and threshed by hand to separate the seeds;
subsequently, the unfilled and filled seeds were separat-
ed, counted, and weighed (Bae et al. 2013). The follow-
ing agronomic traits were evaluated: total plant biomass
fresh weight (TPW), culm weight (CW), number of
tillers (NT), and total grain weight (TGW). The results
obtained for the mdhar3 rice plants were compared with
those of the control WT rice plants. The grain length was
measured for 10 grains on a line, and the average of each
10-grain length was obtained. One hundred-grain
weight was evaluated and the average was calculated.

Purification and enzymatic activity of MDHAR3

The WT and E196A mutant proteins of OsMDHAR3
were purified from Escherichia coli NiCo21 (DE3), as
reported previously (Do et al. 2014; Park et al. 2016).
The OsMDHAR activity was assayed spectrophotomet-
rically (UV-1650PC; Shimadzu Corp., Japan). The as-
say was performed at 25 °C in a reaction mixture (1 mL)
containing 50 mM potassium phosphate, pH 7.2,
0.25 mM NADH or NADPH, 2 mM AsA, 1 unit AsA
oxidase (Sigma-Aldrich, USA), and the purified protein

@ Springer
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(10 png). The absorbance was measured at 340 nm by
monitoring the NAD(P)H oxidation, and the activity
was calculated using an absorbance coefficient of
6.2mM ' cm ', One unit is the amount of enzyme that
oxidizes 1 nmoL of NADH per min at 25 °C. The
enzyme activity was represented relative to that of the
WT proteins, which was defined as 100%.

Statistical analysis

The values for the relative agronomic traits were calcu-
lated with respect to those obtained for the WT rice
plants (which were considered as 100%). The biochem-
ical experiments were performed at least thrice. The
enzymatic assays were performed at least three times
independently and the results are expressed as means +
standard deviation (SD). The representative results of
phenotypic and genotypic PCR are presented.

Results

Amino acid sequence alignment of OsMDHAR3
protein

The OsMDHAR3 protein contains 435 amino acids and
has a predicted molecular weight of 47 kDa. It has three
conserved putative amino acid domains involved in the
binding of ADP, FAD, and NAD(P)H. One of the do-
mains binds to the ADP moiety of NAD(P) and is
known as the NAD(P)-binding domain (domain II;
Yoon et al. 2004). NAD(P)H serves as an electron donor
and has high affinity for MDHAR. The MDHAR con-
verts MDHA, a product of the AsSA—GSH cycle, to AsA
in the presence of NADH. The MDHA is also produced
by AsA oxidase-mediated AsA oxidation (Do et al.
2014). The multiple amino acid sequence alignment of
OsMDHAR and other plant MDHARs was performed
using the BLAST tool available at the NCBI website.
OsMDHAR showed 56, 55, 47, and 78% identity and
98, 98, 95, and 99% similarity to ZmMDHAR (maize),
TaMDHAR (wheat), AIMDHAR (Arabidopsis), and
BrMDHAR (Chinese cabbage), respectively. The pro-
teins from all the organisms had the conserved
NAD(P)H-binding region (Fig. 1). This result indicates
that the conserved NAD(P)H-binding domain is proba-
bly critical for the enzymatic activation in the MDHAR-
mediated AsA recycling process.
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Development of mdhar3 transgenic rice plants and salt
stress response

As mentioned above, we postulated the functional im-
portance of the NAD(P)H-binding domain in the
MDHAR-mediated reaction. To confirm this hypothe-
sis, we generated OsMDHAR3-repressed (mdhar3)
transgenic rice plants using the pANDA vector, which
caused RNA interference in the rice plants (Fig. 2a).
Approximately 20 transformants were screened in the
presence of hygromycin. Four independent homozy-
gous transgenic plants were identified in the T, genera-
tion. Of these, only one mdhar3 transgenic plant was
used for the subsequent experiments because the other
three homozygous plants lost the RN A activity because
of the off-target effects or due to the inefficacy and
instability during inheritance (Small 2007). The results
of PCR used for the genotyping of mdhar3 transgenic
rice plants are represented in Fig. 2b. On the basis of
these results, the relationship between mdhar3 and salt
stress was determined by exposing the 4-week-old seed-
lings to 200 mM NaCl for 7 days, followed by their
recovery for 2 weeks under NaCl-free condition. Under
the normal conditions, the mdhar3 rice plants showed
weaker shoots compared to the WT plants. However,
salt stress severely damaged the mdhar3 rice plants and
they could not survive despite recovery under salt-free
conditions (Fig. 2¢). The total plant weight was almost
comparable for the mdhar3 and WT rice plants, with a
decrease of only 0.5 g observed under salt stress (Fig.
2d). The expression of OsMDHAR3 in the mdhar3 rice
plants was lower than in the WT plants regardless of the
salt stress even though a subtle difference in the expres-
sion was observed between the semi-quantitative RT-
PCR (upper panel) and qRT-PCR (lower panel; Fig. 2e).
Therefore, our results suggest that the RNAi-mediated
gene silencing of OsMDHAR3 was effectively operating
under the control of ubiquitin promoter in the mdhar3
rice plants, which lead to increased sensitivity of the
transgenic plants to salt stress.

Comparative investigation of mdhar3 and WT rice
plants under natural field conditions

We identified that silencing of OsMDHAR3 increased
the sensitivity of the mdhar3 transgenic rice plants to
high salinity. Based on this result, we postulated that
OsMDHARS3 could affect the rice productivity. To sup-
port this idea, the agronomic traits were investigated
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Fig. 1 Alignment of the MDHAR protein sequence. The align-
ment of MDHAR from Oryza sativa and four other plant species is
shown. The asterisks indicate that the residues in that column are
identical, colons indicate the presence of conserved substitutions,
and dots indicate the presence of semi-conserved substitutions.

under natural paddy field conditions. The expression
level of OsMDHAR3 in the mdhar3 rice plants was
considerably lower than in the WT plants (Fig. 3a).
The mdhar3 plants showed a dwarf phenotype com-
pared to the WT plants (Fig. 3b). In addition, biochem-
ical assays were conducted to determine whether the
silencing of OsMDHAR3 affected the MV-mediated
ion leakage, hydroperoxide content, chlorophyll con-
tent, and AsA/DHA ratio in the plants. MV was intro-
duced because it is known as a superoxide-generating
agent, which disrupts the membrane stability and leads
to cell death in plants (Bowler etal. 1991). There was no
difference in ion leakage between the mdhar3 and WT
rice plants under the non-MV conditions; upon admin-
istration of the MV condition, ion leakage in the mdhar3
rice plants was higher than in the WT plants, and its
increase was time-dependent (Fig. 3c; upper panel). The
leaf color of the mdhar3 rice plants became lighter than
that of the WT rice plants after 72 h of the MV treatment
(Fig. 3c; lower panel). The hydroperoxide content of the
mdhar3 rice plants was approximately 26% higher than
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kohzas kA k. . ®

Domain Il

The region of OsMDHAR that was used in the cloning is
underlined. Three domains are boxed. Domain I (gray box) binds
to the ADP moiety of FAD, domain II (yellow box) binds to the
ADP moiety of NAD(P)H, and domain III (black box) binds to the
flavin moiety of FAD

that of the WT rice plants under paddy field conditions
(Fig. 3d). In contrast, the chlorophyll content of the
mdhar3 rice plants was about 23% less than that of the
WT rice plants under the same conditions (Fig. 3¢). The
AsA/DHA ratio was also measured in both the mdhar3
and WT rice plants under environmental conditions. The
AsA/DHA ratio in the mdhar3 rice plants was 1.15,
which was approximately 1.63-fold lower than the ratio
(1.88) in the WT plants (Fig. 3f). These results indicate
that OsMDHAR3 silencing in the mdhar3 rice plants
increased the sensitivity to ROS-induced oxidative
stress by causing an imbalance in the redox homeostasis
and lowering of the AsA pool and photosynthetic ca-
pacity under the paddy field conditions, thereby, affect-
ing the plant growth and development.

Analysis of the agronomic traits and grain yield
We investigated whether the RNAi-mediated down-reg-
ulation of OsMDHAR3 in the mdhar3 rice plants affect-

ed the grain yield and biomass of the plants exposed to
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Fig. 2 Salt stress treatment and gene expression. a Schematic
diagram of RNAi-mediated OsMDHAR3 gene silencing. RB right
border; NPT II kanamycin resistance gene; Ubiquitin maize ubiq-
uitin promoter; attRl & attR2 LR clonase recombination sites;
OsMDHAR Oryza sativa monodehydroascorbate reductase; NOS
NOS terminator; HPT hygromycin resistance gene; LB left border
b Homozygous transgenic rice plants were identified by genotyp-
ing PCR using the DNA extracted from the leaves of T, generation

mdhar3 WT

environmental stresses under natural paddy field condi-
tions. The total length of the mdhar3 rice plants was
shorter than that of the WT plants (Fig. 4a). The follow-
ing rice yield parameters of the mdahr3 rice plants
decreased with respect to those of the control WT plants
under the paddy field conditions: TPW, CW, NT, and
TGW. Overall, the values of TPW, CW, NPT, and TGW
in the mdhar3 rice plants were reduced by 80, 20, 19,
and 70%, respectively, compared to the values in the
WT plants (Fig. 4b). Accordingly, the mdhar3 rice
plants showed a distinguishable difference for TGW
between the WT and mdhar3 rice plants owing to the
larger number of empty grain heads despite of the high
filling rate in the mdhar3 rice plants (Fig. 4c; upper
panel). The grain length was shorter and the 100-grain
weight was less in the mdhar3 rice plants compared to
those in the WT plants (Fig. 4c; lower panel). Overall,
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Relative mRNA
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plants. ¢ Salt stress response of mdhar3 and WT rice plants. The
phenotypes of 4-week-old seedlings showed changes in the mor-
phological characteristics under normal, stressed (200 mM NaCl,
7 days), and recovered (salt-free water, 7 days) conditions. d Fresh
weights of mdhar3 and WT rice plants recovered after salt treat-
ment. e Analysis of the mRNA levels of OsMDHAR3 using semi-
quantitative RT-PCR and real-time PCR. The amplicon from the
tubulin gene was used as a housekeeping control

our findings show that OsMDHAR3 has an important
role in the environmental adaptation of rice plants and
on their grain yield under paddy field conditions be-
cause the total biomass and grain yield of the mdhar3
rice plants were significantly decreased compared to the
WT plants.

In vitro enzymatic activity of the purified MDHAR3
protein

We identified that the RNAi-mediated silencing of
OsMDHARS3 affected the stress adaptation and
productivity of rice plants. To investigate whether
the NAD(P)H-binding domain plays a key role in
the enzymatic activity of OsMDHAR3, the WT
and E196A mutant forms of OsMDHAR3 were
purified from E. coli by immobilized metal
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affinity chromatography. The quality of each puri-
fied protein was confirmed by SDS-PAGE (Fig. 5a).
The OsMDHARS3 activity of the E196A mutant pro-
tein was approximately 80% lower than that of WT
protein (Fig. 5b), which preferred NADPH to NADH
(Fig. 5¢). The enzymatic activity of the OsMDHARS3
protein was not detected in the presence of NADPH
but was observed in the presence of NADH. These
results suggest that E196, the residue of the
OsMDHAR3 protein blocked by RNAIi, plays an
important role in the enzymatic activity of MDHAR
through the binding of NADH, but not of NADPH,
in vitro; this observation is consistent with the
RNAi-mediated silencing of OsMDHARS3 in vivo.

Fig. 3 Analysis of the A
morphological phenotype and

level of different components

under paddy field conditions. a

mRNA expression of

OsMDHAR3 in both the mdhar3

and WT rice plants under the B
natural field conditions. 7ubulin
was used as a positive control. b
The phenotypic changes in the
mdhar3 and WT rice plants at

60 days after transplantation
under paddy field conditions. ¢
The relative ion leakage was
measured in the leaf discs
obtained from the rice plants that
were floated on 10 uM MV
solutions. The leaf discs were
incubated at 25 °C for 72 h. The
percentage of ion leakage was
calculated considering the value
obtained after autoclaving as
100%. Hydroperoxide content
(d), chlorophyll content (e), and
AsA/DHA ratio (f) were mea-
sured from the leaf tissue of rice
seedlings grown for 60 days un-
der the paddy field conditions af-
ter transplantation as described in
materials and methods

O

-

(=3

(=]
1

Relative hydroperoxide content (%)
o
S

0

mdhar3 WT

oy — —
ey — — |

mdhar3

Discussion

Genetic approaches are strongly favored for identifying
the functions of genes in plants because obtaining mu-
tants of every gene using untargeted approaches, includ-
ing the chemical methods or mutagenesis, requires mas-
sive efforts (Small 2007). Among the functional analysis
methods, RNAI offers an easy and cost-effective ap-
proach to generate the phenocopies of genetic mutants
despite the disadvantages and pitfalls in the technique.
We investigated the functional role of the cytosolic
OsMDHAR3 of rice under abiotic stress conditions
using RNAi-mediated gene silencing. The OsMDHAR
amino acid sequence showed high identity and
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similarity to the MDHAR sequences from several other
plant species, such as maize, wheat, Arabidopsis, and
Chinese cabbage. Furthermore, all the analyzed se-
quences had the conserved region that binds the ADP
moiety of NAD(P)H (Fig. 1). The activity of

A mdhar3 wT

B € M0 o mdhar3 owT
£ 120
_§ 100 -
g 80 -
&
S
g
&
PW cw
C
mdhar3 DR > G < i .

WwT Bttt L L o

0.9
£ o8 25
5 )
5 =
g 07 )
g £ 2
B 06 g
3 g

0.5 - 1.5

mdhar3  WT mdhar3  WT

Fig. 4 Comparison of the agronomic traits of mdhar3 and WT
rice plants under natural paddy field conditions. a Phenotype
analysis at the late reproductive stage in both mdhar3 and WT
rice plants under the natural paddy field conditions in 2015. b
Comparison of the agronomic traits between mdhar3 and WT rice
plants. Each data point represents the percentage of the mean
values for the WT rice plants that were assigned a reference value
of 100%. TPW total plant biomass fresh weight; CW culm weight;
NT number of tillers; TGW total grain weight. ¢ Comparison of
grain size (upper panel), average of each grain length (lower left
panel), and 100-grain weight (lower right panel)
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Fig. 5 Enzymatic activity of the purified OsMDHAR3 protein. a
The quality of WT and E196 protein (9 pg) was assessed by SDS-
PAGE. The comparison of OsMDHAR3 enzyme activity was
performed by using the WT and E196A proteins in the presence
of NADH (b), or the WT protein in the presence of NADH and
NADPH (¢)

OsMDHAR highly correlates with the NAD(P)H con-
tent in the plant antioxidant system; it contributes to the
continuous regeneration of AsA for the detoxification of
ROS by using NAD(P)H as an electron donor (Li et al.
2010; Sakihama et al. 2000). Thus, for understanding
the role of OsMDHAR in oxidative stress, inactivation of
the NAD(P)H-binding site is an effective strategy. Sev-
eral studies have investigated the relationship between
MDHAR overexpression and ROS-induced oxidative
stress in transgenic plants (Eltayeb et al. 2007; Li et al.
2010; Sultana et al. 2012). However, functional analysis
of OsMDHARS3 through its repression has not yet been
attempted. In this study, an RNAi-based approach was
used to elucidate the functional importance of
OsMDHAR3 under salt stress and paddy field
conditions.

The mdhar3 rice plants with the NAD(P)H-binding
region of MDHAR3 blocked using RNAi-based gene
silencing were generated (Fig. 2a, b) and their salt stress
response, redox state, and agronomic characteristics
were analyzed under environmental stresses in the nat-
ural paddy field conditions. The mdhar3 transgenic rice
plants showed a lower survival rate (Fig. 2c) and plant
weight (Fig. 2d) under salt stress compared to the WT
rice plants. Furthermore, the OsMDHAR3 transcription
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in the mdhar3 rice plants was extremely low compared
to that in the WT rice plants in the absence of stress (Fig.
2e). According to some previous reports, the regenera-
tion of AsA by the antioxidant enzymes, including
MDHAR and DHAR, is essential for the survival of
plants under salt stress conditions (Kim et al. 2014;
Zhu 2001). The overexpression of MDHAR plays a
critical role in the plant growth by enhancing the AsA
recycling under normal conditions (Ren et al. 2015).
Interestingly, the mdhar3 rice plants showed poor
growth, unlike the WT plants under normal conditions.
Moreover, they were unable to survive under the salt
stress conditions (Fig. 2¢). Therefore, our results indi-
cate that OsMDHAR3 has an important role in plant
growth and development under normal conditions and
in acquiring tolerance to salt stress because the mdhar3
rice plants showed the poor phenotype following re-
duced plant growth in the absence and presence of salt
stress, which led to the increased sensitivity to high
salinity.

Furthermore, under natural field conditions, the ex-
pression level of OsMDHAR3 in the mdhar3 rice plants
was considerably lower than in the WT rice plants (Fig.
3a). In addition, the mdhar3 rice plants showed a lower
growth rate (Fig. 3b) and higher ion leakage and ROS
content, as well as stunted growth (Fig. 3c, d). These
effects were attributed to the low chlorophyll content
and AsA/DHA ratio (Fig. 3e, f). Although photosynthe-
sis and detoxification processes require NAD(P)H as an
electron donor, and the mechanism of MDHAR is sim-
ilar to that of NADH-cytochrome b5 reductase (Hossain
and Asada 1985), we identified that the E196 residue of
OsMDHAR3 protein plays a critical role in NADH
binding, and the protein requires NADH rather than
NADPH as the reducing power (Fig. 5). NAD(P)H is
an essential factor for plant survival; therefore, the inac-
tivation of the NAD(P)H-binding site results in the
decrease of growth rate and ability to scavenge ROS
under abiotic stress. In particular, the decline in the AsA/
DHA ratio leads to the reduction of disposable AsA
considerably more than that of DHA. The lower AsA
contents in the leaf tissue influence the plant growth rate
(plant height, root length, and leaf weight; Liu et al.
2011) and cell growth (Smirnoff and Wheeler 2000);
this weakens the antioxidant system, and the plants
cannot adapt well under the paddy field conditions.
Therefore, our results suggest that OsMDHAR3 has an
influence on the plant growth and salt stress tolerance,
because the mdhar3 rice plants, with the NADH-

binding region containing the E196 residue deleted,
exhibited reduced salt tolerance and decreased growth,
mediated by the imbalance of redox homeostasis, and
reduced photosynthetic capacity and AsA pool com-
pared to the WT plants.

The mdhar3 rice plants exhibited a dwarf pheno-
type, unlike the WT rice plants, under the natural
field conditions (Fig. 4a). Furthermore, their agro-
nomic traits, such as TPW, CW, NT, and TGW, were
remarkably lower than those of the WT rice plants
(Fig. 4b). The total length of the mdhar3 rice plants
was less than that of the WT plants, whereas the
number of panicles in the mdhar3 plants was similar
to that of the WT plants at the vegetative growth
stage (Fig. 4). In particular, there was a remarkable
difference in the seed size and weight between the
mdhar3 and WT plants; this is one of the significant
factors that limit the rice grain productivity (Fig. 4c).
The information on the importance of AsA in deter-
mining the rice yield is very limited. The overex-
pression of DHAR was reported to enhance the grain
yield and biomass under environmental conditions
(Kim et al. 2013). Also, an increase in the AsA pool
was effective in expanding the tillers of the leaves of
plants (Amin et al. 2008; Jafar et al. 2012), which are
one of key factors to evaluate the rice grain yield
(Wang and Li 2011). Moreover, the AsA-deficient
rice plants exhibited a significantly reduced seed set
and 1000-grain weight (Liu et al. 2011, 2013). RNAi
is considered an evolutionarily-conserved mecha-
nism for gene regulation that is critical for many
aspects of growth and development. There are vari-
ous pathways by which RNAi can inhibit the gene
expression in plants, at both the transcriptional and
post-transcriptional levels. These pathways are de-
pendent on the specific mechanism of silencing.
Recently, RNAi has emerged as one of most power-
ful tools for crop improvement by manipulation of
the genes involved in biomass, grain yield, and en-
hanced shelf-life of fruits and vegetables. It has also
been applied for developing resistance against biotic
(pathogenic infection) and abiotic stresses (drought,
salinity, and cold, etc.), and for nutritional improve-
ments, including those of amino acids, fatty acids,
antioxidants, and other nutrients beneficial for hu-
man health (Saurabh et al. 2014; Kamthan et al.
2015). In addition, the RNAi-based modifications
include the reduced content of food allergens and
toxic compounds, alteration in the morphology,
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crafting of male sterility, enhancement of secondary
metabolite synthesis, and generation of seedless
plant varieties (Saurabh et al. 2014). Overall, our
findings suggest that OsMDHAR3 positively affects
the various components (TPW and TGW) of grain
yield and participates, at least functionally, in seed
maturation and morphology.

In conclusion, the mdhar3 rice plants, in which the
NADH-binding site of OsMDHAR3 was inactivated by
RNAI, exhibited increased sensitivity to salt and envi-
ronmental stresses. In addition, the yield of rice in the
mdhar3 plants decreased due to the loss of the ability to
eliminate ROS following the decrease in AsA content.
These results indicate that OsMDHAR3, in particular, its
NAD(P)H-binding region, plays an important role in the
intrinsic resistance of rice plants to salt and environmen-
tal stresses. The MDHAR activity was observed to be
associated with the grain productivity by detoxifying
ROS through the maintenance of the AsA pool, and
was also linked to seed maturation at the reproductive
stage, a hitherto unknown phenomenon. Furthermore,
our findings provide the basic information for
OsMDHAR3-mediated transgenic studies for enhancing
the crop productivity under environmental stresses.
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