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Abstract Imbibitional oxidative stress of different mag-
nitude, imposed by treatment with different titer of H,O,
(both elevated, 20 mM and low, 500 uM) to an indica rice
cultivar (Oryza sativa L., Cultivar Ratna) caused formation
of differential redox cues at the metabolic interface, as
evident from significant alteration of ROS/antioxidant
ratio, efficacy of ascorbate—glutathione cycle, radical
scavenging property, modulation of total thiol content and
expression of oxidative membrane protein and lipid dam-
ages as biomarkers of oxidative stress. All the redox
parameters examined, substantiate the experimental out-
come that treatment with elevated concentration of H,O,
caused serious loss of redox homeostasis and germination
impairment, whereas low titre H,O, treatment not only
restored redox homeostasis but also improve germination
and post-germinative growth. The inductive pulse of H,O,
(500 uM) exhibited significantly better performance of
ascorbate—glutathione pathway, which was otherwise
down-regulated significantly in 20 mM H,O, treatment-
raised seedlings. A comparison between imbibitional
chilling stress-raised experimental rice seedlings with
20 mM H,O0, treated rice seedling revealed similar kind of
generation of redox cues and oxidative stress response.
Further, imbibitional H,O, treatments in rice also revealed
a dose-dependent regulation of expression of genes of
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Halliwell-Asada pathway enzymes, which is in consonance
with the redox metabolic response of germinating rice
seeds. In conclusion, a dose-dependent regulation of H,O,
mediated redox cues and redox regulatory properties dur-
ing germination in rice are suggested, the knowledge of
which may be exploited as a promising seed priming
technology.
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Introduction

Germination of seed is one of the most significant devel-
opmental stages of plant life whose progression determines
the nature of seedling establishment and subsequent
development of plant (Bewley et al. 2013). While germi-
nation takes place in natural condition, seeds in hydrated
state enhance respiratory activity and spur the formation of
reactive oxygen species (ROS) H,O, from mitochondrial
electron transport chain and other redox systems (He et al.
2009; Woijtyla et al. 2016). Enhanced generation of H,O,
and its accumulation together with decline in efficiency of
antioxidative defense is associated with oxidative damages
and may affect successful completion of germination (He
et al. 2009; Wojtyla et al. 2016). The precise regulation of
H,0, titer by the antioxidant system is found to be extre-
mely crucial for the regulation of germination and subse-
quent seedling establishment. Therefore, the specific
regulation of endogenous H,O, concentration by antiox-
idative system is the determining factor to attain a balance
between ROS signaling that promote germination and
oxidative damage that prevent or delay germination. Apart
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from its signaling role, H,O, formation during germination
might sponsor nutrition mobilization through oxidative
modification of metabolite, that may be recognized by the
storage organs as redox signals to mobilize reserve to the
rapidly growing embryo axis. In fact, the oxidized form,
the storage proteins may be regarded as ROS scavengers
that in turn regulate its endogenous titer (Wojtyla et al
2016). The oxidative changes of enzymes of glycolytic
pathway, mitochondrial ETC components, methionine
synthase, aldolase reductase, translation factors, or even
molecular chaperonins may be considered as positive
stimulator of germination (Wojtyla et al. 2016; Barba-
Espin et al. 2011; Lariguet et al. 2013).

Apart from that, there are some strong evidence of
H,0,—regulated gene expression through protein oxida-
tion, activation and regulation in redox signaling network,
redox changes in thiol group protein, oxidative modifica-
tion of cysteine residues of transcription factors during
germination (Bykova et al. 2011; Barba-Espin et al. 2011;
Bazin et al. 2011; Lariguet et al. 2013). All these episodes
are directly regulated by cellular redox state of germinating
tissue, which in turn is managed by ROS-antioxidant
interaction (Barba-Espin et al. 2011; Bazin et al. 2011;
Lariguet et al. 2013). Further, some work also proposes
coordinated regulation of germination involving H,O,
signaling through MAPK pathway and through the receptor
for activated C kinasel (Zhang et al. 2014). H,O, also
found to be involved in redox regulation for the synthesis
of hydrolytic enzymes in barley (Ishibashi et al. 2012). He
et al (2009) showed that seed pretreatment with H,O,
impart drought tolerance to wheat seedlings by improving
photosynthesis, water use efficiency and growth of seed-
lings through management of oxidative stress.

Studies on phytohormone interaction with H,O, during
germination have also shown interesting results. Exoge-
nous application of ABA found to inhibit ROS accumula-
tion in rice (Ye et al. 2012) and sunflower (El-Maarouf-
Bouteau et al. 2015). On the contrary, exogenous treatment
of H,O, does not influence endogenous level of ABA and
associated signaling but has more pronounce effect on GA,
resulting in lilt of endogenous titer of growth promoter/
inhibitor with subsequent impact on germination (Lariguet
et al. 2013). Enhanced level of ROS H,O, and O; has
been found in germinating Arabidopsis seeds treated with
exogenous GA; whereas reduction in ROS level have been
noticed in seeds treated with ABA (Lariguet et al. 2013).

An interaction between redox state of germinating tissue
and phyto-hormones coordinated by H,O, is found to be
involved in the modulation of proteins associated with seed
germination. An augmentation in germination performance
accompanied by reduction of growth regulator ABA, SA,
JA and TAA with exogenous supplementation of H,O,,
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strongly support the fact that HO, can influence hormonal
signaling network associated with germination (Barba-
Espin et al. 2012; El-Maarouf-Bouteau et al. 2015; Wojtyla
et al. 2016).

In general, under hydrogen peroxide homeostasis, the
elevated level of H,O, is largely controlled by scavenging
enzymes that include ascorbate peroxidase, catalase,
superoxide dismutase and glutathione reductase (Bhat-
tacharjee 2012; Mittler et al. 2011). Along with these
antioxidative enzymes, low molecular weight antioxidant
molecules, like ascorbate and glutathione provide efficient
antioxidant machinery for tightly regulating the H,O,-
mediated redox state of the cell (Mittler et al. 2011; Kapoor
et al. 2015). However, in most of the cases, this equilibrium
is lost due to imposition of environmental stresses, causing
transient increase in the titre of H,O, and change in redox
state, eventually imposing oxidative threat and metabolic
dysfunction. The oxidative burst of H,O, and change in
redox cues, which have been reported under most of the
environmental stresses, also used by the plant to activate
signalling network and ultimately the expression of redox-
sensitive genes that help to cope up with environmental
stresses (Desikan et al. 2001; Vanderauwera et al. 2005;
Bhattacharjee 2012).

Several works emphasized the significance of ascor-
bate—glutathione (ASC—GSH) cycle in plant tissues against
adverse changes in redox cues of the actively metabolising
cells (Noctor and Foyer 1998; Smirnoff 2000; Wang et al.
2009). In this antioxidative defence system, the elevated
titre of H,O, is restricted by its reduction to H,O by
ascorbate peroxidase (APOX) using ascorbic acid as co-
substrate (Smirnoff 2000). In the metabolic cycling,
ascorbate is regenerated by the enzyme dehydroascorbate
reductase (DHAR) from dehydroascorbate (DHA) at the
expense of reduced glutathione (GSH). Utilization of GSH
for the reduction of DHA on the other hand yields GSSG
which finally got reduced to GSH through reduction by
NADPH + H" due to the action of Glutathione reductase
(GR). Therefore, the low molecular weight antioxidant
ASC and GSH are linked in this ASC-GSH cycle. Effi-
ciency of this cycle in many cases determines the fate of
oxidative stressed plant cell (Wheeler et al. 1998; Moradi
and Ismail 2007; Wang et al. 2009). In spite of the
immense potential of this cycle, scant attention is being
paid to the efficacy of this cycle and the turn-over of its key
components associated with H,O, stress tolerance, in the
perspective of signalling role of H,O,during early germi-
nation. Therefore, present study is designed to critically
evaluate the efficacy of ASC-GSH cycle and also to
identify key components involved under different redox
cues instigated by different magnitude of oxidative stress
imposed by H,0, treatment in a germinating indica rice
cultivar.
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A number of recent studies also have shown that prim-
ing or pre-treatment with H,O, can modulate abiotic stress
tolerance of plants (Bhattacharjee 2012; Hossain and Fujita
2013; Lin et al. 2009, Wang et al. 2014). Although H,0, is
known to act as signalling molecule, the mechanisms
activating multiple defence responses in germinating tissue
that reinforce resistance against environmental odds are
poorly understood (Petrov and Van Breusegem 2012;
Woijtyla et al. 2016). Similarly, very little is known about
how the titer-specific responses of H,O, are coordinated
that ultimately regulates the physiology of H,O, in ger-
minating tissue. In the present work, efforts have also been
made to make a clear inventory as to how the opposing
roles of H,O, are regulated at metabolic interface in an
indica cultivar of rice during early germination. The role of
redox-disruptive and redox-regulatory processes under
different redox cues as instigated by dose-dependent
treatment of H,0, is investigated to understand the sig-
nificance of redox-regulatory process, like ascorbate—glu-
tathione pathway, under different magnitude of oxidative
stress. Additionally, the role of H,O, mediated (titre-
specific) changes redox cues in the regulation of transcript
abundance of genes of some important antioxidative
enzymes was also assessed for corroborating the dose-de-
pendent responses of H,O, and understanding their influ-
ence in redox status in rice during early germination.

Materials and methods

Plant growth and imposition of imbibitional
oxidative and chilling stress

Seeds of an indica cultivar of rice (Oryza sativa L. Cultivar
Ratna), selected as experimental material, have been col-
lected from Chinsurah Rice Research Institute, Govern-
ment of West Bengal, India. Seeds of the experimental
cultivar were washed with distilled water and were treated
with 0.2% HgCl, for 5 min and then washed thrice with
sterile distilled water. Imbibitional oxidative and chilling
stress was imposed based on standardized procedure of
Bhattacharjee (2013). The surface sterilized seeds were
imbibed in distilled water for 24 h in darkness at
25° £ 2 °C and thereafter, were sown on moist filter paper
in Petri plates and were placed in standardized conditions
of thermostat-controlled seed germinator cum stability
chamber (Remi 82 BL, India) maintained at 8 °C temper-
ature for duration of 16 h to impose low temperature stress.
For imposing imbibitional oxidative stress of different
magnitude two different 24 h water-imbibed seed lots were
treated with 500 uM and 20 mM H,O, for 24 h (30 seeds/
petriplate), with intermittent change of treating solutions in
petriplates (25 mL in eight hours interval). The selection of

two different treating concentrations of H,O, titer for
imposing I0S (500 pM and 20 mM H,0,) was based on
the initial standardization of dose-response experimenta-
tion. For untreated control set, 24 h water imbibed seeds
were sown directly in petriplates and exposed at 25°42° C.
Thereafter, all the seed lots were allowed to grow at
25°+2 °C with 12 h photo period (light intensity
270 pmol m~2 s™") and 78 £ 2% relative humidity. For
all biochemical analysis 72 h old seedlings raised from
aforesaid conditions were used (Supplementary Fig. 1).

Determination of early growth performances

For studying early growth performances, relative growth
index (RGI), biomass accumulation and vigor index (VI)
were calculated according to Rubio-Casal et al. (2003) and
Bhattacharjee (2008).

RNA isolation and analysis of transcript profile
by semi quantitative RT-PCR

RNA was extracted from untreated control, imbibitional
oxidative and chilling stress-raised seedlings of the
experimental cultivar of rice using Guanidium isothio-
cyanate-phenol based reagent (RNA-XPress'™ reagent,
HiMedia) according to manufacturer’s instructions. To
ensure the comparability of the resulting band intensity,
quantification of RNA was done using Nano drop Spec-
trophotometer (ND1000, Nanodrop technologies, USA)
and confirmed by applying equal amounts of total RNA to
an agarose gel using ethydium bromide staining.

Preparation of cDNA

First strand cDNA synthesis was done by using Revert Aid
First Strand cDNA synthesis kit (Fermentas, Thermo Sci-
entific) according to the manufacturer’s protocol and
quality of cDNA was checked by running 2 pL of total
cDNA in 1.1% agarose gel using tris-acetate-EDTA (TAE,
pH 8) buffer. Quantification of cDNA was performed by
Nano Drop spectrophotometer (ND1000, Nanodrop tech-
nologies, USA) at 260 nm and stored at — 80 °C for fur-
ther use.

Differential accumulation of transcript using
reverse-transcriptase RT-PCR

Semi-quantitative RT-PCR was performed as described by
Burch-Smith et al (2006). After synthesis, cDNA was
diluted 1:10 and 4 pL. of cDNA was used as template for
PCR amplification in a 25 pL reaction mixture. Reaction
contained selected couples of the gene-specific primers for
SodCc2 CatA, OsAPx2 and 18S 1rRNA (Hsk)
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(Supplementary Table 1). PCR conditions were as follow:
initial denaturation of 2 min at 95 °C, followed by 30
cycles of denaturation for 30 s at 95 °C, annealing at 54 °C
for 30 s, extension at 72 °C for 30 s, and a final extension
of 8 min at 72 °C. The conditions of semi-quantitative RT-
PCR were chosen so that none of the mRNAs analyzed
reached a plateau at the end of amplification cycles, i.e they
were in exponential phase of amplification, and that the
two sets of primers (one set of gene specific primer and
other set of 18S rRNA primers) used in the reaction did not
compete with each other. Apropriate number of cycles was
determined by testing different cycles of 15, 20 and 25 for
both antioxidant gene transcripts and 18S rRNA (internal
control) amplification. It was important to select the
appropriate number of cycles so that the amplified product
was clearly visible on agarose gel and can be quantified,
while the amplification was in exponential range and did
not reach plateau yet. Moreover, the optimal number of
cycles was strictly maintained to be in the same range for
specific mRNA of interest and the internal control, so that
both can be measured on the same gel. Equal amounts of
PCR products were the run on the same 1.2% agarose gel
for comparison and quantification. Images of the RT-PCR
products in ethydium bromide stained agarose gel were
acquired in BIO-Rad Molecular Imager Gel Doc XR sys-
tem with high resolution CCD camera and quantification of
bands was performed by Bio Rad image Densitometer GS-
700 using quantity one software (version-4.6.9).

Estimation of Reactive oxygen species and in situ
localization of ROS

Estimation of “total ROS” generation

For estimation total ROS generation an in vivo assay was
performed by placing seedling tissue (50 mg) in 8§ mL
40 mM TRIS-HCI buffer (pH 7) in presence of 100 uM
2!, 7'-dichloroflorescindiacetate (DCFDA, Sigma) at 30 °C.
Supernatant was removed after 60 min and fluorescence
was monitored in a spectroflurometer (Hitachi, Model
F-4500 FL Spectrophotometer) with excitation at 488 nm
and emission at 521 nm (Simontacchi et al. 1993).

Estimation of “O; and H,0,” generation

Hydrogen peroxide was extracted and estimated following
the procedure of MacNevin and Uron (1953) using titanic
sulfate. For the determination of superoxide, the method of
Chaitanya and Naithani (1994) was followed with some
necessary modifications. 500 mg of tissues were homoge-
nized in cold with 5 mL of 0.2 M sodium phosphate buffer,
pH 7.2, with addition of diethyldithiolcarbomate (10~ M)
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to inhibit SOD activity. The homogenates was immediately
centrifuged at 2000 g at 4 °C for 1 min. In the supernatant,
superoxide anion was measured by its capacity to reduce
nitroblue tetrazolium (2.5 x 10~* M). The absorbance of
the end product was measured at 540 nm. Formation of

superoxide was expressed as AAsyg g_1 (d.m.) min~".

In situ localization of O; and H>0,

Superoxide anion in stressed germinating seeds was
detected according to He et al. (2011). The germinating
seeds from different treatments (imbibitional oxidative and
chilling stress) were incubated in 6 mM nitroblue tetra-
zolium in 10 mM tris-HCI buffer, pH 7.4 at room tem-
perature for 1-2 h. The accumulation of superoxide anion
could be detected by visualization of dark blue colour as
compared to untreated control and was photographed.

For the detection of H,O,, the process of He et al (2011)
was followed with little modification. Oxidative stressed
and control rice seedlings were soaked in a 0.42 mM TMB
solution in Tris-acetate, pH 5 buffer for 2 h. The appear-
ance of blue color could be monitored to indicate the
accumulation of H,0,.

Determination of antioxidative defense

DPPH (2, 2'-diphenyl-1-pycryl hydrazyl) free radical
scavenging activity

For determination of DPPH free radical scavenging activ-
ity, the process of Mensor et al. (2001) was followed.

FRAP assay

This procedure was carried out according to Benzie and
Strain (1996) with little medications. For the preparation of
tissue extract, 1.5 g of dry sample (seedling tissue kept at
45 °C for two days) was extracted with 30 mL 80%
methanol at 28 °C for 24 h in shaking incubator. Extracts
were centrifuged at 3500 rpm for 20 min at 4° C. Super-
natant was collected and filtrate was used for FRAP assay.
A total of 150 pL of tissue extract with 2850 pL of freshly
prepared FRAP reagent was mixed in a cuvette and kept for
30 min in dark. Finally the absorbance was taken at
593 nm. The standard curve using grades of trolox was
prepared for estimating the unknown. The final result was
expressed as antioxidant capacity in uM trolox equivalent
g~ dm.
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ABTS decolorization assay

ABTS (2, 2’ azinobis (3-ethylbenzthiazoline)-6-sulfonic
acid) free radical decolourization assay was done according
to Re et al. (1999) with some necessary modifications.

Extraction and estimation of enzymatic antioxidants

For the extraction and estimation of catalase (CAT, EC
1.11.1.6), the process of Snell and Snell (1971) was
followed.

The extraction and enzyme activity of superoxide dis-
mutase (SOD, EC 1.15.1.1) was determined by measuring
the photochemical reduction ability of NBT according to
Giannopolities and Ries (1977).

Ascorbate peroxidase (APOX; EC 1.11.1.11) activity
was determined according to Nakano and Asada (1981)
using homogenates previously supplemented with 0.5 mM
ascorbic acid and 0.1 mM EDTA. Parallel experiments in
presence of p-chloromercuribenzoate (50 uM) were per-
formed to rule out any interference from guaiacol
peroxidases.

Glutathione reductase (GR, EC 1.6.4.2) activity was
measured according to Schaedle and Bassham (1977). The
reaction mixture contained 50 mMTris-HCl (pH 7.6),
0.15 mM NADPH, 0.5 mM oxidized glutathione (GSSG),
3 mM MgCl, and 100 pL homogenate (7 mg protein
mLfl). NADPH oxidation was followed at 340 nm. The
enzyme activity in all cases was expressed as enzyme unit
min~! g:f1 d.m. according to Fick and Qualset (1975).

Determination of indices of oxidative damage

to membrane protein and lipid (membrane protein
thiol level, free carbonyl content and thiobarbituric
acid reactive substances)

Membrane protein thiol level

For the determination of membrane protein thiol level
(MPTL), the membrane was prepared according to Singh
(1997) with some necessary modifications. 1 g of plant
tissue was homogenized in 10 mL ice cold buffer (0.05 M
Tris-HCI, pH 7.0). The homogenate was centrifuged at
10,000x g at 4 °C for 30 min and the pellet was discarded.
The membranes were then sedimented at 100,000xg at
4 °C for 3h and the pellet containing the membrane
fractions was suspended in ice cold buffer (0.05 M Tris-
HCI, pH 7.0). The membrane fractions were stored under
ice. The membrane associated protein bound thiol group
was assayed after protein precipitation with TCA (10%
mass/volume) and quantified with DTNB following the
procedures of Ellman (1959) and Dekok and Kuiper
(1986).

Free carbonyl content

Protein oxidation (PO) under oxidative stress was esti-
mated as the content of carbonyl groups (RC=0) following
the procedure of Jiang and Zhang (2001).

Thiobarbituric acid reactive substances

To estimate membrane lipid peroxidation (MLPO), test for
thiobarbituric acid reactive substances (TBARS) was per-
formed using the procedure of Heath and Packer (1968).

Determination of components of ascorbate—glutathione
(ASC-GSH) pathway

Estimation of ascorbate content was performed according
to the process of Hodges et al. (2001). Total ASC and
reduced ASC contents were estimated from the standard
curve of 0-40 n mol L-ASC determined by the above
methods. Dehydroascorbate (DHA) contents were calcu-
lated by the subtraction of ASC from total ASC. For the
estimation of total glutathione content, 1gm tissue was
homogenized in 5% metaphosphoric acid and the homo-
genate was centrifuged at 18,000 g and the supernatant was
used. 0.4 mL of the supernatant was neutralized with
0.6 mL 0.5 M phosphate buffer (pH 7.5). For total GSSG
assay, the GSH was masked by adding 20 pL of 2-Vinyl-
pyridine to the neutralized supernatant, whereas 20 pL of
water was added in the aliquots utilized for total glu-
tathione pool assay. Tubes were vortexed until emulsion
was formed. Glutathione content was determined in 1 mL
of assay mixture containing 0.2 mM NADPH, 100 mM
phosphate buffer (pH 7.5), 5 mM EDTA, 0.6 mM 5,
5'dithiobis (2-nitrobenzoic acid), and 0.1 mL of sample.
The reaction was started by adding 03 units of glutathione
reductase and was monitored by measuring changes in
absorbance at 412 nm. The contents of glutathione were
estimated from the standard curve of 0-20 nmol glu-
tathione (Mytilineou et al. 2002; Zhang and Kirkham
1996).

Both mono-dehydroascorbate reductase (MDHAR, EC
1.6.5.4) and dehydroascorbate reductase (DHAR, 1.8.5.1)
activities were determined according to Song et al. (2005).
DHAR activity was measured by monitoring the absor-
bance at 265 nm for 3 min in the reaction mixture that
consisted of enzyme extract, 50 mM Na-phosphate buffer
(pH 7.0), 0.3 mM glutathione, 0.06 mM Na,-EDTA and
0.2 mM DHA. MDHAR activity was measured by the
monitoring the absorbance at 340 nm for 3 min in 50 mM
Na-phosphate buffer (pH 7.6), 0.1 mM NADPH and 0.1
unit AsA oxidase (Sigma, MO, USA) and 2.5 mM AsA.
Non-enzymatic reduction of DHA or MDHA in phosphate
buffer was measured in a separate cuvette at the same time.
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Statistical analysis

Each treatment consisted of three replicates and each
experiment was carried out twice at different times. For
statistical analysis of the data for significance, the two
sample t-test was employed with the help of Minitab 15
package, showing the significant variations between
untreated control and temperature stress-raised seedlings.

Result

Changes in endogenous redox cues in response

to different magnitude of imbibitional oxidative
and chilling stress in germinating rice (Oryza sativa
L. cv. Ratna) seedlings

When imbibitional oxidative stress (IOS) of different
magnitude were imposed in experimental indica rice cul-
tivar (Ratna) by treatment with 500 uM and 20 mM H,0,
for 24 h, a change in internal redox cues of growing
seedlings were observed in terms of accumulation of
prooxidants (assessed in terms of total ROS by DCFDA
oxidation and estimation of superoxide and H,O, content,
in-situ staining for O, and H,O,) and antioxidative
defense (assessed in terms of total radical scavenging
activity, activities of antioxidative enzymes and efficacy of
ascorbate—glutathione cycle). Figure 1 shows the level of
endogenous prooxidants in terms of accumulation of total
reactive oxygen species (oxidation of DCFDA) and indi-
vidual ROS content (O, and H,0,) in imbibitional
oxidative stress-raised (500 um & 20 mM H,O,) seed-
lings. Results clearly showed a dose-dependent response of
H,0, treatment on internal redox cues in germinating tis-
sues of experimental rice. Low titer H,O, treatment
(500 pm) caused significant reduction in accumulation of
reactive oxygen species O, and H,O, with concomitant
enhancement of antioxidant efficiency (assessed in terms of
total antioxidant capacity and H,O, processing antioxi-
dants). On the contrary, elevated concentration of H,O,
(20 mM) treatment exhibited a reverse trend, showing
significantly higher accumulation of both individual and
total ROS, reduced radical scavenging activity and effi-
ciency of H,O, processing antioxidative enzymes. Histo-
chemical studies involving tissue staining for ROS, also
revealed similar trend of ROS production (Fig. 2). Both
staining with NBT (nitroblue tetrazolium chloride) and
TMB (3,3',5,5'-tetramethylbenzidine) revealed that O;
and H,O, accumulation was maximum in higher magni-
tude of I0S (20 mM H,0,) as compared to lower magni-
tude of I0S (500 uM H,0,). For seedlings raised from
20 mM H,0, treated seeds, the intensity of staining was
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Fig. 1 Measurement of prooxidants (assessed in terms of total ROS
by DCFDA oxidation (a) and estimation of H,O, (b) and superoxide
(c) content) of imbibitional oxidative (500 pM and 20 mM H,0,) and
chilling (8 °C for 16 h) stress (ICS) raised rice (Oryza sativa L. cv.
Ratna) seedlings. Results are mean of three replicates & standard
deviation.*Significant from control at 0.05 level (¢ test); **significant
from control at 0.01 level (¢ test)

found to be more intense, spreading throughout the major
surface area of root. On the contrary, when the seedlings
were raised from lower titer of H,O, treatment, not only
the intensity of staining was faint but also found to be
patchy across the whole root surface (Fig. 2).

That H,O, treatment changed internal redox cues which
even continued 72 h of post treatment. This could be
substantiated from all the data of dose-dependent changes
in antioxidative defense (assessed in terms of activities of
H,0, processing enzymes and total antioxidant capacity
Figs. 3, 4). Elevated level of H,O, treatment during early
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Fig. 2 Visualization of A
superoxide (a) and hydrogen
peroxide (b) production after
NBT and TMB staining
respectively of rice seedling
raised from different magnitude
of imbibitional oxidative

(500 uM and 20 mM H,0,) and
chilling stress (8 °C for 16 h)

imbibitional phase of germination reduced total radical
scavenging activities (assessed in terms of ABTS, DPPH
and FRAP assay, Fig. 4) and activities of superoxide dis-
mutase and catalase, which are comparable to imbibitional
chilling stress (ICS) raised germinating tissues of rice,
conforming serious loss of redox homeostasis. On the
contrary, low titer H,O, treatment significantly enhanced
competence of antioxidative defense system, as revealed
from the data of DPPH radical scavenging activities
(Fig. 4) and activities of catalase and SOD. When com-
pared, elevated levels of H,O, treatment during early
imbibitional phase of germination found to exert similar
trend of inhibition in antioxidative defense and ROS
accumulation as that of ICS hinting at serious loss of redox
homeostasis of germinating tissues.

- Imbibitional oxidative
stress (500pM H20z)

Imbibitional oxidative
stress (20mM H:0z)

Imbibitional chilling
stress

Imbibitional oxidative
stress (500uM H.0;)

Imbibitional oxidative
stress (20mM 11:0,)

Spectrofluorometric estimation of oxidation of DCFDA
to a fluorescent compound was used for in vitro assay to
determine the total ROS generation in germinating rice
seedlings triggered by exogenous H,0O, treatment and
imbibitional chilling stress. Both elevated level of H,O,
treatment and imbibitional chilling stress were found to
enhance the oxidation of DCFDA, implying serious loss of
redox homeostasis in germinating rice seeds. However, the
germinating tissues of experimental rice cultivar raised
from low titer H,O, treatment (500 um), though caused
oxidation of DCFDA over untreated control, the extent of
oxidation was significantly lesser implicating significant
lesser accumulation of total ROS as compared to ICS and
elevated H,O,-treated seedlings and found to be absolute
necessary for maintenance of redox homeostasis. When
assessed, both the endogenous titre of O, and H,O,were
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Fig. 3 Activities of enzymatic antioxidants [Catalase (a), Ascorbate
peroxidise (b) and Superoxide dismutase (c)] of imbibitional oxida-
tive (500 uM and 20 mM H,0,) and chilling (8 °C for 16 h) stress
(ICS) raised rice (Oryza sativa L. cv. Ratna) seedlings. Results are
mean of three replicates & standard deviation. *Significant from
control at 0.05 level (¢ test). **significant from control at 0.01 level
(t test)

found to corroborate the data of total ROS, confirming the
ability of germinating tissue to maintaining redox home-
ostasis under low titer inductive H,O, pulse. Whereas,
elevated dose of H,O, caused a disturbance in the redox
homeostasis which is quite similar to ICS raised seedlings.
So, the data of redox status of germinating rice tissue
(exposed to imbibitional oxidative and chilling stress)
clearly revealed that higher magnitude of IOS and ICS
caused change in internal redox cues by shifting redox
homeostasis due to higher accumulation of prooxidants and
lesser competence of antioxidative defense comprising of
thiol compounds and activities of other radical scavenging
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Fig. 4 Imbibitional oxidative (500 pM and 20 mM H,0,) and
chilling (8 °C for 16 h) stress (ICS) induced changes in total
antioxidant capacity, radical scavenging activity [ assessed in terms
of ABTS (a), DPPH (b) and FRAP (c) assay ] of indica rice cultivar
(Oryza sativa L. cv. Ratna). Results are mean of three replicates + s-
tandard deviation. *Significant from control at 0.05 level (¢ test).
**significant from control at 0.01 level (¢ test)

compounds and important H,O, processing antioxidative
enzymes.

Efficacy of ascorbate—glutathione (ASC-GSH) cycle
under varying magnitude of imbibitional oxidative
and chilling stress in germinating rice seedling

500 uM H,O0, treated germinating rice seedling exhibited
significant enhancement of the components of ASC-GSH
cycle in general, which otherwise got significantly depleted
under elevated H,O, treatment and ICS (Table 1 and
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Table 1 Dose-dependent effect of imbibitional oxidative stress (I0S)
and chilling stress (ICS) on the efficacy of ascorbate—glutathione
cycle [assessed in terms of accumulation of ascorbate, glutathione and

activities of glutathione reductase (GR), monodehydroascorbatere-
ductase (MDHAR) and dehydroascorbatereductase (DHAR)]

Treatment Ascorbate (pmol g~' dm) Glutathione (umol g~' dm) Activities of ascorbate—glutathione cycle enzymes
(Ug™'dm h™h
MDHAR DHAR GR
Untreated Control 67.5 £ 0.17 6.5 £ 0.04 0.56 = 0.004 0.38 = 0.002 0.325 £+ 0.002
I0S (20 mM H,0,) 482 £ £ 0.11%* 4.3 £+ 0.05* 0.39 + 0.007* 027 £ £ 0.004*  0.205 & 0.001%**
I0S (500 uM H,0,) 74.3 £ 0.19* 7.9 £ 0.07** 0.72 £ 0.004**  0.50 £ 0.007** 0.390 £ 0.004*
ICS 46.5 + 0.21** 5.2 + 0.03** 0.41 £+ 0.004* 0.25 + 0.001%* 0.160 £+ 0.001*

Results are mean of three replicates & standard error. *Significant from control at 0.05 level (¢ test); **significant from control at 0.01 level

(t test)

Fig. 3b). A significant difference in MDHAR (monodehy-
droascorbate reductase) and DHAR (dehydro ascorbate
reductase) activities were observed between elevated and
low dose H,O, treatment-raised experimental rice seed-
lings (Table 1). Activities of MDHAR and DHAR were
found to be augmented by 28.5% and 24% over untreated
control in 500 pM H,O, treated germinating tissues,
whereas reduction in activities in terms of 43.4% and 40%
for MDHAR and DHAR over untreated control were
observed for 20 mM treated rice seedlings. When Glu-
tathione reductase activity was assessed and compared
between 500 uM and 20 mM treated rice seedlings,
exhibited a similar trend with significant rise in activity for
low dose H,O, treated seedlings which could otherwise
suffer a significant decline under elevated H,O, treatment.

Low titre H,O, treatment further enhanced the level of
both ASC and GSH in the germinating rice seedlings while
a remarkable reduction was observed in elevated H,O,
treated rice seedlings. When compared, ICS-raised seed-
lings of rice exhibited similar kind of response in terms of
activity of MDHAR, DHAR, GR and accumulation of ASC
and GSH, corroborating the fact that both elevated H,O,
treatment and ICS might reduce the efficiency of ASC—
GSH cycle and have suffered serious changes in endoge-
nous redox cues, whereas low titer H,O, treatment up-
regulate the efficiency of ASC-GSH cycle.

Changes in MPTL, MLPO, PO in response
to varying magnitude of imbibitional oxidative
and chilling stress in rice seedlings

The oxidation of membrane protein and lipid, which may
occur in plant cell under oxidative stress, is a reliable
indicator of loss of redox homeostasis of the cell that lar-
gely conveys the status of the internal redox cues of the
tissue. In order to ascertain the impact of low and high
doses of H,O, treatment and chilling stress during imbi-
bitional phase of germination on oxidative protein and lipid

damages of newly assembled membrane system of germi-
nating experimental rice cultivar, free carbonyl content
(RC=0), membrane protein thiol level (MPTL) and accu-
mulation of thiobarbituric acid reactive substances
(TBARS) were assessed and compared. Results clearly
exhibited that both 20 mM and 500 uM H,O, treatment
caused just reverse effect (Fig. 5). Both elevated concen-
tration of H,O, treatment and imbibitional chilling stress
caused enhancement of accumulation of free carbonyl
content and TBARS with concomitant reduction of MPTL
over untreated control (Fig. 5). On the other hand, low titer
H,0, treatment restores MPTL and significantly reduced
TBARS and RC=0 content over untreated control seed-
lings of experimental rice cultivar (Fig. 5). So the findings
strongly revealed that different magnitude of exogenous
H,0, treatment has not only exerted influence on internal
redox cues but could also subsequently affect oxidative
damage to membrane protein and lipid.

The oxidative damage to membrane protein and lipid
which may occur in plant tissue suffering from changes in
internal redox cues due to over accumulation of prooxi-
dants, is a reliable indicator of loss of redox homeostasis
and hence a biomarker of oxidative stress. In order to
ascertain the impact of dose-dependent responses of H,O,
and imbibitional chilling stress on early growth perfor-
mances in our experimental rice cultivar (Fig. 6), different
early growth parameters, like relative germination perfor-
mance (RGP), relative growth index (RGI) and vigor index
(VI) were assessed. The RGI and VI of 20 mM H,0,
treated seedlings were found to be 90.5% and 47%,
respectively as against 114.5% and 51% for 500 UM trea-
ted seedlings, hinting dose-dependent response of H,O,
treatment in which elevated titre of H,O, exhibited inhi-
bition of early growth performances, whereas, low titer
inductive pulse of H,O, treatment showed stimulation
(Fig. 6). When compared, both elevated titer of H,O,
treated seedlings and chilling stress raised seedlings
exhibited similar pattern of early growth response, strongly
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Fig. 5 Measurement of imbibitional oxidative (500 uM and 20 mM
H,0,) and chilling (8 °C for 16 h) stress (ICS) using lipid peroxi-
dation [assessed in terms of TBARS accumulation (a), protein
oxidation (assessed in terms of free carbonyl content (b) and
membrane protein thiol level (c) in seedlings of rice (Oryza sativa
L. cv Ratna). Results are mean of three replicates + standard
deviation. *Significant from control at 0.05 level (7 test). **significant
from control at 0.01 level (¢ test)

supporting the role of internal redox cues as the determi-
nant of early growth performance. In fact, both the elevated
titer of H,O, treatment and chilling stress during early
imbibitional phase of germination were found to exert
similar trend of antioxidative defense, ROS accumulation
and oxidative damages to membrane thiol protein and lipid
(Figs. 1, 2, 3, 4, 5) hinting not only at serious loss of
internal redox cues but also exhibited oxidative damage
which were reflected in terms of poor early growth per-
formances of the seedling (Fig. 7). On the contrary, low
titre H,O, treatment during early germination could
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Fig. 6 Imbibitional oxidative (500 pM and 20 mM H,0,) and
chilling (8 °C for 16 h) stress (ICS) induced changes in germination
and early growth performances [assessed in terms of relative growth
index (RGI) relative germination performance (RGP) and vigure
index (VI),] of indica rice cultivar (Oryza sativa L. cv. Ratna). Results
are mean of three replicates + standard deviation.*Significant from
control at 0.05 level (¢ test). **significant from control at 0.01 level
(¢ test)

regulate the synthesis of thiol compounds and radical
scavenging molecules necessary for combating prooxidant
accumulation thereby maintaining the redox cues towards
homeostasis necessary for augmentation of early growth
performance.
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Fig. 7 Photograph of seedlings
of indica rice cultivar (Oryza
sativa L. cv Ratna) showing
different growth impact under
different magnitude of
imbibitional oxidative stress
(500 pM and 20 mM H,0,) and
chilling (8 °C for 16 h) stress
aCsS)

Differential transcript abundance of H,O,
processing antioxidative genes in germinating rice
seedlings under different redox cues initiated

by varying magnitudes of imbibitional oxidative
and chilling stress

The antioxidant defence system is an important component
of redox network in plant cell, which in a well-coordinated
manner at the advent of oxidative stress control the sub-
sequent episodes of uncontrolled oxidative damages by
ROS removal. Here we have investigated the changes in
key antioxidative system viz. Ascorbate—glutathione cycle
(ASC-GSH), and other H,0O, scavenging system at both
activity and gene expression levels in both elevated and
low titre H,O, treated and ICS-raised germinating rice
seed. The DNA bands resulted from semi-quantitative RT-
PCR provided the value of relative transcript abundance,
hence demonstrating the level of gene expressions were
markedly different in both high and low titre H,O, raised
rice seedlings (Fig. 8a). Hence, transcripts encoding the
major antioxidative enzymes that efficiently remove ROS,
particularly H,O, including ASC-GSH cycle were deter-
mined relative to 18S rRNA using semi-quantitative RT-
PCR from 20 mM and 500 uM H,0, treated and ICS
raised seedlings of experimental rice cultivar. The 18S
rRNA transcripts remained more or less same in germi-
nating tissues of both elevated and low titre treated and
ICS-raised seeling of rice cultivar and hence were found
suitable in gel loading control for H,O, processing
antioxidative transcript analysis (Fig. 8A).

Therefore, to investigate the molecular mechanism of
dose-dependent responses of H,O, stress in the experi-
mental indica rice cultivar, we used semi-quantitative RT-
PCR to assess changes in transcript abundance of some
major genes of H,O, processing antioxidative enzymes.
Transcript abundance of genes of SodCc2, CatA, OsAPx2
and GRase, coding respectively for cytosolic Cu/Zn SOD,

A Con os os ICS
20mM 500uM

GRase
SodCc2
OsAPx2
CatA
18S rRNA
B 10
=
=
E 1 ‘*—H—HMT
:
0.1
Con os oS ICS
(500uM H,0,) (20mM H.0:)
TREATMENTS
I Mcaa [P osape [ orase [ sodce2 I

Fig. 8 a Transcript abundance of SodCc2, OsAPx2, GRase and CatA
genes of imbibitional chilling and oxidative stress raised seedlings of
rice cultivar Ratna. Semi-quantitative RT-PCR was performed as
described in “Materials and methods” section. The rice /8S rRNA
control reaction below each set of corresponding antioxidant gene
reaction was conducted on equivalent cDNA batches to verify
equivalent loading reaction volumes on the gel. Antioxidant genes
were amplified for 25 cycles. b Bar diagram represents mean intensity
of relative expression of genes
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CAT, APOX, GR exhibited differential relative expression
under varying magnitude of H,O, stress (Fig. 8B). Seed-
lings of rice cultivar raised from low titre (500 pM)
inductive pulse of H,O, exhibited enhanced transcript
abundance for APOX and GRase, whereas elevated titer of
H,0, treatment caused significant decrease in transcript
abundance of both the genes. A minor decrease in tran-
script abundance of both CAT and SOD were observed for
both elevated and low dose H,O, treatment raised rice
seedlings.

The ability of maintenance of higher antioxidative
enzyme activities of ASC-GSH cycle (APOX and GR) of
rice seedlings raised from low titre H,O, treatment was
accompanied by increased expression of OsAPx2 and
GRase (Fig. 8). On the contrary, transcript levels for
SodCc2, OsAPx2, GRase genes remained significantly
lower in seedlings raised from elevated titre of H,O,,
endorsing well with the data of reduced enzyme activities,
where lack of transcriptional regulation for H,O, process-
ing antioxidative enzymes appeared to hold germinating
tissues incompetent to cope up with elevated level of H,O,.
ICS exhibited similar pattern of changes in transcript
abundance as that of higher magnitude of oxidative stress
(20 mM H,0, treatment), validating well with the data of
antioxidant defence enzymes and redox status of germi-
nating tissues.

Discussion

In the present study, we have investigated the role of
redox-regulatory processes (both promotive and disruptive)
under varying magnitude of imbibitional oxidative (im-
posed by 500 pm and 20 mM H,0, treatment) and chilling
stress (8 °C for 16 h) in a warm weathered indica rice
cultivar (Oryza sativa L., Cultivar Ratna). The imposition
of IOS of different magnitude and ICS changes internal
redox cues due to interaction of prooxidants and antioxi-
dants at metabolic interface. The data exhibited dose-de-
pendent responses of H,O, in terms of generation of
internal redox cues in germinating seedlings of indica rice
cultivar Ratna. Elevated titre of H,O, (20 mM) induced
serious disruption of redox homeostasis and oxidative
damage to membrane protein and lipid of germinating
tissue, which even continued 72 h post-treatment period.
Being long lived ROS, higher dose of H,O, treatment,
elevated the level of endogenous H,O,, due to its access to
the germinating rice seedling through aquaporin-mediated
transport system and accelerated processes like Haber-
Weiss/Fenton reactions, resulting in generation of other
potent ROS OH., which disrupt the redox homeostasis and
subsequently caused oxidative damage to membrane
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protein thiol and lipid (Bhattacharjee 2013; Hossain et al.
2015; Awasthi et al. 2015).

Since low titre inductive pulse of H,O, treatment caused
changes in internal redox cue at metabolic interface, more
towards reductants, a stress acclamatory response possibly
takes place by cellular adjustment through activation of
antioxidative defence system, both enzymatic and non-
enzymatic (Liu et al. 2010). A change in the internal redox
status, followed by activation of transcription factors and
up-regulation of expression of some genes of ASC-GSH
cycle during early germination under low magnitude of
IO0S might trigger a stress acclamatory response required
for better post-germination performance of the experi-
mental rice cultivar (Yu et al 2003; Chakraborty and
Bhattacharjee 2015). In fact, the activities of antioxidative
defense enzymes SOD, CAT, APOX, GR, MDHAR, and
DHAR are significantly augmented in seedlings developed
from low magnitude inductive pulse of H,O, as compared
to the seedlings developed from higher magnitude of
oxidative stress, suggesting dose dependent regulation of
antioxidative defence (Hossain et al. 2015).

Generally, the ASC-GSH cycle involves an efficient
way in scavenging the ROS H,0, in plant cell (Anjum
et al. 2011; Hossain et al. 2013). In this cycle four enzymes
APOX, MDHAR, DHAR and GR work in tandem to
detoxify H,O, and reduce the pro-oxidant level. In our
study, the activities of all four enzymes were found to be
up-regulated under inductive pulse of I0S; whereas IOS of
higher magnitude (20 mM treatment) and ICS caused
down-regulation of the activities of ASC-GSH enzymes.
Although the enzymes APOX is directly utilised for
detoxification of endogenous H,O, using ASC as electron
donor but MDHAR and DHAR are utilised for regulation
of reduced ascorbate. MDHAR and DHAR are the major
enzymes of ASC-GSH cycle and function as important
defensive enzymes to keep the ASC-GSH cycle on,
required for the maintenance of redox homeostasis (Noctor
and Foyer 1998; Asada 1999; Hossain et al. 2013). The
cycle also utilises the endogenous reductant NADPH + H™
for regulation of reduced ascorbate (Asada 1999; Hossain
et al. 2013).

In our study, low titre inductive pulse of H>O, exhibited
significantly higher transcript level of the enzyme ascor-
bate peroxidase and glutathione reductase (OsAPx2 and
GRase), corroborating well with their significantly higher
activities in germinating tissue. On the contrary, elevated
titre of H,O, treatment caused significant reduction in
transcript abundance of both the genes. The experimental
results clearly support the view that augmentation in the
activities of two crucial enzymes (APOX, GR) of ASC-
GSH pathway in seedling raised from low titre inductive
pulse of H,O, is accompanied by enhanced expression of
OsAPx2 and GRase. However, the transcript Sod Cc2,
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OsAPx2 and GRase genes remain significantly lower in
seedling raised from higher magnitude of oxidative stress
(20 mM), substantiating well with the data of correspond-
ing enzyme activities and efficiency of ASC-GSH path-
way. Both APOX and GR play significant role in
detoxification of H,O,, primarily through ASC-GSH cycle
for the maintenance of redox homeostasis in germinating
tissue raised from inductive pulse of oxidative stress (Foyer
et al 1997; Foyer and Noctor 2013). Furthermore, both
APOX and GR can efficiently detoxify H,O,, which is
inaccessible to the enzyme calalase (CAT), due to its
presence in different subcellular compartments (Mittler
2002). Therefore, the transcriptional activation of OsAPx2
and GRase under inductive pulse of H,O, treatment in
experimental rice cultivar corresponded well with the
better maintenance of two crucial enzyme of ASC-GSH
pathway (APOX and GR) to protect cellular components
from oxidative damage, particularly the juvenile membrane
components in germinating rice tissue (Yoshimura et al.
2000; Ara et al. 2013; Chakraborty and Bhattacharjee
2015).

Significantly higher radical scavenging properties in rice
seedling raised from the inductive pulse of H,O, treatment
corresponded with better redox-regulatory properties or
maintenance of redox homeostasis required for post-ger-
minative growth of experimental rice cultivar (Roychoud-
hury et al. 2008; Basu et al. 2010; Chakraborty and
Bhattacharjee 2015). The termination of free radical reac-
tion by donation of H atom to free O, radical is an
important parameter for assessing reducing power of a
sample. The total antioxidative capacity or radical scav-
enging property of the tissue extracts reflects mainly their
non-enzymatic antioxidative activities (Basu et al. 2010;
Chakraborty and Bhattacharjee 2015). In fact, the ability of
reducing power of non-enzymatic antioxidants enables
them to scavenge ABTS, FRAP and DPPH radicals through
formation of their reduced forms (Dat et al 1998; Sun et al
1999).The use of DPPH as a source of stable radical spe-
cies in methanolic solution for screening plant samples for
their radical scavenging properties by chain-breaking
reactions has been widely utilized (Basu et al. 2010;
Benard and Runner 2007; Chakraborty and Bhattacharjee
2015). Although the mode of action for the assay of ABTS,
FRAP and DPPH are different, i.e. scavenging of ABTS
and DPPH radicals and reduction of Fe** ions in FRAP
assay, but in our experiment, the ranking of all three
antioxidant assessment exhibited a similar pattern with
H,0,-processing antioxidative enzymes and efficiency of
ASC-GSH pathway of the experimental rice cultivar under
varying magnitude of imbibitional oxidative and chilling
stress.The internal redox cues assessed in terms of the
ratios of cumulative ROS: total antioxidant capacity, found

to be altered enormously in favour of the former under
elevated magnitude of IOS and ICS of the experimental
rice cultivar. On the contrary, for the low titre H,O,
treatment, the ratio has more bias towards the later, initi-
ating oxidative stress signal. The accumulation of non-
enzymatic radical scavenging compounds under low titre
inductive pulse of H,O,might also protect the newly
assembled membrane components by suppressing oxida-
tion of membrane protein thiol compounds and lipid per-
oxidation (Novarri-izzo et al. 1994; Chakraborty and
Bhattacharjee 2015).Maintenance of thiol compounds
(GSH) might also restore membrane protein and enzymes
(Bartoli et al. 1999). So, a major function of higher pool of
GSH, radical scavenging activity of rice seedling under
inductive pulse of H,0, treatment was to keep ROS
scavengers in reduced state and hence in active form by
operating ASC-GSH cycle (Zhang and Kirkham 1996;
Chakraborty and Bhattacharjee 2015). Another important
strategy that largely contributes in the mentainance of
redox homeostasis is restoration of reduced glutathione at
cellular level by transcriptional activation of glutathione
reductase gene (GRase) and corresponding up-regulation of
the activity of the enzyme. In fact, the significantly
enhanced activity of GR from lower magnitude of I0S-
raised seedling (500 pM H,O,) as compared to higher
magnitude of IOS (20 mM H,0,) and ICS-raised seedling
might be responsible to enhance the ratio of NADP*/
NADPH + H™, thereby ensuring the availability of
NADP™ for carbon reduction cycle and hence the redox
homeostasis.

A comparison of elevated H,O, treatment with ICS-
raised seedlings of rice exhibited similar pattern of
responses in terms of formation of internal redox cues and
associated oxidative damage to membrane protein thiol and
lipid. The extent of loss of membrane protein thiol, accu-
mulation of free carbonyl content, lipid peroxidation,
accumulation of individual and total ROS, in situ ROS
staining property, total radical scavenging activities, thiol
content, activities of H,O, processing antioxidants caused
by both 20 mM H,0, treatment and ICS not only exhibited
similar pattern but also showed correlation with early
growth responses (assessed in terms of RGI, VI and RGP)
of the experimental rice cultivar. Although these parame-
ters of oxidative membrane damage instigated by 20 mM
H»0, and ICS (MPTL, RC=0 and TBARS) are not com-
pletely linked, in all experiments early growth perfor-
mances decreases with lower MPTL and higher
accumulation of TBARS and RC=0. This strongly sug-
gests that elevated titre of H,O, treatment might generate
similar kind of adverse redox cues as that of ICS-raised
seedlings, where the early growth performances are seri-
ously impaired (Bhattacharjee 2008; He et al. 2009; Hos-
sain et al. 2015). The extent of oxidative damage to newly
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assembled membrane system (assessed in terms of MPTL,
RC=0 and TBARS) caused by treatment of elevated titre
of H,O, (20 mM) could be correlated well with internal
redox cues, i.e. ratio of pro-oxidant/antioxidant level
[DCFDA oxidation, TAC (ABTS, FRAP, DPPH radical
scavenging activities)] and the in situ staining properties of
superoxide and hydrogen peroxide in germinating tissues
(Hossain and Fujita 2013; Ashraf et al. 2014). Estimation
of membrane protein thiol and protein carbonylation is
more sensitive indicators of loss of redox homeostasis than
lipid peroxidation, as the latter may be catabolised more
rapidly than protein oxidation (Palma et al. 2002; Bhat-
tacharjee 2012). Further, the susceptibility of newly
assembled membrane system towards elevated level of
H,0, stress strongly suggests the significance of mainte-
nance of integrity of membrane system during early post-
germination growth of rice seedlings (Bhattacharjee 2013,
2012). The elevated H,O, treatment could also cause
serious damage to organelles like chloroplast and mito-
chondria (Mittler 2002). In fact, the nature of transient
changes in endogenous redox cues at metabolic interface,
triggered by exogenous H,O, treatment of varying mag-
nitude, determine whether signal activation of antioxida-
tive protective mechanism or oxidative deterioration will
take place or not (Neill et al. 1999; Wahid et al. 2007;
Kovalchuk 2010; Bhattacharjee 2013).

Inductive pulse of H,O, dependent promotion of ger-
mination and seedling establishment might also depend on
phytochrome signalling, which initially require ROS
interaction with GA (Wojtyla et al. 2016). The significant
improvement of germination and early growth performance
under inductive pulse of H,O, treatment (500 uM H,O,)
over higher magnitude of H,O, treatment might be con-
sidered as advanced germination metabolism (Soeda et al.
2005), involving significant boast in antioxidant defence
(Chen and Arora 2011; Bhattacharjee 2013) and altered
hormonal balance (El-Araby et al. 2006), cell division,
water transport, post-translational protein folding and tar-
geted proteolysis (Chen and Arora 2013; Kubala et al.
2015). However, the augmentation of germination and
early growth performance of the experimental indica rice
germplasm is attributable to the maintenance of redox
homeostasis through hormone signalling, induction of
antioxidative system and subsequent mitigation of oxida-
tive damage to membrane protein and lipid (Chen and
Arora 2011; Wojtyla et al. 2016; Bhattacharjee 2013).

Therefore, the differential H,O, mediated responses of
the experimental rice cultivar during early germination
might be due to subsequent changes in internal redox cues,
which may be adverse or protective in nature. Low titre
H,0;, (500 uM) might act as an inductive pulse, during
early imbibitional phase of germination, which subse-
quently elicit an acclamatory response by cellular
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adjustment through induction of H,O, processing enzymes
and stimulation of ascorbate—glutathione pathway of
antioxidative defence (Liu et al. 2010; Bhattacharjee 2013;
Kovalchuk 2010). A change in internal redox cues fol-
lowed by activation of transcription factors and up-regu-
lation of antioxidative enzymes by inductive pulse of H,O,
during early germination to combat unfavourable envi-
ronmental stresses have been suggested by Yu et al. (2003),
Liu et al. (2010) and Bhattacharjee (2013).The results of
the present experiments confirmed that both I0S and ICS
effectively modulate redox regulatory metabolism,
according to the internal redox cues developed, and control
related gene expression that subsequently lead to altered
germination and early growth performance (Hung et al.
2005; He et al. 2009; Wojtyla et al. 2016).

The present work also throws light on the significance and
feasibility of ROS priming of rice seeds for the improvement
of antioxidative defense mechanism. Though several earlier
workers have highlighted the positive impact of H,O, prim-
ing on stress tolerance (Bhattacharjee 2012; Hossain and
Fujita 2013; Lin et al. 2009; Wang et al. 2014), but the role of
ROS-antioxidant interaction at metabolic interface that gen-
erates internal redox cue, due to ROS pre-treatment, neces-
sary for up-regulating defense mechanism was not explored.
So, the proper priming of rice seeds directly with ROS, that
have an effect on generating internal redox cue necessary for
gene expression associated with antioxidative defence and
management of redox homeostasis of the germinating seeds
necessary of improved plant performance is a unique finding
of the work.

In conclusion, the present work indicated the central role
of internal redox cue, produced at metabolic interface,
under varying magnitude of imbibitional oxidative and
chilling stress, as determinant of oxidative stress response,
whether adverse or acclamatory (Supplementary Fig. 2).-
The work also strongly suggests the significance of main-
tenance of integrity of membrane system, particularly
under oxidative stress, during post-germination growth of
rice seedlings (Supplementary Fig. 2). Further, the novelty
of the present work is that it suggests the significance of
ascorbate—glutathione pathway in redox-regulation under
oxidative stress encountered by rice during early germi-
nation (Supplementary Fig. 2).
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