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Abstract The RP-HPLC based comparative quantification

of some important redox sensitive phenolic acids and fla-

vonoids revealed overall greater elicitation of chalcone

synthase related flavonoid biosynthetic pathway, con-

comitant with the greater utilization of cinnamic acid for

the seedlings of the salinity resistant rice cultivar Patnai as

compared to susceptible cultivar IR29 grown under post

imbibitional salinity stress (PISS). When compared, the

cultivar Patnai further exhibited significantly better

antioxidant-coupled redox-regulation by up regulating

ascorbate–glutathione pathway and reducing the expression

of oxidative deterioration under PISS as compared to its

counterpart, the cultivar IR29. A model for redox home-

ostasis in which complementation of action of ROS scav-

enging secondary metabolites with enzymatic antioxidant

defense at metabolic interface necessary for maintenance

of the redox homeostasis to combat salinity stress has been

proposed.

Keywords Salinity stress � Phenolic acids � Flavonoids �
Ascorbate–glutathione pathway � Redox regulation � Rice

Introduction

Salinity induced loss of metabolic coordination with

uncoupling of different metabolic pathways always leads to

loss of redox homeostasis due to changes in ROS-antiox-

idant interaction dynamics (Miller et al. 2010; Hazmana

et al. 2016; Bhattacharjee 2019). ROS-antioxidant inter-

action dynamics is not only significant in down -regulating

oxidative damages but also in triggering signaling role of

ROS under stress (Bhattacharjee and Dey 2018; Bhat-

tacharjee 2019). Generally, plants are equipped with an

array of anti-oxidative defense system, both enzymatic and

non- enzymatic, not only to prevent oxidative damage, but

to tightly regulate the endogenous titer of ROS under

salinity (Miller et al. 2010; Bhattacharjee 2019). Out of

several important anti-oxidative pathways, ascorbate–glu-

tathione cycle with other hydrogen peroxide processing

system has been regarded as the most potent one for

combating oxidative stress and restoring redox homeostasis

(Miller et al. 2010; Bhattacharjee and Dey 2018; Chakra-

barty et al. 2019; Bhattacharjee 2019).

Though ascorbate and glutathione remain as major water

soluble redox active molecule and occupy the center of the

‘‘Redox Hub’’ (Foyer and Noctor 2011; Bhattacharjee

2019) for their ability to buffer the endogenous concen-

tration of ROS H2O2, the role of the most diverse group of

secondary metabolite phenolics cannot be ruled out.

Phenolics, being the products of secondary metabolism

involving phenyl propanoid, shikimic acid and pentose

phosphate pathway have added advantage for their ability

to reduce the source of ROS by inhibiting Fenton type

reaction apart from quenching ROS (Minh et al.2016;

Bhattacharjee 2019; Dey and Bhattacharjee 2020). So, it

may be extremely interesting to study the choice of plant

towards anti-oxidative defense for their restoration of
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redox homeostasis under salinity stress, particularly at a

time when they are in active growth phase.

Germplasm of rice exhibits variations in their redox

regulatory mechanisms and hence their sensitivity towards

salinity stress (Zagorchev et al. 2016). Plants exposed to

salinity stress thus obviously leave the imprints of ROS

regulatory mechanism and oxidative deterioration events.

Techniques to measure and assess redox metabolic fin-

gerprints (in terms of utilization of ascorbate–glutathione

cycle and polyphenolic compounds) and redox status (in

terms of pro oxidant/antioxidant ratio and oxidation by-

products of membrane lipid and protein) are of immense

importance and hence are exploited in the present study in

context of salinity tolerance of two contrasting rice germ-

plasm differing in sensitivity towards salinity (Oryza sativa

L, cultivars IR29, Patnai). Further, the differential accu-

mulation of chalcone synthase related flavonoids and cin-

namic acid-dependent phenolic acids in the experimental

cultivars are also investigated to understand the nature of

elicitation of this secondary metabolite pathway under

salinity induced oxidative stress.

Materials and methods

Salinity treatment and assessment of germination

phenotypes

Seeds of two indica rice cultivars (Oryza sativa L., Culti-

vars Patnai, IR29), differing in sensitivity towards NaCl

salinity stress (Mukta et al. 2017) were collected from

CRRI Cuttack, Orissa, India. Seeds of each cultivar were

washed with distilled water and surface sterilized with

0.2% HgCl2 solution for 5 min. Finally, sterilized seeds

were washed thrice in distilled water and imbibed at sterile

distilled water in darkness at 25� ± 2 �C, for 24 h.

Thereafter, water imbibed seeds were plated to impose

post-inbibitional salinity stress at 150 mM and 250 mM

NaCl concentrations for 24 h at 25 �C with 14 h pho-

toperiod (270 lm m-1 S-1) and 65 ± 2% relative

humidity. After the imposition of post-imbibitional salinity

stress, germinating seeds were allowed to grow for next

72 h in environmental chamber maintained at temperature

25� ± 2 �C, relative humidity 65 ± 2% and 14 h pho-

toperiod with 270 lm m-1 S-1 illumination. For studying

ROS-antioxidant interaction dynamics, 120 h old tissues

(actual age of the seedling since imbibitions and 72 h post-

treatment development) were used.

Quantitative assessment of phenolic acids

and flavonoids by RP-HPLC

Samples were prepared through soxhlet mediated hydro-

ethanoic extraction of dry powdered seedlings followed by

rotary vacuum evaporation for concentrating the samples

(Dey and Bhattacharjee 2020). For HPLC study, 20 ll
solution was taken. HPLC analyses were performed using

Dionex Ultimate 3000 liquid chromatograph including a

diode array detector (DAD) with 5 cm flow cell and with

Chromeleon system manager as data processor. Separation

was achieved by a reversed-phase Acclaim C18 column (5

micron particle size, 250 9 4.6 mm) according to the

process of Aditya and Bhattacharjee (2017). For the

preparation of standard stock solutions of twenty-one

phenolic acids and flavonoids like Gallic acid, Protocate-

chuic acid, Gentisic acid, p-Hydroxy benzoic acid, Cate-

chin, Chlorogenic acid, Vanillicacid, Caffeic acid, Syringic

acid, p-Coumaric acid, Ferullic acid, Cinnamic acid, Sali-

cylic acid, Naringinin, Rutin, Ellagic acid, Myricetin,

Quercetin, Naringenin, Apigenin and Kaempferol, metha-

nol was used as solvent to get a final concentration of

10 lg ml-1. All standard solutions were filtered through

HPLC filter (0.45 mm membrane filter, Milipore).

Estimation of total phenol and flavonoids

For determination of total phenol and flavonoids, the

methods of Chang et al. (2002) were followed.

In-situ localization of H2O2 by laser confocal

microscopy

The sample preparation was done by following the method

of Kaur et al. (2016). 1 cm pieces of root segments of

3 days old seedlings of experimental rice cultivars were

dipped immediately in 10 lM H2DCFDA solution and kept

at room temperature. After 2 h, samples were washed

thrice with autoclaved milliQ water and slides were pre-

pared with 20% glycerol. Accumulation of H2O2 in roots

was identified by DCFDA staining and Confocal micro-

scopy using Leica application suite X software (micro-

scope model number was Leica TCS SP8, laser scanning

mode 488 nm, emission at 505–530 nm, objective used

was 20X) in differentially grown seedlings (3 days old)

raised from post-imbibitional salinity stressed condition.

Green fluorescence indicated presence of H2O2.

Estimation of O2
2. and H2O2 and ‘‘total ROS’’

For the determination of Superoxide, the method of Chai-

tanya and Naithani (1994) was followed. Hydrogen
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peroxide was extracted and estimated following the pro-

cedure of MacNevin and Uron (1953) using titanic sulfate.

Total ROS in vivo assay was performed spectrofluro-

metrically by placing seedling tissue (50 mg) in 8 mL

40 mM TRIS–HCl buffer (pH 7) in presence of 100 lM
20,70-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).

DPPH (2,20-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 was carried out according to Benzie and Strain (1996).

ABTS decolorization assay

ABTS [2,20 azinobis (3-ethylbenzthiazoline)-6-sulfonic

acid] free radical decolourization assay was done according

to Re et al. (1999).

Determination of total thiol content

Total thiol content was assayed in acid soluble extracts

(0.2 g FW/ml) as described by Tietze (1969).

Estimation of reduced ascorbate and glutathione

Determination of reduced ascorbate and glutathione con-

tent was performed according to the process of Hodges

et al. (2001). Total glutathione contents were determined

by the absorbance at 570 nm according to the method of

Bhattacharjee and Dey (2018). The contents of glutathione

(reduced form) were estimated from the standard curve of

0–20 nmol glutathione.
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Fig. 1 RP-HPLC chromatogram of important phenolic acids and flavonoids extracted from 120 h old untreated control and PISS-raised

(250 mM NaCl stress) seedling of rice (Oryza sativa L. Cultivar Patnai & IR29)

Physiol Mol Biol Plants (August 2020) 26(8):1623–1633 1625

123



T
a
b
le

1
P
o
st
im

b
ib
it
io
n
al

sa
li
n
it
y
st
re
ss

(P
IS
S
)
in
d
u
ce
d
ch
an
g
es

in
en
d
o
g
en
o
u
s
ti
te
r
o
f
so
m
e
im

p
o
ta
n
t
re
d
o
x
se
n
si
ti
v
e
p
h
en
o
li
c
ac
id
s
an
d
fl
av
o
n
o
id
s
al
o
n
g
w
it
h
th
e
to
ta
l
p
o
o
l
o
f
p
h
en
o
li
cs

an
d

fl
av
o
n
o
id
s
in

tw
o
in
d
ic
a
ri
ce

cu
lt
iv
ar
s
d
if
fe
ri
n
g
in

se
n
si
ti
v
it
y
to
w
ar
d
s
N
aC

l
sa
li
n
it
y
st
re
ss

(O
ry
za

sa
ti
va

L
.
C
u
lt
iv
ar
s
P
at
n
ai

&
IR
2
9
)

R
ic
e
cu
lt
iv
ar
s

T
re
at
m
en
t

T
o
ta
l
p
h
en
o
l

(l
g
g
-
1
d
m
)

A
cc
u
m
u
la
ti
o
n
o
f
re
d
o
x
se
n
si
ti
v
e
p
h
en
o
li
c
ac
id
s
(m

g
/1
0
0
g
d
m
)

G
al
li
c

ac
id

P
ro
to
ca
te
ch
u
ic

ac
id

G
en
ti
si
c

ac
id

p
O
H

b
en
zo
ic

ac
id

C
h
lo
ro
g
en
ic

ac
id

C
af
fe
ic

ac
id

S
y
ri
n
g
ic

ac
id

S
al
ic
y
li
c

ac
id

C
in
n
am

ic

ac
id
c
a

E
ll
ag
ic

ac
id

O
ry
za

sa
ti
va

L
.

C
u
lt
iv
ar

P
at
n
ai

U
n
tr
ea
te
d

co
n
tr
o
l

3
8
9
.4

±
.0
8

3
1
.6
5
4

0
.1
6
7
2
7

2
4
.5
2
7

1
.7
0
9

_
0
.5
8
1
8

0
.8
9
0
9

3
.0
3
6
3

2
.5
2
7
0

0
.1
8
1
8

P
IS
S

(2
5
0
m
M

N
aC

l)

4
7
7
.8
7
±

.2
5
*
*

(?
2
2
.7
2
%
)

3
0
.2
7
2
6

(-
4
.3
6
%
)

0
.0
1
8
1
8

(-
8
.6
8
%
)

4
8
0
.8
7
2

(?
1
8
6
0
%
)

2
.7
3
6
3

(?
6
0
%
)

_
0
.7
2
7
2
7

(?
2
5
%
)

1
.0
5
4
5

(?
1
8
.3
6
%
)

5
.0
9

(?
6
7
.6
6
%
)

3
.6
7
2
7

(?
4
5
.3
3
%
)

0
.2
6
9
5

(?
4
8
.2
3
%
)

O
ry
za

sa
ti
va

L
.

C
u
lt
iv
ar

IR
2
9

U
n
tr
ea
te
d

co
n
tr
o
l

3
6
6
.6

±
.1
5

3
1
.3
6

3
.3
8
1

1
7
3
.5

2
.8
1
8

2
8
4

0
.5
0
9

1
.0
5
4

5
.7
4
5

1
0
5
.9

2
0
.9
8

P
IS
S

(2
5
0
m
M

N
aC

l)

3
9
0
.4
2
±

.2
6
*
*

(?
6
.4
9
%
)

4
5
.4

(?
4
4
%
)

1
.3
2

(-
6
0
.9
%
)

1
0
7
.7

(-
3
7
%
)

6
.5
2

(?
1
3
1
%
)

2
6
7

(7
%
)

1
.9
2
8

(?
2
7
8
%
)

1
.2
3
6

(?
1
7
.2
6
%
)

5
.5
2
7

(-
3
.7
9
%
)

1
2
8
.1
0

(?
2
0
%
)

–

R
ic
e
cu
lt
iv
ar
s

T
re
at
m
en
t

T
o
ta
l
fl
av
o
n
o
id
s
(l
g
g
-
1
d
m
)

A
cc
u
m
u
la
ti
o
n
o
f
re
d
o
x
se
n
si
ti
v
e
fl
av
o
n
o
id
s
(m

g
/1
0
0
g
d
m
)

C
at
ec
h
in

N
ar
in
g
in

R
u
ti
n

M
y
ri
ce
ti
n

Q
u
er
ce
ti
n

K
ae
m
p
fe
ro
l

O
ry
za

sa
ti
va

L
.
C
u
lt
iv
ar

P
at
n
ai

U
n
tr
ea
te
d
co
n
tr
o
l

3
8
4
.0
7
5
±

.0
1
6

4
5
.1

6
3
5
.8

2
5
8
.4

9
3
.8

3
1
1
.3

4
7
.4

P
IS
S
(2
5
0
m
M

N
aC

l)
3
3
4
.6

±
.0
1
7
*
*

(-
1
3
.0
6
%
)

8
0
.8

(?
7
9
%
)

1
0
6
7
.6

(?
6
7
%
)

5
9
8
.7

(?
1
3
1
%
)

2
6
.4

(-
7
1
%
)

8
0
6
.9

(?
1
5
9
%
)

7
.3

(-
8
4
%
)

O
ry
za

sa
ti
va

L
.
C
u
lt
iv
ar

IR
2
9

U
n
tr
ea
te
d
co
n
tr
o
l

2
9
2
.4

±
.3
2

5
7

3
3
1
.9

5
2
.6

1
2
3
.5

5
3
5
.2

8
.8

P
IS
S
(2
5
0
m
M

N
aC

l)
1
1
3
.8
5
±

.1
8
*
*

(-
6
1
%
)

1
1
7
.6

(?
1
0
6
%
)

3
5
5
.6

(?
7
.1
4
%
)

7
5
.7
7

(?
4
4
%
)

1
9
.3

(-
8
4
%
)

2
7
0
.7

(-
4
9
.4
%
)

8
.4

(-
4
.5
%
)

V
al
u
es

ar
e
m
ea
n
o
f
th
re
e
in
d
ep
en
d
en
t
re
p
li
ca
te
s
±

st
an
d
ar
d
er
ro
r.
*
o
r
*
*
re
p
re
se
n
t
th
e
v
al
u
es

w
h
ic
h
ar
e
si
g
n
ifi
ca
n
tl
y
d
if
fe
re
n
t
at

0
.0
1
,
0
.0
5
le
v
el
s
re
sp
ec
ti
v
el
y
,
as
se
ss
ed

th
ro
u
g
h
st
u
d
en
t
t
te
st
.

V
al
u
es

w
it
h
in

p
ar
en
th
es
is

re
p
re
se
n
ts

%
in
cr
em

en
t
o
r
re
d
u
ct
io
n
u
n
d
er

P
IS
S
o
v
er

co
n
tr
o
l

1626 Physiol Mol Biol Plants (August 2020) 26(8):1623–1633

123



Assessment of the activities of APOX, DHAR, GR,

CAT

Ascorbate peroxidase (APOX, EC 1.11.1.11) activity was

determined according to Nakano and Asada (1981).

Dehydroascorbate reductase (DHAR, EC 1.8.5.1) activ-

ities were determined according to Song et al. (2005).

Glutathione reductase (GR, EC 1.6.4.2) activity was mea-

sured according to Schaedle and Bassham (1977). For the

extraction and estimation of catalase (CAT, EC 1.11.1.6),

the process of Snell and Snell (1971) was followed.

Assessment of biomarker of oxidative stress

Oxidative damage to protein was estimated as the content

of carbonyl groups following the procedures of Jiang and

Zhang (2001). The membrane lipid peroxidations of tissues

were estimated in terms of malondialdehyde accumulation.

To estimate MDA content, the TBA (thiobarbituric acid)

test was performed using the procedure of Heath and

Packer (1968). Hydroperoxides was estimated according to

the process of Nourooz-Zadeh et al. (1995) with necessary

modifications. For the extraction and estimation of conju-

gated diene, the process of Buege and Aust (1978) was

followed. Lipoxygenase activity (LOX, EC 1.13. 11.12)

was estimated following the procedure of Peterman and

Siedow (1985).

Determination of germination and early growth

phenotypes

For studying the impact of PISS on germination and early

growth phenotypes of two experimental cultivars (Patnai

and IR29), Relative growth index (RGI), Relative germi-

nation performance (RGP), Coefficient of velocity of ger-

mination (CVG), Mean germination time (MGT),

Germination rate index (GRI), Mean daily germination

(MDG), Germination energy (GE) and Time in hour for

attaining 50% germination (T50) were assessed and com-

pared according to Rubio-Casal et al. (2003) and Bhat-

tacharjee and Dey (2018).

Results

RP-HPLC data of PISS-raised seedlings of the cultivar

Patnai exhibited enhanced accumulation, of gentisic acid,

P-OH benzoic acid, caffeic acid, syringic acid and salicylic

Fig. 2 Efficiency of hydrogen peroxide processing system [assessed

in terms of activities of enzymes of ascorbate–glutathione pathway

(APOX, DHAR, and GR), CAT and accumulation of reduced

glutathione and ascorbate] of untreated control and PISS (150 mM

and 250 mM NaCl) raised 120 h old seedlings of two contrasting rice

genotypes (Oryza sativa L. Cultivars of Patnai & IR29). Values are

mean of three independent replicates ± standard error. * or **

represent the values which are significantly different level, at 0.01,

0.05, level, assessed through student t test
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acid (Fig. 1, Table 1). On the contrary, there seemed to be

a significant down-regulatory trend in the accumulation of

protocatechuic acid, gentisic acid, and salicylic acid for the

PISS raised cultivar IR29 (Fig. 1, Table 1). Ellagic acid,

which was present in untreated control seedlings, was -

found to disappear completely in PISS-raised seedlings of

IR29 (Fig. 1, Table 1). RP-HPLC based comparative

analysis of six important flavonoids revealed significantly

greater accumulation of catechine, naringenin, rutin in the

cultivar patnai as compared to the cultivar IR29 (Fig. 1,

Table 1). Further, under PISS, seedlings of IR29 exhibited

significant down-regulation (49.4%) in accumulation of

redox-sensitive flavonoid quercetin over their untreated

control, which was otherwise up-regulated substantially

(159%) for the cultivar Patnai (Fig. 1, Table 1). Though,

both the cultivars exhibited accumulation of naringenin and

rutin in the PISS-raised seedlings, but when compared, the

cultivar Panai exhibited significantly higher accumulation

than its counterpart IR29 (Table 1). Kaempferol, on the

other hand exhibited down regulation in PISS raised

seedlings of both the experimental cultivars.

The redox state of the low molecular weight antioxi-

dants as ascorbate and glutathione were found to be more

inclined toward reduced state under different magnitude of

PISS for the salt resistant cultivar Patnai compared to

sensitive cultivar IR29 (Fig. 2). The cultivar IR 29 suffered

significant loss of redox homeostasis due to the loss of

reduced form of ascorbate and glutathione compared to

Patnai, particularly under higher magnitude of PISS

(Fig. 2). Post-imbibitional salinity stress of varied extent

also exhibited significant variation in the activities of the

enzymes of ascorbate–glutathione cycle in both the

experimental cultivars (Fig. 2). The cultivar Patnai exhib-

ited significantly greater up-regulation in the activities of

APOX and DHAR. The enzyme GR maintained its activity

steadily for the cultivar Patnai, even though higher mag-

nitude (250 mM) of salinity stress was imposed (Fig. 2).

Fig. 3 Changes in redox status (assessed in terms of accumulation of

total ROS, H2O2, O2
- and ABTS, FRAP, DPPH radical scavenging

property) of PISS (150 mM and 250 mM NaCl) raised 120 h old

seedlings of two contrasting cultivars of rice (Oryza sativa L.

Cultivars of Patnai & IR29) differing in sensitivity towards salinity

stress. Values are mean of three independent replicates ± standard

error. * or ** represent the values which are significantly different

level, at 0.01, 0.05, level, assessed through student t test
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When the antioxidant competence (assessed through

ABTS, DPPH, FRAP radical scavenging assay technique)

was assessed and compared between the seedlings raised

from post-imbibitional salinity stress of both the experi-

mental rice cultivars, it conclusively exhibited the better

antioxidant maintenance capacity or radical scavenging

property in the seedlings of the salt resistant cultivars

Patnai, otherwise which was found significantly reduced

for the salt sensitive rice cultivar IR29 (Fig. 3). A com-

parison of ROS accumulation between Patnai and IR29

convincingly revealed greater accumulation of ROS [both

at individual level (O2
- and H2O2) and cumulative level

(DCFDA oxidation)] for the salt susceptible cultivar IR29

compared to salt resistant cultivar Patnai (Fig. 3). Further,

the cultivar Patnai exhibited significantly lower accumu-

lation of ROS at cellular level as being detected histo-

chemically by laser confocal microscopy under the same

magnitude of PISS as compared to IR 29 (Fig. 4).

In general, a substantive rise in accumulation of redox

biomarkers (hydroperoxide, TBARS, conjugated diene and

free carbonyl content) for the cultivar IR29 as compared

with the cultivar Patnai under similar extent of PISS

(Fig. 5) was noticed. Lipoxygenase activity (responsible

for enzymatic membrane lipid peroxidation) was found to

be significantly higher for the cultivar IR29 as compared to

Patnai (Fig. 5) under all doses of post imbibitional salinity

stress. The germination phenotypes and early growth per-

formances strongly correlated the data of accumulation of

redox sensitive polyphenolic compound accumulation,

efficacy of ascorbate–glutathione system and the status of

redox biomarkers of the germinating tissue by large. The

salt resistant cultivar Patnai, in general, exhibited better

germination and early growth performances (RGI, RGP,

CVG, MGT, GRI, MDG, GE and T50 value) in comparison

to its counterpart IR29 under similar condition of post

imbibitional salinity stress (Table 2), substantiating the

central role of redox regulatory ability in the early growth

process.

Discussion

An intricate look into the biosynthetic pathway of impor-

tant redox-sensitive flavonoids and phenolic acids studied

for the experimental rice cultivars raised from salinity

stress revealed clearly the greater utilization of cinnamic

Fig. 4 Accumulation of ROS in roots of untreated control and PISS-

raised 120 h old seedlings identified by DCFDA staining and

Confocal microscopy using Leica application suite X software

(microscope model number was Leica TCS SP8, laser scanning

mode 488 nm, emission at 505–530 nm, objective used was 20X) in

PISS (150 mM and 250 mM NaCl) grown seedlings (5 days old).

Green fluorescence indicates presence of ROS
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acid for the cultivar Patnai, augmenting the production of

gentisic acid and syringic acid via salicylic acid (Fig. 6).

Comparatively, greater accumulation of cinnamic acid and

benzoic acid in IR29 might have been due to their lesser

utilization for the production of syrringic acid, salicylic

acid and gentisic acid (Fig. 6). Better utilization of shiki-

mate for greater elicitation of protocatechuric acid via

3-hydroshikkimic acid has also been noticed for PISS-

raised seedlings of salinity resistant cultivar Patnai (Fig. 6).

Accumulation of chalcone synthase related flavonoid

biosynthesis, i.e. naringenin and dihydrolemeferol- derived

flavonoids catechin, quercetin and rutin revealed better

elicitation of all for the salinity resistant rice cultivar Patnai

when compared with its counterpart IR29 (Fig. 6). The RP-

HPLC based data not only revealed greater elicitation of

chalcone synthase related flavonoid biosynthetic pathway

for the cultivar patnai, but also agreed well with the greater

utilization of cinnamic acid in salt resistant rice germ-

plasm. The greater reduction in the pool of kaemferol

under PISS for the cultivar patnai may be due to the uti-

lization of dihydrolemferol towards synthesis of quercetin

and rutin (Fig. 6). Fini et al. (2011), Apel and Hirt (2004),

Fiorani et al. (2005) put forward their views of significance

of these classes of polyphenolic compounds for comple-

menting their radical scavenging property along with

enzymatic antioxidants for combating severe oxidative

stress (Mishra et al. 2013; Pandey et al.2012; Lee et al.

2014). In fact, some workers also reported significant up-

regulation of the enzymes phenylalanine lyase (the entry

point enzyme of phenylpropanoid pathway) and chalcone

synthase (first enzyme of committed flavonoid biosynthe-

sis) under severe oxidative stress triggered by abiotic

stress, as complementary mechanism of redox regulation

(Fiorani et al. 2005; Lee et al. 2014). There are even evi-

dences that flavonoids are excellent substrates for class III

peroxidases for reducing H2O2, where reduced form of

ascorbate functions for recycling of flavonoid radicals to

their active reduced state (Fini et al. 2011).

Fig. 5 Assessment of redox biomarkers [assessed in terms of status

of membrane lipid peroxidation (accumulation of hydroperoxide,

conjugated diene, thiobarbituric acid reactive substances and lipoxy-

genase activity), protein oxidation (free carbonyl content) and total

thiol content] of PISS-raised 120 h old seedlings of two contrasting

rice genotypes differing in sensitivity towards salinity stress (Oryza

sativa L. Cultivars of Patnai & IR29). Values are mean of three

independent replicates ± standard error. * or ** represent the values

which are significantly different level, at 0.01, 0.05, level, assessed

through student t test
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The elicitation of flavonoids like catechin, naringenin,

ruitin, quercetin for the PISS raised seedlings of Patnai

might have significant contribution in up-regulation of the

activities of Halliwell-Asada pathway enzymes, particu-

larly GR & DHAR (Lee et al. 2014, Hossain et al.2013,

Anjum et al.2011), resulting better processing of ROS and

mitigation of oxidative damages. So, the impact of

remarkably better elicitation of polyphenolic compounds in

PISS-raised seedlings of salt tolerant cultivar Patnai, apart

from their direct redox buffering, might have been asso-

ciated with the protection of the enzymes of Ascorbate–

Glutathione cycle from oxidative damages, causing sig-

nificant up-regulation in their activities as compared to the

sensitive cultivar IR29 (Lee et al. 2014; Minh et al. 2016).

Therefore, the maintenance of reduced state of ascorbate

and glutathione pool involving ascorbate glutathione

pathway for the salt resistant cultivar Patnai is closely

associated with competent polyphenolic compound- asso-

ciated redox regulation (Hossain et al. 2013; Zagorchev

et al. 2016; Bhattacharjee and Dey 2018; Chakrabarty et al.

2019).

Appraisal of sensitive redox biomarkers, estimated in

terms of the parameters of oxidative lipid and protein

strongly stand for the fact that the indica rice cultivar,

capable of simultaneously better elicitation of redox-sen-

sitive polyphenolic compounds and efficacy of ASC-GSH

system, possesses better redox regulatory property and

hence suffers comparatively less oxidative deterioration

induced by PISS in experimental cultivars (Faize et al.

2011; Basu et al. 2010; Zivcak et al. 2016; Tari et al. 2010).

The significantly better capacity for elicitation of flavo-

noids and phenolic acids as well as the efficacy of ASC-

GSH system evidently play pivotal role under PISS not

only to combat oxidative damage to the juvenile tissue but

to tightly regulate the endogenous redox cue necessary for

germination and seedling establishment (Ali 2012; Cas-

trillón-Arbeláez and Fryer 2016).

We suggest the role of polyphenolic compounds as one

of the most promising secondary metabolite (produced

through elicitation of chalcone synthase and better uti-

lization of cinnamic acid) that complement with ascorbate–

glutathione system for better redox-regulation and mitiga-

tion of salinity stress during early germination in rice.

Further, the application of these metabolic redox parame-

ters for screening of salt resistant rice cultivars is found to

be extremely significant though not always decisive.

Table 2 Germination and early growth performances of untreated control and PISS raised seedling of two contrasting rice genotypes (Oryza

sativa L. Cultivars of Patnai & IR29)

Experimental rice cultivars Germination and early growth performances

Treatment RGI% RGP% CVG MGT

Patnai Control 100 ± .81 100 ± 0.47 25 ± 0.26 4 ± 0.25

PISS 150 mM NaCl 100.596 ± .10 100 ± 0.94 25 ± 0.26 4 ± 0.41

PISS 250 mM NaCl 97.401 ± .17* 92 ± 0.47 20.85 ± 0.14** 3.097 ± 0.08*

IR29 Control 100 ± 0.24 100 ± 0.24 25 ± 0.17 4 ± 0.26

PISS 150 mM NaCl 98.286 ± 0.15 80 ± 0.56** 22.71 ± 0.14 3.628 ± 0.10

PISS 250 mM NaCl 95.83 ± 0.38* 72 ± 0.46** 18.285 ± 0.15** 2.77 ± 0.21*

Experimental rice cultivars Germination and early growth performances

Treatment GRI MDG GE T50

Patnai Control 59.8174 ± 0.22 25 ± 0.16 100 ± 0.13 24 ± 0.47

PISS 150 mM NaCl 59.8174 ± 0.21 25 ± 0.40 100 ± 0.23 24 ± 0.5

PISS 250 mM NaCl 48.07 ± 0.13** 20 ± 0.27** 80 ± 0.26* 30 ± 0.5

IR29 Control 59.8174 ± 0.19 25 ± 0.16 100 ± 0.19 24 ± 0.82

PISS 150 mM NaCl 56.2987 ± 0.31** 22 ± 0.29** 88 ± 0.10** 30 ± 0.084

PISS 250 mM NaCl 42.88 ± 0.25** 18 ± 0.11** 72 ± 0.12** 48 ± 0.04

Values are mean of three independent replicates ± standard error. * or ** represent the values which are significantly different level, at 0.01,

0.05, level, assessed through student t test

Relative growth index (RGI), Relative germination performance (RGP), Coefficient of velocity of germination (CVG), Mean germination time

(MGT), Germination rate index (GRI), Mean daily germination (MDG), Germination energy (GE) and Time in hour for attaining 50%

germination (T50)
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