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Thiourea and hydrogen peroxide 
priming improved K+ retention 
and source‑sink relationship 
for mitigating salt stress in rice
Manish Pandey1,2, Radha Krishna Paladi1, Ashish Kumar Srivastava1,2* & 
Penna Suprasanna1,2*

Plant bioregulators (PBRs) represent low-cost chemicals for boosting plant defense, especially under 
stress conditions. In the present study, redox based PBRs such as thiourea (TU; a non-physiological 
thiol-based ROS scavenger) and hydrogen peroxide (H2O2; a prevalent biological ROS) were assessed 
for their ability to mitigate NaCl stress in rice variety IR 64. Despite their contrasting redox chemistry, 
TU or H2O2 supplementation under NaCl [NaCl + TU (NT) or NaCl + H2O2 (NH)] generated a reducing 
redox environment in planta, which improved the plant growth compared with those of NaCl alone 
treatment. This was concomitant with better K+ retention and upregulated expression of NaCl defense 
related genes including HAK21, LEA1, TSPO and EN20 in both NT and NH treated seedlings. Under 
field conditions, foliar applications of TU and H2O2, at vegetative growth, pre-flowering and grain 
filling stages, increased growth and yield attributes under both control and NaCl stress conditions. 
Principal component analysis revealed glutathione reductase dependent reduced ROS accumulation 
in source (flag leaves) and sucrose synthase mediated sucrose catabolism in sink (developing 
inflorescence), as the key variables associated with NT and NH mediated effects, respectively. In 
addition, photosystem-II efficiency, K+ retention and source-sink relationship were also improved in 
TU and H2O2 treated plants. Taken together, our study highlights that reducing redox environment 
acts as a central regulator of plant’s tolerance responses to salt stress. In addition, TU and H2O2 
are proposed as potential redox-based PBRs for boosting rice productivity under the realistic field 
conditions.

The rapid increase in the population together with shrinking of cultivable land is one of the major challenges 
towards ensuring global food security1. Salinity stress affects ~ 20% of world’s irrigated land and can go upto 
50% of cultivable land by the middle of the twenty-first century2. Salinity decreases the soil water potential and 
thereby imposes an osmotic barrier for water uptake. Moreover, increased Na+ uptake also induces ionic toxicity 
which adversely affects overall plant metabolism3. Both osmotic and ionic disequilibrium results in increased 
production of reactive oxygen species (ROS), causing oxidative damage to various biomolecules like protein, 
lipid and DNA4. Plants possess various defense mechanisms including the activation of antioxidant system, 
maintenance of ionic homeostasis and activation of the defense genes. The non-enzymatic (phenolic, flavonoids, 
tocopherol, carotenoids, ascorbate (ASC), and glutathione (GSH) and enzymatic (superoxide dismutase, catalase, 
guaiacol peroxidase, ascorbate peroxidase, glutathione reductase) antioxidants functions to control the level of 
ROS5. Further the sequestration/redistribution of Na+ ions under salt stress maintains K+/Na+ homeostasis and 
thereby suppresses metabolic arrest and growth impairment6. Besides this, the activation of defense associated 
genes like late embryogenic abundant proteins (LEA)/dehydrin7, K+ transporters8, signalling mediators like 
phosphatidylinositol-4-phosphate 5 kinase9 (PIPK), translocator protein10 (TSPO) and early nodulin-2011 (EN20) 
are also reported to boost the ameliorative potential of plant towards salt stress.

Both osmotic and ionic components of the salt stress negatively affect plant growth and yield associated 
traits12. Various physiological processes like cell expansion, stomatal development, movement and conductance 
of leaf are negatively affected under salt stress13. In most plant systems, decrease in net photosynthetic rate14 was 
reported as one of the earliest quantifiable responses under salt stress. In plant photosynthesis, carbon dioxide 
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(CO2) is fixed in chloroplasts via the Calvin cycle to yield triose phosphates (triose-P). Triose-P is transported to 
cytosol by triose-P/phosphate transporter for the synthesis of sucrose. In cytosol, aldolases catalyse the formation 
of fructose 1,6-bisphosphate (F1,6BP), which is further metabolized to yield sucrose by the combined action of 
fructose 1,6-bisphosphatase and sucrose phosphate synthase (SPS). Sucrose as a final product of photo assimila-
tion is translocated from its synthesis site (leaf) to various non-photosynthetic tissues15 (sink tissues) via phloem 
tissue. Sucrose translocated to sink is metabolized by cytosolic neutral invertase (NI), sucrose synthase (SuSy), 
and vacuolar acid invertase (AI), providing the hexose pool for the synthesis of structural and non-structural 
carbohydrates. The invertases (INV) catalyse irreversible hydrolyzation of sucrose into its hexose monomers 
(glucose and fructose), whereas SuSy catalyses reversible cleavage of sucrose using UDP to yield fructose and 
UDP-G. Salt stress negatively affects the sugar dynamics of the source leaf and developing sink tissue by inhibit-
ing the synthesis, redistribution and utilisation of sucrose16.

Rice is the staple food crop which feeds more than half of the world population. Among the different abiotic 
stresses, soil salinity poses a major constraint for rice productivity. For rice, critical salinity level is estimated to 
be 6.9 dS m−1 which leads to 50% yield loss17. Salt sensitivity also varies with age, from being moderately toler-
ant at seedling stage to highly susceptible at reproductive phase18. External application of chemicals and bio-
molecules, referred to as plant bioregulators (PBRs), has been shown to minimize the salt-stress induced yield 
losses in multiple crops. Though PBRs may act differently, a unified redox/ROS dependent action has recently 
been proposed19. In the present study, two redox based PBRs such as thiourea20 (TU, non-physiological thiol-
based ROS scavenger) and H2O2

21,22 (ROS signalling molecule), which chemically drive ROS levels in opposite 
direction, were assessed whether they will have an overlapping or independent effect(s). To this end, a short-term 
study was conducted at seedling stage to understand the impact of nutrient medium-supplemented TU and H2O2 
on redox and ionic equilibrium. Further, the effects of foliar supplemented TU and H2O2 on field-grown plants 
were also studied in terms of source-sink relationship and yield attributes. The findings revealed that both TU 
and H2O2 maintain reduced redox status that could act as “core” regulator for improving K+ retention ability, 
photosynthetic efficiency and source-sink strength of the plants. These changes were ultimately reflected in the 
form of improved growth and yield under both control and NaCl stress conditions.

Materials and methods
Plant material, growth conditions and stress treatment.  The study was performed on Indian rice 
(O. sativa) var. IR-64. The seeds were surface sterilized using 30% ethanol for 3 min followed by repeated wash-
ing with distilled water to remove traces of ethanol. The surface-sterilized seeds were germinated for 48 h and 
hydroponic cultures were established, as per the method described previously23. The ameliorative potential of TU 
and H2O2 towards NaCl stress was evaluated using two independent approaches. In the first approach, 14 days 
old hydroponically grown seedlings were subjected to different treatments including control (Yoshida medium), 
NaCl (50 mM), TU (7.5 µM), NaCl (50 mM) + TU (7.5 µM), H2O2 (1 µM) and NaCl (50 mM) + H2O2 (1 µM). 
Hereafter, NaCl + TU and NaCl + H2O2 treatments were denoted as NT and NH, respectively. A pre-treatment 
of 7.5 µM TU (TU and NT) and 1 µM H2O2 (H2O2 and NH) was also given for 24 h. The pre-treatment strategy 
has already been demonstrated to maximize the impact of TU-mediated amelioration of AsV in rice23. In shoots, 
activities of antioxidant enzyme and Na+ and K+ accumulation were quantified in a time-course manner ranging 
from 1, 4, 24 and 48 h post-stress. In addition, 6 h after the onset of treatments, expression levels of selected salt-
responsive genes were analyzed. At 7 days post-stress, phenotypic parameters, both qualitative and quantitative 
along with antioxidant capacity were recorded. In the second approach, four healthy 30 days old hydroponically 
grown seedlings were transferred to plastic pots in six groups (5 pots/group), under the net-house experimental 
facility of Bhabha Atomic Research Centre, Mumbai (India). The fertigation and agronomic protocols were fol-
lowed as previously described24. Group-1 plants were treated with NaCl (11 g/pot) dose twice, at 42- and 57-days 
post-transplantation. The NaCl dose (22 g NaCl/per pot; equivalent to ~ 62 mM) was calculated considering the 
total water holding capacity of 14 kg paddy soil (4.6 L) and the top-water (1.4 L). The group-2 and -3 plants were 
given foliar applications of TU (6.5 mM containing 0.01% Tween-20) and H2O2 (1 mM containing 0.01% Tween-
20), respectively. A total of three foliar applications were given at vegetative, early anthesis and grain filling stages 
that corresponded to 40, 55 and 72 days post-transplantation, respectively. Group-4 and -5 plants were given the 
combined treatment of NaCl + TU (NT) and NaCl + H2O2 (NH) treatments, respectively. Group-6 plants were 
foliar-sprayed with water (three times at 40, 55 and 72 days post-transplantation) and served as control. At 5 days 
post 3rd-foliar spray, various morphological traits (plant height, flag leaf length and width, tiller number, panicle 
number and length, chlorophyll content) were recorded and biochemical attributes (superoxide radical imaging, 
GR activity, ASA/DHA ratio and photosynthetic efficiency) were quantified from the flag leaves. Additionally, 
parameters of plant source-sink relationship and ion accumulation were quantified in three different tissues such 
as youngest flag leaf, old leaf from the bottom and developing inflorescence.

Measurement of antioxidant capacity and activities of antioxidant enzymes.  The non-enzy-
matic antioxidant status of leaf tissues was analyzed according to the Oxygen Radical Absorbance Capacity 
(ORAC) method25. For the measurement of antioxidant enzyme activities, total protein was extracted from 
liquid N2 ground plant material (~ 250 mg) using the pre-chilled buffer [(was extracted using 100 mM chilled 
potassium phosphate buffer (pH 7.0) containing 0.1 mM EDTA and 1% polyvinyl pyrrolidone (w/v)]. The sam-
ples were centrifuged at 15,000×g for 15 min at 4 °C. The supernatant was separated and used for the measure-
ment of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase 
(GR) activities26. The protein content in the supernatant was quantified as per Bradford method27.
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Ion content analysis.  For the quantification of ions, leaf samples were dried at 70 °C till they achieve con-
stant weight. The dried tissues (~ 100 mg) were acid digested using concentrated HNO3, and finally dissolved 
using Milli-Q water. The Na+ and K+ contents were quantified using atomic absorption spectrometer and repre-
sented as % dry weight (DW).

RNA isolation and real‑time expression profiling.  The leaf tissue samples from various treatments 
were harvested under liquid N2 and subjected to total RNA isolation using TRI-reagent (Sigma T-9494), as per 
manufacturer’s instructions. The quality assessment of the RNA sample and subsequent cDNA preparation were 
performed as described previously23. The details of gene-specific primers are given as Supplementary Table 1.

Quantification of plant growth and yield parameters.  The various plant growth parameters viz 
shoot length, flag leaf length, leaf width and panicle length were quantified using a meter scale. The number of 
panicles per plant and 1000 seed weight were quantified manually. The leaf chlorophyll content was calculated 
as SPAD value using Chlorophyll Meter SPAD-502 plus-konica Minolta, representing an average value of five 
different points in the same leaf.

Measurement of stomatal conductance and PS‑II stability.  The gas exchange of leaves was meas-
ured using an Infrared Gas Analyzer, GFS-3000 (Walz, Germany). The photosynthetic photon flux density 
(PPFD) was fixed at 1000  μmol  m−2  s−1 after optimization with a light curve. The photosynthetic efficiency 
was quantified using following parameters; cuvette air flow 750 mL min−1, chamber temperature (25 °C), Rela-
tive humidity (60%) and atmospheric CO2 concentration (400  ppm CO2). Net photosynthetic rate, stomatal 
conductance, and transpiration were recorded simultaneously. Water use efficiency (WUE) was calculated as 
the ratio between net photosynthesis and transpiration. Using the differential minimum (Fo) and maximum 
fluorescence (Fm) signals of from the open and close PS II centers, maximum quantum efficiency of PSII (Fv/
Fm) was quantified. A 20 min prior dark adaptation is a prerequisite for the quantification of Fv/Fm, and can be 
defined as (Fm − Fo)/Fm. Similarly, maximum fluorescence of dark (Fm)and light adapted leaf (Fm’) were used for 
the quantification of Non photochemical quenching (NPQ); NPQ = Fm/F′m − 1. Further steady state chlorophyll 
fluorescence (Fs) was also quantified for the measurement of ETR and actual quantum efficiency of PSII (ΦPSII); 
ΦPSII = (F′m − Fs)/F′m28.

Histochemical detection of superoxide radical and quantification of ascorbate pool.  Superox-
ide radicals were detected in situ using nitroblue tetrazolium (NBT) staining29. NBT stain intensity was quanti-
fied using image J software (version 1.53d; https​://image​j.nih.gov). The levels of ascorbate (ASA) and dehy-
droascorbate (DHA) contents were quantified using α-α′-bipyridyl-based colorimetric method30 and the results 
were presented as ASA/DHA ratio.

Quantification of sucrose and starch levels.  Lyophilized leaf sample (10 mg) was extracted in 15 mL 
of 80% ethanol. The extract was boiled for 10 min and then subjected to centrifugation at 15,000g for 15 min 
at room temperature. The sucrose and starch were quantified in the supernatant and pellet respectively using 
sucrose quantification kit (SCA-20; Sigma) and starch assay kit (STA-20; Sigma Aldrich), respectively according 
to the manufacturer’s protocol.

Measurement of the activities of source‑sink homeostasis related enzymes.  For the quantifica-
tion of enzymatic activities related to source sink homeostasis, total protein was extracted from liquid N2 ground 
plant material (~ 300 mg) using the pre-chilled buffer [(containing 100 mM chilled MOPS (50 mM; pH 7.5), 
MgCl2 (15 mM), EDTA (1 mM), poly-vinylpyrrolidone (2%; w/v), and phenyl methyl sulfonyl fluoride (2 mM)]. 
The samples were centrifuged at 12,000×g for 15 min at 4 °C. The supernatant was separated and used for the 
measurement of SPS, SuSy31 and FPBase32. Additionally, Neutral invertase (NI) and acid soluble invertase (AI) 
activity in the plant samples were measured spectrophometrically following the extraction and assay methods31. 
The protein content in the sample was measured as per the Bradford method. All the enzyme activities were 
represented as units mg−1 protein which corresponds to μM of the product formed mg−1 protein min−1.

Statistical analysis.  The experiments were conducted as randomized block design using three biological 
replicates. One-way analysis of variance (ANOVA) was performed with the whole dataset to confirm the vari-
ability of data and validity of results, and Duncan’s multiple range test (DMRT) was performed to determine 
the significant difference between treatments. Different letters indicate significantly different values (DMRT, 
p ≤ 0.05). Principal component analysis (PCA) was performed with datasets of the source leaf and developing 
sink, using Origin 2016 (Origin Lab, Northampton, MA, USA), and the first two components (PC1 and PC2) 
explaining the maximum variance in the datasets were used to make biplots.

Results
TU and H2O2 ameliorate NaCl stress through enhanced antioxidant capacity.  There was a con-
siderable growth reduction in terms of leaf drying and fragile stem in the NaCl-treated seedlings (Fig.  1A). 
Both root and shoot lengths were decreased by 14.75 and 16.36% (Fig. 1B,C) and fresh biomass was reduced 
by 35.03% (Fig. 1D) in NaCl-treated seedlings compared with that of control. Significant growth restoration 
was observed in NT and NH treatments respectively, in terms of shoot length (16.96 and 13.11%; Fig.  1B), 
root length (21.75 and 17.46%; Fig. 1C), and biomass (20.59 and 22.55%; Fig. 1D), compared to NaCl-treated 
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seedlings. No significant change in growth attributes was observed under TU and H2O2 alone treatments. The 
total antioxidant capacity was increased by 62.80% in NaCl-treated seedlings compared with that of control. An 
additional increase of 31.05 and 37.7% was observed under NT and NH, respectively, compared with those of 
NaCl treatment (Fig. 1E). Although no significant change in antioxidant capacity was observed in H2O2-treated 
seedlings; however, under TU alone treatment, it was increased by 45.56% over control.

Temporal kinetics of antioxidant enzyme activities and ion accumulations in shoot.  The tem-
poral regulation of antioxidant enzyme activities and levels of Na+ and K+ were assessed in leaves subjected to 
different treatments. In order to understand the overall pattern, median value was computed using individual 
data from all four time-points (1, 6, 24 and 48 h) and compared across different treatments (Fig. 2; Supplemen-
tary table 2). Under NaCl treatment, SOD, CAT and GR activities were increased by 31.15, 86.33 and 30.49%, 
respectively compared with those of control. While SOD and GR activities were further increased by (10.6 
and 35.19%) and (9.25 and 32.92%) under NT and NH treatments respectively, CAT activity was decreased by 
22.72% in NT treatment, compared with those under NaCl treatment (Fig. 2A–C). Additionally, SOD, CAT and 
GR activities were also increased under TU and H2O2 alone treatments as compared with those of control; except 
for SOD activity in TU-treated leaves. In general, increase in antioxidant enzyme activities was higher in H2O2 
than TU alone treatment (Fig. 2A–C). No significant change in median of APX activity was observed under any 
treatment conditions (Fig. 2D). However, at 48 h time point, APX activity was significantly reduced by 29% in 
NaCl-treated leaves as compared with control. Besides, under NT and NH treatments, APX was increased by 
81.28 and 22.55%, respectively as compared with that of NaCl treatment. At the same time-point, no significant 
change in APX activity was noticed under TU and H2O2 alone treatments (Supplementary table 2D). The overall 
pattern of Na+ accumulation remained unchanged across various treatments (Fig. 2E); however, better K+ reten-
tion was observed under TU and H2O2 alone as well as NT and NH treatments (Fig. 2F). At 48 h, upto 59.22% 
decrease in K+ accumulation was observed under NaCl as compared to control. At the same time point (48 h), 
K+ accumulation was increased by 147.32 and 105.47% under NT and NH treatments, respectively compared 
to NaCl treatment. Additionally, 33.42, 38.58% increase under TU, H2O2 was also observed at 48 h compared to 
control (Supplementary table 2F).

Expression levels of early NaCl stress responsive genes under different treatments.  The top-
ranked eight early NaCl stress responsive genes were selected on the basis of published transcriptome of rice 
seedlings33 and their expression levels were measured in the shoot tissue under different treatments. The results 
revealed that both TU and H2O2 treatments led to upregulated expression under control as well as NaCl stress 
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Figure 1.   Post-germination phenotyping of rice seedlings under different treatments. The rice seedlings were 
grown hydroponically for 14 days under control conditions and then, subjected to different treatments including 
control (Yoshida medium), NaCl (50 mM), TU (7.5 µM), NaCl (50 mM) + TU (7.5 µM) [NT], H2O2 (1 µM) 
and NaCl (50 mM) + H2O2 (1 µM) [NH]. After 7 days of treatment, differential phenotyping was observed 
qualitatively (A) and also quantified in terms of shoot length (B), root length (C), seedlings fresh weight (D). 
In addition, the total antioxidant capacity as trolox equivalent was also quantified from shoot part (E). For NT 
and NH, 24 h pretreatment of 7.5 µM TU and 1 µM H2O2, respectively was also given. All the values are mean of 
triplicates ± SD. Different letters indicate significantly different values (DMRT, p ≤ 0.05).
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conditions (Fig. 3). The major effects were seen in HAK21 (high‐affinity K+ transporter), LEA1 (late-embryo-
genic abundant 1), dehydrin and TSPO (translocator protein) which were upregulated by 279.42, 475, 113.41 
and 162.78% under TU, and 285.92, 625, 94.72 and 362.58% under H2O2-treated leaves compared to control. 
Similarly, the expression of HAK21 (166.75%; NT and 201.42; NH), LEA1 (1450%; NT and 350%; NH), dehydrin 
(48.85%; NT and 59.54%; NH) and TSPO (84.89%; NT and 39.97%; NH) was found to be upregulated compared 
with those of NaCl-treated leaves (Fig. 3A–D). Other tested genes TPP, PIPK and EN20 were mainly upregulated 
under TU and H2O2 alone treatments compared with those of control. Under NT treatment, the expression of 
these genes remained unchanged except for EN20 which was upregulated by 285.06% compared with those of 
NaCl treatment. In NH-treated leaves, TPP and PIPK were downregulated by 34.08 and 39.39%, while EN20 was 
upregulated by 144.67% compared with those of NaCl treatment (Fig. 3F–H).
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Figure 2.   The temporal regulation of antioxidant enzyme activities and levels of Na+ and K+ in rice seedlings. 
The rice seedlings were grown hydroponically for 14 days under control conditions and then, subjected to 
different treatments including control (Yoshida medium), NaCl (50 mM), TU (7.5 µM), NaCl (50 mM) + TU 
(7.5 µM) [NT], H2O2 (1 µM) and NaCl (50 mM) + H2O2 (1 µM) [NH]. After 1, 6, 24 and 48 h of treatment, 
the leaf tissue was harvested and analyzed for superoxide dismutase (SOD; A), catalase (CAT; B), gutathione 
reductase (GR; C) and ascorbate peroxidase (APX; D), Na+ (E) and K+ (F). For NT and NH, 24 h pretreatment 
of 7.5 µM TU and 1 µM H2O2 respectively was also given. The data represented in the form of median value with 
range was computed using individual data from all four time-points (1, 6, 24 and 48 h). Refer supplementary 
table 2 for statistics of individual time point. Different letters indicate significantly different values (DMRT, 
p ≤ 0.05).



6

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3000  | https://doi.org/10.1038/s41598-020-80419-6

www.nature.com/scientificreports/

Foliar supplementation of TU and H2O2 enhanced plant growth and yield attributes.  The foliar 
application of TU and H2O2 showed improvement in plant growth and yield attributes at mature plant stage 
(Fig. 4A). The major differences were seen in terms of panicle number, panicle length and leaf width which were 
increased by 24.39, 13.46 and 13.33% in NT and 24.39, 10.10 and 6.67% in NH, respectively compared with those 
of NaCl treatment (Table 1A). Although the harvest index remained unchanged (Fig. 4B), 1000 seed weight and 
seed yield/plant were increased by ~ 30–34% (Fig. 4C) and ~ 25–27% (Fig. 4D) under NT and NH treatment, 
respectively compared to NaCl treatment. The major impact of TU and H2O2 alone treatments was seen in terms 
of panicle number and leaf length respectively which were increased by 14 and 18.3%, compared with those of 
WS control (Table 1A). In addition, the harvest index, 1000 seed weight and seed yield/plant were also increased 
by 13.19, 11.08 and 17.16% under TU and 15.87, 12.71 and 12.53% under H2O2 alone, respectively compared 
with those of WS control (Fig. 4A–C).
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Figure 3.   Real-time PCR based quantification of NaCl stress responsive genes in rice seedlings under different 
treatments. The rice seedlings were grown hydroponically for 14 days under control conditions and then, 
subjected to different treatments including control (Yoshida medium), NaCl (50 mM), TU (7.5 µM), NaCl 
(50 mM) + TU (7.5 µM) [NT], H2O2 (1 µM) and NaCl (50 mM) + H2O2 (1 µM) [NH]. After 6 h of treatment, the 
leaf tissue was harvested and analysed for relative expression of high‐affinity K+ transporter (HAK21; A), late 
embryogenic abundant protein-1 (LEA1; B), late embryogenic abundant protein-3 (LEA3; C), dehydrin (D), 
translocator protein (TSPO; E), trehalose-phosphate phosphatase (TPP; E), phosphatidylinositol-4-phosphate 5 
kinase (PIPK; F) and early nodulin-20 (EN20; H). All the values are mean of triplicates ± SD and are normalized 
using tubulin as constitutive gene. Different letters indicate significantly different values (DMRT, p ≤ 0.05).
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Alteration of redox status and ionic distribution under TU and H2O2 supplementation.  His-
tochemical staining revealed increased accumulation of O2

.- radical, specifically under NaCl-treated flag leaf. 
No significant change in NBT stain intensity was observed for TU, NT and NH treatments. On the other hand, 
a moderate increase in NBT staining was observed under H2O2 alone treatments (Fig. 5A). The activity of GR 
and ASA/DHA ratio were increased and decreased by 28.5 and 30.7%, in NaCl-treated seedlings compared with 
those of control. Both these parameters were further increased by 27.94 and 47.6% (NT) and 55 and 67% (NH), 
respectively compared with that of NaCl treatment (Fig. 5B,C). Although GR activity remained unchanged in 
TU, it was increased by 66.6% under H2O2 alone treatment (Fig. 5B). No significant change was observed for the 
ASA/DHA ratio under TU and H2O2 alone treatment, compared to control (Fig. 5C).

Under NaCl stress, maximum Na+ accumulation was observed in young leaves (YL), where it increased by 
403.8%, followed by old leaves (OL) and developing inflorescences (DI), where it increased by 159.94 and 70.21%, 
respectively, compared with WS-treated plants (Supplementary table 3A). In contrast, under NT treatment, Na+ 
accumulation from YL and DI organs wasecreased by 21.48 and 53.75%, respectively; however, in OL, it was 
increased by 15.97%, compared with those of NaCl-treated plants. In NH-treated plants, the Na+ accumula-
tion was reduced in all the three tested organs including YL, OL and DI by 38.57, 21.48 and 50%, respectively 
compared with those of NaCl-treated plants. No significant change in Na+ accumulation was observed in TU 
while H2O2 alone treatments resulted in 34.18% decrease and 45.91% increase the Na+ accumulation in the YL 
and OL respectively compared to those of WS control (Supplementary table 3A). The increased Na+ levels in 
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Figure 4.   Effect of foliar-applied TU and H2O2 treatment on plant growth and yield attributes. Pot-studies were 
performed under different treatments including WS (DW + 0.01% Tween-20), TU (6.5 mM TU + 0.01% Tween-
20) and H2O2 (10 mM H2O2 + 0.01% Tween-20), NaCl (22 g NaCl per pot). NT and NH denote combined 
treatment of NaCl + TU and NaCl + H2O2 treatments, respectively. A total of three foliar applications were given 
at vegetative, early anthesis and grain filling stages that corresponded to 40, 55 and 72 days post-transplantation, 
respectively. At the time of maturity, the differential phenotype was recorded (A) and representative panicles 
were shown (B). In addition, the yield parameters such as harvest index (C), seed yield per plant (D) and 1000 
seed weight (E) were also quantified. All values represent mean of 10 plants ± S.E. Different letters indicate 
significantly different values (DMRT, p ≤ 0.05).
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NaCl-treated plants was concomitant with reduced K+ accumulation by 50.43, 63.98 and 24.09% in YL, OL and 
DI organs, respectively compared with those of WS- treated control. The extent of K+ reduction was restored 
in all the three organs under NT and NH treatments. However, the maximal reversal of 105.34 and 112.77%, 
under NT and NH treatments, respectively was observed in YL organ compared with those of NaCl treatment. 
Enhanced K+ accumulation was also observed under TU and H2O2 alone treatments compared with WS controls, 
with the exception of OL in TU-treated plants, where K+ levels remained unchanged (Supplementary table 3B).

Photosynthetic responses under TU and H2O2 supplementation.  The overall process of photo-
synthesis was negatively affected in NaCl-treated plants. The major impact was seen in terms of photosynthetic 
rate (PR), water use efficiency (WUE) and electron transport rate (ETR) which were decreased by 69.35, 61.90 
and 53%, respectively compared with those of WS control. In contrast, significant photosynthetic recovery was 
noticed under both NT and NH treatments as these parameters were increased by 78.95, 62.5 and 101.23% in 
NT and 105.26, 75 and 72.84% in NH compared with that of NaCl treatment. In addition, quantum yield of 
photosystem II (PS-II yield) and non photochemical quenching (NPQ) were also increased specifically under 
NT (56.32%) and NH (31.25%), respectively compared with those of NaCl treatment (Table 1B). The photosyn-
thesis and PS-II yield were also affected under TU and H2O2 alone treatments as indicated by 14.52 and 20.97% 
increase in TU and 16.13 and 23.39% increase in H2O2 treatment compared with those of WS control (Table 1B).

Modulation of source‑sink homeostasis under TU and H2O2 supplementation.  Akin to pho-
tosynthesis, the activities of key enzymes determining source (SPS and FBPase) and sink (AI, NI and SuSy) 
strength were also negatively impacted in NaCl-treated plants; except, for SuSy which was increased by 108.75%, 
in old leaves compared with WS control. The ameliorative effects were observed under both NT and NH treat-
ments, at the level of source as well as sink. Besides, differential nature of NT and NH was also seen, especially in 
the source leaves. For instance, the SPS activity was increased by 93.47, 29.75 and 40.37% in NH-treated YL, ML 
and DI organs, respectively compared with those of NaCl treatment. However, under NT treatment, increased 
SPS activity was limited to YL (74.7%) and DI (22.36%) organ only. Unlike SPS, FBPase activity was signifi-
cantly increased under both NT and NH, in all the three tested organs, compared with those of NaCl treatment. 
The sucrose degradation pathway was also activated under NT and NH treatment conditions. In source organs 
like YL and OL, the NI activity was increased 66.43 and 40.44% in NT and 59.05 and 120.97% in NH, respec-
tively compared with those of NaCl treatment (Fig. 6C). Besides, in YL organ, NI and SuSy activities were also 
increased by 59.21 and 96.05% in NT and NH, respectively compared with those of NaCl treatment (Fig. 6D,E). 
In sink (DI), the activities of AI and SuSy were increased respectively by 381.99 and 141.38% in NT and 391.74 
and 151.54% in NH compared with those of NaCl treatment (Fig. 6D,E). Under TU and H2O2 alone treatments, 
well-coordinated sucrose biosynthesis, mediated by SPS and FBPase, was observed in YL (Fig. 6A,B). In parallel, 
SuSy mediated sucrose breakdown was also observed under YL and DI; while AI was found to be activated in 
OL organ (Fig. 6C–E).

Table 1.   Quantification of various growth [A] and PS-II related photosynthesis parameters [B] under different 
treatment conditions.  Total three foliar applications were given at vegetative, early anthesis and grain filling 
stages that corresponded to 40, 55 and 72 days post-transplantation, respectively. The quantitation was done 
after 5 days of 3rd foliar spray. The main flag leaf was taken for the analysis of photosynthetic parameters. 
Different treatment includes WS (DW + 0.01% Tween-20), TU (6.5 mM TU + 0.01% Tween-20) and H2O2 (10 
mMH2O2 + 0.01% Tween-20), NaCl (22 g NaCl per pot). For NT and NH, a combined treatment of NaCl + TU 
and NaCl + H2O2 treatments were also given respectively. The values represent mean of ten biological 
replicate ± SE. Different letter indicates significantly different values (DMRT, p ≤ 0.05).

Treatments Plant height (cm) Leaf length Leaf width Panicle length(cm) Panicle number
Chlorophyll
(AU unit)

A. Growth parameters

WS 107.7b (± 0.6) 33.2c (± 1.8) 1.6b (± 0.08) 24.5a (± 0.6) 5.0c (± 0.2) 40.4b (± 1.0)

TU 110.7a (± 1.2) 35.8b (± 1.6) 1.7b (± 0.06) 24.7a (± 0.4) 5.7a (± 0.4) 45.1a (± 1.1)

H2O2 110.6a (± 1.2) 39.3a (± 1.4) 1.8a (± 0.04) 24.9a (± 0.5) 5.6ab (± 0.4) 40.4b (± 1.3)

NaCl 95.9e (± 0.5) 29.0d (± 1.0) 1.5c (± 0.04) 20.8c (± 0.6) 4.1d (± 0.3) 33.8c (± .1.0)

NT 104.8c (± 1.2) 32.6c (± 1.4) 1.7b (± 0.05) 23.6b (± 0.5) 5.1bc (± 0.3) 40.7b (± 0.7)

NH 102.1d (± 0.5) 31.8c (± 0.6) 1.6b (± 0.04) 22.9b (± 0.2) 5.1bc (± 0.2) 39.0b (± 1.5)

Treatments
Photosynthetic rate 
(µMol CO2 m-2 s-1) WUE Fv/Fm ETR

Quantum yield of 
PSII NPQ (AU unit)

B. Photosynthetic parameters

WS 6.2b (± 0.7) 2.1a (± 0.2) 0.720a (± 0.03) 51.7ab (± 1.8) 0.124b (± 0.00) 2.1ab (± 0.03)

TU 7.1ab (± 0.5) 2.3a (± 0.1) 0.734a (± 0.01) 58.4a (± 3.4) 0.144a (± 0.01) 1.8b (± 0.18)

H2O2 7.5a (± 0.4) 2.4a (± 0.7) 0.715a (± 0.01) 60.5a (± 6.5) 0.153a (± 0.02) 2.4a (± 0.53)

NaCl 1.9d (± 0.5) 0.8c (± 0.03) 0.614b (± 0.04) 24.3d (± 1.7) 0.087d (± 0.003) 1.6b (± 0.04)

NT 3.4c (± 0.2) 1.3b (± 0.1) 0.705a (± 0.04) 48.9bc (± 8.2) 0.136ab (± 0.01) 1.8b (± 0.02)

NH 3.9c (± 1.1) 1.4b (± 0.2) 0.717a (± 0.01) 42.0c (± 3.2) 0.102c (± 0.01) 2.1ab (± 0.49)
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The sucrose and starch levels were differentially affected under NaCl with/without TU or H2O2 supplemen-
tation. In source organs, the sucrose level under NaCl stress was either reduced by 27.65% in YL or remained 
unchanged in OL compared with those of WS control. In contrast, the sucrose level was significantly increased, 
in both YL and OL organs, by 46.27 and 25.34% in NT and 58.71 and 30.35% in NH, respectively compared to 
that of NaCl-treated plants. Unlike source, sucrose was reduced by 32.32% in NaCl-treated DI compared to WS 
control. Under NT and NH treated DI organ, the sucrose level was decreased by 19.08 and 40.46%, respectively 
compared with those of NaCl treatment (Supplementary table 4A). Compared to WS control, starch level in 
NaCl-treated source leaves was increased by 53.42 (YL) and 48.48% (OL); while it was decreased by 48.48% in 
DI organ. In contrast, under both NT and NH treatments, the starch level was found to be significantly decreased 
and increased in source (YL and OL) and sink (DI) organs, respectively (Supplementary table 4B).

Understanding treatment‑variable interactions through PCA based clustering.  PCA was per-
formed on the entire data sets to identify the key variables associated under various treatment conditions. In 
source leaves, different treatments were grouped into three categories (Fig. 7A). The first category contained 
photosynthesis and sucrose biosynthesis and breakdown related parameters and was found to be associated with 
WS and TU and H2O2 treatments. The second category had only one attribute (GR activity) which was associ-
ated with NT as well as NH treatments. The third category represented NaCl stress and this was not associated 
with any of the variables (Fig. 7A). Similarly, three major categories were also identified in sink organs. The first 
category included plant growth and yield related parameters which was associated with WS, TU and H2O2 treat-

WS

TU

H2O2

NaCl

NT

NH
G

R

(U
n

it
s

m
g

-1
p

ro
te

in
)

0

5

1 0

1 5

a

b

c

c d

b

d

A
S

A
/D

H
A

L
o

g
2

W
S

T U
H 2O

2

N aC l
N T

N H

0

1

2

3

4
a

b

c

a b a b
b

[A]

25.01c (±8.29)

[B]

[C]

18.39c (±3.95)

52.05a (±7.68)

69.19a(±4.30)

35.88bc(±13.9)

43.6b(±9.66)
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TU + 0.01% Tween-20) and H2O2 (10 mM H2O2 + 0.01% Tween-20), NaCl (22 g NaCl per pot). NT and NH 
denote combined treatment of NaCl + TU and NaCl + H2O2 treatments, respectively. A total of three foliar 
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days post-transplantation, respectively. At 5th day after 3rd foliar spray, flag leaves were harvested for NBT based 
histochemical staining (A), quantification of GR activity (B) and ascorbate/dehydroascorbate (ASA/DHA) 
ratio (C). NBT stain intensity was quantified using image J software (version 1.53d; https​://image​j.nih.gov) 
and represented as average arbitrary units (± S.D.). All the values are mean of triplicates ± SD. Different letters 
indicate significantly different values (DMRT, p ≤ 0.05).
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ments. The second category included source-sink homeostasis related enzymes/metabolites, associated with NT 
and NH treatments. The third category of sucrose and Na+ content was associated with NaCl treatment (Fig. 7B).

Discussion
Redox homeostasis is an essential constituent for sustained maintenance of plant growth and survival under stress 
conditions. The present study has evaluated widely used redox modulators like TU and H2O2 for mitigating salt 
stress in rice. In our previous studies, we have successfully demonstrated TU-mediated responses at multiple 
levels of organization. At the physiological level, TU improved source-to-sink relationship leading to increased 
crop yield34 while at the molecular level, it improved cellular energetics35, co-ordinated calcium and abscisic acid 
(ABA) signaling events36, maintained plant-water homeostasis37, enhanced antioxidant defense20 and improved 

[A]

[B]

[C]

[D]

[E]

UDPG

F1,6BP

F6P

FBPase

SPS

Sucrose

NI
SuSy

Glucose, fructose and
hexose phosphates 

Starch

(+)

(+)

(+)

(-)

(+)
(+)

AI

Source

(+)

Sucrose

FBPase SPS

[Sucrose biosynthesis]
Sink 

Starch

NI

SuSy

AI

(-)

(+)

(+)

Sucrose translocation
[F]

F
B

P
a

s
e

(U
n

it
s

m
g

-1
p

ro
te

in
)

0

2 0

4 0

6 0

8 0
Y o u n g le a f O ld le a f S in k

B
A A

D
C C

c
b

b

d

c

a

A B A B A

C
B B C

A
I

(U
n

it
s

m
g

-1
p

ro
te

in
)

0

5

1 0

1 5

A B A A B
B

A B
B

a

b

a

b
b

a

A A
B

C

A A

N
I

(U
n

it
s

m
g

-1
p

ro
te

in
)

0

1

2

3

A A A
B

A A

d
c

a

c d

c

b

A B A A B

C C B

S
u

S
y

(U
n

it
s

m
g

-1
p

ro
te

in
)

W
S

T U
H 2O

2

N aC l
N T

N H
W

S
T U

H 2O
2

N aC l
N T

N H
W

S
T U

H 2O
2

N aC l
N T

N H

0

2 0

4 0

6 0

B

A
A

B

B

A

b
a b b

a
b b

C

B
B

C

A A

S
P

S

(U
n

it
s

m
g

-1
p

ro
te

in
)

0

2

4

6

B

A A

C

B B

a a a
b b

a A A
A

B
A B A

Figure 6.   Quantification of enzymes and metabolites regulating source-sink equilibrium. Pot-grown rice plants 
were given different treatments including WS (DW + 0.01% Tween-20), TU (6.5 mM TU + 0.01% Tween-20) and 
H2O2 (10 mM H2O2 + 0.01% Tween-20), NaCl (22 g NaCl per pot). NT and NH denote combined treatment of 
NaCl + TU and NaCl + H2O2 treatments, respectively. A total of three foliar applications were given at vegetative, 
early anthesis and grain filling stages that corresponded to 40, 55 and 72 days post-transplantation, respectively. 
At 5th day after 3rd foliar spray, flag leaves were harvested and activities of various enzymes including 
FBPase (Fructose 1,6 bis-phosphatase; A); SPS (Sucrose phosphate synthetase; B); AI (Acid soluble invertase; 
C); NI (Neutral invertase; D) and SuSy (Sucrose synthase; E) were measured. All values represent mean of 
triplicates ± SD. Different letters indicate significantly different values (DMRT, p ≤ 0.05). The right-hand panel 
represent the overview of sucrose biosynthesis/breakdown pathway operated in source and sink organs (F). 
The rectangles and ovals represent the enzymes and metabolites, respectively, quantified in the present study. 
The positive (+) and negative (−) labels denotes the role of a particular enzymes/metabolites for increasing and 
decreasing source/sink strength, respectively.
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sulphur metabolism23. Additionally, TU effectiveness has also been demonstrated under other types of abiotic 
stresses38, like drought, heat, UV radiation, metal stress. Similarly, H2O2 is another broad range effective PBR 
whose ameliorative potential has been demonstrated against various abiotic stresses39.

Considering their chemical nature, TU (a ROS scavenger) and H2O2 (a biological ROS) are expected to have 
a contrasting effect on the cellular redox state, which is described as an integrated ratio of reduced to oxidized 
form of all the redox couples present inside the cell. At whole plant level, the redox state is regulated by ROS-
scavenging/producing enzymes and antioxidant metabolites40. Initially, the post-germination phenotyping was 
performed at seedling stage with variable doses of NaCl (ranging from 50 to 100 mM) and 50 mM was identified 
as the IC50 dose at which plant biomass is reduced by 48.15% compared with those of control (Supplementary 
Fig. 1). Similar dose-dependent analysis was also performed with TU and H2O2 (ranging from 1 to 100 μM). 
On the basis of biomass, 7.5 and 1.0 μM were identified as optimum doses of TU and H2O2 which were selected 
for all the medium supplementation studies (Supplementary Fig. 2). In spite of having a contrasting chemistry, 
in planta supplementation of both TU as well as H2O2 increased the redox capacity and improved the plant 
growth potential under NaCl stress conditions (Fig. 1). Such an overlapping response clearly indicated that H2O2 
supplementation also generates reducing redox environment of the plants, which is shown by the significant 
increase in activities of antioxidant enzymes like SOD, CAT and GR under both control and NaCl stress condi-
tions (Fig. 2A–C). The ability of H2O2 to trigger the plant’s antioxidant defense has also been demonstrated in 

Source Sink [A] [B]

Source strength variables
1 Leaf length 13 Starch

2 Leaf width 14 Chlorophyll

3 Fv/Fm 15 Na+

4 Electron transfer rate (ETR) 16 K+

5 Quantum yield of PS II 17 Glutathione reductase (GR)

6 Non photochemical
quenching (NPQ)

18 ASA/DHA

7 qP 19 Sucrose phosphate synthetase
(SPS)

8 qN 20 Fructose 1,6 bis phosphatase
(FBPase)

9 Photosynthesis rate 21 Acid Invertase (AI)

10 Transpiration rate 22 Neutral Invertase (NI)

11 Water use efficiency (WUE) 23 Sucrose synthase (SuSy)

12 Sucrose 

Sink strength variables
1 Panicle number 9 Na+

2 Panicle length 10 K+

3 Plant height 11 Sucrose phosphate synthetase (SPS)

4 Yield per plant 12 Fructose 1,6 bis phosphatase
(FBPase)

5 Harvest Index 13 Acid Invertase (AI)

6 1000 seed weight 14 Neutral Invertase (NI)

7 Sucrose 15 Sucrose synthase (SuSy)

8 Starch

Figure 7.   Principal component analysis on field grown plants to understand treatment-variable interaction. The 
principal component analysis (PCA) was performed to identify the variables associated with different treatments 
including WS (DW + 0.01% Tween-20), TU (6.5 mM TU + 0.01% Tween-20) and H2O2 (10 mM H2O2 + 0.01% 
Tween-20), NaCl (22 g NaCl per pot). NT and NH denote combined treatment of NaCl + TU and NaCl + H2O2 
treatments, respectively. The biplots were generated independently for young leaf (source; A) and developing 
inflorescence (sink; B) using the variables responsible for mediating source and sink strength, respectively. The 
lines originating from central point of biplots indicate positive or negative correlations of different variables; 
where their closeness indicates correlation strength with particular treatment. The variables were represented in 
the form of numeric values with its details in associated tables.
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various crops like soybean41, rice42 and wheat43. Unlike H2O2, the enzymatic antioxidants were less pronounced 
in TU-treated control plants, indicating that non-enzymatic antioxidants were involved in maintaining reducing 
redox environment. Earlier, TU-mediated activation of non-enzymatic antioxidants has been demonstrated in 
Brassica juncea44. Since most of the NaCl-induced damages including biomass reduction as well as decreased 
root and shoot length were associated with ROS-induced redox imbalance45, therefore, the NaCl ameliorative 
potential of TU and H2O2 could largely be associated with their ability to generate reducing redox environment 
inside the plants.

In addition to redox balance, improved K+ retention was also observed under both NT- and NH- treated 
plants (Fig. 2F; Supplementary table 2), which might have supported the improved plant phenotype under NaCl 
stress conditions (Fig. 1). A positive correlation between salt tolerance and higher K+ accumulation has been 
demonstrated in crops like rice and barley46. The NaCl-induced K+-leakage is associated with ROS production 
which activates K+-efflux channels including guard cell outward rectifying K+ channel (GORK) and stelar K+ 
outward rectifier (SKOR)47. The higher K+ retention ability of TU and H2O2 further substantiates our hypothesis 
that both these modulators have an overlapping capacity to generate reducing redox environment. This was also 
supported by TU and H2O2 dependent upregulated expression of HAK21 (Fig. 3A), which is known to maintain 
K+ ion homeostasis under NaCl stress conditions8. Other NaCl stress responsive genes, especially LEA1, dehydrin7, 
TSPO10 and EN2011, known for imparting NaCl tolerance in redox dependent manner, were also upregulated 
suggesting their association in the tolerant phenotype observed under NT and NH treatments. Incidentally, their 
redox-dependent regulation has already been demonstrated48–50, further justifying their regulation through TU 
and H2O2 dependent manner. In addition, the expression of most of the tested NaCl tolerance related genes were 
also increased constitutively even under stress-free conditions (Fig. 3). This result indicated that during TU/H2O2 
pre-treatment phase, the seedlings were better equipped to face the ensuing NaCl stress exposure.

Similar to nutrient medium supplementation, foliar-applied TU and H2O2 was effective in maintaining the 
ROS and redox homeostasis as evident by decreased superoxide load under NT and NH treatments compared 
to NaCl (Fig. 5). Further H2O2 mediated increase in NBT staining under control conditions (Fig. 5A) may be 
considered as pro-oxidant behavior by imposing mild oxidative stress. Foliar-application of TU and H2O2 was 
also found effective in enhancing plant growth and yield under field conditions in both control and NaCl stress 
conditions (Fig. 4), substantiating their agronomic feasibility. Considering the difference in plant size and pos-
sible degradation under the natural sunlight, we have selected higher doses of TU (6.5 mM) and H2O2 (1 mM) 
for foliar supplementation, which were also used previously in various other crops19. The significant reduction 
in PS-II efficiency under NaCl treatment was reflected by a drastic reduction in plant growth as well as yield 
(Fig. 4; Table 1). The redox balancing, better K+ retention and improved photosynthesis were identified as key 
attributes responsible for mediating TU and H2O2 dependent amelioration under NaCl stress conditions. Of 
these, K+ retention and dynamic ROS production in leaf mesophyll cell have been shown to be well-correlated 
with salt tolerance in rice at reproductive stage, in both greenhouse as well as field conditions51. Besides, K+ and 
ROS are considered as major signaling regulators and hence, have potential capacity to alter plant growth52,53. 
In line with K+ retention, we also observed reduced Na+ accumulation under both NT and NH treatments, 
especially in YL and DI which represent the main organs for photosynthesis and reproduction, respectively 
(Supplementary table 3).

The Na+ dependent inhibition of photosynthesis has been reported in various crops like rice54, barley55 and 
wheat56. The lower Na+ accumulation as observed in our study could have facilitated the improved photosyn-
thesis (Table 1B) and overall plant growth and vigor. Although, there are multiple ways by which Na+ imposes 
toxicity; imbalance in Na+/K+ ratio is a major contributor of Na+ mediated reduction in plant photosynthesis57. 
Most of the PS-II efficiency components (photosynthesis rate, WUE, Fv/Fm, ETR and quantum yield of PSII) 
were equally improved; however, NPQ was identified as NH-specific parameter (Table 1B). The excess energy 
dissipation through NPQ protects the photosystem from ROS mediated photoinhibition. This is supported by 
H2O2 dependent regulation of xanthophylls58, which represent the major components for maintaining higher 
NPQ and low ROS under salt stress conditions59.

In plants, sucrose and starch are considered as key indicators of source (leaves) and sink (developing inflores-
cence) strengths, respectively60. The higher and lower levels of sucrose and starch in source and vice versa in sink, 
clearly indicated a synchronized source-sink relationship in both NT- and NH- treated plants (Supplementary 
Table 4). Most of the Calvin cycle enzymes are regulated in redox dependent manner61. For example, FBPase (a 
sucrose biosynthesis enzyme) is active under the reducing redox environment62. Thus, owing to the generation 
of reducing redox environment (Fig. 5C), the overall source strength was high resulting in the improved growth 
potential of NT- and NH- treated plants. This was also supported by PCA in source leaf, wherein NT- and 
NH- treatments were found to be associated with GR activity (Fig. 7A). GR is the major enzyme for regenerat-
ing GSH and hence, is responsible for maintaining reducing redox conditions in the plant63. Similarly, overex-
pression of SPS (a rate-limiting enzyme of sucrose biosynthesis64 has been achieved in sugarcane transgenic 
lines which accumulated more sucrose with significant increase in plant height and stalk number compared 
to non-transgenic control65. In addition, de-regulation between FBPase and SPS activities was also observed, 
suggesting the onset of senescence in NT-treated OL organ. This is in contrast with NH wherein, increased AI 
and NI activities avoided the feedback inhibition and hence, sucrose biosynthesis was found to be active in both 
YL and OL organs (Fig. 6A,B). In both NT- and NH- treated sink organs, SuSy and AI were preferred (over NI) 
for breaking down the sucrose metabolites (Fig. 6C–E). The higher starch content will not only improve sink 
strength but also, the overall fitness of the plant66. In contrast, NI activity was also observed in OL organ, which 
can provide hexoses, as they are necessary for restricting ROS level67 and also to fulfill energy demand of plants 
under stress conditions68. Similar to our results, SuSy overexpression69 or mutation in AI70 have been shown to 
increase or decrease the grain weight, respectively, in transgenic lines of rice. Taken together, the approach of 
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using TU and H2O2 can be seen as an alternative to the genetic methods of enhancing source-sink strength in 
plants under NaCl stress conditions.

A significant enhancement in growth and yield was also noticed under TU and H2O2 alone treatments (Fig. 4; 
Table 1). Although the absolute levels of sucrose and starch remained unchanged (Supplementary table 4), the 
higher activities of SPS and FBPase in YL and SuSy in both YL and DI organs clearly indicated that source-sink 
strength was boosted in TU and H2O2 treated plants (Fig. 6). Further, PCA also indicated an overlapping response 
as most of the growth and yield related attributes were grouped together with between TU and H2O2 alone treat-
ments (Fig. 7). Thus, the positive impact of TU and H2O2 under both control and NaCl stress conditions greatly 
increases their versatility to be applied under the realistic field scenario.

Conclusions
In conclusion, the study highlights that despite having contrasting redox chemistry, both TU and H2O2 impart 
comparable level of NaCl stress tolerance in rice to a comparable extent. Both TU and H2O2 upregulated the 
expression of NaCl stress responsive genes in a constitutive manner, without showing any significant growth 
reduction under control conditions. In addition, reducing redox status was maintained along with better K+ reten-
tion and upregulated expression of NaCl stress tolerant genes like HAK21, LEA1, dehydrin, TSPO and EN10 under 
both NT and NH treated seedlings, resulting in improved growth. Under both control and NaCl stress conditions, 
foliar-supplemented TU and H2O2 improved the growth and yield attributes of the plants. The ameliorated phe-
notype under NT and NH was associated with reduced Na+ accumulation, improved photosynthesis efficiency 
and better source-sink relationship. Taken together, the results of this study suggest that the maintenance of 
reduced redox status acts as a “central” regulator for mitigating NaCl-induced damages. Besides, it also extends 
the concept of using redox modulators for improving rice crop productivity under the realistic field scenario.

Received: 26 October 2020; Accepted: 21 December 2020

References
	 1.	 Zorb, C., Geilfus, C. M. & Dietz, K. J. Salinity and crop yield. Plant Biol. 21, 31–38 (2019).
	 2.	 Zhu, M. et al. Nax loci affect SOS1-like Na+/H+ exchanger expression and activity in wheat. J. Exp. Bot. 67, 835–844 (2015).
	 3.	 Isayenkov, S.V. & Maathuis, F.J. Plant salinity stress: Many unanswered questions remain. Front. Plant Sci. 10, (2019).
	 4.	 Liang, W., Ma, X., Wan, P. & Liu, L. Plant salt-tolerance mechanism: a review. Biochem. Biophys. Res. Commun. 495, 286–291 

(2018).
	 5.	 You, J. & Chan, Z. ROS regulation during abiotic stress responses in crop plants. Front. Plant Sci. 6, 1092 (2015).
	 6.	 Assaha, D. V., Ueda, A., Saneoka, H., Al-Yahyai, R. & Yaish, M. W. The role of Na+ and K+ transporters in salt stress adaptation in 

glycophytes. Front. Physiol. 8, 509 (2017).
	 7.	 Hundertmark, M. & Hincha, D. K. LEA (late embryogenesis abundant) proteins and their encoding genes in Arabidopsis thaliana. 

BMC Genom. 9, 118 (2008).
	 8.	 Shen, Y. et al. The potassium transporter Os HAK 21 functions in the maintenance of ion homeostasis and tolerance to salt stress 

in rice. Plant Cell Environ. 38, 2766–2779 (2015).
	 9.	 Fang, F., Ye, S., Tang, J., Bennett, M. J. & Liang, W. DWT1/DWL2 act together with OsPIP5K1 to regulate plant uniform growth 

in rice. New Phytol. 225, 1234–1246 (2020).
	10.	 Cui, N., Song, Z., Yang, B. & Fan, L. M. AtTSPO, a translocator protein, in stress responses in Arabidopsis. Environ. Exp. Bot. 129, 

13–22 (2016).
	11.	 Wu, H., Shen, Y., Hu, Y., Tan, S. & Lin, Z. A phytocyanin-related early nodulin-like gene, BcBCP1, cloned from Boea crassifolia 

enhances osmotic tolerance in transgenic tobacco. J. Plant Physiol. 168, 935–943 (2011).
	12.	 Zorb, C., Geilfus, C. M. & Dietz, K. J. Salinity and crop yield. Plant Biol. 21(S1), 31–38 (2018).
	13.	 Zorb, C., Mühling, K. H., Kutschera, U., & Geilfus, C. M. Salinity stiffens the epidermal cell walls of salt-stressed maize leaves: Is 

the epidermis growth-restricting? PLoS One. 10(3) (2015).
	14.	 Pan, T. et al. Non-stomatal limitation of photosynthesis by soil salinity. Crit. Rev. Environ. Sci.Technol.1–35 (2020).
	15.	 Ruan, Y. L. Sucrose metabolism: Gateway to diverse carbon use and sugar signaling. Annu. Rev. Plant Biol. 65, 33–67 (2014).
	16.	 Saddhe, A.A., Manuka, R.,   Suprasanna, P. Plant sugars: Homeostasis and transport under abiotic stress in plants. Physiol 

Plant.  https​://doi.org/10.1111/ppl.13283​ (2020).
	17.	 Van Genuchten M.Th. & Gupta S.K. A reassessment of the crop tolerance response function. J. Indian Soc. Soil Sci. 41, 730–737 

(1993).
	18.	 Quan, R. et al. Improvement of salt tolerance using wild rice genes. Front. Plant Sci. 8, 22–69 (2018).
	19.	 Srivastava, A. K., Pasala, R., Minhas, P. S. & Suprasanna, P. Plant bioregulators for sustainable agriculture: Integrating redox signal-

ing as a possible unifying mechanism. Adv. Agron. 137, 237–278 (2016).
	20.	 Srivastava, A.K., Srivastava, S., Penna, S. & D’Souza, S.F. Thiourea orchestrates regulation of redox state and antioxidant responses 

to reduce the NaCl-induced oxidative damage in Indian mustard (Brassica juncea (L.) Czern.). Plant Physiol. Biochem. 49, 676–686 
(2011).

	21.	 Hossain, M. A. et al. Hydrogen peroxide priming modulates abiotic oxidative stress tolerance: Insights from ROS detoxification 
and scavenging. Front. Plant Sci. 6, 420 (2015).

	22.	 Latef, A. et al. Eustress with H2O2 facilitates plant growth by improving tolerance to salt stress in two wheat cultivars. Plants 8, 303 
(2019).

	23.	 Srivastava, A. K., Srivastava, S., Mishra, S., D’Souza, S. F. & Suprasanna, P. Identification of redox-regulated components of arsenate 
(AsV) tolerance through thiourea supplementation in rice. Metallomics 6, 1718–1730 (2014).

	24.	 Srivastava et al. Chemical intervention for enhancing growth and reducing grain arsenic accumulation in rice. Authorea https​://
doi.org/10.22541​/au.16062​3219.99178​932/v1 (2020).

	25.	 Gillespie, K. M., Chae, J. M. & Ainsworth, E. A. Rapid measurement of total antioxidant capacity in plants. Nat. Protoc. 2, 867 
(2007).

	26.	 Srivastava, S., Mishra, S., Tripathi, R. D., Dwivedi, S. & Gupta, D. K. Copper-induced oxidative stress and responses of antioxidants 
and phytochelatins in Hydrilla verticillata (Lf) Royle. Aquat. Toxicol. 80, 405–415 (2006).

	27.	 Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal. Biochem. 72, 248–254 (1976).

https://doi.org/10.1111/ppl.13283
https://doi.org/10.22541/au.160623219.99178932/v1
https://doi.org/10.22541/au.160623219.99178932/v1


14

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3000  | https://doi.org/10.1038/s41598-020-80419-6

www.nature.com/scientificreports/

	28.	 Zhao, X. et al. Non-photochemical quenching plays a key role in light acclimation of rice plants differing in leaf color. Front. Plant 
Sci. 7, 1968 (2017).

	29.	 Grellet Bournonville, C.F. & Díaz‐Ricci, J.C. Quantitative determination of superoxide in plant leaves using a modified NBT stain-
ing method. Phytochem. Anal. 22, 268–271 (2011).

	30.	 Gillespie, K. M. & Ainsworth, E. A. Measurement of reduced, oxidized and total ascorbate content in plants. Nat. Protoc. 2, 871 
(2007).

	31.	 Mirajkar, S. J., Suprasanna, P. & Vaidya, E. R. Spatial distribution and dynamics of sucrose metabolising enzymes in radiation 
induced mutants of sugarcane. Plant Physiol. Biochem. 100, 85–93 (2016).

	32.	 Lázaro, J. J., Chueca, A., Gorgé, J. L. & Mayor, F. Fructose-1, 6-diphosphatase from spinach leaf chloroplasts: purification and 
heterogeneity. Phytochem. 13, 2455–2461 (1974).

	33.	 Wang, S. et al. Integrated RNA sequencing and QTL mapping to identify candidate genes from Oryza rufipogon associated with 
salt tolerance at the seedling stage. Front. Plant Sci. 8, 1427 (2017).

	34.	 Pandey, M., Srivastava, A.K., D’Souza, S.F. & Penna, S. Thiourea, a ROS scavenger, regulates source-to-sink relationship to enhance 
crop yield and oil content in Brassica juncea (L.). PLoS One, 8(9): e73921 (2013).

	35.	 Srivastava, A.K., Ramaswamy, N.K., Mukopadhyaya, R., Jincy, M.C. & D’souza, S.F., Thiourea modulates the expression and activity 
profile of mtATPase under salinity stress in seeds of Brassica juncea. Ann. Bot. 103, 403–410 (2009).

	36.	 Srivastava, A.K., Ramaswamy, N.K., Suprasanna, P. & D’souza, S.F. Genome-wide analysis of thiourea-modulated salinity stress-
responsive transcripts in seeds of Brassica juncea: identification of signalling and effector components of stress tolerance. Ann. 
Bot. 106, 663–674 (2010).

	37.	 Srivastava, A. K., Suprasanna, P., Srivastava, S. & D’Souza, S. F. Thiourea mediated regulation in the expression profile of aquaporins 
and its impact on water homeostasis under salinity stress in Brassica juncea roots. Plant Sci. 178, 517–522 (2010).

	38.	 Waqas, M. A. et al. Potential mechanisms of abiotic stress tolerance in crop plants induced by thiourea. Front. Plant Sci. 10, 1336 
(2019).

	39.	 Niu, L. & Liao, W. Hydrogen Peroxide Signaling in Plant Development and Abiotic Responses: Crosstalk with Nitric Oxide and 
Calcium. Front Plant Sci. 7, 230 (2016).

	40.	 Konig, J., Muthuramalingam, M. & Dietz, K. J. Mechanisms and dynamics in the thiol/disulfide redox regulatory network: trans-
mitters, sensors and targets. Curr. Opin. Plant Biol. 15, 261–268 (2012).

	41.	 Guler, N.S. & Pehlivan, N. Exogenous low-dose hydrogen peroxide enhances drought tolerance of soybean (Glycine max L.) through 
inducing antioxidant system. Acta Biol. Hung. 67, 169–183 (2016).

	42.	 Roy, P.R., Tahjib-Ul-Arif, M., Akter, T., Ray, S.R.& Sayed, M.A. Exogenous ascorbic acid and hydrogen peroxide alleviates salt-
induced oxidative stress in rice (Oryza sativa L.) by enhancing antioxidant enzyme activities and proline content. Adv. Environ. 
Biol. 10, 148–155 (2016).

	43.	 Li, J. T., Qiu, Z. B., Zhang, X. W. & Wang, L. S. Exogenous hydrogen peroxide can enhance tolerance of wheat seedlings to salt 
stress. Acta. Physiol. Plant. 33, 835–842 (2011).

	44.	 Srivastava A.K., Srivastava S., Suprasanna P. & D’Souza S.F. Thiourea orchestrates regulation of redox state and antioxidant 
responses to reduce the NaCl-induced oxidative damage in Indian mustard (Brassica juncea (L.) Czern.). Plant Physiol. Biochem. 
49, 676–686 (2013).

	45.	 Zhao, G. et al. Transgenic Arabidopsis overexpressing MsSNAT enhances salt tolerance via the increase in autophagy, and the 
reestablishment of redox and ion homeostasis. Environ. Exp. Bot. 164, 20–28 (2019).

	46.	 Wu, H. et al. It is not all about sodium: revealing tissue specificity and signalling roles of potassium in plant responses to salt stress. 
Plant Soil 431, 1–17 (2018).

	47.	 Ahanger, M. A., Tomar, N. S., Tittal, M., Argal, S. & Agarwal, R. M. Plant growth under water/salt stress: ROS production; anti-
oxidants and significance of added potassium under such conditions. Physiol. Mol. Biol. Plants 23, 731–744 (2017).

	48.	 Guillaume, Q. & Foyer C.H. Redox regulation of photosynthetic gene expression. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 367, 
3475–3485 (2012):

	49.	 Frendo, P. et al. Thiol-based redox signaling in the nitrogen-fixing symbiosis. Front. Plant Sci. 4, 376 (2013).
	50.	 Gatliff, J. & Campanella, M. TSPO is a REDOX regulator of cell mitophagy. Biochem. Soc. Trans. 43, 543–552 (2015).
	51.	 Yong, M.T. et al. 2020. Leaf mesophyll K+ and Cl− fluxes and reactive oxygen species production predict rice salt tolerance at 

reproductive stage in greenhouse and field conditions. Plant Growth Regul. 5–020 (2020).
	52.	 Mittler, R. ROS are good. Trends Plant Sci. 22, 11–19 (2017).
	53.	 Shabala, S. Signalling by potassium: another second messenger to add to the list?. J. Exp. Bot. 68, 4003–4007 (2017).
	54.	 Lekklar, C. et al. Comparative genomic analysis of rice with contrasting photosynthesis and grain production under salt stress. 

Genes. 10, 562 (2019).
	55.	 Mahlooji, M., Sharifi, R. S., Razmjoo, J., Sabzalian, M. R. & Sedghi, M. Effect of salt stress on photosynthesis and physiological 

parameters of three contrasting barley genotypes. Photosynthetica. 56, 549–556 (2018).
	56.	 Gul, M., Wakeel, A., Steffens, D. & Lindberg, S. Potassium‐induced decrease in cytosolic Na+ alleviates deleterious effects of salt 

stress on wheat (Triticum aestivum L.). Plant Biol. 21, 825–831(2019).
	57.	 Sudhir, P. & Murthy, S. D. S. Effects of salt stress on basic processes of photosynthesis. Photosynthetica. 42, 481–486 (2004).
	58.	 Roach, T., Miller, R., Aigner, S. & Kranner, I. Diurnal changes in the xanthophyll cycle pigments of freshwater algae correlate with 

the environmental hydrogen peroxide concentration rather than non-photochemical quenching. Ann. Bot. 116, 519–527 (2015).
	59.	 Qiu, N., Lu, Q. & Lu, C. Photosynthesis, photosystem II efficiency and the xanthophyll cycle in the salt-adapted halophyte Atriplex 

centralasiatica. New Phytol. 159, 479–486 (2003).
	60.	 Rodrigues, J., Inzé, D., Nelissen, H. & Saibo, N. J. Source-sink regulation in crops under water deficit. Trends Plant Sci. 24, 652–663 

(2019).
	61.	 Skryhan, K., Gurrieri, L., Sparla, F., Trost, P. & Blennow, A. Redox regulation of starch metabolism. Front. Plant Sci. 9, 1344 (2018).
	62.	 Serrato, A. J., Romero-Puertas, M. C., Lázaro-Payo, A. & Sahrawy, M. Regulation by S-nitrosylation of the Calvin-Benson cycle 

fructose-1, 6-bisphosphatase in Pisum sativum. Redox. Biol. 14, 409–416 (2018).
	63.	 Yin, L. et al. High level of reduced glutathione contributes to detoxification of lipid peroxide-derived reactive carbonyl species in 

transgenic Arabidopsis overexpressing glutathione reductase under aluminum stress. Physiol. Plant. 161, 211–223 (2017).
	64.	 Rios, J. A. et al. Alteration of photosynthetic performance and source–sink relationships in wheat plants infected by Pyricularia 

oryzae. Plant Pathol. 66, 1496–1507 (2017).
	65.	 Anur, R. M., Mufithah, N., Sawitri, W. D., Sakakibara, H. & Sugiharto, B. Overexpression of sucrose phosphate synthase enhanced 

sucrose content and biomass production in transgenic sugarcane. Plants. 9, 200 (2020).
	66.	 Thalmann, M. & Santelia, D. Starch as a determinant of plant fitness under abiotic stress. New Phytol. 214, 943–951 (2017).
	67.	 Dahro, B., Wang, F., Peng, T. & Liu, J. H. PtrA/NINV, an alkaline/neutral invertase gene of Poncirus trifoliata, confers enhanced 

tolerance to multiple abiotic stresses by modulating ROS levels and maintaining photosynthetic efficiency. BMC Plant Biol. 16, 76 
(2016).

	68.	 Martín, M. L., Lechner, L., Zabaleta, E. J. & Salerno, G. L. A mitochondrial alkaline/neutral invertase isoform (A/N-InvC) func-
tions in developmental energy-demanding processes in Arabidopsis. Planta 237, 813–822 (2013).

	69.	 Fan, C. et al. Sucrose synthase enhances hull size and grain weight by regulating cell division and starch accumulation in Transgenic 
Rice. Int. J. Mol. Sci. 20, 4971 (2019).



15

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3000  | https://doi.org/10.1038/s41598-020-80419-6

www.nature.com/scientificreports/

	70.	 Lee, D. W. et al. The role of rice vacuolar invertase 2 in seed size control. Mol. Cells. 42, 711 (2019).

Authors contributions
M.P., A.K.S. and P.S. conceived the original idea. M.P. performed the experiments. P.R.K. provided assistance 
in doing field-work. M.P. and A.K.S. interpreted the results, finalized the figures/tables and made the first draft. 
P.S. supervised, edited and complemented the writing.

Additional information
Supplementary Information The online version contains supplementary material available at https​://doi.
org/10.1038/s4159​8-020-80419​-6.

Correspondence and requests for materials should be addressed to A.K.S. or P.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-020-80419-6
https://doi.org/10.1038/s41598-020-80419-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Thiourea and hydrogen peroxide priming improved K+ retention and source-sink relationship for mitigating salt stress in rice
	Materials and methods
	Plant material, growth conditions and stress treatment. 
	Measurement of antioxidant capacity and activities of antioxidant enzymes. 
	Ion content analysis. 
	RNA isolation and real-time expression profiling. 
	Quantification of plant growth and yield parameters. 
	Measurement of stomatal conductance and PS-II stability. 
	Histochemical detection of superoxide radical and quantification of ascorbate pool. 
	Quantification of sucrose and starch levels. 
	Measurement of the activities of source-sink homeostasis related enzymes. 
	Statistical analysis. 

	Results
	TU and H2O2 ameliorate NaCl stress through enhanced antioxidant capacity. 
	Temporal kinetics of antioxidant enzyme activities and ion accumulations in shoot. 
	Expression levels of early NaCl stress responsive genes under different treatments. 
	Foliar supplementation of TU and H2O2 enhanced plant growth and yield attributes. 
	Alteration of redox status and ionic distribution under TU and H2O2 supplementation. 
	Photosynthetic responses under TU and H2O2 supplementation. 
	Modulation of source-sink homeostasis under TU and H2O2 supplementation. 
	Understanding treatment-variable interactions through PCA based clustering. 

	Discussion
	Conclusions
	References


