
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8228  | https://doi.org/10.1038/s41598-022-11408-0

www.nature.com/scientificreports

Physiological mechanisms 
of ABA‑induced salinity tolerance 
in leaves and roots of rice
Guanjie Chen1,3, Dianfeng Zheng1,2,3*, Naijie Feng1,2,3*, Hang Zhou1,3,4, Dewei Mu1,3, 
Liming Zhao1,2,3, Xuefeng Shen1,2,3, Gangshun Rao1,2,3, Fengyan Meng1,3 & Anqi Huang1,3

Abscisic acid (ABA) plays a crucial role in response to abiotic stress as important small molecules in 
regulating metabolism. This study aimed to evaluate the ability of foliar spraying ABA to regulate 
growth quality at rice seedling stage under salt stress. Results demonstrated that salt stress strongly 
reduced all the growth parameters of two rice seedlings (‘Chaoyouqianhao’ and ‘Huanghuazhan’), 
caused prominent decrease in the levels of photosynthetic pigments (mainly in Huanghuazhan), 
photosynthesis and fluorescence parameters. Salinity treatment increased the concentration of 
malondialdehyde (MDA) and hydrogen peroxide (H2O2) in roots, whereas significant decreased H2O2 
was found in leaves of Huanghuazhan. Additionally, salinity triggered high Na+ content particularly 
in leaves and enhanced catalase (CAT) activities, ascorbate peroxidase (APX) and peroxidase (POD) 
activities of the two rice seedlings. Nevertheless, salinity-induced increased root ascorbic acid 
(AsA) and glutathione (GSH) levels while decreased in leaves, which depended on treatment time. 
Conversely, ABA application partially or completely mitigated salinity toxicity on the seedlings. 
ABA could reverse most of the changed physiological parameters triggered by salt stress. Specially, 
ABA treatment improved antioxidant enzyme levels and significantly reduced the Na+ content of 
two varieties as well as increased the K+, Mg2+ and Ca2+ content in leaves and roots. ABA treatment 
increased the hormone contents of 1-aminocclopropane carboxylic acid (ACC), trans-zeatin (TZ), 
N6-isopentyladenosine (IPA), Indole-3-acetic acid (IAA), and ABA in leaves of two rice varieties under 
salt stress. It is suggested that ABA was beneficial to protect membrane lipid peroxidation, the 
modulation of antioxidant defense systems and endogenous hormonal balance with imposition to salt 
stress.

Abbreviations
RAD	� Root average diameter
RL	� Root length
RSA	� Root surface area
RV	� Root total volume
Pn	� Net photosynthesis rate
Ci	� Intercellular CO2 concentration
Gs	� Stomatal conductance
Tr	� Transpiration rate
Chl	� Chlorophyll
Fv/Fm	� Maximal photochemical efficiency of PS II
Fm/F0	� Electron transfer case of PS II
Qy	� Effective photochemical efficiency of PS II
Qp	� Photochemical quenchingcoefficient
NPQ	� Non-photochemical quenching coefficient
Rfd	� Fluorescence decrease ratio
SOD	� Superoxide dismutase
POD	� Peroxidase
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CAT​	� Catalase
APX	� Ascorbate peroxidase
PAL	� Phenylalnine ammonialyase
AsA	� Ascorbic acid
GSH	� Glutathione
ROS	� Reactive oxygen species
O2

−	� Superoxide
OH−	� Hydroxyl free radicals
1O2	� Singlet oxygen
H2O2	� Hydrogen peroxide
MDA	� Malondialdehyde
ABA	� Abscisic acid
IAA	� Indole-3-acetic acid
CTK	� Cytokinins
ZT	� Zeatin
Tz	� Trans-Zeatin
ACC​	� 1-Aminocyclopropanecarboxylic acid
IPA	� N6-isopentenyladenosine
GA	� Gibberellin
JA	� Jasmonic acid
SA	� Salicylic acid
PVP	� Polyvinylpyrrolidone
TBA	� Thiobarbituric acid

Soil area affected by salinity is increasing to global warming, high temperatures, and rising sea levels. Accord-
ing to statistics, high soil salinity turns about 6% (800 million ha) of worldwide fertile land into unarable land1. 
Naturally, salt stress is the most important stress factor among them that not only leads to an imbalance in the 
Earth’s climatic conditions, but also has destructive effects on plant growth and physiological processes. It is 
estimated that salt stress reduces crop production in about 20% of irrigated land worldwide, resulting in annual 
losses of as much as $12 billion worldwide. On the other hand, 50% of the arable land will be lost due to salinity 
by the mid-twenty-first century2–4.

Salinity in the soil adversely affects root growth and reduces the ability of plants to absorb water and other 
nutrients from the soil, thus causing delayed plants growth even ultimately lead to plants death. Actually, soil 
salinity causes iotoxicity, osmotic stress and nutrients deficit in plants. In addition, salt stress leads to membrane 
damage and stomatal closure, which results in reduced carbon dioxide uptake, hydrolase activity, and increased 
lipid peroxidation levels, which may stimulate a large number of formation of ROS, such as O2

−, H2O2, and OH−. 
These molecules could trigger oxidative damage to cell membranes, proteins, DNA, and lipids, simultaneously 
accompanied by the accumulation of MDA, which further disrupted the various biochemical and metabolic 
processes in plants5–7. Hence, plants must evolved different strategies to mitigate the harmful effects of salt stress 
and to protect themselves from the harmful effects of ROS. Antioxidant defense system as an effective strategy, 
including enzymatic antioxidants and non-enzymatic antioxidants. The former mainly includes SOD, POD, 
CAT, APX, GR and the latter includes some low-molecular-weight compounds, such as carotenoid, flavonoids, 
AsA, or GSH, which involved in different metabolic processes in cells and acting as cofactors for different 
enzymes, ultimately affecting plant growth and development8. Admittedly, antioxidant defense system could be 
effectively eliminated ROS and maintain appropriate equilibrium within the cells9. In addition, intracellular ion 
homeostasis (mainly K+/Na+), synthesis and accumulation of compatible solutes such as proline and betaine, 
are two equally important strategies, which are fundamental to the basis of cell physiology and contribute to 
improve salt tolerance.

Rice (Oryza Sativa L.) is an important food source for more than half of the world’s population. However, as 
a salt-sensitive crop, the harmful effect of salt stress to rice has become a core problem of global rice production. 
It was demonstrated that the degree of salt damage to rice depends on the duration of salt treatment and the 
growth stage of plants10. Rice may impose salt stress during the germination, seedling or reproductive growth 
stages, and is considered to be most susceptible to salt stress during 2–3 leaf stage11. Salinity triggered a variety 
of unfavorable impacts on rice, including plant phenotype, biochemical, physiological, cellular, and molecular 
levels, and ultimately affected the productivity. Hence, how to promote the normal growth and development of 
rice under high soil salinity and improve the productivity has become an urgent problem at present. Studies of 
crop salt tolerance mechanism have showed that using chemical regulation is one of the effective measures to 
improve crop salt tolerance12.

ABA is one of the most important hormones in regulating antioxidant defense systems under environmen-
tal stress13. Studies have shown that exogenous ABA can improve the crop tolerance in response to drought14, 
salinity15, heavy metal16, cold17 and heat18. For example, ABA application improved the survival and growth 
potential of rice under salt stress19,20. It is demonstrated that ABA improved tolerance to alkaline stress by initiat-
ing antioxidant defense systems in roots of rice seedling and upregulating genes related in tolerance21. In addition, 
since ABA plays an important role in promoting efflux of K+, Cl− and other ions, plants could synthesize a large 
amount of ABA after being stimulated by salinity, caused stomatal closure and played a certain protective effect. 
Besides, ABA could reduce stomatal conductance, water consumption, wilting and transpiration; on the other 
hand, it is conducive to maintain low Na+/K+ as well as enhance the activity of protective enzymes, ultimately 
keep an intact cell membrane structure and reduce the salinity-induced damage22.
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At present, there are many studies on growth characteristic, oxidative stress and antioxidant defense mecha-
nisms in response to salt stress on leaf or root system23–27. However, Few reports have been made comparing 
differences in antioxidant systems in leaves or roots. Previous study showed that leaf tissue suffered greater 
oxidative stress-mediated damage than root tissue of lentils under salt stress28. Additionally, exogenous ABA 
participated in regulating the distribution of auxin so that enhanced the lateral root growth of maize under salt 
stress29. Liu et al. showed that proper concentration of exogenous ABA could enhance tolerance of rice roots to 
simulated acid rain stress by promoting nutrients uptake and balancing endogenous hormones30. Zhang et al. 
demonstrated that ABA application improved leaf drought resistance by improving relative water content and 
ABA accumulation as well as reducing osmotic stress damage to leaves (low MDA content)31. A research from 
Leng et al. manifested that there were differences in the physiological and biochemical response patterns of 
roots, stems and leaves to Cd and ABA in mung bean seedlings16. It is not only important to study morphological 
and physiological changes in plants, but also to analyze the comparative response to different cultivar species. 
Particularly, the differential responses of plant roots and leaves to abiotic stresses and ABA application remain 
unclear. Thus, this study provided some insights into the phenotyping and physiological mechanisms of leaves 
and roots of two rice varieties in response to ABA application during five salinity treatment time. Specially, 
growth performance, photosynthesis, fluorescence, mineral homeostasis, oxidative stress, antioxidant defend 
systems and endogenous hormone homeostasis was assessed.

Result
Effect of different concentrations of ABA on rice seedling growth under salt stress.  As shown 
in Fig. 1a, different concentrations (2.5 mg/L, 5.0 mg/L, 7.5 mg/L, 10.0 mg/L) of exogenous ABA showed an 
increased trend under normal condition (non-saline) in terms of total dry weight, in comparison with the con-
trol. Moreover, the peak value of total dry weight was found under 5.0 mg/L ABA among the four ABA concen-
trations, which increased by 22.77% when compared to the control, reached to a significant level (p < 0.05). An 
inhibitory effect was observed in terms of total dry weight underlying salinity treatment in contrast to the con-
trol, which slightly decreased by 4.28% and 5.55% in Chaoyouqianhao and Huanghuazhan, respectively. Nota-
bly, the changed trend was reversed by 2.5 and 5.0 mg/L ABA in both of the rice cultivars, which was enhanced 
by 21.93%, 21.72% in Chaoyouqianhao and 12.63%, 8.98% in Huanghuazhan, respectively.

Similarly, application of 5.0 mg/L ABA in SPAD displayed the optimal increment whenever in the 5.0 mg/L 
ABA alone treatment (non-saline) or NaCl + 5 mg/L ABA treatment (Fig. 1b). Therefore, 5.0 mg/L ABA was 
considered an appropriate concentration for foliar application in subsequent experiments.

Effects of exogenous ABA on the shoot morphological parameters under salt stress.  Salinity 
treatment exhibited different degrees of reduction in all shoot morphological parameters during the treatment 
time course (Table 1). In 2–4 days, plant height shown a remarkable reduction in Q2 (on average by 8.69%) 
and Z2 (on average by 10.53%) when compared to Q0 and Z0, respectively; these trend became stronger in 
6–10 days, which shown an average 16.26% decrease in Q2 and 11.44% decrease in Z2, respectively. When com-
pared with salinity treatment alone (Q2 and Z2), ABA treatment restored the decreased plant height caused by 
salinity, which resulted in a slight increase in Q3 (on average by 1.69%) and Z3 (on average by 1.53%), respec-
tively, from 6 to 10 days.

As shown in Table 1, salt stress prominently decreased the stem diameter in Q2 (on average by 12.20%) and 
Z2 (on average by 12.29%) compared to their respective control, in 6–10 days; however, these changed trend 
was reversed by application of ABA, which showed an average 6.35% increase in Q3 and 13.12% increase in Z3, 
respectively.

In comparison with Q0, salt stress treatment resulted in a slight reduction in leaf length and leaf area in Q2 
during the treatment time course (Table 1). Notably, ABA + NaCl treatment (Q3) significantly increased the 
leaf area (on average by 34.58%) whereas a minor difference was found in leaf length during 2–10 days. Slight 
reduction was found in leaf length in Z2 when compared with Z0, from 2 to 6 days (Table 1), however, this trend 

Figure 1.   Effect of ABA with leaf sprayed on total dry weight (a) and SPAD (b) of two rice cultivar seedlings 
under salt stress. Values are shown as the mean ± standard and derived from four replicates (n = 4). Bars indicate 
standard errors. Different letters above the bars indicate significant differences at the five percent significant level 
according to Duncan’s multiple range tests.
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became obvious from 8 to 10 days, which was decreased by 26.36% on average; notably, ABA + NaCl treatment 
(Z3) significantly increased the leaf length by 32.65% on average when compared to Z2 (8–10 days). Similarly, 
obvious reduction (on average by 36.04%) in leaf area was obtained in the presence of salinity (Z2) in 6–10 days, it 
was worth noting that ABA application strongly increased the leaf area by 112.62% on average in Z3 (6–10 days).

Effects of exogenous ABA on the root morphological parameters under salt stress.  In present 
study, we observed that salinity treatment (Q2 and Z2) exhibited an remarkable reduction in RL during treat-
ment time course in comparison with Q0 and Z0, respectively; which decreased by 19.58% in Q2 and 24.84% on 
average in Z2, respectively (Table 2). In comparison with Q2, ABA restored the decreased RL caused by salin-
ity in Q3 during 2–4 days (increased on average by 30.45%) and 8 days after salt stress (increased by 19.37%), 
respectively. Likewise, ABA treatment strongly increased RL in Z3 during 4–10 days (on average by 37.68%) 
when compared with Z2.

As shown in Table 2, the RSA exhibited an obvious decline from 2 to 4 days (on average by 23.90%) whereas 
a slight decrease from 8 to 10 days (on average by 6.46%) in Q2 when relative to Q0, which were reversed by 
ABA from 2 to 4 days and 8 days after salt stress in Q3, elevated by 21.11% on average and 28.26%, respectively. 
However, salinity alone treatment significantly inhibited the RSA during the treatment time course (2–10 days) 
in Z2 when relative to Z0, which decreased by 25.20% on average. Notably, ABA + NaCl treatment (Z3) strongly 
elevated the RSL from 2 to 10 days (on average by 35.77%) when compared with Z2.

Table 1.   Effects of exogenous ABA on the shoot morphological parameters of five treatment time course in 
the presence of salinity. Q0 treatment of water, Q1 treatment with ABA, Q2 treatment with NaCl, Q3 treatment 
with ABA + NaCl in Chaoyouqianhao. Z0 treatment of water, Z1 treatment with ABA, Z2 treatment with NaCl, 
Z3 treatment with ABA + NaCl in Huanghuazhan. Datas are mean ± standard error of at least four replicates. 
Within each column, different letters indicate significant difference at the five percent significant level 
according to Duncan’s multiple range tests.

Shoot morphological index Treatments

Duration of salt stress (days)

2 4 6 8 10

Plant height (cm)

Q0 23.68 ± 0.39a 26.67 ± 0.32a 29.39 ± 0.32a 31.15 ± 0.30a 31.65 ± 0.29a

Q1 21.91 ± 0.29b 25.05 ± 0.31b 25.33 ± 0.27b 25.52 ± 0.24bc 27.94 ± 0.41b

Q2 21.14 ± 0.37b 24.90 ± 0.48b 25.15 ± 0.60b 25.98 ± 0.37b 26.03 ± 0.38c

Q3 22.04 ± 0.38b 25.27 ± 0.21b 25.35 ± 0.25b 24.89 ± 0.16c 26.70 ± 0.44c

Z0 26.03 ± 0.23b 29.68 ± 0.58a 31.23 ± 0.38a 30.35 ± 0.30a 31.08 ± 0.38a

Z1 27.22 ± 0.24a 28.53 ± 0.35ab 28.70 ± 0.34b 29.66 ± 0.55a 31.36 ± 0.45a

Z2 23.05 ± 0.74d 26.83 ± 0.39c 27.14 ± 0.36c 27.42 ± 0.28b 27.48 ± 0.38b

Z3 25.04 ± 0.22c 27.27 ± 0.37bc 27.33 ± 0.37c 27.79 ± 0.25b 28.18 ± 0.69b

Stem diameter (mm)

Q0 1.99 ± 0.02ab 2.92 ± 0.07a 3.28 ± 0.06a 3.38 ± 0.07a 3.49 ± 0.13a

Q1 2.01 ± 0.02ab 2.69 ± 0.06b 2.71 ± 0.04bc 3.29 ± 0.05ab 3.38 ± 0.06ab

Q2 1.93 ± 0.03b 2.86 ± 0.06ab 2.68 ± 0.07c 3.11 ± 0.08b 3.13 ± 0.11b

Q3 2.03 ± 0.03a 2.98 ± 0.06a 2.89 ± 0.06b 3.27 ± 0.08ab 3.32 ± 0.10ab

Z0 2.14 ± 0.06a 2.84 ± 0.05a 2.60 ± 0.05a 3.37 ± 0.08a 3.43 ± 0.10a

Z1 2.11 ± 0.07a 2.81 ± 0.10a 2.66 ± 0.08a 3.26 ± 0.05a 3.46 ± 0.06a

Z2 1.90 ± 0.05b 2.51 ± 0.09b 2.53 ± 0.08a 2.69 ± 0.08b 2.95 ± 0.09b

Z3 2.03 ± 0.07ab 2.83 ± 0.09a 2.67 ± 0.07a 3.29 ± 0.09a 3.29 ± 0.08a

Leaf length (mm)

Q0 117.33 ± 3.23ab 240.89 ± 6.47a 230.40 ± 8.30a 225.67 ± 6.62a 167.13 ± 5.36a

Q1 110.50 ± 2.71b 184.13 ± 8.60b 152.30 ± 4.51b 237.00 ± 4.58a 158.10 ± 7.25ab

Q2 116.45 ± 3.47ab 199.20 ± 7.95b 221.33 ± 5.78a 228.88 ± 7.21a 148.20 ± 4.68b

Q3 127.40 ± 4.16a 190.50 ± 9.61b 226.75 ± 5.64a 236.70 ± 6.26a 160.30 ± 4.99ab

Z0 108.64 ± 3.56b 163.88 ± 5.59a 166.60 ± 6.35b 214.71 ± 10.20a 144.25 ± 7.97a

Z1 111.05 ± 2.31b 165.38 ± 8.95a 220.00 ± 11.72a 225.50 ± 14.56a 152.40 ± 6.59a

Z2 101.67 ± 5.85b 156.50 ± 15.09a 160.00 ± 9.70b 165.33 ± 9.78b 101.38 ± 5.63b

Z3 162.80 ± 16.11a 174.00 ± 8.16a 182.67 ± 8.01b 201.67 ± 11.64a 145.30 ± 7.31a

Leaf area (mm2)

Q0 354.18 ± 15.78b 812.53 ± 32.58a 590.76 ± 20.75ab 537.22 ± 28.81b 519.03 ± 58.24b

Q1 391.68 ± 18.18b 759.70 ± 15.67a 512.69 ± 32.00c 585.81 ± 27.87b 450.26 ± 37.04b

Q2 343.76 ± 22.20b 785.36 ± 30.41a 544.78 ± 19.65bc 541.04 ± 28.02b 527.14 ± 45.86b

Q3 516.75 ± 13.69a 804.70 ± 15.12a 641.71 ± 24.24a 679.68 ± 25.80a 762.19 ± 18.41a

Z0 270.11 ± 12.04b 431.37 ± 21.95a 384.21 ± 30.69a 338.56 ± 24.36b 180.63 ± 11.94b

Z1 319.12 ± 17.56a 577.13 ± 27.69b 369.91 ± 38.19a 417.58 ± 29.39a 198.28 ± 10.02b

Z2 292.42 ± 2.65ab 422.95 ± 63.31b 254.74 ± 12.57b 203.23 ± 19.63c 118.42 ± 12.96c

Z3 309.42 ± 8.88ab 570.83 ± 30.20a 331.33 ± 19.70ab 436.36 ± 21.79a 347.08 ± 26.29a
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RV shown a high decrease from 2 to 4 days (on average by 14.51%) while a remarkable increase from 6 to 
8 days (on average by 49.13%) in Q2 when relative to Q0; however, Q3 reversed the decreased RV caused by 
salinity from 2 to 8 days, though it was non-significant; notably, Q3 significantly increased RV at 10 days after 
salinity treatment (by 18.38%), when in comparison with Q2. In contrast to Chaoyouqianhao, RV exhibited a 
decrease trend during the treatment time course (on average by 26.06%) in Z2 when compared to Z0, whereas 
Z3 strongly enhanced RV from 8 to 10 days (on average by 81.29%).

The results obtained from Q2 shown that salinity slightly enhanced the growth of RAD (on average by 
7.08%) from 2 to 10 days while Q3 slightly increased it (on average by 2.71%) from 4 to 8 days. Additionally, Z2 
exhibited an average 6.1% decrease in RAD when compared to Z0, while Z3 restored it (on average by 9.72%) 
from 8 to 10 days.

Effect of exogenous ABA on salt stress with respect to seedling biomass.  Salinity treatment 
exhibited a different trend in shoot dry weight, root dry weight, total dry weight and root to shoot ratio between 
Chaoyouqianhao and Huanghuazhan (Fig. 2a–h). When in comparison with the control, salinity treatment (Q2) 
decreased the shoot dry weight whereas Z2 showed a stronger decrease from 6 to 10 days, which were slightly 
reversed by Q3 and obviously reversed by Z3 (Fig. 2a, b), respectively. Q2 displayed a downward to an upward 
trend in root dry weight from 4 to 10 days when compared with Q0, whereas Q3 slightly increased root dry 

Table 2.   Effects of exogenous ABA on the root morphological parameters of five treatment time course in the 
presence of salinity. RL indicates root length, RSA indicates root surface area, RV indicates root total volume, 
RAD indicated root average diameter. Q0 treatment of water, Q1 treatment with ABA, Q2 treatment with 
NaCl, Q3 treatment with ABA + NaCl in Chaoyouqianhao. Z0 treatment of water, Z1 treatment with ABA, Z2 
treatment with NaCl, Z3 treatment with ABA + NaCl in Huanghuazhan. Values are mean ± standard error of 
four replicates (n = 4). Within each column, different letters indicate significant difference at the five percent 
significant level according to Duncan’s multiple range tests.

Root 
morphology 
indexes Treatments

Duration of salt stress (days)

2 4 6 8 10

RL (cm)

Q0 1527.297 ± 72.284b 1865.936 ± 57.217a 1887.065 ± 93.148a 1913.791 ± 42.822a 2237.531 ± 43.270a

Q1 2061.009 ± 68.806a 1722.481 ± 87.213ab 1918.364 ± 71.524a 1905.424 ± 49.963a 1740.499 ± 23.042c

Q2 992.968 ± 45.561c 1330.461 ± 37.333c 1640.730 ± 60.905b 1664.085 ± 43.595b 2055.878 ± 42.923b

Q3 1428.053 ± 33.056b 1557.651 ± 62.433b 1509.628 ± 55.048b 1986.373 ± 41.022a 2078.838 ± 54.698b

Z0 1244.785 ± 50.296b 1263.332 ± 55.976c 1608.817 ± 162.487b 1687.928 ± 78.604a 1923.892 ± 64.187b

Z1 1669.422 ± 80.943a 1665.656 ± 35.923a 2025.025 ± 57.653a 1703.851 ± 50.350a 1860.486 ± 42.543b

Z2 1004.936 ± 32.768c 1103.805 ± 60.720d 997.324 ± 36.160d 1279.446 ± 40.500c 1345.150 ± 50.764c

Z3 1110.820 ± 84.072bc 1492.566 ± 26.671b 1334.720 ± 77.917c 1482.172 ± 47.045b 2230.447 ± 74.359a

RSA (cm2)

Q0 77.443 ± 6.093b 107.159 ± 4.492a 104.072 ± 5.089a 191.917 ± 6.039b 238.443 ± 8.565a

Q1 105.594 ± 4.721a 93.546 ± 6.702b 115.083 ± 6.397a 212.187 ± 7.484a 174.394 ± 4.696b

Q2 60.895 ± 3.140c 78.845 ± 2.332c 116.837 ± 5.083a 176.216 ± 7.137b 227.161 ± 9.653a

Q3 71.728 ± 2.115b 98.103 ± 4.038ab 104.744 ± 3.005a 226.006 ± 5.454a 247.840 ± 7.546a

Z0 59.470 ± 2.358b 66.816 ± 1.894bc 84.653 ± 11.743b 154.105 ± 2.585b 209.023 ± 6.303b

Z1 79.943 ± 5.110a 78.682 ± 4.724ab 117.393 ± 4.428a 185.708 ± 7.725a 218.185 ± 6.270b

Z2 48.672 ± 1.968c 63.917 ± 5.740c 56.266 ± 1.872c 132.028 ± 3.927c 136.310 ± 4.974c

Z3 51.533 ± 4.111bc 80.546 ± 1.971a 79.469 ± 5.121b 167.336 ± 6.181b 244.669 ± 9.127a

RV (cm3)

Q0 0.824 ± 0.116b 1.256 ± 0.081ab 1.101 ± 0.034b 3.088 ± 0.117c 3.991 ± 0.151b

Q1 1.063 ± 0.063a 0.996 ± 0.091b 1.308 ± 0.054b 3.626 ± 0.131bc 2.637 ± 0.090c

Q2 0.596 ± 0.086b 1.239 ± 0.059ab 1.858 ± 0..071a 3.999 ± 0.187ab 4.114 ± 0.275b

Q3 0.694 ± 0.048b 1.518 ± 0.164a 1.971 ± 0.121a 4.654 ± 0.265a 4.870 ± 0.215a

Z0 0.599 ± 0.051b 1.313 ± 0.163ab 1.334 ± 0.338ab 2.763 ± 0.228b 3.359 ± 0.122c

Z1 0.810 ± 0.081a 1.339 ± 0.151ab 1.658 ± 0.071a 3.511 ± 0.213a 3.737 ± 0.122b

Z2 0.508 ± 0.030b 0.887 ± 0.085b 0.983 ± 0.060b 2.335 ± 0.087b 1.986 ± 0.111d

Z3 0.517 ± 0.036b 1.409 ± 0.120a 1.175 ± 0.154b 3.580 ± 0.126a 4.156 ± 0.116a

RAD (cm)

Q0 0.151 ± 0.006b 0.171 ± 0.002ab 0.170 ± 0.003b 0.305 ± 0.005b 0.324 ± 0.004b

Q1 0.154 ± 0.003ab 0.163 ± 0.004b 0.170 ± 0.002b 0.332 ± 0.005a 0.309 ± 0.004c

Q2 0.169 ± 0.008a 0.174 ± 0.002a 0.194 ± 0.004a 0.316 ± 0.004b 0.337 ± 0.005a

Q3 0.152 ± 0.002b 0.178 ± 0.004a 0.195 ± 0.004a 0.332 ± 0.005a 0.347 ± 0.003a

Z0 0.144 ± 0.002b 0.143 ± 0.003a 0.151 ± 0.004c 0.317 ± 0.003ab 0.321 ± 0.004a

Z1 0.152 ± 0.003a 0.141 ± 0.003a 0.166 ± 0.003ab 0.326 ± 0.005a 0.326 ± 0.007a

Z2 0.146 ± 0.002ab 0.151 ± 0.006a 0.158 ± 0.002bc 0.305 ± 0.006b 0.294 ± 0.004b

Z3 0.139 ± 0.002b 0.144 ± 0.003a 0.169 ± 0.002a 0.329 ± 0.004a 0.328 ± 0.003a
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weight (on average by 8.77%) during the treatment time course (Fig. 2c). On the contrary, salinity treatment 
(Z2) strongly inhibited root dry weight (on average by 19.09%) during the treatment time course when com-
pared to Z0, whereas Z3 prominently elevated it from 2 to 4 days (28.50%) and 10 days (65.12%) after salt stress, 
respectively (Fig. 2d). No significance was found in total dry weight among Q0, Q2 and Q3 (except at 8 days). 
Nevertheless, Z2 resulted in a significant decrease in total dry weight (on average by 18.86%) while Z3 strongly 
increased it (on average by 25.10%) in 2–10 days, in comparison with Z0 and Z2, respectively (Fig. 2f).

As shown in Fig. 2g, when in comparison with Q0, Q2 exhibited a slight increment in root to shoot ratio (on 
average by 8.18%), which was increased by ABA + NaCl treatment (Q3) (on average by 13.95%) during 6–8 days. 
With regard to Huanghuazhan, Z2 significantly reduced root to shoot radio (13.44% on average) from 2 to 4 days 

Figure 2.   Effect of ABA with leaf sprayed on shoot dry weight (a, b), root dry weight (c, d), total dry weight 
(e, f) and root to shoot ratio (g, h) of two rice cultivar seedlings under salt stress. Values are shown as the 
mean ± standard and derived from four replicates (n = 4). Bars indicate standard errors. Different letters above 
the bars indicate significant differences at the five percent significant level according to Duncan’s multiple range 
tests.
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and a 12.78% decrease at 10 days, which was restored by ABA in Z3 (on average by 9.94%) from 2 to 4 days; 
notably, Z3 significantly enhanced root to shoot radio (on average by 51.00%) at 10 days when compared to Z2.

Effects of exogenous ABA on leaf pigment contents in rice seedlings under salt stress.  The 
chlorophyll contents displayed a different trend during the treatment time course in the two rice varieties 
(Fig. 3a–h). In comparison with Q0, Q2 significantly decreased chl a (11.34%), chl b (12.71%), Car (10.86%) and 
total chlorophyll content (11.71%); however, Q3 reversed the decreased chlorophyll contents caused by NaCl 
at 4 days, which were increased by 40.76%, 54.97%, 33.14% and 44.54%, respectively. A slight increased was 

Figure 3.   Effect of ABA with leaf sprayed on the chlorophyll a (a, b), chlorophyll b (c, d), carotenoid (e, f) 
and total chlorophyll contents (g, h) of two rice cultivar seedlings under salt stress. Values are shown as the 
mean ± standard and derived from four replicates (n = 4). Bars indicate standard errors. Different letters above 
the bars indicate significant differences at the five percent significant level according to Duncan’s multiple range 
tests.
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observed in terms of chlorophyll contents in Q2 during 8–10 days whereas Q3 further enhanced them at 10 days. 
In contrast, Z2 strongly decreased the chlorophyll contents (on average by 15.84, 19.48%, 17.73% and 16.78%, 
respectively) when compared to Z0 during 6–10 days, which were significantly restored by Z3 (on average by 
28.53%, 31.69%, 28.77% and 29.32%, respectively).

Effects of exogenous ABA on photosynthetic parameters in rice seedlings under salt 
stress.  The Pn, Gs, Ci and Tr decreased in the two rice varieties in salinity treatments (Q2 or Z2) when com-
pared with non-saline treatments (Q0 or Z0), with an average of 20.58%, 21.20%, 7.32% and 26.39%, respectively 
in Chaoyouqianhao and 34.44%, 48.99%, 6.11% and 38.22% respectively in Huanghuazhan during the treatment 
time course (Fig. 4). However, ABA + NaCl treatment (Q3) showed a strong improvement in Pn (15.44%) in the 
presence of saline during 8 days of salt stress compared with Q2, while Z3 showed a stronger improvement (on 
average by 24.62%) in 2–8 days when compared with Z2.

Similar to Pn, ABA showed an improvement in Gs with imposition of saline in comparison with Q2 at 2 days 
(46.48%) and 6 days (15.69%) of salinity treatment, respectively; while Z3 improved the Gs in 2–8 days (on aver-
age by 22.59%) when compared with Z2.

There were minor differences in Ci in the two varieties in NaCl + ABA treatments (Q3 or Z3) when compared 
with salinity treatments (Q2 or Z2) during treatment time course, except at 8 days of treatment in Q3 (an increase 
of 18.18%) and 6 days of treatment in Z3 (an increase of 14.20%) when compared with their respective control.

Moreover, ABA exhibited a different degree of enhancement in Tr in the presence of saline condition during 
2–8 days, and the peak value of Tr was recorded at 6 days, which increased by 16.91% of control (Q2). Cor-
respondingly, NaCl + ABA treatment (Z3) reversed the decreased Tr (on average by 18.05%) caused by saline 
during 2–8 days, when in comparison with saline alone treatment (Z2).

Effects of exogenous ABA on fluorescence parameters in rice seedlings under salt stress.  To 
assess the performance of PS II, chlorophyll fluorescence technique was used to determine some fluorescence 
parameters. Results showed that no significant difference between salinity treatment and the control group in 
Fv/Fm, Fv/Fo and Fm/Fo in both of two rice cultivars during the treatment time course (Table  3). Interest-
ingly, Fv/Fm, Fv/Fo and Fm/Fo declined due to salinity treatment when compared with the control; conversely, 
NaCl + ABA treatment (Q3 or Z3) significantly improved Fv/Fm, Fv/Fo and Fm/Fo in 8 days after salinity.

As showed in Table 3, Q2 decreased the Qp when compared with Q0 during 2–4 days and 8 days of salinity 
treatment; however, Q3 showed a remarkable increase (41.98%) in 8 days. No significant difference was observed 
among all the treatments in Huanghuazhan during the treatmrent time course except 2 days after salt stress. 
Similarly, no significant difference was found among all the treatments in Chaoyouqianhao during 2–10 days, 
though Q2 strongly increased NPQ when compared with Q0 and it was reversed by Q3 when compared with Q2, 
in 6 days and 10 days after salt stress. Likewise, when in comparison with Z0, Z2 showed a significant increase 
(on average by 118.77%) in NPQ during 4–6 days. In contrast, Z3 restored the increased NPQ caused by NaCl 
(on average by 22.14%). In comparison with Q0, salinity treatment (Q2) resulted in a slight reduction in Qy, 
while Q3 improved Qy during the treatment time course except 6 days (Table 3). A decline in terms of Qy was 
observed in Z2 (on average by 6.57%) when compared with Z0 whereas Z3 improved it (on average by 7.67%) 
during 4–10 days.

Rfd is able to characterize the leaf potential photosynthesis quantum transformation efficiency. Results showed 
that salinity treatment (Q2) reduced Rfd when compared with Q0, whereas Q3 reversed the reduction caused 
by NaCl in 2–4 days and 8 days. Notably, salinity treatment (Z2) displayed an upward to a downward trend in 
Rfd from 2 to 8 days in comparison with their respective control; however, Z3 exhibited a minor difference in 
Rfd during 6–8 days.

Effects of exogenous ABA on ion homeostasis in rice seedlings under salt stress.  Salt stress 
significantly increased the contents of Na+ in leaves and roots of two rice cultivars, which increased by 863.82 
and 207.65%, respectively in Chaoyouqianhao and 1299.36 and 67.72%, respectively in Huanghuazhan (Fig. 5a, 
b). Compared with Q2, ABA + NaCl (Q3) significantly reduced the Na+ content (by 8.31% in leaves and 23.54% 
in roots, respectively) and Z3 significantly reduced it by 39.85% in leaves, whereas minor difference was found 
in roots when compared with Z2.

The contents of K+ in leaves and roots showed a significant decrease in salt-stressed rice seedlings when 
compared with non-stressed rice seedlings in terms of Chaoyouqianhao. However, Q3 significantly restored the 
decreased K+ content caused by salt stress (Fig. 5c, d). Similarly, Z3 significantly increased it in leaves (by 18.03%) 
and roots (by 4.05%) of Huanghuazhan. The K+/Na+ ratio in leaves and roots of the two rice cultivars exhibited a 
strongly decrease in presence of saline condition, due to the increase of Na+ and the decrease of K+ content, while 
ABA + NaCl treatment increased K+/Na+ ratio in leaves and roots under saline condition (Fig. 5e, f).

To further clarify the regulation of ABA on mineral homeostasis under salt stress, the contents of two impor-
tant ions Mg2+ and Ca2+ were measured (Fig. 5g–j). Results showed that salinity treatment (Q2) significantly 
reduced Mg2+ content in leaves (by 12.42%) and roots (by 19.48%) in comparison to their respective control 
(Q0). The decrease of Mg2+ content was reversed by ABA + NaCl treatments (Q3), which increased by 25.43% in 
leaves and 13.82% in roots, respectively. Likewise, the decrease of Mg2+ content was observed in leaves but not 
in roots of Huanghuazhan under salt stress; nonetheless, Z3 exhibited a significant increase in the two tissue. 
Interestingly, the content of Ca2+ in roots significantly increased in Chaoyouqianhao under saline condition. 
Conversely, Z2 significantly reduced the Ca2+ content in roots when compared with Z0. Nevertheless, Q3 or Z3 
showed an enhancement in the content of Ca2+ content, when compared with saline alone treatment (Q2 or Z2).
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Figure 4.   Effect of ABA with leaf sprayed on net photosynthetic rate (Pn), stomatal conductance (Gs), 
intercellular CO2 concentration (Ci) and transpiration rate (Tr) in leaves of two rice cultivar seedlings under 
salt stress. Values are shown as the mean ± standard and derived from four replicates (n = 4). Bars indicate 
standard errors. Different letters above the bars indicate significant differences at the five percent significant level 
according to Duncan’s multiple range tests.
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Fluorescence parameters Treatments

Duration of salt stress (days)

2 4 6 8 10

Fv/Fm

Q0 0.803 ± 0.002b 0.799 ± 0.005a 0.795 ± 0.001ab 0.787 ± 0.001ab 0.786 ± 0.002b

Q1 0.810 ± 0.002ab 0.801 ± 0.003a 0.784 ± 0.007b 0.786 ± 0.003b 0.780 ± 0.003c

Q2 0.809 ± 0.001ab 0.801 ± 0.004a 0.801 ± 0.004a 0.779 ± 0..006b 0.792 ± 0.001ab

Q3 0.813 ± 0.004a 0.793 ± 0.005a 0.798 ± 0.002a 0.793 ± 0.003a 0.793 ± 0.002a

Z0 0.796 ± 0.013a 0.798 ± 0.002ab 0.791 ± 0.003ab 0.783 ± 0.003a 0.777 ± 0.003b

Z1 0.802 ± 0.002a 0.794 ± 0.002b 0.787 ± 0.002b 0.789 ± 0.002a 0.776 ± 0.003b

Z2 0.804 ± 0.003a 0.797 ± 0.002ab 0.793 ± 0.002ab 0.742 ± 0.013b 0.792 ± 0.003a

Z3 0.808 ± 0.001a 0.808 ± 0.007a 0.801 ± 0.006a 0.783 ± 0.006a 0.784 ± 0.004ab

Fv/F0

Q0 4.080 ± 0.043b 4.024 ± 0.143a 3.866 ± 0.030ab 3.688 ± 0.025ab 3.681 ± 0.044b

Q1 4.270 ± 0.046ab 4.036 ± 0.094a 3.776 ± 0.039b 3.679 ± 0.057ab 3.554 ± 0.057c

Q2 4.245 ± 0.024ab 4.058 ± 0.120a 4.060 ± 0.109a 3.625 ± 0.088b 3.803 ± 0.025ab

Q3 4.393 ± 0.149a 3.862 ± 0.098a 3.962 ± 0.057ab 3.833 ± 0.060a 3.837 ± 0.038a

Z0 4.076 ± 0.169a 3.962 ± 0.049ab 3.758 ± 0.029b 3.562 ± 0.065a 3.504 ± 0.065bc

Z1 4.065 ± 0.048a 3.868 ± 0.045b 3.700 ± 0.050b 3.752 ± 0.052a 3.467 ± 0.061c

Z2 4.104 ± 0.071a 3.928 ± 0.048ab 3.839 ± 0.044ab 3.020 ± 0.170b 3.825 ± 0.075a

Z3 4.223 ± 0.039a 4.051 ± 0.043a 3.930 ± 0.075a 3.770 ± 0.044a 3.677 ± 0.064ab

Fm/F0

Q0 5.080 ± 0.043b 5.024 ± 0.143a 4.866 ± 0.030ab 4.688 ± 0.026b 4.681 ± 0.044b

Q1 5.270 ± 0.046ab 5.036 ± 0.094a 4.669 ± 0.113b 4.679 ± 0.057b 4.554 ± 0.057c

Q2 5.245 ± 0.024ab 5.058 ± 0.120a 5.060 ± 0.109a 4.625 ± 0.087b 4.803 ± 0.025ab

Q3 5.393 ± 0.149a 4.862 ± 0.098a 4.962 ± 0.057a 4.897 ± 0.038a 4.837 ± 0.038a

Z0 5.138 ± 0.086a 4.962 ± 0.049ab 4.758 ± 0.029a 4.608 ± 0.063a 4.504 ± 0.065bc

Z1 5.065 ± 0.048a 4.868 ± 0.045b 4.700 ± 0.050a 4.752 ± 0.052a 4.467 ± 0.061c

Z2 5.104 ± 0.071a 4.928 ± 0.048ab 4.750 ± 0.139a 4.041 ± 0.180b 4.827 ± 0.074a

Z3 5.223 ± 0.039a 5.051 ± 0.043a 4.930 ± 0.075a 4.645 ± 0.115a 4.676 ± 0.064ab

NPQ

Q0 0.357 ± 0.050a 0.445 ± 0.035a 0.450 ± 0.042a 0.808 ± 0.055a 0.683 ± 0.088a

Q1 0.292 ± 0.037a 0.368 ± 0.029a 0.453 ± 0.073a 0.608 ± 0.027b 0.716 ± 0.057a

Q2 0.344 ± 0.027a 0.363 ± 0.015a 0.673 ± 0.076a 0.612 ± 0.037b 0.898 ± 0.092a

Q3 0.362 ± 0.014a 0.447 ± 0.052a 0.604 ± 0.076a 0.500 ± 0.095b 0.862 ± 0.062a

Z0 0.465 ± 0.022a 0.280 ± 0.036b 0.270 ± 0.020c 0.980 ± 0.027a 0.932 ± 0.104a

Z1 0.404 ± 0.037ab 0.430 ± 0.025ab 0.326 ± 0.057bc 0.858 ± 0.052a 0.944 ± 0.129a

Z2 0.327 ± 0.038b 0.663 ± 0.087a 0.542 ± 0.043a 0.668 ± 0.064b 0.940 ± 0.036a

Z3 0.407 ± 0.043ab 0.460 ± 0.079ab 0.468 ± 0.042ab 0.577 ± 0.066b 0.733 ± 0.067a

Qp

Q0 0.318 ± 0.029a 0.326 ± 0.019a 0.280 ± 0.015c 0.312 ± 0.024ab 0.326 ± 0.024b

Q1 0.246 ± 0.027a 0.240 ± 0.016b 0.300 ± 0.017bc 0.254 ± 0.021ab 0.338 ± 0.012ab

Q2 0.246 ± 0.022a 0.282 ± 0.030ab 0.380 ± 0.036ab 0.243 ± 0.026b 0.405 ± 0.035a

Q3 0.300 ± 0.029a 0.260 ± 0.026ab 0.413 ± 0.033a 0.345 ± 0.047a 0.384 ± 0.020ab

Z0 0.376 ± 0.026a 0.368 ± 0.038bc 0.270 ± 0.029ab 0.414 ± 0.015a 0.362 ± 0.019a

Z1 0.332 ± 0.018a 0.338 ± 0.026c 0.212 ± 0.054b 0.414 ± 0.015a 0.396 ± 0.021a

Z2 0.230 ± 0.038b 0.526 ± 0.012a 0.378 ± 0.027a 0.367 ± 0.034ab 0.366 ± 0.019a

Z3 0.422 ± 0.041a 0.447 ± 0.023ab 0.380 ± 0.019a 0.310 ± 0.025b 0.352 ± 0.012a

Qy

Q0 0.824 ± 0.002ab 0.820 ± 0.003ab 0.812 ± 0.002bc 0.812 ± 0.002a 0.806 ± 0.002a

Q1 0.828 ± 0.002a 0.824 ± 0.002a 0.806 ± 0.002c 0.812 ± 0.002a 0.782 ± 0.028a

Q2 0.818 ± 0.002b 0.812 ± 0.004b 0.820 ± 0.003ab 0.794 ± 0.013a 0.782 ± 0.033a

Q3 0.830 ± 0.003a 0.818 ± 0.002ab 0.822 ± 0.004a 0.808 ± 0.007a 0.812 ± 0.004a

Z0 0.822 ± 0.004a 0.818 ± 0.004a 0.814 ± 0.002a 0.808 ± 0.002a 0.794 ± 0.011a

Z1 0.822 ± 0.002a 0.816 ± 0.002a 0.812 ± 0.002a 0.790 ± 0.023a 0.778 ± 0.025a

Z2 0.828 ± 0.002a 0.810 ± 0.006a 0.794 ± 0.007b 0.764 ± 0.030a 0.656 ± 0.144a

Z3 0.824 ± 0.002a 0.814 ± 0.002a 0.820 ± 0.003a 0.788 ± 0.015a 0.812 ± 0.004a

Rfd

Q0 0.533 ± 0.029a 0.654 ± 0.058a 0.643 ± 0.058b 1.060 ± 0.081a 0.948 ± 0.139a

Q1 0.400 ± 0.055a 0.468 ± 0.041b 0.813 ± 0.041ab 0.786 ± 0.038bc 1.022 ± 0.080a

Q2 0.468 ± 0.030a 0.537 ± 0.043ab 1.158 ± 0.094a 0.743 ± 0.048c 1.330 ± 0.166a

Q3 0.478 ± 0.044a 0.607 ± 0.068ab 0.942 ± 0.139ab 0.957 ± 0.088ab 1.308 ± 0.114a

Z0 0.674 ± 0.059a 0.480 ± 0.093c 0.442 ± 0.043b 1.378 ± 0.066a 1.266 ± 0.152ab

Z1 0.606 ± 0.055a 0.700 ± 0.055c 0.464 ± 0.044b 1.308 ± 0.077a 1.407 ± 0.173a

Z2 0.416 ± 0.082b 1.434 ± 0.098a 0.855 ± 0.054a 0.923 ± 0.072b 1.356 ± 0.062a

Z3 0.686 ± 0.040a 1.07 ± 0.142b 0.863 ± 0.140a 0.864 ± 0.130b 0.970 ± 0.078b
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Effects of exogenous ABA on salt stress in terms of membrane lipid peroxide (malondialde‑
hyde) and H2O2 in rice seedlings.  The MDA contents in roots exhibited an upward to a downward trend 
in salinity treatment in both of two rice cultivars (Fig. 6a, b). Compared to Q0, MDA contents showed a signifi-
cant increment in Q2 in roots (on average by 18.78%) from 2 to 4 days and in leaves (19.58%) at 8 days, respec-
tively; however, no significance was found between Q3 and Q2 in MDA content of roots during the treatment 
time course while Q3 significantly reduced it in leaves compared with Q2 at 8 days (Fig. 6e). By comparison, Z2 
strongly increased MDA level in roots (on average by 27.26%) during the treatment time course in comparison 
with Z0, which significantly decreased by Z3 (on average by 26.33%) from 4 to 8 days. Notably, Z2 showed a 
significant increase in MDA of leaves during 4–10 days except 8 days after salt stress, whereas Z3 reversed the 
increased MDA content (Fig. 6f).

The concentration of H2O2 in roots in all treatments during 2–4 days were higher than that of 6–10 days in 
general (Fig. 6c, d). Salinity treatment (Q2) shown a prominent elevation in H2O2 concentration in roots in the 
initial 2 days when relative to Q0, which was reversed by ABA in Q3; however, no significance was found among 
Q0, Q2 and Q3 from 6 to 10 days (Fig. 6c). The concentration of H2O2 in leaves under salt stress significantly 
increased (on average by 26.63%) in Q2, which was reversed by NaCl + ABA (Q3) during 2–8 days (Fig. 6g). In 
comparison with Z0, H2O2 in roots showed a strong increase in 2–10 days after salt stress; however, Z3 completely 
reversed (on average by 36.93%) the increased H2O2 caused by salinity only from 4 to 10 days (Fig. 6d). It was 
of note that the concentration of H2O2 in leaves significantly decreased in presence of salinity (Z2), whereas Z3 
further decreased it, during 2–10 days except at 4 days.

Effects of exogenous ABA on the antioxidant enzyme activities in rice seedlings under salt 
stress.  The CAT activities in roots showed increasing trends in the two rice cultivars from 2 to 6 days (Fig. 7a, 
b). When in comparison with the control (Q0), Q2 caused a strongly increase in CAT (on average by 90.50%) 
whereas Q3 further increased it by 16.01% on average, from 4 to 8 days. Notably, salinity treatment (Z2) showed 
a 34.60% decrease in CAT activities compared with Z0, whereas Z3 strongly reversed (223.78%) the decreased 
CAT caused by salinity at 8 days. Similarly, CAT activities showed a strong increase in Q2 (on average by 14.85%) 
and Z2 (on average by 20.11%) from 6 to 10 days in leaves whereas no significance was found in ABA + NaCl 
treatment (Q3 and Z3) (Figs. 7k and l).

In comparison with Q0, salt stress treatment (Q2) resulted in a remarkable increase in APX activity in roots 
(on average by 41.21%) while Q3 weakly reversed it during 2–6 days of salt stress (Fig. 7c). Besides, the APX 
activity in roots shown no significance among Z0, Z2 and Z3 during the treatment time course except at 6 days 
(Fig. 7d). In comparison with the controls, APX activity in leaves displayed a stronger increment than that in 
roots in salinity treatment alone during the treatment time course (Fig. 7k, l). Notably, Q3 further enhanced APX 
activity (on average by 10.55%) in 4–6 days whereas Z3 further enhanced it (on average by 8.17%) in 2–4 days 
in comparison with their respective control.

The average activities of POD in roots remained relatively stable between the two rice cultivars (Fig. 7e, f). 
When relative to the controls (Q0 and Z0), both salinity (Q2 and Z2) and ABA + NaCl treatments (Q3 and Z3) 
significantly elevated POD activities from 4 to 10 days. POD activities in leaves showed a significant increase 
in Q2 when relative to Q0 from 2 to 6 days, and ABA treatment further increased it (9.60%) at 6 days (Fig. 7o). 
Similarly, Z2 significantly enhanced the POD activity in leaves during the treatment time course when compared 
to Z0, whereas Z3 further enhanced it from 2 to 4 days (Fig. 7p).

Under saline condition (Q2), SOD activity in roots exhibited a gradual increase trend (on average by 6.17%) 
during the treatment time course in comparison with Q0; however, no significance was found between Q3 and 
Q2 in general (Fig. 7g). Similarly, Z2 showed an average 8.10% increase in SOD activity in roots when compared 
with Z0 during 2–6 days, whereas a slight average 1.75% decrease in it from 8 to 10 days. However, no significance 
was found between Z3 and Z2 (Fig. 7h). In comparison with the control, salt stress significantly decreased the 
SOD activity in leaves at 4 days, which was restored by ABA in the ABA + NaCl treatment (Fig. 7q). The SOD 
activity exhibited a strong decrease when compared with the normal condition (Z0) at 8 days whereas Z3 showed 
a significant increment in it in comparison with Z2 (Fig. 7r).

In comparison with the controls (Q0 or Z0), salinity treatment showed a strong decrease in PAL activity in 
roots (on average by 34.11 % in Q2 and 27.95% in Z2, respectively) from 2 to 10 days  (Figs. 7i and j). Obviously, 
Q3 gradually increased the PAL levels (on average by 45.51%) in 2 to 8 days relative to Q2 and the maximum 
range was observed at 8 days, whereas Z3 significantly enhanced the PAL activity (on average by 49.09%) in 4 to 
10 days compared with Z2, and the maximum range was recorded at 6 days. As showed in Fig. 7s, Q2 decreased 

Table 3.   Effects of exogenous ABA on fluorescence parameters of five treatment time course in the presence 
of salinity. Fv/Fm indicates maximal photochemical efficiency of PS II, Fv/Fo indicates potential activity of PS 
II, Fm/Fo indicates electron transfer case of PS II, NPQ indicates non-photochemical quenching coefficient, 
Qp indicates the coefficient of photochemical fluorescence quenching, Qy indicates effective photochemical 
efficiency of PS II, Rfd indicates fluorescence decrease ratio. Q0 treatment of water, Q1 treatment with ABA, 
Q2 treatment with NaCl, Q3 treatment with ABA + NaCl in Chaoyouqianhao. Z0 treatment of water, Z1 
treatment with ABA, Z2 treatment with NaCl, Z3 treatment with ABA + NaCl in Huanghuazhan. Datas are 
mean ± standard error of at least four replicates. Within each column, different letters indicate significant 
difference at the five percent significant level according to Duncan’s multiple range tests.
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Figure 5.   Effect of ABA with leaf sprayed on the contents of Na+ (a, b), K+ (c, d), K+/Na+ ratio (e, f), Mg2+ (g, h) 
and Ca2+ (i, j) in leaves and roots of two rice cultivar seedlings at 8 days after salt stress. Values are shown as the 
mean ± standard and derived from four replicates (n = 4). Bars indicate standard errors. Different letters above 
the bars indicate significant differences at the five percent significant level according to Duncan’s multiple range 
tests.
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the PAL activity in leaves in 4 to 6 days and 10 days when compared with Q0; notably, Q3 exhibited a significant 
increase in PAL from 4 to 10 days. No significance was found in PAL activity between Z0 and Z2, whereas Z3 
prominently increased it at 2 days and 10 days, when compared with Z2 (Fig. 7t).

Figure 6.   Effect of ABA with leaf sprayed on malondialdehyde and H2O2 concentration in roots and leaves of 
two rice cultivar seedlings under salt stress. Values are shown as the mean ± standard and derived from four 
replicates (n = 4). Bars indicate standard errors. Different letters above the bars indicate significant differences at 
the five percent significant level according to Duncan’s multiple range tests.
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Figure 7.   Effect of ABA with leaf sprayed on CAT, APX, POD, SOD and PAL in roots (a–j) and leaves (k–t) 
of two rice cultivar seedlings under salt stress. Values are shown as the mean ± standard and derived from four 
replicates (n = 4). Bars indicate standard errors. Different letters above the bars indicate significant differences at 
the five percent significant level according to Duncan’s multiple range tests.
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Figure 7.   (continued)
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Figure 8.   Effect of ABA with leaf sprayed on AsA and GSH contents in roots (a–d) and leaves (e–h) of two rice 
cultivar seedlings under salt stress. Values are shown as the mean ± standard and derived from four replicates 
(n = 4). Bars indicate standard errors. Different letters above the bars indicate significant differences at the five 
percent significant level according to Duncan’s multiple range tests.
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Effects of exogenous ABA on the activities of AsA and GSH contents in rice seedlings under 
salt stress.  The levels of AsA in roots displayed a significant increment in Q2 (by 85.89%) and Z2 (by 
237.39%) compared with Q0 and Z0, respectively; which was further enhanced by ABA in Q3 (by 37.16%) 
and Z3 (by 14.30%), respectively in the initial 2 days of salt stress (Fig. 8a, b). Notably, the AsA contents shown 
increasing trends in Q2 from 6 to 10  days, which increased by an average 39.60% in comparison with Q0; 
moreover, ABA + NaCl treatment further increased AsA contents (on average by 24.12%) when compared with 
Q2 in Chaoyouqianhao. Conversely, salinity treatment (Q2 and Z2) decreased the AsA contents when compared 
with their respective controls, which decreased by 2.53% and 10.51%, respectively at 8 days (Figs. 8e and f); 
ABA + NaCl completely reversed the decreased AsA contents caused by NaCl (increased by 9.03% in Q3 and 
17.45% in Z3).

The GSH contents in roots showed an increasing trend during the treatment time course (Fig. 8c, d). Com-
pared with Q0, Q2 displayed minor differences in GSH levels (on average by 5.25%), whereas Q3 significantly 
reduced the levels of GSH (on average by 44.03%) in 6–8 days, relative to Q2. Likewise, an average 14.13% 
increase in GSH levels was observed in Z2, which was reversed by ABA in Z3 (on average by 18.5%) in 6–8 days, 
reached to a significant level. Under salinity alone treatment, GSH contents in leaves displayed an opposite trend 
between the two rice cultivars (Figs. 8g and h). When compared with Q0, Q2 significantly enhanced GSH con-
tents (on average by 19.44%) in 6–8 days, whereas the levels of GSH showed minor differences between Q3 and 
Q2. However, Z2 significantly decreased GSH contents (on average by 20.21%) in 6–8 days, whereas Z3 showed 
a strong increase in GSH contents (on average by 14.97%) in relative to Z2.

Effects of exogenous ABA on the levels of soluble protein in rice seedlings.  The soluble protein 
contents in roots exhibited increasing trends from 4 to 8 days of the two rice cultivars (Fig. 9a, b). When com-
pared with the controls (Q0 or Z0), salinity treatment exhibited an average 16.05% increase in Q2 and 12.16% 
in Z2, respectively, which were further enhanced by ABA in Q3 (on average by 8.41%) and Z3 (on average by 
7.12%), respectively in 4–8 days.

Salinity alone treatment (Q2 or Z2) significantly increased the soluble protein contents in leaves in com-
parison with their controls, and Q3 and Z3 further enhanced the levels of soluble protein by 7.32% and 1.69%, 
respectively at 8 days (Figs. 9c and d).

Effects of exogenous ABA on endogenous phytohormone in rice seedlings.  Foliar spraying ABA 
alone treatment strongly increased the contents of ACC and IAA by 105.23% and 39.88%, respectively in Chaoy-
ouqianhao and 27.09% and 170.18% respectively in Huanghuazhan when in comparison with their respective 
control (Table 4). Salinity treatment (Q2) showed an increase in ACC (72.33%), TZ (0.9%), IPA (93.12%), IAA 
(33.34%) and ABA (23.33%) level when compared with Q0. On the contrary, ABA further enhanced them 
by 212.00%, 13.21%, 13.75%, 10.89% and 57.46%, respectively in the presence of salinity (Q3). Interestingly, 
salinity treatment (Z2) showed a decrease in ACC (5.52%), TZ (17.42%), IPA (16.76%) and IAA (7.92%) while 
an increase in ABA (31.83%) contents when compared to their control. Nonetheless, ABA enhanced them by 
317.80%, 80.73%, 122.02%, 21.69% and 80.98%, respectively in the presence of salinity (Z3) when compared to 
Z2.

Discussion
Plants were exposed to short-term salt stress triggers osmotic stress, resulting in reduced water absorption, 
redox imbalance, stomatal closure, and inhibiting new leaf growth and development of root systems32; however, 
long-term salinity causes ionic toxicity due to Na+ accumulation in adult leaves, caused premature senescence, 
thus reduced the rate of photosynthesis and nutrient accumulation33. Previous studies have shown that exces-
sive salinity significantly inhibited plant growth and biomass accumulation, resulted in reduced plant growth 
and photosynthetic parameters9,34. Rachmawati et al. demonstrated that the reduced root surface area under 
salt stress lead to reduced water absorption, further inhibited cell division process and cell enlarged, resulting 
in reduced root length and root biomass35.

In the present study, salinity treatment (50 mM NaCl) significantly reduced shoot and root growth morpho-
logical indexes of the two rice varieties. Notably, during 8–10 days, salinity treatment increased the root biomass 
of Chaoyouqianhao, while the root biomass strongly decreased in Huanghuazhan (Figs. 2c and d), which also 
similar to previous result36. However, application of ABA partially or completely reversed the decrease of these 
indexes, i.e., the plant height, stem diameter, leaf area, root growth (RL, RSA, RV, RAD) and biomass of shoots 
and roots (Table 1). Similar results was observed in trifoliate orange9 and wheat15. Plant chlorophyll content is 
widely used as an indicator of the level of abiotic tolerance. Ample evidence showed that plants were exposed to 
stress environments like salinity resulted in reduced chlorophyll content, resulting in overall growth retardation37. 
In fact, the change of photosynthetic pigment, especially chlorophyll content under salt stress conditions still 
remained controversial and no clear conclusion has been drawn. It is demonstrated that the increase in chlo-
rophyll content is temporary, mainly due to the positive effect of salinity38, At present, we found that salinity 
treatment exhibited an increase trend in chlorophyll a, chlorophyll b, carotenoid and total chlorophyll contents 
except at 6 days after salt stress, in Chaoyouqianhao (Fig. 3a, c, e, g), which consistent with the results of Gadelha 
et al., who demonstrated that the increased chlorophyll a, b and total chlorophyll contents were observed in rice 
seedlings under salt stress (80 mM NaCl) for 6 days39. Meanwhile, the decreased in these photosynthetic pig-
ments in Huanghuazhan may be explained as the enhancement of chlorophyll-lase activity caused by salinity 
and enable chlorophyll breakdown40. It is speculated that the differences in chlorophyll content are related to the 
cultivar characteristics. On the other hand, ABA + NaCl significantly enhanced the photosynthetic pigments in 
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6–10 days in both of the two rice varieties (Figs. 3a–h). These results implied that ABA reduced the damage of salt 
stress to the photosynthetic cytochrome protein complex, and thus improved the photosynthetic capacity of rice.

Salt stress greatly inhibited biomass accumulation, resulting in reduced leaf area and photosynthetic 
parameters34,41. Hu et al demonstrated that photosynthetic parameters, Qy and Qp significantly decreased in 
the presence of salinity9. A similar result was observed in our study, showing that salt stress reduced Pn, Gs, Ci 
and Tr in the two rice genotypes (Fig. 4). Notably, the decreased photosynthetic parameters in Huanghuazhan 
was greater than that in Chaoyouqianhao, which was in harmony with that obtained by previous study39. Shibata 
et al. explained that the reduction in Fv/Fm caused by salinity was due to the photosynthetic electron transfer 
after light capture not in time, but rather directly consumed light energy via chlorophyll conversion, leading in a 

Figure 9.   Effect of ABA with leaf sprayed on soluble protein content in roots (a, b) and leaves (c, d) of two rice 
cultivar seedlings under salt stress. Values are shown as the mean ± standard and derived from four replicates 
(n = 4). Bars indicate standard errors. Different letters above the bars indicate significant differences at the five 
percent significant level according to Duncan’s multiple range tests.

Table 4.   Effects of exogenous ABA on endogenous phytohormone at 8 days after salinity. ACC indicates 
1-Aminocyclopropanecarboxylic acid, TZ indicates trans-Zeatin, IPA indicates N6-isopentenyladenosine, 
IAA indicated Indole-3-acetic acid, ABA indicates ( +)-Abscisic acid. Q0 treatment of water, Q1 treatment with 
ABA, Q2 treatment with NaCl, Q3 treatment with ABA + NaCl in Chaoyouqianhao. Z0 treatment of water, Z1 
treatment with ABA, Z2 treatment with NaCl, Z3 treatment with ABA + NaCl in Huanghuazhan. Values are 
mean ± standard error of three replicates (n = 3). Within each column, different letters indicate significant 
difference at the five percent significant level according to Duncan’s multiple range tests.

Treatments

ACC​ TZ IPA IAA ABA

(nmol kg−1 Fresh 
Weight)

(nmol kg−1 Fresh 
Weight)

(nmol kg−1 Fresh 
Weight)

(nmol kg−1 Fresh 
Weight)

(nmol kg−1 Fresh 
Weight)

Q0 110.719 ± 8.932c 0.105 ± 0.012ab 2.878 ± 1.093ab 33.084 ± 2.632b 32.591 ± 1.265b

Q1 227.230 ± 8.914b 0.080 ± 0.005b 1.033 ± 0.239b 46.279 ± 5.149a 37.593 ± 1.685b

Q2 190.803 ± 5.144b 0.106 ± 0.007ab 5.558 ± 0.075a 44.115 ± 2.028a 40.114 ± 3.781b

Q3 593.054 ± 39.114a 0.120 ± 0.010a 6.322 ± 1.884a 48.919 ± 1.710a 63.162 ± 2.113a

Z0 240.064 ± 4.576b 0.132 ± 0.004b 6.057 ± 0.395b 34.604 ± 1.231a 31.456 ± 0.968c

Z1 305.088 ± 10.008b 0.075 ± 0.021c 4.024 ± 0.272b 93.494 ± 59.561a 36.436 ± 2.706bc

Z2 226.801 ± 6.317b 0.109 ± 0.003bc 5.042 ± 0.597b 31.863 ± 1.265a 41.468 ± 0.580b

Z3 947.567 ± 50.871a 0.197 ± 0.003a 11.194 ± 1.133a 38.774 ± 0.657a 75.048 ± 2.087a
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reduction in PSII42. In the present study, we found that salinity inhibited Fv/Fm, Fv/Fo, Fm/Fo and Qp at 8 days 
after salt stress, whereas NPQ significantly increased in rice seedlings especially Huanghuazhan (on average by 
118.77%) in 4–6 days (Table 3), the present results were in agreement with that of previous study43. The stronger 
increase in NPQ of Huanghuazhan demonstrated that the absorption and conversion process of chlorophyll were 
improved to disperse the heat to a greater extent to avoid light damage44.

These results suggested that salt stress could reduce the biomass of rice shoots and roots via inhibiting pho-
tosynthesis and fluorescence processes as well as reducing the amount of photosynthetic pigments.

The salinity-induced damage to rice is mainly caused by Na+33. Excessive Na+ caused ion imbalance (also 
known as ion poisoning) in plants45. Results of Tavakkoli et al. showed that the absorption of nitrogen, phos-
phorus, calcium and other nutrients reduced under salt stress, and damaged the aboveground tissue function, 
especially by inhibiting the photosynthesis of chloroplasts46. In this study, we made a comprehensive assessment 
on morphological and physiological attributes in 2–10 days, and we found the optimal attributes were recorded at 
8 days after salinity, thus we collected samples at the 8th day for ion analysis. In the present study, salinity stress 
triggered a large amount of Na+ contents while reduced K+ contents in roots and leaves of the two rice varieties 
(Fig. 5). Specially, the large influx of Na+, activating plasma membrane depolarization, in turn activates the K+ 
efflux channels, resulting in K+ efflux and increases Na+/K+ in the cytoplasm. Similar results were found in a 
research of melatonin application on rice under salt stress47. Notably, the accumulation of Na+ contents in leaves 
was far greater than that in roots, which may be attributed to that Na+ can only return to the root via the phloem, 
although Na+ is transported to the shoot via the xylem, suggesting that Na+ is strongly unidirectional, leading to 
the accumulation of Na+ in the leaves so that leaves are more susceptible to Na+ than the roots48. Moreover, Na+ 
contents in leaves of Huanghuazhan were more than that of Chaoyouqianhao, which was in harmony with those 
obtained by Chuamnakthong et al., who showed that the aboveground part of salt-tolerant rice has a strong Na+ 
efflux capacity as well as a low Na+/K+ when compared with salt-sensitive rice49. For example, the Na+ content 
accumulated in the leaves of salt-sensitive cv. IR29 was 5 ~ 10 times that of the salt-tolerant rice cultivars BK, 
FL478, or Pokkali. Similar results were also found in a result of previous research39. Both Ca2+ and Mg2+ are 
essential nutrients in the process of plant growth and development and participate in many important physiologi-
cal regulation processes. For example, Ca2+ plays an important role in the stability of cell wall, cell membrane, 
membrane-binding protein, the regulation of inorganic ion transport and the second messenger in cell physi-
ological and biochemical reactions50. Mg2+ is the main mineral element of chlorophyll, which directly affects 
the photosynthesis of crops, additionally, Mg2+ could participate  in carbon fixation and carbon metabolism as 
coenzyme factor in plants. The present study showed that Mg2+ and Ca2+ contents were inhibited by salinity in 
leaves of two varieties, whereas Ca2+ contents significantly increased in the roots of Chaoyouqianhao. It has been 
shown that the cytosolic Ca2+ concentration reduced under salt stress conditions, while many studies have shown 
the enhanced levels of cytosolic Ca2+ under salt stress51. Results suggested that the cytosolic Ca2+ concentration 
was not uniform and it could vary with species and type of cells51.

Our results suggested that excluding Na+ ions, maintaining the low Na+ content in the roots and shoots is an 
important mechanism for plants tolerating high salinity.

Free radicals such as O2
−, OH− and H2O2 are known to be involved in regulating various signaling cascades 

associated with multiple biological functions of plants52. However, high concentration of free radicals-induced 
lipid peroxidation has been widely used in ROS to promote cell membrane damage in different stress environ-
ments and the MDA levels produced during membrane lipid peroxidation are often used as an indicator of 
oxidative damage53. Enzymatic-antioxidants and non-enzymatic antioxidants are an essential strategy against 
the environmental stresses. The former enzymatic-antioxidants including SOD, POD, CAT and APX, and the 
latter such as AsA and GSH directly involved in ROS homeostasis and detoxification in plant cells5. In the present 
study, salinity stress triggered an increase of MDA in roots and leaves of Chaoyouqianhao, while the greater 
increased MDA in roots and leaves of Huanghuazhan were observed towards the changed treatment time (Fig. 6); 
this results implied that salt stress causes a higher degree of peroxidative damage to the leaf and root tissues in 
Huanghuazhan than that in Chaoyouqianhao. Meanwhile, the contents of MDA in leaves were more than that 
in roots suggested that salinity stress caused a greater damage to leaves than to roots. H2O2 is widely involved in 
plant metabolism (e. g., cell wall biosynthesis) and plays central roles in many plant signaling pathways, includ-
ing stress sensing, photosynthesis modulation, pathogen response, programmed cell death, hormonal action, 
and plant growth and development54–56. However, H2O2 can also be converted into harmful hydroxyl radicals by 
the fenton-type reaction, and then exerts multiple toxic effects in different cellular compartments57. Our study 
showed that salinity toxicity triggered increased H2O2 content in roots of Chaoyouqianhao and Huanghuazhan. 
Notably, the decreased H2O2 content due to salinity toxicity was observed in leaves of Huanghuazhan, similar 
results were obtained in barley58. Even so, Ye et al. showed that low H2O2 content was observed in salt-tolerant 
varieties59. Sadak declared that H2O2 played a key role in the improvement of salt stress by enhancing multiple 
defense-related mechanisms, with H2O2 molecules penetrating through the plasma membrane into different 
cellular compartments to mitigate the deleterious effects of salinity as a central role in activating various signal 
transduction pathways60. Furthermore, different studies have also demonstrated its involvement in triggering 
various genes, transcription factors, and phytohormones associated with salt stress tolerance61,62. All of these 
explained for the reason of the greater H2O2 in leaves of Chaoyouqianhao than that of Huanghuazhan in our 
study, as similarly reported by previous study63.

Previous studies have demonstrated that salinity stress activated the antioxidant systems and conferred salt 
tolerance64–66. Nevertheless, effects of salt stress on plant antioxidant systems are controversial. Qiu et al. showed 
that the activity of SOD, POD, CAT, APX decreased and the contents of GSH and AsA increased under salt stress 
in wheat seedlings66. Altaf et al. demonstrated that salt stress significantly increased SOD, CAT, APX activity 
and the level of GSH and AsA in tomato seedlings65. Our study showed that salinity increased the level of CAT, 
APX, POD and SOD in roots and leaves, particularly at 6 days or 8 days (Fig. 7). Interestingly, the increased 
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CAT, APX and POD activity in leaves were more prominently than that in roots imposition with salinity. Similar 
results were observed in lentil seedlings28. This results demonstrated that the higher antioxidant enzyme activity 
in leaves could eliminate ROS and MDA so that reduced membrane damage when compared with root, which 
is also corresponded to the accumulation of more MDA and Na+ content in leaves. Besides, salinity increased 
stronger POD activity in roots, which similar to previous study of Meneguzzo et al., who demonstrated that 
APX activity was significantly higher in the root tissue than in the shoots of wheat seedlings67. Notably, the slight 
increased SOD in roots and leaves were observed at the early stage of salt stress, which in line with many previous 
studies68,69. This phenomenon may be due to that a non-enzymatic pathway was used to convert O2

− to H2O2 
using antioxidants such as GSH and AsA. Last but not least, we found that lower H2O2 and MDA contents in 
leaves were maintain in Huanghuazhan at the late stage of salt stress (Figs. 6f and h), which was corresponded to 
the lower SOD activity (Fig. 7r), indicated that the higher activities of CAT, APX and POD in leaves participated 
in the decomposition of H2O2, thus reducing the H2O2 level and membrane damage.

The AsA-GSH cycle is considered as one of the most important nonenzymatic antioxidant systems70. The 
present study of enhancement of AsA and GSH contents in roots corroborated with the findings of previous 
research71. It was of note that AsA and GSH contents in leaves of the two rice genotypes inclined to reduce at the 
late stage of salt stress. As the most abundant antioxidant in plants, AsA is widely involved in the elimination of 
ROS during stress response so that protect the major macromolecules from oxidative damage72. Thus, this may 
explained that a greater oxidative damage to leaves than to roots. On the other hand, the decreased GSH may be 
attributed to the elimination of ROS in plant cells by depletion of GSH.

Plant hormones play a crucial role in plant growth and development. To mitigate salt stress at different devel-
opmental stages, the levels of plant hormones such as ABA, IAA, GA, JA, BR, SA and ethylene were modulated 
the physiological response of plants under salt stress73. In this study, we collected samples at the 8th day for 
endogenous hormones analysis. Hu et al demonstrated that salt stress significantly reduced IAA content and 
significantly increased zeatin riboside9, similar to our study, showing that ACC, IPA (a cytokinin of bound state), 
TZ (a natural plant cytokinin) and IAA reduced under salinity in Huanghuazhan. Lin and Kao demonstrated 
that there was no increase in ABA content in the roots under salinity stress, suggested that the inhibition of 
root growth in rice seedlings is unlikely to be mediated by ABA, however, this does not mean that the amount 
of ABA does not increase under salt stress; exactly, it may be due to that the ABA transfers from the roots to the 
shoots74. Conversely, our results showed that salt stress showed a greater increment in ACC, IPA, IAA and ABA 
in leaves of Chaoyouqianhao, whereas only the increased ABA content was observed in Huanghuazhan. Similar 
results were obtained by Zahedi et al., who reported that IAA and ABA contents increased in the presence of 
salinity in olive seedlings75.

ABA regulates the water state of plants by guarding cells, which contributes to overcome the adverse effects 
of salinity on growth, photosynthesis, and assimilates transport3. Foliar spraying ABA induced the stomatal 
closure and reduced the transpiration rate, which could be used as an anti-transpiration agent in production76. 
In the present study, ABA application strongly enhanced the photosynthetic parameters Pn, Gs and Tr in pres-
ence of salinity, it may be driven by an increased Gs, enhanced stomatal reopen and improved its function, 
thus improve Tr and maintain the stable state of Pn under salt stress; on the other hand, it may be that ABA 
effectively improves chlorophyll content and promotes the potential activity of PS II (Fv/Fo), thus enhancing 
plant photosynthesis77. Similar results were observed in lettuce78. Additionally, application of ABA stimulates 
the antioxidant system to protect salt toxicity from exaggerated photosynthetic electron transport in plants to 
enhance carbon assimilation79.

One of the mechanisms underlying plant salinity tolerance is the selective absorption and accumulation 
of inorganic ions, mainly Na+, K+, and Cl−80. It was demonstrated that ABA was a high efficient plant growth 
regulator in decreasing Na+ and Cl− contents and Na+/K+ ratio, increasing K+ and Ca2+ concentrations81. In the 
present study, ABA significantly reduced Na+ contents in leaves of the two rice cultivars as well as in roots of 
Chaoyouqianhao, implied that ABA reduced transpiration by inhibiting K+ efflux channel, kept stomatal closure 
and resulted in a reduction in ion absorption in rices, thus a reduction in Na+ absorption was observed. On the 
other hand, Ca2+ as a secondary messenger initiates the stress signal transduction, leading to salinity adaptation. 
Previous study have showed that exogenous calcium reduced the effect of NaCl presumably by facilitating higher 
K+/Na+ selectivity82, which was well in line with our study, showing that a significant increase in Ca2+ in roots 
and leaves. In addition, it was found that Mg2+ increased under ABA-mediated salt stress, which may contribute 
to the enhancement of vacuole growth in leaves and roots, thereby isolating Na+ into vacuoles and limiting the 
accumulation of Na+ in shoot83.

Many studies have demonstrated that ABA could increase the antioxidant enzymes activity and alleviate the 
stress-triggered oxidative damage to plants15,21,84. However, the data that support this hypothesis remain incon-
sistent. For example, application of ABA in kiwi fruit under drought stress significantly improved the activity 
of POD, CAT, SOD, and APX70, whereas some results shown that ABA decreased CAT activity but significantly 
increased the activity of SOD and POD85. The present study displayed that ABA partly or completely increased the 
activity of CAT, APX, POD and SOD in roots, which depended on salt treatment time, suggesting that exogenous 
ABA upregulated antioxidant enzyme activity, thereby eliminating the ROS over-accumulation and protecting 
the cell membrane from oxidative damage. Conversely, these enzymes exhibited decreased trend in leaves of 
Huanghuazhan at 6 or 8 days after salt stress mediated by ABA. It may be that SOD is involved in elimination 
a part of ROS, resulting in reduced ROS generation and with that CAT,APX,POD activity decreased, which 
may also be due to the irreversible damage of plants under salt stress, caused the structure of enzyme protein 
damaged and resulting in decreased the enzyme activity. As a key enzyme of phenylpropanoids metabolism in 
plants, PAL plays an important role in abiotic stress. The increased activity under ABA treatment is presumably 
due to the up-regulation of PAL gene expression, thus improve the ability of stress resistance and promote the 



21

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8228  | https://doi.org/10.1038/s41598-022-11408-0

www.nature.com/scientificreports/

seedlings to adapt to the salt stress environment. However, the regulation of PAL gene in ABA-mediated salt 
stress pathway needs further study.

Previous study showed that exogenous application of GSH and AsA lead to reduced ROS accumulation 
and increased salt tolerance86,87. In our study, ABA strongly improved the level of AsA and PAL in the two 
rice seedlings, particularly in roots. As a key enzyme of phenylpropanoids metabolism in plants, PAL plays 
an important role in abiotic stress. The increased activity under ABA treatment is presumably due to the up-
regulation of PAL gene expression, which regulates the synthesis and accumulation of flavonoid88, thus improve 
the ability of stress resistance and promote the seedlings to adapt to the salt stress environment. However, the 
regulation of PAL gene in ABA-mediated salt stress pathway needs further study. Notably, our results showed 
that ABA significantly reduced the level of GSH in roots at 6 or 8 days after salt stress in the two rice varieties, 
which consistent with previous reports9,16. Liting et al. pointed out that the differences of AsA and GSH in root 
and leaf tissues may be related to different functions, growth environment, and sensitivity of roots and leaves to 
drought stress stimulation and ABA14. Thus, we implied that the mechanism of ABA is different in the root and 
leaf tissues of rice seedlings.

Plant hormones are key endogenous chemical signals that plants coordinate plant growth and development 
under both optimal conditions and environmental stress89. Liu et al. pointed out that ABA significantly increased 
endogenous hormone contents such as ABA, GA, IAA and ZT30. Similar to our study, showing that ABA appli-
cation increased the contents of ACC, TZ, IPA, IAA and ABA in Chaoyouqianhao (Table 4). Particularly, ACC 
content exhibited a strong increase (212.00%) when compared with salinity treatment; notably, it showed a 
stronger increase (317.80%) in Huanghuazhan. As a direct biosynthetic precursors of ethylene, ACC play an 
equal essential role in response to salt tolerance in rice, which has been extensively studied. Namely, promoting 
ethylene biosynthesis and signaling transduction can improve salt tolerance in plants90. Moreover, CTK belong 
to a class of plant growth substances (plant hormones) which includes IPA and TZ, regulating diverse events in 
plant growth and development. Results in our study showed that exogenous ABA increased the level of IPA and 
TZ under salt stress, especially in Huanghuazhan, which contributes to synthesis more CTK and thus regulated 
salt stress tolerance. Last but not least, the increased ABA contents mediated by ABA-stimulated under salt stress 
further regulated ROS scavenging, ion homeostasis, and stomatal closure91.

In conclusion, the present study reveals the physiological mechanisms underlying ABA-mediated the mitiga-
tion of salinity stress to plants. We focused on the response of root and leaf tissues to salt stress in two different 
rice cultivars and the alleviation effect of ABA application on salinity toxicity. Salt stress caused a significant 
reduction in plant morphological indexes and great changes in physiological characteristic of two rice cultivars. 
Foliar application of ABA mitigated the inhibitory effect caused by salinity on plant growth by improving photo-
synthesis, modifying the antioxidant enzymes (CAT, APX, POD, PAL) and non-antioxidant enzymes (AsA and 
GSH) as well as reducing oxidative damage, ultimately maintenance of ionic (low Na + and high K+/Na+) balance 
and salinity tolerance. Our study simultaneously demonstrated that the beneficial response and adaptation to 
salt stress requires the integration and coordination of multiple phytohormones. Further studies are needed 
to investigate the molecular mechanisms of ABA-mediated mitigation of salinity toxicity to plants. (A pattern 
diagram (Fig. 10) was added in Attachments).

Materials and methods
Plant materials and growth conditions.  Seeds of two rice (Oryza Sativa L.) varieties, one inbred rice 
‘Huanghuazhan’ (Z) and the other hybrid rice ‘Chaoyouqianhao’ (Q) were obtained from Guangdong Tianhong 
Seed Company Limited, Zhanjiang. Seeds were surface sterilized with a 2.5% sodium hypochlorite solution for 
15 min, followed by rinsing three times with distilled water, and then the seeds were germinated with distilled 
water in the dark for 2 days at 30 ℃. After that 75 uniformly germinated seeds were used as experimental materi-
als for growing per plastic pot (19.5 × 14.5 × 17.5 cm) containing 3.0 kg of substrates (Latosol: sand = 3:1, v/v). In 
the present test, a factorial experiment based on completely randomized design was carried out. Briefly, 30 pots 
were used per plot (represent one of eight treatments, treatments were list as following), and therefore a total of 
240 pots were used in the study.

When the rice seedlings had naturally grown to the 2 leaf/1 heart stage (8 days after planting), seedlings 
were foliar spraying with 5 mg L−1 S-ABA (provided by Sichuan Lomon Fusheng Technology Co., Ltd), using a 
small hand-held sprayer, each pot was added with 20 mL liquid. Specially, the concentration of ABA was chosen 
according to previous pot experiment study (Fig. 1), then 25 mM NaCl (w/w) solution was added to each pot 
after 24 h, and the other 25 mM NaCl solution was added on the 3rd day of ABA treatment to got the desired 
salinity level (50 mM). The following applications of S-ABA and NaCl were applied to each experimental pot: (i) 
(Q0 or Z0): 0 mg L−1 S-ABA + 0 mM NaCl, (ii) (Q1 or Z1):  5 mg L−1 S-ABA + 0 mM NaCl, (iii) (Q2 or Z2):  0 mg 
L−1 S-ABA + 50 mM NaCl, (iv) (Q3 or Z3):  5 mg L−1 S-ABA + 50 mM NaCl. The plant samples were harvested 
at 2, 4, 6, 8, 10 days after salt stress for morphological and physiological analysis.

Observations.  Growth response measurements.  Samples of roots and shoots were collected at the treat-
ment intervals. Plant height, stem base width, leaf area, leaf length, shoot dry weight and root dry weight were 
measured. For determining dry weight, shoots and roots were separately placed in paper bags, and then placed in 
an oven at 80 ℃ for 48 h. For determining RL, RSA, RV and RAD, root system scanner (Epson Perfection V800 
Photo (Epson Indonesia Inc.)) and analysis software WinRHIZO were used. All the values for each parameter 
were mean of at least four independent replicates. Root to shoot ratio was calculated according to the following 
formula:

Root to shoot ratio = Root dry weight/Shoot dry weight
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Measurement of photosynthetic pigments.  The concentration of Chl was measured according to the 
protocol described by Arnon92 with a slight modification. Chl a, Chl b and Car concentration were measured 
spectrophotometrically at 665, 649 and 470 nm, respectively.

Measurement of photosynthetic parameters.  After 2, 4, 6, 8 and 10 days of salt stress, Pn, Gs, Ci and 
Tr were measured by using portable photosynthesis system LI-6400 (LI-COR, Inc., USA). The measurements 
were made between 14:00 and 16:00 P.M. The CO2 concentration in the leaf chamber was 400 μmol·mol−1, the 
air velocity was 500 μmol·s−1, the light intensity was 1000 μmol·m−2 ·s−1, the leaf temperature was 32 ± 1℃, and 
the relative air humidity was between 70 and 80%.

Measurement of chlorophyll fluorescence parameters.  Fluorescence parameters were measured 
using portable Chlorophyll Fluorometer (FluorPen FP110, Czech) in dark condition at night at 2, 4, 6, 8, 10 days 
after salt stress, including Fv/Fm, Fv/Fo, Fm/Fo, NPQ, Qp, Qy and Rfd.

Measurement of ions contents.  After 8 days of salt stress, Na+, K+, Mg2+ and Ca2+ contents were deter-
mined in 150 mg dry mass (DW) of leaves and roots. Samples were digested in 6 ml of HNO3/HClO4 (4:1, v/v), 
and supernatants after clarifying the digestate were analyzed. Na+, Mg2+ and Ca2+ contents were measured by 
Inductively Coupled Plasma Emission Spectrometry (Prodigy XP, LEEMAN, Inc., USA) and the K+ content was 
measured by flame photometer (Sherwood M410, Inc., UK).

Chl a (mg g−1) = 13.95 A665− 6.88 A649

Chl b (mg g−1) = 24.96 A649− 7.32 A665

Total Chl (mg g−1) = Chl a + Chl b.

Car (mg g−1) = (1000 A470− 2.05 Chl a− 114.8 Chl b)/245

Figure 10.   The pattern of ABA induced growth and development of rice seedling under salt stress. The up 
arrow and the down arrow indicate the increase and decrease of each index, respectively.
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Analysis of lipid peroxidation.  Lipid peroxidation was measured in terms of MDA level using the TBA 
method as described by Cakmak and Horst93. Absorbance of the supernatant was measured at 450, 532 and 
600 nm. The MDA-TBA complex was quantified using the extinction coefficient as 155 mM−1 cm−1. The deter-
mination of H2O2 concentration was measured according to previous study94.

Measurement of antioxidant enzyme activity.  0.5 g of fresh root and leaf tissues were ground into fine 
powder under liquid nitrogen, and then 10 mL of precooled phosphate buffer (50 mM, pH 7.8) containing 1.0% 
(w/v) PVP was added and homogenized. Mixture was centrifuged for 40 min at 7000 × g and 4 ℃. The obtained 
supernatant was used for enzyme assays as the crude enzyme preparation. The CAT​95, APX96 and POD97 activ-
ity were assayed as described by Ekinci et al., Nakano and Asada, Chance and Machly, respectively. Since the 
addition of H2O2, the absorbance changes were monitored for 120 s at 240 nm, 290 nm and 470 nm for assayed 
the CAT, APX and POD activities, respectively. The SOD activity was assayed as described by Spychalla and 
Desborough98. One unit of SOD activity was defined as the amount of enzyme needed to cause 50% inhibition 
of the photoreduction of NBT as monitored at 560 nm.

Measurement of antioxidant molecules.  The AsA content was measured according to the method of 
Kampfenkel99. The absorbance value was read at 534 nm. The level of GSH content was assayed as described by 
Tyburski and Tretyn100 with a slight modification. The reaction mixture contained 200 μL supernatant, 2.6 mL of 
acetic acid buffer (0.2 M, pH 5.6) and 200 μL of 5,5-dithio-bis-(2-nitrobenzoic acid), mixture was kept at 30 ℃ 
for 10 min. The absorbance value of GSH was read at 412 nm. For the determination of PAL, the reaction mix-
ture consisted of 1.9 mL of 10 mM L-phenylalanine and 100 μL supernatant that was reacted at 30 ℃ for 30 min 
in the dark. The absorbance value was read at 290 nm101.

Measurement of soluble protein content.  The level of soluble protein was measured using the Coomas-
sie brilliant blue method102. The absorbance of the supernatant was measured at 595 nm after 2 min reaction, and 
then figure out the protein content in the sample according to the standard curve with bovine serum albumin.

Measurement of endogenous hormone content.  After 8 days of salt stress, endogenous contents of 
ACC, TZ, IPA, IAA and ABA in leaves of Chaoyouqianhao (Q) and Huanghuazhan (Z) were determined by 
UHPLC-MRM-MS/MS following of previous protocols103.

Statistical analysis.  The data analysis and the graphical presentation using the Microsoft Excel 2019 and 
Origin 2019. A factorial experiment based on completely randomized design was carried out and statistical sig-
nificance of the means for at least four replications were compared by Duncan’s multiple range tests, at the five 
percent probability level using SPSS software version 19.0.

Received: 12 March 2022; Accepted: 21 April 2022

References
	 1.	 Abid, M. et al. Effect of Salt stress on growth, physiological and biochemical characters of Four kiwifruit genotypes. Sci. Hortic. 

271, 109473 (2020).
	 2.	 Hussain, M. et al. Rice in saline soils: physiology, biochemistry, genetics, and management. Adv. Agron. 148, 231–287 (2018).
	 3.	 Mahajan, S. & Tuteja, N. Cold, salinity and drought stresses: an overview. Arch Biochem. Biophys. 444, 139–158 (2005).
	 4.	 Qadir, M. et al. Productivity enhancement of salt-affected environments through crop diversification. Land. Degrad. Dev. 19, 

429–453 (2008).
	 5.	 Suzuki, N., Koussevitzky, S. H. A. I., Mittler, R. O. N. & Miller, G. A. D. ROS and redox signalling in the response of plants to 

abiotic stress. Plant Cell Environ. 35, 259–270 (2012).
	 6.	 Farooq, M. A. et al. Acquiring control: The evolution of ROS-Induced oxidative stress and redox signaling pathways in plant 

stress responses. Plant Physiol. Biochem. 141, 353–369 (2019).
	 7.	 Hu, Z., Cools, T. & De Veylder, L. Mechanisms used by plants to cope with DNA damage. Annu. Rev. Plant Biol. 67, 439–462 

(2016).
	 8.	 de Pinto, M. C. & De Gara, L. Changes in the ascorbate metabolism of apoplastic and symplastic spaces are associated with cell 

differentiation. J. Exp. Bot. 55, 2559–2569 (2004).
	 9.	 Hu, C.H., Zheng, Y., Sun, R.H., Zheng, J.H., & Li, M. Effects of exogenous melatonin on plant growth, root hormones and 

photosynthetic characteristics of trifoliate orange subjected to salt stress (2021). https://​doi.​org/​10.​21203/​rs.3.​rs-​10089​64/​v1.
	 10.	 Waśkiewicz, A., Beszterda, M., & Goliński, P. ABA: role in plant signaling under salt stress. In: Salt stress in plants. Springer, 

New York, pp. 175–196 (2013).
	 11.	 Zeng, L., Shannon, M. C. & Lesch, S. M. Timing of salinity stress affects rice growth and yield components. Agric. Water Manag. 

48, 191–206 (2001).
	 12.	 Senaratna Senaratna, T., Touchell, D., Bunn, E. & Dixon, K. Acetyl salicylic acid (Aspirin) and salicylic acid induce multiple 

stress tolerance in bean and tomato plants. Plant Growth Regul. 30, 157–161 (2000).
	 13.	 Sahay, S., Khan, E. & Gupta, M. Nitric oxide and abscisic acid protects against PEG-induced drought stress differentially in 

Brassica genotypes by combining the role of stress modulators, markers and antioxidants. Nitric Oxide 89, 81–92 (2019).
	 14.	 Liting, W. et al. Abscisic acid enhances tolerance of wheat seedlings to drought and regulates transcript levels of genes encoding 

ascorbate-glutathione biosynthesis. Front Plant. Sci. 6, 458 (2015).
	 15.	 Parveen, A. et al. Abscisic acid signaling reduced transpiration flow, regulated Na+ ion homeostasis and antioxidant enzyme 

activities to induce salinity tolerance in wheat (Triticum aestivum L.) seedlings. Environ. Technol. Innov. 24, 101808 (2021).
	 16.	 Leng, Y., Li, Y., Ma, Y. H., He, L. F. & Li, S. W. Abscisic acid modulates differential physiological and biochemical responses of 

roots, stems, and leaves in mung bean seedlings to cadmium stress. Environ. Sci. Pollut. Res. Int. 28, 6030–6043 (2021).
	 17.	 Tian, L. X. & Li, J. The effects of exogenous ABA applied to maize (Zea mays L.) roots on plant responses to chilling stress. Acta 

Physiol. Plant 40, 1–13 (2018).

https://doi.org/10.21203/rs.3.rs-1008964/v1


24

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8228  | https://doi.org/10.1038/s41598-022-11408-0

www.nature.com/scientificreports/

	 18.	 Robertson, A. J., Ishikawa, M., Gusta, L. V. & MacKenzie, S. L. Abscisic acid-induced heat tolerance in Bromus Inermis Leyss 
cell-suspension cultures (heat-stable, abscisic acid-responsive polypeptides in combination with sucrose confer enhanced ther-
mostability). Plant Physiol. 105, 181–190 (1994).

	 19.	 Sripinyowanich, S. et al. Exogenous ABA induces salt tolerance in Indica rice (Oryza sativa L.): the role of OsP5CS1 and OsP5CR 
gene expression during salt stress. Environ. Exp. Bot. 86, 94–105 (2013).

	 20.	 Gurmani, A. R. et al. Exogenous abscisic acid (ABA) and silicon (Si) promote salinity tolerance by reducing sodium (Na+) 
transport and bypass flow in rice (’Oryza sativa’indica). Aust. J. Crop Sci. 7, 1219–1226 (2013).

	 21.	 Liu, X. L. et al. Abscisic acid primes rice seedlings for enhanced tolerance to alkaline stress by upregulating antioxidant defense 
and stress tolerance-related genes. Plant Soil 438, 39–55 (2019).

	 22.	 Jisha, K. C., Vijayakumari, K. & Puthur, J. T. Seed priming for abiotic stress tolerance: an overview. Acta Physiol. Plant 35, 
1381–1396 (2013).

	 23.	 Contreras-Cornejo, H. A., Macías-Rodríguez, L., Alfaro-Cuevas, R. & López-Bucio, J. Trichoderma spp. improve growth of 
Arabidopsis seedlings under salt stress through enhanced root development, osmolite production, and Na+ elimination through 
root exudates. Mol. Plant Microbe Interact. 27, 503–514 (2014).

	 24.	 Tan, J. et al. Root structural plasticity enhances salt tolerance in mature olives. Environ. Exp. Bot. 179, 104224 (2020).
	 25.	 Wang, H. M. et al. Effects of salt stress on antioxidant defense system in the root of Kandelia candel. Bot. Stud. 55, 1–7 (2014).
	 26.	 Zhang, H. et al. Root damage under alkaline stress is associated with reactive oxygen species accumulation in rice (Oryza sativa 

L.). Front. Plant Sci. 8, 1580 (2017).
	 27.	 Ijaz, B. et al. Adaptive behaviour of roots under salt stress correlates with morpho-physiological changes and salinity tolerance 

in rice. Int. J. Agric. Biol. 21, 667–674 (2019).
	 28.	 Bandeoğlu, E., Eyidoğan, F., Yücel, M. & Avni Öktem, H. Antioxidant responses of shoots and roots of lentil to NaCl-salinity 

stress. Plant Growth Regul. 42, 69–77 (2004).
	 29.	 Lu, C. et al. Abscisic acid regulates auxin distribution to mediate maize lateral root development under salt stress. Front. Plant 

Sci. 716, 56 (2019).
	 30.	 Liu, H., Ren, X., Zhu, J., Wu, X. & Liang, C. Effect of exogenous abscisic acid on morphology, growth and nutrient uptake of 

rice (Oryza sativa) roots under simulated acid rain stress. Planta 248, 647–659 (2018).
	 31.	 Zhang, H. et al. Root yield, antioxidant capacities, and hormone contents in different drought-tolerant sweet potato cultivars 

treated with ABA under early drought stress. Acta Physiol. Plant 42, 1–15 (2020).
	 32.	 Carillo, P., Annunziata, M. G., Pontecorvo, G., Fuggi, A. & Woodrow, P. Salinity stress and salt tolerance. Abiotic Stress Plants 

Mech. Adapt. 1, 21–38 (2011).
	 33.	 Munns, R. & Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681 (2008).
	 34.	 He, C. et al. Expression of an Arabidopsis vacuolar sodium/proton antiporter gene in cotton improves photosynthetic perfor-

mance under salt conditions and increases fiber yield in the field. Plant Cell physiol. 46, 1848–1854 (2005).
	 35.	 Rachmawati, D., Ramadhani, A. N. & Fatikhasari, Z. The effect of silicate fertilizer on the root development of rice and its toler-

ance to salinity stress. Earth Environ. Sci. 724, 012004 (2021).
	 36.	 Misra, A. N. et al. Sodium chloride induced changes in leaf growth, and pigment and protein contents in two rice cultivars. Biol. 

Plantarum. 39, 257–262 (1997).
	 37.	 Singh, P. K. & Gautam, S. Role of salicylic acid on physiological and biochemical mechanism of salinity stress tolerance in plants. 

Acta Physiol. Plant 35, 2345–2353 (2013).
	 38.	 Chen, F., Chen, S., Guo, W. & Ji, S. Salt tolerance identification of three species of chrysanthemums. Environ. Stress Horticult. 

Crops. 618, 299–305 (2002).
	 39.	 Gadelha, C. G. et al. Sodium uptake and transport regulation, and photosynthetic efficiency maintenance as the basis of dif-

ferential salt tolerance in rice cultivars. Environ. Exp. Bot. 192, 104654 (2021).
	 40.	 Mohamed, H. I. & Latif, H. H. Improvement of drought tolerance of soybean plants by using methyl jasmonate. Physiol. Mol. 

Biol. Plant 23, 545–556 (2017).
	 41.	 Harizanova, A. & Koleva-Valkova, L. Effect of silicon on photosynthetic rate and the chlorophyll fluorescence parameters at 

hydroponically grown cucumber plants under salinity stress. J. Cent. Eur. Agric. 20, 953–960 (2019).
	 42.	 Shibata, S. I., Satou, F., Kimura, H. & Oyabu, T. The relationship between chlorophyll fluorescence parameter (Fv/Fm) and 

frequency component of plant bioelectric potential in spraying chemical herbicides. IEEJ Trans. Sens. Micromach. 132, 154–158 
(2012).

	 43.	 Ahanger, M. A., Mir, R. A., Alyemeni, M. N. & Ahmad, P. Combined effects of brassinosteroid and kinetin mitigates salinity 
stress in tomato through the modulation of antioxidant and osmolyte metabolism. Plant Physiol. Biochem. 147, 31–42 (2020).

	 44.	 Tietz, S., Hall, C. C., Cruz, J. A. & Kramer, D. M. NPQ (T): a chlorophyll fluorescence parameter for rapid estimation and 
imaging of non-photochemical quenching of excitons in photosystem-II-associated antenna complexes. Plant Cell Environ. 40, 
1243–1255 (2017).

	 45.	 Zhao, C., Zhang, H., Song, C., Zhu, J. K. & Shabala, S. Mechanisms of plant responses and adaptation to soil salinity. Innovation 
https://​doi.​org/​10.​1016/j.​xinn.​2020.​100017 (2020).

	 46.	 Tavakkoli, E., Fatehi, F., Coventry, S., Rengasamy, P. & McDonald, G. K. Additive effects of Na+ and Cl–ions on barley growth 
under salinity stress. J. Exp. Bot. 62, 2189–2203 (2011).

	 47.	 Yan, F. et al. Melatonin enhances Na+/K+ homeostasis in rice seedlings under salt stress through increasing the root H+-pump 
activity and Na+/K+ transporters sensitivity to ROS/RNS. Environ. Exp. Bot. 182, 104328 (2021).

	 48.	 Tester, M., Tester, M. & Davenport, R. Na+ tolerance and Na+ transport in higher plants. Ann. Bot. 91, 503–527 (2003).
	 49.	 Chuamnakthong, S., Nampei, M. & Ueda, A. Characterization of Na+ exclusion mechanism in rice under saline-alkaline stress 

conditions. Plant Sci. 287, 110171 (2019).
	 50.	 Manishankar, P., Wang, N., Köster, P., Alatar, A. A. & Kudla, J. Calcium signaling during salt stress and in the regulation of ion 

homeostasis. J. Exp. Bot. 69, 4215–4226 (2018).
	 51.	 Zhu, J. K. Plant salt tolerance. Trends Plant Sci. 6, 66–71 (2001).
	 52.	 Manzano, C. et al. The emerging role of reactive oxygen species signaling during lateral root development. Plant Physiol. 165, 

1105–1119 (2014).
	 53.	 Jain, M., Mathur, G., Koul, S. & Sarin, N. Ameliorative effects of proline on salt stress-induced lipid peroxidation in cell lines of 

groundnut (Arachis hypogaea L.). Plant Cell Rep. 20, 463–468 (2001).
	 54.	 Hernández, J. A., Ferrer, M. A., Jiménez, A., Barceló, A. R. & Sevilla, F. Antioxidant systems and O2−/H2O2 production in the 

apoplast of pea leaves. Its relation with salt-induced necrotic lesions in minor veins. Plant Physiol. 127, 817–831 (2001).
	 55.	 Apel, K. & Hirt, H. Reactive oxygen species: metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 55, 

373–399 (2004).
	 56.	 Mittler, R., Vanderauwera, S., Gollery, M. & Van Breusegem, F. Reactive oxygen gene network of plants. Trends Plant Sci. 9, 

490–498 (2004).
	 57.	 Fridovich, I. Biological effects of the superoxide radical. Arch Biochem. Biophys. 247, 1–11 (1986).
	 58.	 Kim, S. Y. et al. Enhanced antioxidant enzymes are associated with reduced hydrogen peroxide in barley roots under saline 

stress. BMB Rep. 38, 218–224 (2005).

https://doi.org/10.1016/j.xinn.2020.100017


25

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8228  | https://doi.org/10.1038/s41598-022-11408-0

www.nature.com/scientificreports/

	 59.	 Ye, S. et al. Differential physiological responses to salt stress between salt-sensitive and salt-tolerant japonica rice cultivars at 
the post-germination and seedling stages. Plants 10, 2433 (2021).

	 60.	 Sadak, M. S. Physiological role of signal molecules in improving plant tolerance under abiotic stress. Int. J. Chem. Tech. Res. 9, 
46–60 (2016).

	 61.	 Kaur, N., Dhawan, M., Sharma, I. & Pati, P. K. Interdependency of reactive oxygen species generating and scavenging system in 
salt sensitive and salt tolerant cultivars of rice. BMC Plant Biol. 16, 1–13 (2016).

	 62.	 Saxena, I., Srikanth, S. & Chen, Z. Cross talk between H2O2 and interacting signal molecules under plant stress response. Front 
Plant Sci. 7, 570 (2016).

	 63.	 Saini, S., Kaur, N. & Pati, P. K. Reactive oxygen species dynamics in roots of salt sensitive and salt tolerant cultivars of rice. Anal. 
Biochem. 550, 99–108 (2018).

	 64.	 Ahmad, S. et al. Exogenous application of melatonin induces tolerance to salt stress by improving the photosynthetic efficiency 
and antioxidant defense system of maize seedling. J. Plant Growth Regul. 40, 1270–1283 (2021).

	 65.	 Altaf, M. A. et al. Melatonin alleviates salt damage in tomato seedling: a root architecture system, photosynthetic capacity, ion 
homeostasis, and antioxidant enzymes analysis. Sci. Hortic. 285, 110145 (2021).

	 66.	 Qiu, Z., Guo, J., Zhu, A., Zhang, L. & Zhang, M. Exogenous jasmonic acid can enhance tolerance of wheat seedlings to salt stress. 
Ecotoxicol. Environ. Saf. 104, 202–208 (2014).

	 67.	 Meneguzzo, S., Navam-Izzo, F. & Izzo, R. Antioxidative responses of shoots and roots of wheat to increasing NaCI concentra-
tions. J. Plant Physiol. 155, 274–280 (1999).

	 68.	 Vaidyanathan, H., Sivakumar, P., Chakrabarty, R. & Thomas, G. Scavenging of reactive oxygen species in NaCl-stressed rice 
(Oryza sativa L.)—differential response in salt-tolerant and sensitive varieties. Plant Sci. 165, 1411–1418 (2003).

	 69.	 Demiral, T. & Türkan, I. Comparative lipid peroxidation, antioxidant defense systems and proline content in roots of two rice 
cultivars differing in salt tolerance. Environ. Exp. Bot. 53, 247–257 (2005).

	 70.	 Wang, Y., Ma, F., Li, M., Liang, D. & Zou, J. Physiological responses of kiwifruit plants to exogenous ABA under drought condi-
tions. Plant Growth Regul. 64, 63–74 (2011).

	 71.	 Cheng, Y. W. et al. Thymol confers tolerance to salt stress by activating anti-oxidative defense and modulating Na+ homeostasis 
in rice root. Ecotoxicol. Environ. Saf. 188, 109894 (2020).

	 72.	 Macknight, R. C. et al. Increasing ascorbate levels in crops to enhance human nutrition and plant abiotic stress tolerance. Curr. 
Opin. Biotechnol. 44, 153–160 (2017).

	 73.	 Ryu, H. & Cho, Y. G. Plant hormones in salt stress tolerance. J Plant Biol. 58, 147–155 (2015).
	 74.	 Chi Lin, C. & Huei Kao, C. Relative importance of Na+, Cl−, and abscisic acid in NaCl induced inhibition of root growth of rice 

seedlings. Plant Soil 237, 165–171 (2001).
	 75.	 Zahedi, S. M. et al. Exogenous melatonin mitigates salinity-induced damage in olive seedlings by modulating ion homeostasis, 

antioxidant defense, and phytohormone balance. Physiol. Plant 173, 1682–1694 (2021).
	 76.	 Adie, B. A. et al. ABA is an essential signal for plant resistance to pathogens affecting JA biosynthesis and the activation of 

defenses in Arabidopsis. Plant Cell 19, 1665–1681 (2007).
	 77.	 Li, Y. et al. Effect of exogenous melatonin on the growth and photosynthetic properties of cotton seedlings under salt stress. 

Xinjiang Agric. Sci. 58, 1418–1426 (2021) ((in Chinese)).
	 78.	 Xie, Y., Sun, G., Wang, L. & Tang, Y. Effects of spraying abscisic acid on photosynthetic physiology of lettuce seedlings under 

salt stress. Earth Environ Sci. 199, 052011 (2018).
	 79.	 Wang, Z. S. et al. Salt acclimation induced salt tolerance is enhanced by abscisic acid priming in wheat. Plant Soil Environ. 63, 

307–314 (2015).
	 80.	 Alian, A., Altman, A. & Heuer, B. Genotypic difference in salinity and water stress tolerance of fresh market tomato cultivars. 

Plant Sci. 152, 59–65 (2000).
	 81.	 Gurmani, A. R., Bano, A., Khan, S. U., Din, J. & Zhang, J. L. Alleviation of salt stress by seed treatment with abscisic acid (ABA), 

6-benzylaminopurine (BA) and chlormequat chloride (CCC) optimizes ion and organic matter accumulation and increases 
yield of rice (“Oryza sativa” L). Aust. J. Crop Sci. 5, 1278–1285 (2011).

	 82.	 Liu, J. & Zhu, J. K. A calcium sensor homolog required for plant salt tolerance. Science 280, 1943–1945 (1998).
	 83.	 Teng, L. et al. Effect of calcium and magnesium ions on cadmium resistance in rice seed germination stage under cadmium ion 

stress. Seed 39, 18–25 (2020).
	 84.	 Bhaskara, G. B., Nguyen, T. T., Yang, T. H. & Verslues, P. E. Comparative analysis of phosphoproteome remodeling after short 

term water stress and ABA treatments versus longer term water stress acclimation. Front Plant Sci. 8, 523 (2017).
	 85.	 Li, Y., Zhao, H., Duan, B., Korpelainen, H. & Li, C. Effect of drought and ABA on growth, photosynthesis and antioxidant system 

of Cotinus coggygria seedlings under two different light conditions. Environ. Exp. Bot. 71, 107–113 (2011).
	 86.	 Xu, L. et al. ABNORMAL INFLORESCENCE MERISTEM1 functions in salicylic acid biosynthesis to maintain proper reactive 

oxygen species levels for root meristem activity in rice. Plant Cell 29, 560–574 (2017).
	 87.	 Wang, Y. et al. The synthesis of ascorbic acid in rice roots plays an important role in the salt tolerance of rice by scavenging ROS. 

Int. J. Mol. Sci. 19, 3347 (2018).
	 88.	 Nag, S. & Kumaria, S. In silico characterization and transcriptional modulation of phenylalanine ammonialyase (PAL) by abiotic 

stresses in the medicinal orchid Vanda coerulea Griff. ex Lindl. Phytochemistry 156, 176–183 (2018).
	 89.	 Van Zelm, E., Zhang, Y. & Testerink, C. Salt tolerance mechanisms of plants. Annu Rev Plant Biol. 71, 403–433 (2020).
	 90.	 Ellouzi, H. et al. A comparative study of the early osmotic, ionic, redox and hormonal signaling response in leaves and roots of 

two halophytes and a glycophyte to salinity. Planta 240, 1299–1317 (2014).
	 91.	 Sah, S. K., Reddy, K. R. & Li, J. Abscisic acid and abiotic stress tolerance in crop plants. Front. Plant Sci. 7, 57 (2016).
	 92.	 Arnon, D. I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiol. 24, 1 (1949).
	 93.	 Cakmak, I. & Horst, W. J. Effect of aluminium on lipid peroxidation, superoxide dismutase, catalase, and peroxidase activities 

in root tips of soybean (Glycine max). Physiol Plant. 83, 463–468 (1991).
	 94.	 Jessup, W., Dean, R. T. & Gebicki, J. M. Iodometric determination of hydroperoxides in lipids and proteins. Methods Enzymol. 

233, 289–303 (1994).
	 95.	 Ekinci, M. et al. Determination of physiological indices and some antioxidant enzymes of chard exposed to nitric oxide under 

drought stress. Russ. J. Plant Physiol. 67, 740–749 (2020).
	 96.	 Nakano, Y. & Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell 

Physiol. 22, 867–880 (1981).
	 97.	 Chance, B. & Maehly, A. C. Assay of catalases and peroxidases. Methods Enzymol. 2, 764–775 (1955).
	 98.	 Spychalla, J. P. & Desborough, S. L. Superoxide dismutase, catalase, and α-tocopherol content of stored potato tubers. Plant 

Physiol. 94, 1214–1218 (1990).
	 99.	 Kampfenkel, K., Vanmontagu, M. & Inzé, D. Extraction and determination of ascorbate and dehydroascorbate from plant tissue. 

Anal. Biochem. 225, 165–167 (1995).
	100.	 Tyburski, J. & Tretyn, A. Glutathione and glutathione disulfide affect adventitious root formation and growth in tomato seedling 

cuttings. Acta Physiol. Plant 32, 411–417 (2010).
	101.	 Assis, J. S., Maldonado, R., Muñoz, T., Escribano, M. I. & Merodio, C. Effect of high carbon dioxide concentration on PAL activity 

and phenolic contents in ripening cherimoya fruit. Postharvest. Biol. Technol. 23, 33–39 (2001).



26

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8228  | https://doi.org/10.1038/s41598-022-11408-0

www.nature.com/scientificreports/

	102.	 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).

	103.	 Šimura, J. et al. Plant hormonomics: multiple phytohormone profiling by targeted metabolomics. Plant Physiol. 177, 476–489 
(2018).

Acknowledgements
We would like to acknowledgement the financial supports from Special projects in key areas of ordinary colleges 
of Educational Commission of Guangdong Province (2021ZDZX4027); Innovation Team Project of ordinary col-
leges of Educational Commission of Guangdong Province (2021KCXTD011); “Ling Hang” Program of Zhanjiang 
Innovation and Entrepreneurship Team Introduction (2020LHJH01); Research start-up project of Guangdong 
Ocean University (R20046); Research start-up project of Guangdong Ocean University (060302052012); “Inno-
vation and Strong School Project” of Guangdong Ocean University in 2020 (230420006). ‘Chaoyouqianhao’ and 
‘Huanghuazhan’ were furnished by Guangdong Tianhong Seed Company Limited, China.

Author contributions
D.Z., N.F. and H.Z. designed the experiments. G.C., F.M. and A.H. conducted the experiments. G.C. and G.R. 
analyzed the data. D.M., L.Z. and X.S. prepared the figure. G.C. wrote the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.Z. or N.F.

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) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Physiological mechanisms of ABA-induced salinity tolerance in leaves and roots of rice
	Result
	Effect of different concentrations of ABA on rice seedling growth under salt stress. 
	Effects of exogenous ABA on the shoot morphological parameters under salt stress. 
	Effects of exogenous ABA on the root morphological parameters under salt stress. 
	Effect of exogenous ABA on salt stress with respect to seedling biomass. 
	Effects of exogenous ABA on leaf pigment contents in rice seedlings under salt stress. 
	Effects of exogenous ABA on photosynthetic parameters in rice seedlings under salt stress. 
	Effects of exogenous ABA on fluorescence parameters in rice seedlings under salt stress. 
	Effects of exogenous ABA on ion homeostasis in rice seedlings under salt stress. 
	Effects of exogenous ABA on salt stress in terms of membrane lipid peroxide (malondialdehyde) and H2O2 in rice seedlings. 
	Effects of exogenous ABA on the antioxidant enzyme activities in rice seedlings under salt stress. 
	Effects of exogenous ABA on the activities of AsA and GSH contents in rice seedlings under salt stress. 
	Effects of exogenous ABA on the levels of soluble protein in rice seedlings. 
	Effects of exogenous ABA on endogenous phytohormone in rice seedlings. 

	Discussion
	Materials and methods
	Plant materials and growth conditions. 
	Observations. 
	Growth response measurements. 

	Measurement of photosynthetic pigments. 
	Measurement of photosynthetic parameters. 
	Measurement of chlorophyll fluorescence parameters. 
	Measurement of ions contents. 
	Analysis of lipid peroxidation. 
	Measurement of antioxidant enzyme activity. 
	Measurement of antioxidant molecules. 
	Measurement of soluble protein content. 
	Measurement of endogenous hormone content. 
	Statistical analysis. 

	References
	Acknowledgements


