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Abstract
Since many cultivated plants, including rice, are susceptible to stress and salt stress, resulting in a tremendous reduction in 
yield, threatens food security worldwide. Strategies such as using biostimulants to ameliorate salt stress can reduce stress 
effects and sustain production. The effects of soaking Koshihikari (salt-sensitive) seeds in astaxanthin (AS) under salt stress 
were determined in the present study. In particular, the seeds of the rice cultivar were subjected to control, salt stress (50 
mM NaCl), AS (50 µM), and AS + salt stress treatments for two weeks in hydroponic culture. Thereafter, the plants were 
harvested, and their growth, physiological, and molecular parameters were analyzed. The results showed that the growth of 
plants under salt stress was significantly reduced; however, the growth was restored to levels comparable to those of non-
stressed plants treated with AS. Salt stress significantly increased the concentrations of malondialdehyde, hydrogen peroxide, 
and the electrolyte leakage ratio in untreated plants and significantly decreased their concentration in AS-treated plants under 
the same conditions, with corresponding increases in leaf catalase, peroxidase, and ascorbate peroxidase activities. Leaf  Na+ 
concentration markedly increased under salt stress in non-treated plants, and AS treatment reduced the concentration. How-
ever, the difference was not statistically significant, which resulted in a significant decrease in the  Na+/K+ ratio in AS-treated 
plants compared to that in non-treated plants. Salt stress and AS treatment did not alter the concentration of photosynthetic 
pigments but enhanced the expression of OsBHY, OsNHX1, OsSOS1, and OsHKT1;5 genes. Overall, soaking seeds in AS 
induced salt stress tolerance in the Koshihikari rice cultivar by reducing oxidative stress damage and enhancing shoot  Na+/
K+ balance. Therefore, seed-soaking methods using AS could serve as a good strategy for improving the cultivation of salt-
sensitive rice cultivars in saline soils.
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Introduction

Ensuring global food security is increasingly challenging 
as large areas of arable lands worldwide are facing ever-
increasing environmental stress conditions, such as water 
deficit, salinization, and alkalization (Fang et al. 2021). In 
addition to these constraints, climate change has markedly 
contributed to lower yields of many agricultural products. 
Therefore, new management practices that will boost crop 
production under these adverse conditions are important 
to meet the demands of the ever-increasing world popu-
lation, which is expected to reach 9–11 billion people by 
2050 (Röös et al. 2017). Salinity is among the major con-
tributors to the decline in crop production worldwide. It has 
been the subject of immense scientific research to generate 
tolerant varieties by introducing salt stress-tolerant genes 
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for the sustainable production of crops under stress condi-
tions (Sriskantharajah et al. 2020). Such cultivars are highly 
needed as salinity encroaches on arable land. However, most 
crops are glycophytes, requiring halophytic trait transfer for 
growth and reproduction under these conditions (Himabindu 
et al. 2016; Mangu et al. 2019).

Glycophytes are susceptible to salt stress (Nampei et al. 
2021). Salt stress affects plants through (1) excess and 
uncontrolled  Na+ transport from the root to photosynthetic 
tissues, where it induces diverse metabolic damages, includ-
ing chlorophyll biosynthesis and enzyme deactivation, and 
compromises membrane integrity (Munns and Tester 2008; 
Yang et al. 2019); (2) induction of osmotic stress owing to 
lowered soil osmotic potential due to high concentrations of 
salts, which inhibit water uptake by roots and consequently 
decrease net photosynthetic output leading to growth reduc-
tion (Munns and Tester 2008); (3) induction of oxidative 
stress due to free radicals (especially superoxide anions 
 (O2

−) that accumulate along electron transport pathways 
in chloroplasts (affecting photosynthesis), mitochondria 
(affecting respiration), and peroxisomes (affecting pho-
torespiration), thereby orchestrating damage to cell mem-
brane lipids, DNA, and proteins, which sometimes end in 
cell death (Gill and Tuteja 2010); and (4) mineral deficiency 
owing to inhibited water uptake (Shams et al. 2019).

Tolerant glycophytes and halophytes have evolved sev-
eral mechanisms to overcome these salt-induced challenges. 
These include shoot  Na+ exclusion (restricted transport 
of  Na+ to shoot from roots) mediated by high-affinity  K+ 
transporters (HKT) and the salt overly sensitive 1 (SOS1) 
antiporter (Assaha et al. 2017a; Munns et al. 2020a); tissue 
tolerance  (Na+ uptake in the shoot and its vacuolar seques-
tration through tonoplast  Na+/H+ exchangers such as NHX1) 
(Assaha et  al. 2017b); reactive oxygen species (ROS) 
scavenging through the removal of free oxygen radicals 
and derivatives, such as  O2

−,  H2O2, and OH• by enzymes 
(catalase, CAT; ascorbate peroxidase, APX; superoxide dis-
mutase, SOD; and peroxidase, POD) and non-enzymes (e.g., 
proline, glycine betaine, and carotenoid phenolics) (Gill and 
Tuteja 2010); salt secretion via salt glands (Shabala et al. 
2014);  Na+ recirculation from the plant to the soil (Fuji-
maki et al. 2015); and accumulation of organic and inor-
ganic solutes to counter external osmotic potential to enable 
sustained water and mineral uptake (Munns et al. 2020b). 
However, as mentioned earlier, most crops are glycophytes 
and would suffer under high salinity conditions because they 
lack one or more of these tolerance traits (Chuamnakthong 
et al. 2019).

Rice (Oryza sativa L.) is a saline susceptible plant 
(Horie et al. 2012). It is a staple crop in many parts of 
the world; however, its production is declining because 
of its susceptibility to salt stress (Kobayashi et al. 2018). 
Accordingly, there has been a preponderance of research 

on improving the stress tolerance of this crop. The 
response to salinity varies among the hundreds of rice cul-
tivars that have been generated to date, with some being 
more tolerant than others, especially wild varieties (Prusty 
et al. 2018; Tahjib-Ul-Arif et al. 2018). Hence, stress toler-
ance genes have been successfully engineered to enhance 
tolerance in susceptible cultivars (Munns et al. 2012). 
However, due to restrictions on using genetically modi-
fied organisms (GMOs) in many countries, this practice 
has yet to gain global acceptance (Toft 2012); therefore, 
the continued search for other stress tolerance strategies 
remains important. In addition, stress alleviation strate-
gies to boost the production of salt stress-susceptible rice 
cultivars are needed. Koshihikari is a rice cultivar suscep-
tible to salt stress; however, it is one of the most prized 
cultivars in many countries, including Japan, Australia, 
and America (Kobayashi et al. 2018). This cultivar is sen-
sitive because salt stress induces reduced root  Na+ efflux, 
increased  K+ efflux, and physical damage to root tissues, 
leading to a reduced ability to sequester  Na+ at the root 
and regulate the amount reaching the shoot from the root, 
resulting in an increase in shoot  Na+ accumulation (Liu 
et al. 2019). In the absence of  Na+ sequestration, osmotic 
adjustment, and an antioxidant defense system, this uncon-
trolled  Na+ uptake and translocation to the shoot leads to 
reduced biomass and yield of the cultivar (Akter and Oue 
2018; Mekawy et al. 2018; Mitsuya et al. 2019). It also 
leads to low  K+/Na+ ratios owing to the reduced ability 
to retain  K+ in the root (Liu et al. 2019), thereby expos-
ing plants to the damaging effects of  Na+ on  K+-related 
functions. Therefore, optimizing Koshihikari production 
in saline environments requires treatments that alleviate 
these negative salt-induced traits.

Astaxanthin (AS; 3,3’-dihydroxy-4,4’-dione-β, 
β’-carotene) is a ketocarotenoid, synthesized from caro-
tene through 3-ketolation and 4-hydroxylation (Seabra and 
Pedrosa 2010). It is produced by certain microalgae and 
yeasts and has very powerful antioxidant characteristics 
in both humans and animals. Therefore, AS is a potential 
anticancer agent used to enhance the nutritional quality of 
foods (Özbeyli et al. 2020). Oxidative damage is one of the 
major effects of salt stress on the growth and development 
of plants, and AS has been implicated in plant growth regu-
lation and the mitigation of oxidative damage induced by 
salinity stress in strawberry tissue-cultured seedlings (Zhong 
et al., 2018). Moreover, the antioxidant capacity of AS has 
been demonstrated in transgenic rice plants (Zhu et  al. 
2018). Because of these beneficial effects, we hypothesized 
that using AS might impart salt stress tolerance to the salt-
sensitive rice cultivar Koshihikari, especially because it has 
a deficient antioxidant defense barrier. Therefore, this study 
aimed to explore the ameliorative effects of AS on Koshihi-
kari through seed soaking.
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Materials and methods

Vegetal material and culture conditions

The salt-sensitive Koshihikari rice cultivar used in this 
study was obtained from a stock at the Plant Nutritional 
Physiology Laboratory of Hiroshima University. The seeds 
of the rice cultivar were surface-sterilized as previously 
described (Mekawy et  al. 2018). The seeds were then 
split into two groups: Group 1 was immersed in differ-
ent concentrations (5, 10, 50, and 100 µM) of AS (1 g/
mL dimethyl sulfoxide, DMSO) in distilled water for 
24 h at 28 ◦ C, whereas Group 2 was soaked in similar 
amount of DMSO and distilled water (unprimed). The 
seeds were then air-dried for 3 h and soaked in distilled 
water for 2 days. After germination, seeds 200 seeds of 
the rice cultivar were placed on plastic nets floating in 
half-strength Kimura B hydroponic nutrient solution (0.18 
mM  (NH4)2SO4, 0.27 mM  MgSO4·7H2O, 0.09 mM  KNO3, 
0.18 mM Ca(NO3)2·4H2O, 0.09 mM  KH2PO4, 20 µM 
NaEDTA-Fe·3H2O, 6.7 µM  MnCl2·4H2O, 9.4 µM  H3BO3, 
0.015 µM  (NH4)6Mo7O24·4H2O, 0.15 µM  ZnSO4·7H2O, 
0.16 µM  CuSO4·5H2O) as previously reported (Mekawy 
et al. 2018). It was supplemented with 50 mM NaCl for the 
stress treatment. Unsupplemented Kimura B was used as 
the control (untreated). Nutrient solutions were renewed 
daily. The salt treatment was performed immediately after 
germination. Seeds soaked in different concentrations of 
AS were tested, for optimization purposes and a concentra-
tion of 50 µM was selected for the study. The experiment 
comprised four treatments [control (no AS), AS pretreat-
ment, NaCl, and AS + NaCl] with 40 plants per treatment 
and four replicates. The pH of the nutrient solution was 
kept within the range of 5.0–5.5, and the plants were moni-
tored for two weeks under the following conditions in a 
growth chamber: 70% relative humidity, 24 ± 2 °C tem-
perature, and a photoperiod of 16 h light at a photosyn-
thetic photon flux density of 250–350 µmol/m2/s and 8 h 
of darkness (Mekawy et al. 2018). Finally, the plants were 
harvested at the end of the two-week treatment period. 
Their growth (1 plant per replicate) and various physi-
ological parameters (tissues from 2 plants per replicate) 
were measured in one plant per replicate per treatment.

Growth measurement

The lengths (cm) of the roots and shoots of plants under 
different treatments were measured using a graduated 
ruler. Thereafter, the plants were partitioned into roots, 
leaf sheaths, and leaf blades, and their fresh weights (FW) 
were measured. The samples were then oven-dried at 70 

℃ for 72 h and the dry weight (DW) was recorded. The 
dried samples were used for  Na+ and  K+ measurements. 
Other plant samples were flash-frozen in liquid nitrogen 
for storage at − 80 ℃ until usage in various physiological 
analyses.

Determination of sodium  (Na+) and potassium  (K+) 
concentrations

Na+ and  K+ concentrations were measured in the leaf blades, 
leaf sheaths, and roots as previously described (Mekawy 
et al. 2015). The dried samples (~ 1 g) were gently agitated 
in 1 N HCl overnight and the  Na+ and  K+ ion contents were 
measured using a flame photometer (ANA-135; Tokyo Pho-
toelectric, Tokyo, Japan). The concentrations of  Na+ and 
 K+ in the samples were calculated from the curves obtained 
from standard solutions of  Na+ and  K+.

Measurement of chlorophyll and carotenoid 
contents

Chlorophyll and carotenoids were extracted and measured 
as previously described (Assaha et al. 2017a; Mekawy et al. 
2018). The second leaves from the tops were used for analy-
sis. Extraction was performed in N,N-dimethyl formamide 
(DMF) using 500 mg of fresh leaf samples. The absorb-
ance of the extracts was measured at 646.8, 663.8, and 
480 nm. The concentrations were calculated using previ-
ously described methods (Porra et al. 1989; Wellburn 1994), 
as follows:

where Chl a = chlorophyll a, Chl b = chlorophyll b, 
Chl a + b = total chlorophyll, Car = carotenoids, and 
A = absorbance.

Determination of the electrolyte leakage ratio (ELR), 
hydrogen peroxide  (H2O2) and malondialdehyde 
(MDA) concentrations

The ELR of fresh leaf samples from plants was determined 
according to previous reports (Mekawy et al. 2015). Briefly, 
the electrical conductivity (EC) of deionized water contain-
ing leaf segments was measured before (EC1) and after 

(1)Chla = 12A
663.8

− 3.11A
646.8

(2)Chlb = 20.78A
646.8

− 4.88A
663.8

(3)Chla + b = 7.12A
663.8

+ 17.67A
646.8

(4)Car =
(

1000A
480

− 1.12Chla − 34.07Chlb
)

÷ 245
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(EC2) autoclaving. Then the two EC values were used to 
calculate the ELR using Eq. 5.

H2O2 extraction and measurements were performed as 
previously described (Mekawy et al. 2018). The extraction 
was performed using ground leaf and root tissues in 4 mL 
of cold acetone. The resulting homogenate was mixed with 
a reaction buffer (0.25 mM  FeSO4, 0.25 mM  (NH4)2SO4, 25 
mM  H2SO4, 125 µM xylenol orange, and 10 mM sorbitol). 
Finally,  H2O2 levels were read spectrophotometrically at 
560 nm, and the concentration was calculated using refer-
ence standards (Suharsono et al. 2002). MDA concentra-
tions were determined using the thiobarbituric acid (TBA) 
reaction as previously described (Assaha et  al. 2015b; 
Mekawy et al. 2018). Fresh leaf and root samples (100 mg) 
were homogenized in an extraction buffer (10 mM HEPES, 
pH 7.0, 15% tricarboxylic acid, 0.375% TBA, 0.25 N HCl, 
0.04% butylated hydroxyl toluene, and 2% ethanol), incu-
bated at 95 °C and then centrifuged. The absorbance of the 
supernatant was read at 535 and 600 nm for nonspecific 
absorption, and the MDA content was calculated using the 
extinction coefficient (155  mM−1  cm−1).

Measurement of proline, total phenolics (TP), 
and total flavonoid (TF) concentrations

The proline concentration was measured using a previously 
described method (Bates et al. 1973), with l-proline as the 
standard. The TP was extracted and measured according 
to previously described methods (Ainsworth and Gillespie 
2007; Assaha et al. 2017a). Briefly, leaf and root extracts 
were reacted with gallic acid,  Na2CO3, and the Folin-Cio-
calteu reagent. After incubation for 2 h, the absorbance of 
the mixture was read at 765 nm, and the concentration of TP 
was measured in terms of gallic acid equivalents. TFs were 
extracted and measured as previously described (Memari-
Tabrizi et al. 2021). Briefly, a 2-mL mixture of leaf and root 
extracts and ethanol was combined with 3 mL of a reaction 
mixture composed of 10%  AlCl3 and 1 M potassium acetate. 
After incubating the mixture for 0.5 h at room temperature, 
the absorbance was read at 415 nm, and the TF concentra-
tion was expressed as quercetin equivalents.

Measurement of antioxidant enzyme activities

Enzyme extraction was conducted using 0.5 g of fresh leaf 
and root tissue, according to previously reported methods 
(Assaha et al. 2015b; Mekawy et al. 2018; Takagi and Yam-
ada 2013) to determine the activities of catalase (CAT; EC 
1.11.1.6) and ascorbate peroxidase (APX; EC 1.11.1.11). 
The assay mixture for CAT consisted of the enzyme extract, 

(5)ELR = (EC1 ÷ EC2) × 100

 H2O2, and potassium phosphate buffer (50 mM, pH 7.0). 
The activity was recorded as a decrease in  H2O2 at 240 and 
expressed as mmol  H2O2 consumed per minute. The oxida-
tion of ascorbate at 290 nm was measured in a 1 mL reac-
tion mixture consisting of phosphate buffer (25 mM, pH 
7.0), ascorbic acid, EDTA,  H2O2, and 10% enzyme extract 
to measure APX activity. the activity was calculated using 
2.8  mM−1  cm−1 as the extinction coefficient and reported 
as µmol of ascorbate oxidized per minute. The increase in 
absorbance of 1 mL of the reaction mixture composed of 
guaiacol phosphate buffer,  H2O2, and 2% enzyme extract 
was monitored at 470 nm for 1 min to measure POD activity. 
The activity was calculated using the extinction coefficient 
(26.6  mM−1  cm−1) for tetraguaiacol (Chance and Maehly 
1955). The protein concentration in the enzyme extracts was 
measured using a protein assay kit (Bio-Rad DC, CA, USA), 
with bovine serum albumin as the standard, according to the 
manufacturer’s instructions.

Gene expression analysis

Gene expression analysis was performed as previously 
described (Assaha et al. 2015b; Mekawy et al. 2015, 2018). 
Leaf and root tissues of the control and stressed plants were 
ground to a powder using a mortar, pestle, and liquid nitro-
gen. Approximately 1 g of the powdered sample was used 
for total RNA extraction using a total RNA extraction kit 
(Plant) (RBC Bioscience, SciTrove, Japan) according to 
the manufacturer’s instructions. The extracted RNA was 
quantified using a Nanodrop spectrophotometer ND-1000 
(Thermo Fisher Scientific, Inc.). Thereafter, 1 µg of the 
extracted RNA was used to synthesize first strand cDNA 
using the ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, 
Japan). The synthesized cDNA was subsequently used in 
quantitative real-time polymerase chain reactions, using the 
Thunderbird SYBR qPCR mix (TOYOBO, Osaka, Japan), to 
quantify the expression levels of the Oryza sativa tonoplast 
 Na+/H+ exchanger (OsNHX1) (Primer, F: 5′-TGG CTG CTG 
CTA ATG AGT TG-3′, R: 5′-ACC AAT CAT CCC GAA CCA 
T-3′), β-carotene hydroxylase (BHY) (Primer, F: 5′-GGG 
ATT ACG CTG TTC GGG AT-3′, R: 5′-TGT GAT GTA TCT 
GGT GGG CG-3′), OsHKT1;5 (Primer, F: 5′-CCC ATC AAC 
TAC AGC GTC CT-3′, R: 5′-AGC TGT ACC CCG TGC TGA 
-3′), and OsSOS1 (Primer, F: 5′-ATA CTG AGT GGG GTT 
GTT ATTGC-3′, R: 5′-AAA GGT AAA TTT CAA AAG GTA 
CAT GG-3′). The expression levels were determined using 
the  2−ΔΔCT method (Livak and Schmittgen 2001), with the 
OsUBQ5 gene (Primer, F: 5′-ACC ACT TCG ACC GCC ACT 
ACT-3′, R: 5′-ACG CCT AAG CCT GCT GGT T-3′) used as an 
internal control. The quantitative RT-PCR was performed 
using the following conditions: an initial incubation at 95 
℃ for 1 min, followed by 40 cycles of denaturation at 95 ℃ 
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for 15 s and extension at 60 ℃ for 60 s. Melt curve analysis 
was performed to verify the PCR products.

Statistical analysis

Analysis of variance (ANOVA) was performed on all data 
obtained in this study using the SPSS statistical package 
version 21 (IBM Corp. Amonk, NY, USA) after normality 
testing. Means ± SE (n = 3) were compared using the Tukey 
HSD test at α = 0.05.

Results

Effect of AS on plant growth under saline 
and non‑saline conditions

The effects of AS on the growth of rice plants grown under 
saline and non-stress conditions are shown in Fig. 1. The 
total dry mass of the plants was significantly reduced (38% 
reduction, p < 0.05) under salt stress, especially the mass of 
the roots and leaves (48 and 51% reduction, respectively). 
Although the application of 50 µM AS did not alter the dry 
weight of plants under non-saline conditions, it restored the 
DW of plants grown under salt stress to levels similar of that 
of the control (Fig. 1A). Salt stress also significantly reduced 
the total length of the plants (19% reduction, p < 0.05), 
whereas AS restored the length to levels comparable to those 
of control plants. However, under non-saline conditions, AS 
significantly increased the total and shoot lengths (13 and 
17%, respectively) of rice plants compared with those of 
control plants (Fig. 1B).

Effect of AS on  Na+ and   K+ concentrations, and  Na+/
K+ ratio under saline and non‑saline conditions

The concentrations of  Na+ and  K+ and the  Na+/K+ ratio 
are presented in Fig. 2. Salt stress significantly elevated the 
concentration of  Na+ in the leaves, sheaths, and roots of the 
plants (Fig. 2A, B, and C). However, the application of AS 
decreased the  Na+ concentration in the leaves and sheaths 
by 30 and 31%, respectively, with no statistical significance, 
implying that AS may contribute to reduced shoot  Na+ trans-
location. AS did not alter the concentration of  Na+ in the 
roots under salt stress compared to that in the non-treated 
stressed plant roots. The  Na+ concentration in shoots was 
higher than that in roots. Salt stress markedly decreased  K+ 
concentration in the leaves, sheaths, and roots (1.5-, 3-, and 
1.6-fold reductions, respectively) compared with the control 
(Fig. 2D, E, and F). However, AS application did not sig-
nificantly alter  K+ levels under either saline or non-saline 
conditions, implying that AS did not restore shoot  K+ lev-
els depleted due to salt stress. However, AS restored  K+ 

concentrations in the roots to levels comparable to those in 
the controls. With reduced  K+ concentrations in the different 
organs, salt stress significantly increased the  Na+/K+ ratio in 
the leaves, sheaths, and roots compared to that in the organs 
of AS-treated plants, indicating that AS reduced the  Na+/K+ 
ratio required for stress tolerance, especially in the shoots 
(Fig. 2G, H, and I).

Effect of AS on chlorophyll (chl) and carotenoid 
concentrations under saline and non‑saline 
conditions

The concentrations of Chl a, Chl b, total Chl, and carot-
enoids are shown in Fig. 3. Salt stress and AS did not sig-
nificantly alter these concentrations compared to the control 

Fig. 1  Effects of AS on the growth of Koshihikari seedlings under 
saline and non-saline conditions. Effect of AS on A dry weight and 
B  plant length. Bars represent means ± SE (n = 3), and bars with 
the same letter are not statistically different (p ≤ 0.05). C = control, 
S = salt stress, AS = astaxanthin, and ASS = astaxanthin + salt stress



614 Plant Growth Regulation (2024) 103:609–623

treatment, implying that the ameliorative effects of AS were 
unrelated to chlorophyll concentration.

Effect of AS on ELR, and  H2O2 and MDA 
concentrations under saline and non‑saline 
conditions

The effects of AS application on ELR,  H2O2, and MDA 
production under non-saline and saline conditions are pre-
sented in Fig. 4. Salt stress significantly elevated the  H2O2 
concentration in the leaves of the from control by 220% 
and that of AS-treated plants by 59%. Thus, AS application 
reduced salt-induced  H2O2 concentration by 29% (Fig. 4A), 
indicating that AS can lower salt stress-induced  H2O2 pro-
duction.  H2O2 levels were markedly lower in the roots than 
in the leaves; however, this level increased under all treat-
ments, especially in salt stressed AS-treated plants (47% 
increase), compared with to that in the control (Fig. 4B). 
The concentration of MDA in the leaves increased by 60% 
under salt stress and 40% in salt-stressed plants treated with 

AS (Fig. 4C), indicating that AS could abate salt-induced 
MDA production. The MDA concentration in the roots was 
not significantly altered by any of the treatments (Fig. 4D). 
Compared to the control, salt stress significantly increased 
the ELR of untreated plants by 15.7-fold and that of treated 
plants by 2.6-fold (Fig. 4E), suggesting that AS is involved 
in the protection of biological membranes from oxidative 
stress damage.

Effect of AS on proline, TP, and TF concentrations 
under saline and non‑saline conditions

The effects of AS on proline, TP, and TF concentrations 
under saline and non-saline conditions are shown in Fig. 5. 
Proline concentration in the leaves increased by 28% in 
salt-stressed plants and further increased by 70% in AS-
treated plants. However, the concentration decreased 
(2.4-fold) in AS-treated plants under non-saline condi-
tions (Fig. 5A). Root proline levels were significantly 
increased in salt-stressed and salt-stressed plants treated 

Fig. 2  Effect of AS on the concentration of  Na+ (A, B, C) and  K+ (D, 
E, F), and the  Na+/K+ ratio (G, H, I) in the leaf, sheath, and root of 
rice plants grown under saline and non-saline conditions. Bars repre-

sent means ± SE (n = 3), and bars with the same letter are not statisti-
cally different (p ≤ 0.05). C = control, S = salt stress, AS = astaxanthin, 
and ASS = astaxanthin + salt stress



615Plant Growth Regulation (2024) 103:609–623 

with AS (3.9- and 3.8-fold increases, respectively) com-
pared to those in control plants (Fig. 5B). The TF content 
in the leaves significantly decreased in salt-stressed (41% 
decrease), non-stressed AS-treated (9% decrease), and 
salt-stressed AS-treated plants (25% decrease) (Fig. 5C). 
The TF content in the roots decreased under salt stress 
conditions, with non-treated plants having markedly lower 
contents (41% reduction) than the AS-treated plants (14% 
reduction) compared with that in the control (Fig. 5D). 
Salt stress significantly reduced the TP content in the 
leaves (48% reduction); however, AS restored the content 
to levels comparable to those in control plants. AS signifi-
cantly increased the TP content (57% increase) in leaves 
compared to that in the control under non-saline condi-
tions (Fig. 5E). TP content in the roots increased (2-fold) 
significantly in salt-stressed plants treated with AS and 
decreased significantly in plants subjected to other treat-
ments compared with that of the control (Fig. 5F). These 
results indicated that AS can contribute to the enhanced 
synthesis of antioxidant compounds that participate in the 
protection against oxidative damage in leaves and roots 
under salt stress conditions.

Effect of AS on the activities of CAT, POD and APX 
under saline and non‑saline conditions

The effects of AS on CAT, POD, and APX activities under 
saline and non-saline conditions are shown in Fig. 6. CAT 
activity in the leaves increased significantly under salt stress 
in untreated plants (2-fold increase) and further increased 
with the application of AS (3.3-fold increase). However, the 
CAT activity did not change significantly under non-saline 
conditions (Fig. 6A). CAT activity in the roots decreased 
under all treatments (31–46% decrease), with a less pro-
nounced decrease in salt-stressed plants treated with AS 
(31% decrease) than in plants subjected to other treatments 
relative to the control (Fig. 6B). The activity of POD in 
the leaves significantly decreased under salt stress (2.3-fold 
decrease), but was markedly elevated in AS-treated plants 
under both saline and non-saline conditions (2.1- and 18-fold 
increase, respectively) (Fig. 6C). In contrast, the POD activ-
ity in the roots did not change significantly across all treat-
ments (Fig. 6D). APX activity in leaves was significantly 
increased under salt stress in both AS-treated and non-
treated plants (4.5- and 2.5-fold increases, respectively; 

Fig. 3  Effect of AS on the concentration of Chl a, Chl b, and Total 
Chl (Chl a + b), and total carotenoids in the leaves of Koshihikari 
plants grown under saline and non-saline conditions. Bars represent 

means ± SE (n = 3) and bars with the same letter are not statistically 
different (p ≤ 0.05). C = control, S = salt stress, AS = astaxanthin, and 
ASS = astaxanthin + salt stress
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Fig. 6E). APX activity in the roots was only significantly 
enhanced in salt-stressed plants treated with AS (5.6-fold 
increase) and remained unaltered in plants subjected to other 
treatments compared with the control (Fig. 6F). These results 
indicated that the AS-induced activities of CAT, POD, and 
APX in the leaves and APX in the roots are important for 
ROS detoxification, and hence for resistance to oxidative 
stress, and ultimately, salt stress tolerance.

Effect of AS on the expression of OsBHY, OsNHX1, 
OsHKT1;5, and OsSOS1 under saline and non‑saline 
conditions

The expression levels of the OsBHY, OsNHX1, OsHKT1;5, 
and OsSOS1 are presented in Fig. 7. The expression of 
OsBHY, OsNHX1, and OsSOS1 was upregulated by salt 
stress in AS-treated and untreated plants. OsBHY expression 
was similar (2.5-fold change) in salt-stressed and AS-treated 
plants; however, AS further increased the expression (56% 
increase) under salt-stress conditions compared with that 
in non-treated plants under the same conditions (Fig. 7A). 
The expression of OsNHX1 increased 1.7-fold in salt-treated 
plants, whereas AS reduced its expression under non-saline 

(1.3-fold change) and saline (1.4-fold change) conditions 
(Fig. 7B). OsSOS1 expression was markedly upregulated 
under salt stress; however, this level decreased by 19% in 
AS-treated plants grown under salt stress (Fig. 7C). The 
expression of OsHKT1;5 was downregulated in non-treated 
plants under salt stress, but was upregulated (1.8-fold) in the 
presence of AS under the same conditions (Fig. 7D).

Discussion

AS enhances salt stress tolerance in seedlings 
of Koshihikari Cultivar

In the present study, we evaluated the ameliorative effect of 
AS (50 µM) on the salt-susceptible rice cultivar, Koshihikari, 
under salt stress (50 mM NaCl) in hydroponic culture for two 
weeks. Salt stress significantly reduced the DW of Koshihikari 
plants, as previously reported (Akter and Oue 2018; Mekawy 
et al. 2018), providing further support for the susceptibility 
of this cultivar to salt stress. Interestingly, soaking seeds in 
AS resulted in enhanced salt stress tolerance of the plants, as 
growth (DW) was restored to levels comparable to those of 

Fig. 4  Effect of AS on the 
 H2O2 and MDA concentra-
tions and ELR in the leaf, 
and root of Koshihikari 
plants subjected to saline and 
non-saline conditions. Bars 
represent means ± SE (n = 3) 
and bars with the same letter 
are not statistically different 
(p ≤ 0.05). C = control, S = salt 
stress, AS = astaxanthin, and 
ASS = astaxanthin + salt stress
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the control plants. However, studies on the effects of AS on 
plant growth under salt stress conditions are scarce. In fact, 
a study on its effect on strawberry seedlings under salt stress 
(Zhong et al. 2018) did not report growth parameters, implying 
that this is the first study to investigate its growth-promoting 
potential under salt stress.

AS lowers oxidative stress damage in the leaves 
of Koshihikari by enhancing enzyme 
and non‑enzyme antioxidants

Indicators of oxidative stress damage include the leakage 
of cellular content due to membrane damage, as revealed 

Fig. 5  Effect of AS on the concentration of proline (A, B), total 
flavonoids (C, D) and total phenolics (E, F) in the leaf and root of 
Koshihikari plants subjected to saline and non-saline conditions. Bars 

represent means ± SE (n = 3) and bars with the same letter are not sta-
tistically different (p ≤ 0.05). C = control, S = salt stress, AS = astaxan-
thin, and ASS = astaxanthin + salt stress
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by the ELR (Khair and Karim 2015). The higher the ELR, 
the greater the damage and, consequently, the greater the 
plant’s susceptibility to salt stress. The second indicator was 
the concentration of MDA, a product of the peroxidation 
of membrane lipids caused by ROS (Ahmad et al. 2019). 
An increase in the concentration of this compound would 
indicate more damage and is thus a sign of the sensitivity of 
the plant to stress. The third indicator is the concentration 
of ROS (usually  H2O2) in tissues, where a higher concentra-
tion is a sign of a threat to cellular integrity (Yang and Guo 
2018). In the present study, the concentrations of  H2O2 and 

MDA in leaf and root tissues and the ELR in leaf tissues 
were measured to evaluate potential oxidative damage as 
a contributing factor to the susceptibility of Koshihikari to 
salt stress. Salt stress significantly increased all three param-
eters in the leaf tissues. This increase was similar to that 
previously reported for this cultivar (Mekawy et al. 2018) 
and other plants, such as eggplant (Assaha et al. 2015b) and 
sweet pepper (Abdelaal et al. 2019). Furthermore, these 
increases corresponded to the susceptibility of rice plants 
to salt stress, indicating that oxidative stress alleviation is 
important for stress tolerance in Koshihikari. However, 

Fig. 6  Effect of AS on the activity of CAT (A, B), POD (C, D) and 
APX (E, F) in the leaf and root of Koshihikari plants subjected to 
saline and non-saline conditions. The bars represent means ± SE 

(n = 3) and bars with the same letter are not statistically differ-
ent (p ≤ 0.05). C = control, S = salt stress, AS = astaxanthin, and 
ASS = astaxanthin + salt stress
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priming rice seeds with AS significantly reduced the lev-
els of MDA,  H2O2, and ELR under salt stress conditions 
(Fig. 4), corresponding to the increased stress tolerance of 
the plants (Fig. 1). This observation ties in with the bio-
logical activity of astaxanthin as a ROS scavenger, which is 
far more potent in ROS detoxification than other potential 
antioxidants such as α-tocopherol (100 times higher) and 
β-carotene (10 times higher) (Ambati et al. 2014).

To ascertain how AS contributes to minimizing oxida-
tive stress damage and ROS levels, the antioxidant defense 
system (enzyme and non-enzyme) was assessed in leaf and 
root tissues. The non-enzyme antioxidants assessed included 
proline, TP and TF, whose enhanced accumulation has been 
associated with high oxidative stress tolerance and hence 
enhanced salt stress tolerance (Minh et al. 2016; Sarker and 
Oba 2019; Wutipraditkul et al. 2015). In non-treated plants, 
salt stress did not affect proline concentration; however it 
significantly lowered the TF and TP concentrations, indi-
cating that the non-enzyme antioxidant defense system was 
compromised and ineffective at countering the surging ROS 
levels under the stress. However, in AS-treated plants the lev-
els of proline, TP, and TF significantly increased compared 
to non-treated plants under salt stress, clearly indicating that 
AS is involved in ROS detoxification by restoring the defec-
tive antioxidant system induced by salt stress. Proline has 
been demonstrated to prevent  K+ efflux from cells induced 
by OH• damage (Cuin and Shabala 2007), in addition to its 
role in osmotic adjustment (Mansour and Ali 2017), indi-
cating that AS may also be implicated in osmoregulation in 
this plant. The total carotenoid concentration, another potent 

antioxidant, was observed to not significantly change under 
the different treatments compared with that in the controls, 
indicating that total carotenoid may not influence the growth 
of Koshihikari plants under salt stress. However, to ascer-
tain the role of carotenoids in oxidative stress alleviation, 
the expression of OsBHY, a gene coding for the production 
of hydroxylated carotenoids, which are very important in 
ROS detoxification (Seabra and Pedrosa 2010), was exam-
ined. The expression of this gene in the leaves of Koshihi-
kari plants was upregulated by AS and salt stress, and the 
expression was higher in AS-treated than non-treated plants 
under salt stress conditions (Fig. 7). Although this enhanced 
expression did not yield a corresponding increase in the total 
carotenoid concentration, the abundance of hydroxylated 
carotenoids may have been significant and thus important 
for ROS detoxification.

Regarding the enzymatic components of the antioxidant 
defense system, the activities of CAT, APX, and POD were 
measured in the roots and leaves. An increase in the activ-
ity of these enzymes has been demonstrated to be related 
to decreased oxidative damage in many plants and, hence, 
salt stress tolerance, and vice versa (Assaha et al. 2015b; 
Gharsallah et al. 2016). In the present study, the activities 
of APX and CAT in the leaves increased in the untreated 
plants under salt stress, whereas POD activity significantly 
decreased (Fig. 6). However, the activities of these three 
enzymes were markedly higher in the AS-treated plants 
than in the untreated plants under salt stress. APX activity 
markedly increased in the roots of AS-treated plants under 
salt stress, whereas POD and CAT activities either remained 

Fig. 7  Effect of AS on the 
expression of OsBHY (A) and 
OsNHX1 (B) in the leaf, and 
OsHKT1;5 (C) and OsSOS1 (D) 
in the root of Koshihikari plants 
subjected to saline and non-
saline conditions. Bars represent 
means ± SE (n = 3). C = control, 
S = salt stress, AS = astaxanthin, 
and ASS = astaxanthin + salt 
stress
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unchanged or were lower than those of the control (Fig. 6). 
This finding indicated that the activities of these enzymes in 
the leaves of untreated plants were insufficient to scavenge 
excess ROS, leading to oxidative stress damage under salt 
stress. A lack of correlation between enzyme (SOD, APX, 
and CAT) activity and oxidative stress tolerance has been 
previously reported in cowpea plants under salt stress (Cav-
alcanti et al. 2004). However, the activities of all measured 
enzymes were enhanced in the presence of AS, similar to 
observations in the literature relevant to the rice cultivar 
Nipponbare (Song et al. 2022). This enhanced enzyme activ-
ity, combined with the non-enzyme antioxidants observed 
in the current study, helped lower ROS-induced damage. 
Generally, the leaves were more affected by ROS than the 
roots, which showed no signs of damage based on MDA 
concentration (Fig. 4).

AS may be implicated in controlled  Na+ 
translocation to the shoot

Controlled delivery of  Na+ from the root to the shoot is an 
important characteristic of salt tolerance, particularly in gly-
cophytes (Assaha et al. 2017a). Such controlled delivery has 
been reported to account for salt stress tolerance in several 
crops, including huckleberry (Assaha et al. 2015a, b), tali-
num (Assaha et al. 2017a), tomato (Olias et al. 2009), maize 
(Zhang et al. 2018), barley (van Bezouw et al. 2019), and 
wheat (Byrt et al. 2014). However, the inability of plants to 
control  Na+ transport to the shoots, especially to the leaves, 
is often correlated with salt sensitivity, as observed in some 
rice cultivars, including Koshihikari (Mekawy et al. 2018) 
and eggplant (Assaha et al. 2015b). In the present study, 
the shoot  Na+ concentration in untreated plants was greater 
than that in the shoots of AS-treated plants under salt stress; 
however, this was not statistically significant (Fig. 2). This 
finding indicated that AS may be involved in shoot  Na+ 
exclusion, possibly by influencing xylem  Na+ retrieval to the 
surrounding parenchyma cells (Zhu et al. 2016). However, 
tissues are protected from the damaging effects of cytosolic 
 Na+ through  Na+ sequestration into vacuoles via tonoplast 
NHX1 in plants that accumulate  Na+ (Solis et al. 2021). 
Thus, the upregulation of NHX1 would be an indication of 
increased vacuolar  Na+ sequestration and, hence, enhanced 
salt stress tolerance in the plant. In contrast, downregula-
tion or lower expression levels would lead to reduced com-
partmentation and, hence, increased susceptibility to stress 
due to increased cytosolic  Na+ concentrations (Singh et al. 
2019). In the present study, the expression of OsNHX1 was 
upregulated in the untreated and AS-treated plants under 
salt stress despite a decrease in its expression in AS-treated 
plants (Fig. 7). As this higher expression in untreated plants 
corresponds to lower tolerance, NHX1 may not be involved 

in stress tolerance in this cultivar, whereas reduced  Na+ 
transport in the leaves may be involved.

Reduced transport of  Na+ to leaves is controlled by two 
major transporters: HKT and SOS1. Although SOS1 partici-
pates in  Na+ efflux from the cells into extracellular compart-
ments or root cells to the external milieu (Oh et al. 2009), 
HKT localizes at the border of xylem parenchyma cells, and 
the xylem retrieves  Na+ in the transpiration stream of xylem 
vessels into xylem parenchyma cells (Munns et al. 2012). 
OsHKT1;5 in rice is known for its role in imparting stress 
resistance to tolerant rice cultivars (Cotsaftis et al. 2012; 
Horie et al. 2012). Accordingly, downregulation of the genes 
encoding these two transporters leads to the uncontrolled 
delivery of toxic levels of  Na+ to photosynthetic tissues, 
which may affect biomass production and, hence, suscep-
tibility. In the present study, the expression of OsSOS1 is 
induced in both treated and untreated plants under salt stress, 
despite its lower expression in the AS-treated plants. As the 
 Na+ concentration in the leaves was higher in non-treated 
plants, this enhanced OsSOS1 expression may imply two 
possibilities: (1) the expression was insufficient to recycle 
absorbed  Na+ to the soil, and (2) the induced OsSOS1 may 
instead be implicated in xylem  Na+ loading for transloca-
tion to the shoot (Katschnig et al. 2015). Conversely, lower 
expression in AS-treated plants indicated lower xylem load-
ing and, coupled with retrieval from the xylem owing to the 
upregulation of OsHKT1;5, translocation to the shoot was 
restricted to tolerable levels that would not compromise the 
growth of Koshihikari plants under salt stress. In addition, 
a relatively weak correlation between OsSOS1 expression 
in the roots and  Na+ efflux has been established, with high 
expression corresponding to lower  Na+ efflux in Koshihi-
kari, as opposed to a strong positive correlation in tolerant 
cultivars (Liu et al. 2019). The same authors also noticed 
damaged pericycle cells (the major site for  Na+ sequestration 
in the root), which are believed to contribute to increased 
 Na+ accumulation in the shoot, leading to loss of tolerance 
through loss of root tissue tolerance.

Normally, reduced root-to-shoot  Na+ transport is asso-
ciated with increased  K+ accumulation in shoots under 
salt stress (Hauser and Horie 2010), owing to the competi-
tive uptake and transport of  Na+ over  K+ under salt stress 
(Assaha et al. 2017b). Consequently, increased shoot  K+ 
accumulation and reduced leaf  Na+/K+ ratios, especially 
low cytosolic  Na+/K+ ratios, have become important salt 
tolerance traits (Assaha et al. 2017b). In the present study, 
shoot  K+ levels declined under salt stress and remained low 
in AS-treated plants, indicating that AS was not involved 
in  K+ transport to the shoots. Reduced  K+ accumulation in 
Koshihikari under salt stress has been observed and attrib-
uted to high  K+ efflux from roots induced by ROS, as well 
as the reduced expression of  K+ channels such as OsAKT1 
(Liu et al. 2019). However, as shoot  Na+ levels declined 
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in AS-treated plants, the shoot  Na+/K+ ratio was markedly 
lower in AS-treated plants than in untreated plants, suggest-
ing its importance in salt stress tolerance.

Conclusions

This study aimed to evaluate the role of AS in salt stress 
alleviation in the sensitive rice cultivar Koshihikari. The 
results clearly revealed the importance of AS in reducing 
oxidative stress damage, as ROS levels, in terms of  H2O2, 
decreased with a corresponding decline in ELR and MDA 
(indicators of oxidative damage). In addition, AS-induced 
OsHKT1;5 upregulation under salt stress appeared to play a 
critical role in regulating the  Na+/K+ ratio under salt stress, 
which is an important stress tolerance trait. Thus, AS is 
important for alleviating oxidative stress damage and main-
taining a normal  Na+ and  K+ homeostatic balance, resulting 
in enhanced salt stress tolerance in Koshihikari. Hence, the 
AS (50 µM) application is a potential alternative for enhanc-
ing Koshihikari production in salt-affected soils. However, 
further investigations are needed to clarify the underlying 
molecular mechanism of AS involvement in the antioxidant 
defense system as well as in the regulation of  Na+ uptake 
and translocation to the shoot.
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