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Abstract 

Background: Saline land in coastal areas has great potential for crop cultivation. Improving salt tolerance in rice 
is a key to expanding the available area for its growth and thus improving global food security. Seed priming with 
salt (halopriming) can enhance plant growth and decrease saline intolerance under salt stress conditions during the 
subsequent seedling stage. However, there is little known about rice defense mechanisms against salinity at seedling 
stages after seed halopriming treatment. This study focused on the effect of seed halopriming treatment on salinity 
tolerance in a susceptible cultivar, IR 64, a resistant cultivar, Pokkali, and two pigmented rice cultivars, Merah Kaliman-
tan Selatan (Merah Kalsel) and Cempo Ireng Pendek (CI Pendek). We grew these cultivars in hydroponic culture, with 
and without halopriming at the seed stage, under either non-salt or salt stress conditions during the seedling stage.

Results: The SES scoring assessment showed that the level of salinity tolerance in susceptible cultivar, IR 64, and 
moderate cultivar, Merah Kalsel, improved after seed halopriming treatment. Furthermore, seed halopriming 
improved the growth performance of IR 64 and Merah Kalsel rice seedlings. Quantitative PCR revealed that seed 
halopriming induced expression of the OsNHX1 and OsHKT1 genes in susceptible rice cultivar, IR 64 and Merah Kalsel 
thereby increasing the level of resistance to salinity. The expression levels of OsSOS1 and OsHKT1 genes in resist-
ant cultivar, Pokkali, also increased but there was no affect on the level of salinity tolerance. On the contrary, seed 
halopriming decreased the expression level of OsSOS1 genes in pigmented rice cultivar, CI Pendek, but did not affect 
the level of salinity tolerance. The transporter gene expression induction significantly improved salinity tolerance 
in salinity-susceptible rice, IR 64, and moderately tolerant rice cultivar, Merah Kalsel. Induction of expression of the 
OsNHX1 and OsHKT1 genes in susceptible rice, IR 64, after halopriming seed treatment balances the osmotic pressure 
and prevents the accumulation of toxic concentrations of  Na+, resulting in tolerance to salinity stress.

Conclusion: These results suggest that seed halopriming can improve salinity tolerance of salinity-susceptible and 
moderately tolerant rice cultivars.

Keywords: Salinity tolerance, Seed halopriming, Standard Evaluation System for Rice (SES), Transporter genes, 
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Background
Salinity is a major problem in the production of cereal 
crops throughout the world (Ibrahim 2016; Reddy et  al. 
2017; Walia et  al. 2007). Continual salt intrusion as a 
result of global warming (Wang et al. 2018) and irrigation 
practices (Reddy et  al. 2017) increases soil salinity. Rice 
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(Oryza sativa L.) is sensitive to salinity (Yoshida et  al. 
1976), especially during the seedling stage (Sakina et  al. 
2016; Zhao et al. 2014). Although rice is sensitive to salt, 
it is the only cereal crop that is recommended for cultiva-
tion in saline land. This is due to the ability of some rice 
plants to grow well in stagnant water and to leach salts 
from the surface of the soil to the soil beneath. By dilut-
ing the salts, the plants increase the availability of nutri-
ents such as iron, manganese, nitrogen, phosphorus, and 
silicon, as well as conserve nitrogen and reduce water 
stress (Lafitte et al. 2004). Saline land in coastal areas has 
great potential for crop cultivation and supporting food 
security, so engineering high-yield, salt-tolerant rice gen-
otypes is an important goal. The susceptibility or toler-
ance of rice plants to salinity stress is determined by the 
coordinated action of multiple stress-responsive genes, 
which also associate with other components of stress sig-
nal transduction pathways (Reddy et al. 2017).

Seed priming is one option for alleviating the effects of 
salt stress and preserving plant metabolism under saline 
conditions. Seed priming increases the natural toler-
ance potential of the seed to abiotic stress, represent-
ing a value-added solution that can be implemented at 
an early stage of rice production to induce mechanisms 
that help the plants tolerate salinity stress during later 
growth (Yang et  al. 2018). Many researchers have used 
conventional plant breeding to develop salt-tolerant cul-
tivars, but this requires high technology, complicated 
procedures, and long timeframes to obtain one toler-
ant cultivar (Breseghello 2013). Seed priming is a sim-
ple and promising technique for improving plants’ stress 
tolerance that does not require producing a genetically 
modified organism (Moreno et  al. 2018). Different seed 
priming treatments in wheat (Triticum aestivum) seeds 
increase salt tolerance, and osmopriming techniques with 
 CaCl2 are the most effective treatments for obtaining 
higher grain yields (Jafar et al. 2012). The use of n-Fe2O3 
as a pre-sowing seed treatment can increase the germi-
nation and growth of sorghum (Sorghum bicolor) seeds 
and protect the plants from salt stress (Maswada et  al. 
2018). Evaluating the effectiveness of priming treatments 
in Chenopodium quinoa and Amaranthus caudatus seeds 
to improve germination under salt stress showed that 
seed hydropriming and osmopriming caused significant 
improvements in germination velocity and uniformity, 
reflected in high final germination percentages, high ger-
mination indexes, and reduced mean germination times 
under salinity. C. quinoa had a higher tolerance to salinity 
than A. caudatus during seed germination (Moreno et al. 
2018).

The transmembrane movement of  Na+ and  K+ in 
plants is mediated by several types of transporters and/
or channels, and many transporters have been implicated 

in  Na+ exclusion from leaves (Wangsawang et al. 2018). 
These include members of the high-affinity  K+ trans-
porter (HKT) family, such as OsHKT2;1 (OsHKT1) and 
OsHKT2;4, which are expressed in the outer part of the 
root and in the root hairs and may provide entry points 
for  Na+ into plant roots from the soil (Wangsawang et al. 
2018). By contrast, O. sativa SOS1 (OsSOS1) is implicated 
in the conservation of the salt-sensitive pathway in rice 
(Martı´nez-Atienza et al. 2007). In addition to  Na+ exclu-
sion, plants may avoid toxic  Na+ accumulation in the 
cytosol by sequestering excess  Na+ in vacuoles, which is 
mediated by the  Na+/H+ antiporter (NHX1) localized in 
the vacuolar membranes (Wangsawang et al. 2018).

Hydroponic culture is a reliable method of assess-
ing the response of genotypes to salt stress (Sakina et al. 
2016). Experiments evaluating responses to salinity stress 
in different plant species using hydroponic culture have 
been conducted in many plants, including rice (Mani-
maran et  al. 2017; Sakina et  al. 2016; Walia et  al. 2007; 
Wang et al. 2016) and barley (Hordeum vulgare) (Widodo 
et  al. 2009). All of these studies used Yoshida’s solution 
as a nutrient. Yoshida’s nutrient solution, which is rou-
tinely used for growing rice plants in hydroponic culture, 
consists of macronutrients and micronutrients needed by 
plants to grow well (Yoshida et al. 1976).

Pigmented rice is widely consumed because of its high 
nutritional value and antioxidant contents, which ben-
efit human health. In addition, several Indonesian black 
rice cultivars are reportedly resistant to bacterial blight 
disease (Sutrisno et  al. 2018). The possible involvement 
of antioxidant genes in drought and salinity stress toler-
ance in leaves of Indonesian black rice (Oryza sativa Cv. 
Cempo Ireng Pendek (CI Pendek)) seedlings has been 
studied (Purwestri and Refli 2016). Dismutation of super-
dioxide radicals and biosynthesis of reduced ascorbic 
acid in the gluthationine–ascorbate cycle within cells are 
lower in seedlings under drought stress, so the oxidative 
damage to seedlings under drought is higher than that 
under salinity, indicating that CI Pendek is more resist-
ant to salinity stress than drought stress. Our preliminary 
study showed that Indonesian black rice (CI Pendek) and 
red rice (Cv. Merah Kalimantan Selatan (Merah Kalsel)) 
will grow on media with concentrations of up to 200 mM 
NaCl after seed priming treatment.

Several priming techniques are available; depending on 
the priming agents, they are classified as hydropriming, 
osmopriming, halopriming, hormone priming, harden-
ing, solid matrix priming, humidification and stratifica-
tion, or thermal shock. The first four approaches are the 
most commonly used; these techniques are simple and 
easy, for example, soaking seeds in water or a solution 
containing inorganic salt, sugar, or hormones followed 
by air drying before sowing. This improves the growth, 
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emergence, and yield of the crop (Nawaz et  al. 2013; 
Paparella et al. 2015). In this study, we used a haloprim-
ing technique combining NaCl,  CaCl2, KCl,  KNO3, and 
 H2O2 to induce salinity tolerance in (i) Indonesian pig-
mented rice (CI Pendek and Merah Kalsel), (ii) salinity-
tolerant rice (O. sativa Cv. Pokkali (Pokkali)), and (iii) 
salinity-susceptible rice (O. sativa Cv. IR 64 (IR 64)). The 
objectives of this study were to (a) determine the effect of 
seed halopriming on the salinity resistance of rice seed-
lings with different tolerance levels; (b) identify morpho-
physiological changes of rice plants in the early growth 
stage after halopriming treatment of seeds; and (c) study 
the molecular mechanism of salinity resistance based on 
transporter gene expression in rice seedlings after seed 
halopriming treatment.

Materials and methods
Rice materials
Two Indonesian pigmented rice cultivars, Cv. Merah 
Kalsel and Cv. CI Pendek, were obtained from the germ-
plasm collection at Gadjah Mada University in Indone-
sia. The seeds for the other two cultivars, Pokkali and IR 
64, were obtained from the Indonesian Center for Rice 
Research (ICRR).

Methods
Seed priming treatment
Four selected rice cultivar seeds were surface sterilized by 
soaking in 10% sodium hypochlorite solution for 15 min, 
followed by washing three times with distilled water, each 
for 15  min. The sterilized seeds were then soaked in a 
solution consisting of 100  mM NaCl, 2.2%  CaCl2, 2.2% 
KCl, 2.2%  KNO3, and 50  mM  H2O2 for 48-h priming. 
NaCl,  CaCl2, KCl,  KNO3, and  H2O2 of 99.9% purity and 
ultra-pure water were used to adjust concentrations. The 
resulting seeds were dried back to their original moisture 
content before use. Unprimed dry seeds were used as a 
control.

Plant growth condition and salinity treatment
Unprimed and primed seeds were imbibed in dis-
tilled water at 27/28  °C for 12 h in dark conditions. For 

germination and seedling establishment, the seeds were 
placed on moist filter paper over a Petri dish for 7 days 
until the second or third leaf of the seedlings emerged 
in controlled conditions at 30/27  °C  day/night with a 
photoperiod regime of 12/12  h  day/night. The result-
ing sprouts were watered with distilled water every day. 
Three to five 7-day-old rice seedlings were transplanted 
to a black seed tray (size: 28 cm × 10 cm with a 21 hole), 
so each tray could accommodate 63–105 seedlings. The 
trays were placed in plastic containers (35 × 30 × 15 cm) 
filled with Yoshida’s solution (9.14%  NH4NO3, 
4.03%  NaH2PO4·2H2O, 7.14%  K2SO4, 8.86%  CaCl2, 
32.40%  MgSO4·7H2O, 0.15% MnCl·4  H2O, 0.0074% 
 (NH4)6·MO7O24·4H2O, 0.0934%  H3BO3, 0.0035% 
 ZnSO4·7H2O, 0.0031%  CuSO4·5H2O, 0.77%  FeCl3·6H2O, 
1.19%  C6H8O7·H2O, and 5%  H2SO4). The pH of the nutri-
ent solutions was maintained between 5.0 and 5.5 with 
2 N HCl or 2 N NaOH throughout the growth period as 
described by Yoshida et al. (1976).

The seedlings were grown in an environmentally 
controlled greenhouse in the Research Center for Bio-
technology, Universitas Gadjah Mada, in Indonesia at 
25–32  °C with a 12-h light/12-h dark photoperiod. The 
nutrient solution was renewed every 7  days, and plants 
were doused with distilled water daily as compensation 
for loss of water due to evapotranspiration. Salinity treat-
ments were performed on 21-day-old seedlings by adding 
NaCl to the nutrient solution until a final concentration 
of 200  mM NaCl or an electrical conductivity (ECw) of 
21.1  dS   m–1 was reached. The non-saline control (fed 
with Yoshida solution only) had an ECw of 1.1  dS  m–1 
(Bado et al. 2016). The experiments had a split-split plot 
design with three replicates. The treatment groups were 
(i) without priming (unprimed) and non-stressed; (ii) 
unprimed and stressed with 200 mM NaCl solution; (iii) 
primed and non-stressed, and (iv) primed and stressed 
with 200 mM NaCl solution for each rice cultivar.

Evaluation of salt stress symptoms
Salt stress was evaluated based on visual symptoms 
according to the Standard Evaluation System (SES) score 
for rice used by the International Rice Research Institute/

Table 1 Modified standard evaluation system (SES) score of visual salt injury at seedling stage

SES score Visual observation Tolerance

1 Normal growth, no leaf symptoms Highly tolerant

3 Nearly normal growth, but leaf tips or a few leaves whitish and rolled Tolerant

5 Growth severely retarded; most leaves rolled; only a few are elongating Moderately tolerant

7 Complete cessation of growth; most leaves dry; some plants dying Susceptible

9 Almost all plants dead or dying Highly susceptible
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IRRI (Bado et al. 2016; Gregorio et al. 1997; Wang et al. 
2016; Wangsawang et  al. 2018) (see Table  1). This scor-
ing discriminates the susceptible from the tolerant and 
the moderately tolerant genotypes. Plants were scored 
between 1 and 7 days after salinization. During this time, 
susceptible genotypes could be distinguished but tolerant 
genotypes could not be readily identified from the mod-
erately tolerant genotypes. After 7 days salinization, there 
will be a clear distinction among the tolerant, moderately 
tolerant, and susceptible genotypes (Gregorio et al. 1997).

Measurement of chlorophyll and relative water content
Total chlorophyll content (CC) was measured for 7 days 
after salt treatment using a chlorophyll meter (Konica 
Minolta SPAD 502 Plus, Japan). Relative water con-
tent (RWC) was measured according to the methods 
described by Wu et  al. (2018). RWC was calculated as 
follows:

RWC (%) = (FW − DW)/(TW − DW) × 100. Plant fresh 
weight (FW) was measured immediately after harvest. 
The plants were subsequently soaked in deionized water 
for 8 h at 4 °C. Then, the plants were quickly weighed to 
determine the turgid weight (TW), and their dry weight 
(DW) was measured after oven drying at 105  °C for 
10 min followed by 80 °C for 24 h.

Measurement of plant growth responses
Ten plants of each rice cultivar were harvested from the 
pots after completion of the experiment. The root length 
and plant height were measured. Fresh samples were 
then oven dried at 80 °C for 72 h and DW was measured 
separately (Manimaran et al. 2017).

Determination of Na+ and K+ ion content
Root and leaf tissues from each individual plant were har-
vested 0, 4, and 7 d after stress treatment. The root and 
leaf samples were finely ground into powder after drying 
in an oven. The  Na+ and  K+ ion contents were quantified 
according to Manimaran et al. (2017), with minor modifi-
cation. Dried leaf and root samples (500 mg) were placed 
in digestion tubes containing 5  ml of a nitric acid and 
perchloric acid (5:1, v/v) mixture; the tubes were incu-
bated overnight. The next day, the tubes were subjected 
to 8 h of digestion at 175 °C with gradual increases in the 
heat until 300  °C was reached, to allow the mixture to 
clear. The digested liquid was cooled overnight, followed 
by filtering through Whatman no. 1 filter paper. Then, 
the volume was brought to 50 ml with deionized water. 
Sodium and potassium concentrations were analyzed 
using an atomic absorption spectrophotometer (AAS, 
Varian-240 FS). Ion concentrations in each sample were 
estimated using  Na+ and  K+ standard curves.

Expression analysis of transporter genes
Root and leaf tissues from each individual plant were 
harvested at 0, 6, and 24 h after priming and immediately 
frozen in liquid nitrogen. Then, the tissues were ground 
into a powder using a mortar and pestle under liquid 
nitrogen. RNA was isolated using an RNeasy Plant Mini 
Kit (Qiagen). The RNA concentration was determined 
using a Nanodrop spectrophotometer. The primers for 
the transporter genes (OsSOS1, OsNHX1, and OsHKT1) 
were designed using the online Primer3 0.4.0 software 
(http:// bioin fo. ut. ee/ prime r3-0. 4.0/) based on the O. 
sativa Japonica Group sequence data (Table 1). The RNA 
(1  µg) was subjected to cDNA synthesis using a Super-
script III First-Strand Synthesis System for reverse tran-
scription (Invitrogen). Reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) was performed 
using SYBR Green Mastermix (Bio-Rad). The reac-
tion mixture contained 5  µl of SYBR Green Mastermix, 
0.75 µl of forward primer, 0.75 µl of reverse primer, 1 µl 
of cDNA, and 2.5 µl of nuclease-free water. RT-qPCR was 
performed with the following cycles: an initial incubation 
at 95  °C for 30  s, followed by 40 cycles of denaturation 
at 95 °C for 10 s and extension at 55 °C for 40 s. Relative 
expression levels of the gene transcripts were calculated 
using the  2−∆∆CT method (Livak and Schmittgen 2001). 
The UBIQUITIN gene was used as an internal control 
to normalize gene expression (Sutrisno et al. 2018). The 
sequences of the primers used are listed in Table 2.

Statistical analysis
Statistical analyses were performed using SAS 9.1 for 
Windows (SAS Institute, Cary, NC, USA). Analysis of 
variance (ANOVA) was carried out independently for 
each measurement using the GLM (general linear model) 
procedure of SAS. The standard errors are shown as an 
estimate of variability. Differences between the means 
were compared by least significant difference (LSD) at 
p < 0.05 and p < 0.01. The data are presented as the means 
and standard error (SE) of three replicates.

Results
Salt stress symptoms
The salinity tolerance of each rice cultivar was scored 
after seed priming treatment based on the SES (Grego-
rio et  al. 1997). Pokkali was used as a positive control 
for salinity tolerance, whereas IR 64 was used as a salin-
ity-susceptible control (Bado et  al. 2016; Gregorio et  al. 
1997). IR 64 was also used to examine whether the seed 
priming technique used was able to increase salinity 
resistance in a salinity-sensitive rice cultivar. Salt treat-
ment with up to 200 mM NaCl increased the salinity tol-
erance of Pokkali, a salinity-tolerant rice cultivar. Based 

http://bioinfo.ut.ee/primer3-0.4.0/


Page 5 of 12Hidayah et al. Botanical Studies           (2022) 63:24  

on this, the 200 mM NaCl treatment was used for further 
study.

The initial signs of salt stress damage were observed 
in the oldest leaves, which started to desiccate and roll 
inward (Table  3). Signs of damage were observed in 
the unprimed IR 64 rice cultivar on the first day after 
200 mM NaCl treatment. Three days after the treatment, 
signs of salt stress damage also appeared in unprimed 
Merah Kalsel. Four days after the treatment, the oldest 
leaves of primed CI Pendek started to desiccate and roll 
inward. Five days after the treatment, unprimed Pokkali, 
unprimed CI Pendek, primed Merah Kalsel, and primed 
IR 64 showed signs of damage due to salt stress. Primed 
Pokkali seedlings looked nearly normal at 7  days after 
treatment.

Scoring was performed 7  days after salinization 
(Table  4). The SES scores of three cultivars decreased 
after seed priming; CI Pendek was the exception. Pokkali 
had the lowest SES scores for both unprimed and primed 
seedlings (Table  4), which is consistent with its phe-
notype; the damage levels of these two groups of seed-
lings appeared to be almost the same (Fig.  1; Table  4). 
Unprimed CI Pendek and primed CI Pendek had similar 
SES scores and showed similar phenotypes under salinity 
stress (Fig 1; Table 4). Unprimed Merah Kalsel exhibited 

growth retardation, and most of its lower leaves rolled. 
Furthermore, some of the oldest leaves in unprimed 
Merah Kalsel dried up, and only the two youngest leaves 
remained green (Fig 1). Because of these phenotypic 
changes, unprimed Merah Kalsel was assessed as mod-
erately tolerant. After salinity stress, primed Merah 
Kalsel had a 3.6 ± 0.97 SES score and grew better than its 
unprimed counterpart (Fig 1; Table 4). IR 64 is a highly 
salinity-susceptible cultivar (Bado et  al. 2016; Gregorio 
et al. 1997). Consistent with these reports, the SES score 
of unprimed IR 64 was 8.4 ± 0.97. Surprisingly, priming 
greatly increased the salinity tolerance of IR 64 (Fig 1; 
Table 4).

Chlorophyll content and relative water content in leaves
To quantify damage levels after salinity stress with and 
without priming, the total chlorophyll content (CC) in 
leaves was examined. CCs in primed Pokkali and Merah 
Kalsel were higher than those in unprimed Pokkali and 
Merah Kalsel under salinity (Fig 2a). CCs of IR 64 leaves 

Table 2 Primers used for RT-qPCR

Tm: melting temperature

Gene Primer sequences (5′3′) Number of bases % GC content Tm (°C) Product 
size (kb)

OsSOS1 F: acgcaaggcaatagaagagg 20 50.00 59.48 164

R: ttggctggtccaacaattac 20 45.00 58.48

OsNHX1 F: cgggatgattggtttgttct 20 45.00 59.79 128

R: cccgccaactaaagatggta 20 50.00 59.95

OsHKT1 F: gctcaaggccttcacaaaag 20 50.00 59.99 152

R: ggcccaattagaaacctgaa 20 45.00 59.02

UBIQUITIN F: cacaagaaggtgaagctcgc 20 55.00 62.00 183

R: ctctctggttgtagacgtagg 21 52.00 64.00

Table 3 Priming reduced salt damage in most tested cultivars

Cultivar Seed priming 
treatment

Visible damage to the oldest leaves

Pokkali Unprimed 5 days after stress

Primed No damage by 7 days after stress

CI Pendek Unprimed 5 days after stress

Primed 4 days after stress

Merah Kalsel Unprimed 3 days after stress

Primed 5 days after stress

IR 64 Unprimed 1 day after stress

Primed 5 days after stress

Table 4 Seed priming greatly increased salinity tolerance of IR 
64 seedlings, as measured by SES score 7 days after salinity stress

The Standard Evaluation System (SES) for rice was used to assess visual salt 
damage in seedlings at 7 days after salinization (200 mM NaCl). SESscores: 1 
(highly tolerant), 3 (tolerant), 5 (moderately tolerant), 7 (sensitive) and 9 (highly 
sensitive). Values are the means of ten seedlings ± SE

Cultivar Seed 
priming 
treatment

SES score Level of salinity tolerance

Pokkali Unprimed 2.6 ± 0.84 Tolerant

Primed 2.4 ± 0.97 Tolerant

CI Pendek Unprimed 3.4 ± 0.84 Tolerant

Primed 3.8 ± 1.03 Tolerant

Merah Kalsel Unprimed 4.6 ± 0.84 Moderately tolerant

Primed 3.6 ± 0.97 Tolerant

IR 64 Unprimed 8.4 ± 0.97 Highly sensitive

Primed 3.6 ± 0.97 Tolerant
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were similar in unprimed and primed treatments (Fig 2a). 
By contrast, CCs of primed CI Pendek plants were lower 
than those of unprimed CI Pendek plants under salinity 
(Fig. 2a).

As with CC quantification, water content of the whole 
plant is often measured to determine stress levels of a 
plant (Wangsawang et al. 2018). There was no change in 
relative water content (RWC) in unprimed Merah Kalsel 
or salinity-tolerant Pokkali and CI Pendek, regardless 

of salinity stress (Fig 2b). Without priming, salinity 
stress decreased the RWC in IR 64 (Fig 2b). Seed prim-
ing treatment led to a significantly increased RWC in 
IR 64 (p < 0.01; LSD test;  Fig 2b). Although the extent 
of increased RWC was different between rice cultivars, 
similar effects were observed in primed Pokkali, Merah 
Kalsel, and CI Pendek (Fig 2b). These results suggest that 
seed priming increases the ability of rice plants to main-
tain their RWC.

Merah Kalsel IR 64 

a ab
b

bc c dd

Pokkali CI Pendek 

a a bb cc d d

Fig. 1 Most of the tested cultivars were less affected by salinity stress after priming. For each cultivar, an example of the following treatment groups 
is shown: (from left to right) a unprimed and non-stressed, b unprimed and stressed with 200 mM NaCl solution, c primed and non-stressed, and d 
primed and stressed with 200 mM NaCl solution

Fig. 2 Effect of salinity stress on agronomic parameters of rice plants. a Chlorophyll content, b relative water content (RWC). Chlorophyll contents 
were measured for 7 days after salinity treatment; relative water content in the whole plant with and without priming was measured 7 days after 
salinity stress. Values are means of three replicates ± SE. *p < 0.05, **p < 0.01, LSD test
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Plant growth responses
To understand the effect of salinity stress on plant growth 
with and without priming, the plant height, root length, 
and dry weight biomass were examined (Fig 3). Over-
all, salinity stress led to decreased shoot length, root 
length, and dry biomass in seedlings of all four rice cul-
tivars, regardless of priming. In unprimed controls, salin-
ity stress led to decreased plant height, root length, and 
dry weight in all four rice cultivars. Priming with NaCl 
partially rescued plant height and root length after salin-
ity stress in Merah Kalsel and IR 64 compared with 
equivalent unprimed controls (Fig 3a). Salinity stress 
decreased plant height and root length in primed Pok-
kali and CI Pendek compared with unprimed controls 
(Fig 3a). Compared with the control plants, decreases in 
dry weight in unprimed IR 64 were the most severe of 
all the rice cultivars. When salinity sensitive-IR 64 seeds 
were primed, the reduction in dry weight was rescued. 
Furthermore, only slight decreases in dry weight in the 
other three primed rice cultivars were observed (Fig 3b). 
Although size changes in response to salinity in primed 
and unprimed plants differed between rice cultivars, seed 
priming sufficiently increased the level of salinity toler-
ance to affect dry weight.

Na+ and  K+ ion content
To test whether ion transport differed between primed 
and unprimed seedlings after salinity stress,  Na+ and 
 K+ accumulations were examined. Seed priming led to 
increased  Na+ concentrations in Merah Kalsel roots 
but decreased  Na+ concentrations in the roots of the 
other rice cultivars at 7 days after salinity treatment (Fig 
4a). Furthermore,  Na+ concentrations in primed IR 64 

(p < 0.01, LSD test) and primed Pokkali (p < 0.05, LSD 
test) roots significantly decreased under salinity. Seed 
priming significantly increased  Na+ accumulations in 
Merah Kalsel leaves under salinity treatment (p < 0.01, 
LSD test) (Fig 4b).

Seed priming also affected  K+ concentrations in roots 
and leaves. Under salinity stress,  K+ concentrations in 
Pokkali roots decreased at 4 days after salt treatment (Fig 
4c). But  K+ concentrations in Pokkali roots returned to 
or surpassed their original levels in both unprimed and 
primed seedlings at 7 days after salinity stress (Fig 4c).  K+ 
concentrations in unprimed and primed Merah Kalsel 
roots decreased at 7  days after salinity treatment (Fig 
4c). Both unprimed and primed CI Pendek roots showed 
the highest  K+ concentrations at 7  days after salt treat-
ment (Fig 4c). Seed priming treatment in IR 64 resulted 
in decreased  K+ concentrations in roots (Fig 4c).  K+ 
concentration decreased at 7 days after salinity stress in 
unprimed Pokkali, unprimed Merah Kalsel, and primed 
IR 64 leaves.  K+ concentration decreased at 4 days after 
salinity stress in primed Pokkali, primed Merah Kalsel, 
unprimed and primed CI Pendek, and unprimed IR 64 
leaves but increased at 7 days after salinity stress (Fig 4d).

Determination of transporter gene expression
To understand the molecular basis of salinity stress with 
and without priming, gene expression was assessed using 
RT-qPCR. The expression of OsNHX1 and OsHKT1 in 
the roots and leaves of salinity sensitive rice, IR 64, was 
induced after seed priming treatment (Fig 5). In roots, 
the expression of OsSOS1 increased in primed Pokkali, 
primed Merah Kalsel, and unprimed and primed CI Pen-
dek after salinity stress (Fig 5a). In leaves, the expression 

Fig. 3 Effect of salinity stress on agronomic parameters of rice plants. a Plant height and root length and b dry weight of whole plant with and 
without priming were measured 7 days after salinity stress. Values are means of three replicates ± SE
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of OsSOS1 increased in primed Pokkali and unprimed 
Merah Kalsel Merah Kalsel after salinity stress (Fig 5b). 
The expression of OsNHX1 increased in primed IR 64 
leaves under saline conditions (Fig 5d). The expression 
of OsHKT1 increased in primed Merah Kalsel and IR 64 
roots under salinity stress (Fig 5e). The OsHKT1 expres-
sion in unprimed Merah Kalsel and primed IR 64 leaves 
increased after salinity stress (Fig 5f ).

Discussion
Soil salinity is a global problem that reduces crop yields 
substantially. Maswada et  al. (2018) estimated that ~ 10 
million hectares of land are degraded annually. Seed 
priming improves plant growth, especially under unfa-
vorable conditions (Farooq et  al. 2005; Maswada et  al. 

2018). In this study, the effects of salinity stress on 
salinity-tolerant rice (Pokkali), salinity-susceptible rice 
(IR 64), and two pigmented rice cultivars, the salinity-
tolerant CI Pendek and the moderately salinity-tolerant 
Merah Kalsel, with and without priming, were com-
pared. The differences in the morpho-physiology and 
gene expression of these plants after salinity stress were 
also assessed in this study. The methods used in this 
study would be useful in attempts to improve the physi-
ological characteristics of rice for agriculture. The salin-
ity tolerance of Pokkali and Merah Kalsel, the moderately 
tolerant rice cultivars, increased slightly but the salin-
ity tolerance in CI Pendek decreased after seed priming 
treatment. Seed priming of a salinity-susceptible rice cul-
tivar, IR 64, greatly increased salinity tolerance.

Fig. 4 Concentration of  Na+ and  K+ ions of rice plants after 7 days exposed to salinity stress. a, c  Na+ and  K+ ion concentration in roots. b, d  Na+ 
and  K+ ion concentration in leaves were measured at 0, 4, and 7 days of salinity treatment (200 mM NaCl). Values are means of three replicates ± SE. 
*p < 0.05, **p < 0.01, LSD test. DW: dry weight
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Fig. 5 Relative expression of transporter genes in roots and leaves as compared with UBIQUITIN. Expression was measured at 0, 6, and 24 h after 
salinity treatment (200 mM NaCl). Values are means of three replicates ± SE
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The CC of leaves in each rice cultivar increased 
after seed priming treatment but then decreased after 
salt stress as compared with that of controls in both 
unprimed and primed seedlings. The enhancement of 
photosynthetic pigments under hydro- and haloprim-
ing in all three rice varieties points toward a role for seed 
priming in positively influencing the synthesis of chlo-
rophylls and carotenoids during seedling growth. Seed 
priming in rice causes increases in chlorophyll and carot-
enoid contents under NaCl stress (Jamil et al. 2013). As a 
result of NaCl/polyethylene glycol stress, the photosyn-
thetic pigment contents and the activity of photosystems 
decreased in all the varieties studied. These reductions 
may be due to the degradation of chlorophyll pigments 
or degradation of complexes involved in photosynthetic 
machinery (Jisha and Puthur 2014). According to Abd el-
Samad et al. (2011), the reduction in CC under osmotic 
stress may be due to the suppression of enzymes required 
for chlorophyll synthesis or the destruction of chloro-
plasts and instability of the pigment protein complex.

Salinity causes cellular dehydration and induces 
increased solute concentrations in plants, thereby 
increasing the osmotic potential and leading to ion toxic-
ity (Yang et al. 2018). Relative water content—the meas-
ure of water status in terms of cellular hydration as a 
consequence of leaf water potential and osmotic adjust-
ment—normally decreases at higher salinity levels (Raz-
zaque et  al. 2019). The RWC decreases under salinity 
stress, possibly due to lower external (medium) water 
potential as compared with internal (tissue) water poten-
tial. The osmotic potential of leaves becomes more nega-
tive with increasing salinity stress (Maswada et al. 2018). 
In this study, the RWCs in primed seedlings were higher 
than those in unprimed seedlings under salinity condi-
tions. Similarly, Djanaguiraman et  al. (2006) observed 
that seed priming with n-Fe2O3 at 100 and 500  mg/L 
significantly increased the RWC (%) in rice leaves at 
36  days after sowing (DAS), leading to turgor mainte-
nance that results in salt tolerance improvement in rice. 
The mechanism involved in the maintenance of turgor, 
namely osmotic adjustment, is accumulation of compat-
ible solutes (Maswada et  al. 2018). The accumulation of 
compatible solutes is often considered a basic strategy for 
protection of plants from salinity, and the compatible sol-
utes accumulate in the cytosol, contribute to the decrease 
of cytoplasmic water potential, and act as osmoprotect-
ants (Reddy et al. 2017). Rice plants require a RWC con-
tent of more than 70% for healthy growth, while a RWC 
less than 60% is an indication of stress (Zhao et al. 2014). 
The salinity-susceptible rice (IR 64) was able to maintain 
a RWC value above 70% after seed halopriming treat-
ment. This study confirmed that tolerant rice plants 
were able to maintain high RWC levels, while susceptible 

plants experienced a 15% reduction in RWC levels 
compared to control plants after 8  h of salt treatment 
(Ma et al. 2018). Growth (plant height, root length, and 
whole-plant dry weight) decreased under salinity stress 
(200  mM NaCl) compared with that of controls (0  mM 
NaCl), in both unprimed and primed seedlings. High 
salinity levels caused simultaneous reductions in seedling 
root and shoot dry biomass production (Razzaque et al. 
2019). However, seed priming increased plant height, 
root length, and whole-plant dry weight in Merah Kalsel 
and IR 64 but not in salinity-tolerant rice. The increased 
growth and biomass associated with seed priming could 
be due to enhanced photosynthetic rates, photosystem II 
efficiency, water uptake, and decreased membrane dam-
age (Maswada et  al. 2018). The significant increases in 
chlorophyll content (p < 0.05; LSD), as observed in this 
study, might be due to the enhanced biomass.

To determine the mechanisms underlying salinity tol-
erance in rice, the expression profiles of the transporter 
genes encoding  Na+ transport proteins were analyzed. 
The  Na+/H+ antiporter, OsSOS1, localized in the plasma 
membrane, is considered a general regulator of  Na+ 
export from cytosol (Shi et al. 2002). This study showed 
a higher level of induced expression of the OsSOS1 gene 
in salinity-tolerant rice, which might be responsible for 
the relatively low  Na+ accumulation in roots under salt 
stress. Salinity stress induced expression of the OsSOS1 
gene in leaves in salinity-tolerant rice and primed seed-
lings. Relative expression of the other  Na+/H+ antiporter, 
OsNHX1, induced in primed seedling leaves under salin-
ity stress, might be responsible for increased  Na+ accu-
mulation in the leaf vacuoles under salt stress. The  Na+/
H+ antiporter plays an important role in tolerance to salt 
stress by exchanging  Na+ and  H+ across the plasma or 
vacuolar membrane. The tonoplast  Na+/H+ antiporter, 
which has been identified in several plant species, trans-
ports  Na+ from the cytoplasm into vacuoles, thereby 
increasing the cytoplasmic  K+/Na+ ratio and protecting 
cells from sodium toxicity (Fukuda et al. 1999). The func-
tions of the OsSOS1 and OsNHX1 proteins are recog-
nized as key determinants of salinity tolerance in higher 
plants. Furthermore,  Na+ transporter, OsHKT1, is one 
of the main regulators of  Na+ accumulation in shoots; 
this gene plays a role in the mechanism of exclusion of 
 Na+ ions from shoots by recruiting  Na+ ions from xylem 
and transporting them to xylem parenchyma cells in the 
root (Wangsawang et  al. 2018). In this study, RT-qPCR 
analyses showed that priming seeds increased the relative 
expression of OsNHX1 in the leaves and OsHKT1 in the 
roots and leaves of salt-sensitive rice IR 64, which may 
improve salt tolerance via tissue tolerance mechanisms. 
Tissue tolerance, osmotic exclusion and ion exclusion 



Page 11 of 12Hidayah et al. Botanical Studies           (2022) 63:24  

prevent the accumulation of toxic concentrations of  Na+ 
and  Cl− (Reddy et al. 2017).

Among salinity-tolerant traits in glycophytes, the most 
significant plant adaptation to salinity is the ability to 
restrict the transport and accumulation of  Na+ in the leaf 
blades (Mekawy et al. 2015). Thus, seed priming increases 
 Na+ concentrations in leaves, making them better able to 
handle salinity stress. This restricted transport of  Na+ to 
the leaves is often accompanied by a reduced  Na+/K+ 
ratio, which is relevant for the sustainability of normal 
metabolic functions (Tester and Davenport 2003). The 
other favorable trait, the maintenance of higher  K+ con-
centrations in the leaves under both control and salin-
ity stress conditions, was observed in salinity-tolerant 
rice. Maintenance of higher  K+ concentrations, and thus 
lower  Na+/K+ ratios in the tissues, is detrimental to the 
salinity tolerance of glycophytes because accumulation 
of  Na+ in the cytosol disrupts  K+-dependent biochemi-
cal reactions that are essential for plant growth. Earlier 
reports suggested that  Ca2+ helps in the maintenance of 
cellular membrane integrity, thus reducing  Na+ concen-
trations and favoring  K+ absorption (Ashraf et al. 2003). 
 Ca2+ also strongly influences the entry of  Na+ into cells 
through high-affinity  K+ carriers or through low-affinity 
channels called nonselective cation channels (Reddy et al. 
2017). Decreased  Na+ uptake and improved  K+ uptake 
are among the important indicators of salinity tolerance 
(Wangsawang et  al. 2018). The ability of plants to limit 
 Na+ transport to shoots is important for the maintenance 
of growth rates and protection of the metabolic process 
in elongation cells from the toxic effects of  Na+ (Razm-
joo et  al. 2008). Physiologically, the beneficial effects of 
these priming treatments can be attributed to increased 
accumulations of  K+ with simultaneous decreases in  Na+ 
uptake (Yang et al. 2018).

Conclusion
Seed halopriming significantly increased the level of 
salinity tolerance in salinity-susceptible rice, IR 64, and 
moderately tolerant rice, Merah Kalsel. After seed prim-
ing treatment, IR 64 and Merah Kalsel seedlings survived 
under high salinity stress. Induction of expression of the 
OsNHX1 and OsHKT1 genes in susceptible rice, IR 64, 
after halopriming seed treatment balances the osmotic 
pressure and prevents the accumulation of toxic concen-
trations of  Na+ via tissue tolerance mechanisms, result-
ing in plant tolerance to salinity stress. Seed halopriming 
decreased SES scores in the salinity-tolerant cultivars 
Pokkali and CI Pendek but did not affect their salinity 
tolerance.

Abbreviations
SES: Standard Evaluation System; OsHKT1: Oryza sativa High Affinity 
K + Transporter 1; OsSOS1: Oryza sativa Salt-Overly Sensitive 1; OsNHX1: Oryza 
sativa  Na+/H+ antiporter 1; ECw: Electrical conductivity; RWC : Relative water 
content; RT-qPCR: Reverse transcription-quantitative polymerase chain reac-
tion; NaCl: Sodium chloride; CaCl2: Calcium chloride; KCl: Potassium chloride; 
KNO3: Potassium nitrate; H2O2: Hydrogen peroxide; NH4NO3: Ammonium 
nitrate; NaH2PO4·2H2O: Sodium phosphate monobasic dihydrate; K2SO4: 
Potassium sulfate; MgSO4·7H2O: Magnesium sulfate heptahydrate; MnCl·4 
 H2O: Manganese (II) chloride tetrahydrate; (NH4)6·MO7O24·4H2O: Molybdic 
acid ammonium salt tetrahydrate; H3BO3: Boric acid; ZnSO4·7H2O: Zinc sulfate 
heptahydrate; CuSO4·5H2O: Copper sulfate pentahydrate; FeCl3·6H2O: Iron(III) 
chloride hexahydrate; C6H8O7·H2O: Citric acid monohydrate; H2SO4: Sulfuric 
acid; NaOH: Sodium hydroxide.

Acknowledgements
Not applicable.

Author contributions
AH, RRN, and FAS carried out the research and analyzed the data. AH, NY, 
TRN, YAP interpreted the data and wrote the manuscript. All authors read and 
approved the final manuscript.

Funding
This research was partly funded by the Ministry of Research, Technology and 
Higher Education Republic of Indonesia by Universities Leading Research Pro-
ject 2018 to YAP (contract no. 140/UN1/DITLIT/DIT-LIT/LT/2018), the Capacity 
Building of Gadjah Mada University by the final project recognition program 
to YAP (contract no. 2127/UN1/DITLIT/DIT-LIT/LT/2019) and scholarship fund 
from Indonesian Agency For Agricultural Research and Development, Ministry 
of Agriculture to AH (contract no. 407/Kpts/KP.320/H.1/5/2019. NY was sup-
ported by Global Collaboration Program FY2019-2021 from NAIST and the 
Public Foundation of Elizabeth Arnold-Fuji.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Biotechnology Study Program, The Graduate School, Universitas Gadjah 
Mada, Jl. Teknika Utara, Sleman,  Yogyakarta 55281, Indonesia. 2 Biochemistry 
Laboratory, Department of Tropical Biology, Faculty of Biology, Universitas 
Gadjah Mada, Jl. Teknika Selatan, Sekip Utara, Yogyakarta 55281, Indonesia. 
3 Research Center for Biotechnology, Universitas Gadjah Mada, Jl. Teknika 
Utara, Sleman, Yogyakarta 55281, Indonesia. 4 Agricultural Environmental 
Division, Indonesian Agency For Agricultural Research and Development, Jl. 
Raya Jakenan-Jaken Km. 5, Central Java 59182 Pati, Indonesia. 5 Plant Stem Cell 
Regulation and Floral Patterning Laboratory, Graduate School of Biological 
Sciences, Nara Institute of Science and Technology, Ikoma, Japan. 

Received: 14 December 2021   Accepted: 14 July 2022

References
Abd el-Samad HM, Shaddad MAK, Barakat N (2011) Improvement of plants 

salt tolerance by exogenous application of amino acids. J Med Plant Res 
5(24):5692–5699



Page 12 of 12Hidayah et al. Botanical Studies           (2022) 63:24 

Ashraf M, Kausar A, Ashraf MY (2003) Alleviation of salt stress in pearl millet 
(Pennisetum glaucum (L.) R. Br.) through seed treatments. Agronomie 
23:227–234. https:// doi. org/ 10. 1051/ agro

Bado S, Forster BP, Ghanim AMA, Jankowicz-Cieslak J, Berthold G, Luxiang L 
(2016) Protocols for pre-field screening of mutants for salt tolerance in 
rice, wheat and barley. In Springer (Issue April). Springer Switzerland. 
https:// doi. org/ 10. 1007/ 978-3- 319- 26590-2

Breseghello F (2013) Traditional and modern plant breeding methods with 
examples in rice (Oryza sativa L.) Flavio. J Agric Food Chem 61:8277–8286. 
https:// doi. org/ 10. 1021/ jf305 531j

Djanaguiraman M, Sheeba JA, Shanker AK, Devi DD, Bangarusamy U (2006) 
Rice can acclimate to lethal level of salinity by pretreatment with suble-
thal level of salinity through osmotic adjustment. Plant Soil 284:363–373. 
https:// doi. org/ 10. 1007/ s11104- 006- 0043-y

Farooq M, Basra SMA, Ahmad N, Hafeez K (2005) Thermal hardening: a new 
seed vigor enhancement tool in rice. J Integr Plant Biol 47(2):187–193

Fukuda A, Nakamura A, Tanaka Y (1999) Molecular cloning and expression of 
the Na ‡ / H ‡ exchanger gene in. Biochem Biophys Acta 1446:149–155

Gregorio GB, Senadhira D, Mendoza RD, Division B (1997). Screening Rice 
for Salinity Tolerance. In IRRI Discusion Paper Series (22nd ed., Issue 22). 
International Rice Research Institute

Ibrahim EA (2016) Seed priming to alleviate salinity stress in germinating 
seeds. J Plant Physiol 192(March):38–46. https:// doi. org/ 10. 1016/j. jplph. 
2015. 12. 011

Jafar MZ, Farooq M, Cheema MA, Afzal I, Basra SMA, Wahid MA, Aziz T, Shahid 
M (2012) Improving the performance of wheat by seed priming under 
saline conditions. J Agron Crop Sci 198(1):38–45. https:// doi. org/ 10. 
1111/j. 1439- 037X. 2011. 00485.x

Jamil M, Malook I, Parveen S, Naz T, Ali A, Ullah Jan S, Ur Rehman S (2013) 
Smoke priming, a potent protective agent against salinity effect on 
proline accumulation, elemental uptake, pigmental attributes and 
protein banding patterns of rice (Oryza sativa). J Stress Physiol Biochem 
9(1):169–183

Jisha KC, Puthur JT (2014) Seed halopriming outdo hydropriming in enhancing 
seedling vigor and osmotic stress tolerance potential of rice varie-
ties. J Crop Sci Biotechnol 17(4):209–219. https:// doi. org/ 10. 1007/ 
s12892- 014- 0077-2

Lafitte HR, Ismail A, Bennett J (2004) Abiotic stress tolerance in rice for Asia: 
progress and the future. The 4th International Crop Science Congress, 
1–17. www. crops cience. org. au

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using 
real-time quantitative PCR and the 2-ΔΔCT method. Methods 25(4):402–
408. https:// doi. org/ 10. 1006/ meth. 2001. 1262

Ma NL, Che Lah WA, Kadir NA, Mustaqim M, Rahmat Z, Ahmad A, Lam SD, 
Ismail MR (2018) Susceptibility and tolerance of rice crop to salt threat: 
physiological and metabolic inspections. PLoS ONE 13(2):1–17. https:// 
doi. org/ 10. 1371/ journ al. pone. 01927 32

Manimaran P, Venkata Reddy S, Moin M, Raghurami Reddy M, Yugandhar P, 
Mohanraj SS, Balachandran SM, Kirti PB (2017) Activation-tagging in 
indica rice identifies a novel transcription factor subunit, NF-YC13 associ-
ated with salt tolerance. Sci Rep 7(9341):1–16. https:// doi. org/ 10. 1038/ 
s41598- 017- 10022-9

Martı´nez-Atienza J, Jiang X, Garciadeblas B, Mendoza I, Zhu J-K, Pardo JM, 
Quintero FJ (2007) Conservation of the salt overly sensitive pathway in 
rice. Plant Physiol 143(March):1001–1012. https:// doi. org/ 10. 1104/ pp. 106. 
092635

Maswada HF, Djanaguiraman M, Prasad PVV (2018) Seed treatment with 
nano-iron (III) oxide enhances germination, seeding growth and salinity 
tolerance of sorghum. J Agron Crop Sci 204(6):577–587. https:// doi. org/ 
10. 1111/ jac. 12280

Mekawy AMM, Assaha DVM, Yahagi H, Tada Y, Ueda A, Saneoka H (2015) 
Growth, physiological adaptation, and gene expression analysis of two 
Egyptian rice cultivars under salt stress. Plant Physiol Biochem 87:17–25. 
https:// doi. org/ 10. 1016/j. plaphy. 2014. 12. 007

Moreno C, Seal CE, Papenbrock J (2018) Seed priming improves germination 
in saline conditions for Chenopodium quinoa and Amaranthus caudatus. J 
Agron Crop Sci 204(1):40–48. https:// doi. org/ 10. 1111/ jac. 12242

Nawaz J, Hussain M, Jabbar A, Nadeem GA, Sajid M, Subtain M, Shabbir I (2013) 
Seed priming A technique. Int J Agric Crop Sci 6(20):1373–1381

Paparella S, Araujo SS, Rossi G, Wijayasinghe M, Carbonera D, Balestrazzi A 
(2015) Seed priming: state of the art and new perspectives. Plant Cell Rep 
34:1281–1293. https:// doi. org/ 10. 1007/ s00299- 015- 1784-y

Purwestri YA, Refli. (2016) The response of antioxidant genes in rice (Oryza 
sativa L.) seedling Cv. Cempo Ireng under drought and salinity stresses. 
AIP Confer Proceed 1744:020047. https:// doi. org/ 10. 1063/1. 49535 21

Razmjoo K, Heydarizadeh P, Sabzalian MR (2008) Effect of salinity and drought 
stresses on growth parameters and essential oil content of Matricaria 
chamomila. Int J Agric Biol 10(4):451–454

Razzaque S, Elias SM, Haque T, Biswas S, Jewel GMNA, Rahman S, Weng X, 
Ismail AM, Walia H, Juenger TE, Seraj ZI (2019) Gene expression analysis 
associated with salt stress in a reciprocally crossed rice population. Sci 
Rep 9(8249):1–17. https:// doi. org/ 10. 1038/ s41598- 019- 44757-4

Reddy INBL, Kim B-K, Yoon I-S, Kim K-H, Kwon T-R (2017) Salt tolerance in rice: 
focus on mechanisms and approaches. Rice Sci 24(3):123–144. https:// 
doi. org/ 10. 1016/j. rsci. 2016. 09. 004

Sakina A, Ahmed I, Shahzad A, Iqbal M, Asif M (2016) Genetic variation for 
salinity tolerance in Pakistani rice (Oryza sativa L.) Germplasm. J Agron 
Crop Sci 202(1):25–36. https:// doi. org/ 10. 1111/ jac. 12117

Shi H, Quintero FJ, Pardo JM, Zhu JK (2002) The putative plasma membrane 
NA+/H+ antiporter SOS1 controls long-distance NA+ transport in 
plants. Plant Cell 14:465–477. https:// doi. org/ 10. 1105/ tpc. 010371

Sutrisno, Susanto FA, Wijayanti P, Retnoningrum MD, Nuringtyas TR, Joko 
T, Purwestri YA (2018) Screening of resistant Indonesian black rice 
cultivars against bacterial leaf blight. Euphytica. https:// doi. org/ 10. 1007/ 
s10681- 018- 2279-z

Tester M, Davenport R (2003) Na+ tolerance and Na+ transport in higher 
plants. Ann Bot 91(5):503–527. https:// doi. org/ 10. 1093/ aob/ mcg058

Walia H, Wilson C, Zeng L, Ismail AM, Condamine P, Close TJ (2007) Genome-
wide transcriptional analysis of salinity stressed japonica and indica rice 
genotypes during panicle initiation stage. Plant Mol Biol 63(5):609–623. 
https:// doi. org/ 10. 1007/ s11103- 006- 9112-0

Wang SW, Zhao XQ, Li M, Huang LY, Xu JL, Zhang F, Cui YR, Fu BY, Li ZK (2016) 
Complex molecular mechanisms underlying seedling salt tolerance in 
rice revealed by comparative transcriptome and metabolomic profiling. J 
Exp Bot 67(1):405–419. https:// doi. org/ 10. 1093/ jxb/ erv476

Wang J, Zhu J, Zhang Y, Fan F, Li W, Wang F, Zhong W, Wang C, Yang J (2018) 
Comparative transcriptome analysis reveals molecular response to salin-
ity stress of salt-tolerant and sensitive genotypes of indica rice at seedling 
stage. Sci Rep 8(2085):1–13. https:// doi. org/ 10. 1038/ s41598- 018- 19984-w

Wangsawang T, Chuamnakthong S, Kohnishi E, Sripichitt P, Sreewongchai T, 
Ueda A (2018) A salinity-tolerant japonica cultivar has Na+ exclusion 
mechanism at leaf sheaths through the function of a Na+ transporter 
OsHKT1;4 under salinity stress. J Agron Crop Sci 204(3):274–284. https:// 
doi. org/ 10. 1111/ jac. 12264

Widodo PJH, Newbigin E, Tester M, Bacic A, & Roessner U (2009) Metabolic 
responses to salt stress of barley (Hordeum vulgare L.) cultivars, Sahara 
and Clipper, which differ in salinity tolerance. J Exp Bot 60(14):4089–4103. 
https:// doi. org/ 10. 1093/ jxb/ erp243

Wu B, Munkhtuya Y, Li J, Hu Y, Zhang Q, Zhang Z (2018) Comparative tran-
scriptional profiling and physiological responses of two contrasting oat 
genotypes under salt stress. Sci Rep 8(16248):1–9. https:// doi. org/ 10. 
1038/ s41598- 018- 34505-5

Yang A, Akhtar SS, Iqbal S, Qi Z, Alandia G, Saddiq MS, Jacobsen SE (2018) 
Saponin seed priming improves salt tolerance in quinoa. J Agron Crop Sci 
204(1):31–39. https:// doi. org/ 10. 1111/ jac. 12229

Yoshida S, Forno DA, Cock JH, Gomez, K. A. (1976). Laboratory manual for 
physiological studies of rice. In The International Rice Research Institute 
(3rd ed., Vol. 53, Issue 9). IRRI. http:// books. irri. org/ 97110 40085_ conte nt. 
pdf

Zhao X, Wang W, Zhang F, Deng J, Li Z, Fu B (2014) Comparative metabolite 
profiling of two rice genotypes with contrasting salt stress tolerance at 
the seedling stage. PLoS ONE 9(9):1–7. https:// doi. org/ 10. 1371/ journ al. 
pone. 01080 20

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1051/agro
https://doi.org/10.1007/978-3-319-26590-2
https://doi.org/10.1021/jf305531j
https://doi.org/10.1007/s11104-006-0043-y
https://doi.org/10.1016/j.jplph.2015.12.011
https://doi.org/10.1016/j.jplph.2015.12.011
https://doi.org/10.1111/j.1439-037X.2011.00485.x
https://doi.org/10.1111/j.1439-037X.2011.00485.x
https://doi.org/10.1007/s12892-014-0077-2
https://doi.org/10.1007/s12892-014-0077-2
http://www.cropscience.org.au
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1371/journal.pone.0192732
https://doi.org/10.1371/journal.pone.0192732
https://doi.org/10.1038/s41598-017-10022-9
https://doi.org/10.1038/s41598-017-10022-9
https://doi.org/10.1104/pp.106.092635
https://doi.org/10.1104/pp.106.092635
https://doi.org/10.1111/jac.12280
https://doi.org/10.1111/jac.12280
https://doi.org/10.1016/j.plaphy.2014.12.007
https://doi.org/10.1111/jac.12242
https://doi.org/10.1007/s00299-015-1784-y
https://doi.org/10.1063/1.4953521
https://doi.org/10.1038/s41598-019-44757-4
https://doi.org/10.1016/j.rsci.2016.09.004
https://doi.org/10.1016/j.rsci.2016.09.004
https://doi.org/10.1111/jac.12117
https://doi.org/10.1105/tpc.010371
https://doi.org/10.1007/s10681-018-2279-z
https://doi.org/10.1007/s10681-018-2279-z
https://doi.org/10.1093/aob/mcg058
https://doi.org/10.1007/s11103-006-9112-0
https://doi.org/10.1093/jxb/erv476
https://doi.org/10.1038/s41598-018-19984-w
https://doi.org/10.1111/jac.12264
https://doi.org/10.1111/jac.12264
https://doi.org/10.1093/jxb/erp243
https://doi.org/10.1038/s41598-018-34505-5
https://doi.org/10.1038/s41598-018-34505-5
https://doi.org/10.1111/jac.12229
http://books.irri.org/9711040085_content.pdf
http://books.irri.org/9711040085_content.pdf
https://doi.org/10.1371/journal.pone.0108020
https://doi.org/10.1371/journal.pone.0108020

	Seed Halopriming Improves Salinity Tolerance of Some Rice Cultivars During Seedling Stage
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Rice materials
	Methods
	Seed priming treatment
	Plant growth condition and salinity treatment
	Evaluation of salt stress symptoms
	Measurement of chlorophyll and relative water content
	Measurement of plant growth responses
	Determination of Na+ and K+ ion content
	Expression analysis of transporter genes
	Statistical analysis


	Results
	Salt stress symptoms
	Chlorophyll content and relative water content in leaves
	Plant growth responses
	Na+ and K+ ion content
	Determination of transporter gene expression

	Discussion
	Conclusion
	Acknowledgements
	References




