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root application of MT at the seedling stage are very simple 
operations that require small doses and can effectively solve 
the problems of low germination rate and poor seedling 
establishment in saline soils. Therefore, these results provide 
a theoretical basis and technical support for the chemical 
regulation of salt tolerance and cultivation practices of rice 
and other crops in saline areas.
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Abbreviations
APX  Ascorbate peroxidase
CAT  Catalase
CLCs  Chloride channels
GI  Germination index
GP  Germination potential
GR  Glutathione reductase
MT  Melatonin
ROS  Reactive oxygen species
REL  Relative electrolytic leakage
SOS1  Salt-overly-sensitive1
SOD  Superoxide dismutase
TTC  Triphenyltetrazolium chloride
VI  Vigor index

Introduction

Melatonin (N-acetyl-5-methoxy tryptamine) is an indoleam-
ine-type hormone that is produced by the pineal gland 
in animals and regulates sleep-wake cycles (Hardeland 
et al. 2012). Melatonin was first discovered in plants in 
1995 and shares a common biosynthetic route and similar 

Abstract The mitigating effects of melatonin (MT) treat-
ment on salt-stressed seed germination capacity and of MT 
pretreatment (including the whole period of seed germina-
tion and seedling cultivation) on the salt tolerance of two 
rice (Oryza sativa L. ssp. japonica) cultivars, Liaojing 4 
(LJ4, salt tolerant) and Nipponbare (Nipp, salt sensitive), 
and the related physiological and molecular events were 
investigated in this study. The results showed that when 
additional MT solutions (10–500  μM) were added, the 
NaCl-decreased seed germination potential (GP), germina-
tion index (GI) and vigor index (VI) of LJ4 and Nipp were 
clearly restored. When MT pretreatment occurred during the 
period of seed germination and seedling cultivation prior to 
NaCl stress, relative electrolytic leakage in roots and leaves 
clearly decreased and thus restored the root vigor and growth 
of both plants. This could be fulfilled by multiple physiologi-
cal mechanisms. For example, improving seed germination 
ability (GP, GI and VI), strengthening root vigor, reduc-
ing  Na+ and  Cl− contents in roots and leaves (especially for 
 Cl− in roots and  Na+ in leaves), and enhancing the activi-
ties of antioxidant enzymes (such as catalase and superox-
ide dismutase) in roots and leaves resulted in a decrease 
in  H2O2 level. Moreover, the reduced contents of  Na+ and 
 Cl− in the roots and leaves of both salt-stressed rice plants 
under MT pretreatment displayed clear relations with the 
enhanced transcription of OsSOS1 in roots and of OsCLC1 
and OsCLC2 in roots and leaves. These results could indi-
cate that soaking with MT during seed germination and/or 
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physiological functions as the first discovered plant hormone 
(IAA); melatonin has been documented to be a potential 
growth regulator that enhances plant tolerance to many kinds 
of adverse environmental stresses, including salt (Li et al. 
2012; Jiang et al. 2016; Zhang et al. 2014), drought (Wang 
et al. 2013; Meng et al. 2014; Ye et al. 2016), cold (Li et al. 
2017), heavy metal (Li et al. 2016a; Hasan et al. 2015), and 
oxidative stresses (Szafránska et al. 2016), and delays leaf 
senescence (Liang et al. 2015) under both exogenous appli-
cation and endogenous induction (Liang et al. 2017). In 
recent years, research on melatonin effects on plant growth, 
development and stress adaptation has received much atten-
tion, especially regarding the physiological and molecular 
mechanisms in plants exposed to many kinds of abiotic and 
biotic stress factors; tremendous and exciting progress has 
been obtained. It has been demonstrated that melatonin as 
a potent free radical scavenger and a broad-spectrum anti-
oxidant (Zhang and Zhang 2014). Melatonin can effectively 
scavenge or reduce endogenous  H2O2 (Tan et al. 2000) and 
regulate gene transcription levels related to antioxidant sys-
tems, thus alleviating salt injury to crops (Shi et al. 2015; 
Zhang et al. 2014). The specific physiological mechanisms 
mainly include improving seed germination ability under 
salt stress (Zhang et al. 2014); suppressing chlorophyll deg-
radation, which enhances the photosynthetic rate (Wang 
et al. 2013; Li et al. 2012; Liang et al. 2015); strengthen-
ing the activities of antioxidant enzymes (e.g., CAT, SOD, 
peroxidase [POD], ascorbate peroxidase [APX], glutathione 
reductase [GR]) to achieve reactive oxygen species (ROS) 
detoxification; and, most importantly, regulating the uptake 
and transport of  Na+,  Cl− and  K+ for ion homeostasis (Zhang 
et al. 2014; Jiang et al. 2016).

Soil salinity is one of the most important abiotic stresses 
threatening sustainable food production. Soil salinity poses a 
major constraint for many crop plants, and the vast majority 
of crop plants are glycophytes or are salt sensitive; there-
fore, increasing the salt tolerance of crops for biological 
improvement and comprehensive exploitation of saline 
soils is becoming the most crucial approaches for scien-
tific research and agricultural practices (Munns and Tester 
2008; Zhang et al. 2011; Himabindu et al. 2016). It is well 
documented that growth inhibition, development reduction, 
and yield decline of salt-affected crop plants mainly result 
from osmotic stress, ionic (including  Na+ and  Cl−) toxic-
ity, nutritional imbalance, and oxidative damage. Certainly, 
plants have evolved different strategies for protection against 
salinity, including the synthesis of osmolytes or osmopro-
tectants; ion compartmentation at the intracellular, tissue or 
organic levels; the enhancement of enzymatic or nonenzy-
matic antioxidant systems; and changes in hormone levels 
and hormone-guided communications (Munns and Tester 
2008; Kim et al. 2014; Muchate et al. 2016; Park et al. 
2016). Ion transport is the fundamental factor determining 

salt tolerance in plants, and the ability to both regulate  Na+ 
and  Cl− uptake in roots and transport these ions to shoots is 
crucial for plant adaptations to saline environments (Munns 
and Tester 2008). As is known,  Na+ efflux across the plasma 
membrane is attributed to the Salt Overly Sensitive1 (SOS1) 
 Na+/H+ antiporter (Zhao et al. 2017), and  Cl− uptake, trans-
port and compartmentation are mediated by chloride chan-
nels (CLCs), which are widely distributed in cell membrane 
systems (mainly in the endomembranes) of prokaryotic and 
eukaryotic organisms (Wei et al. 2016). The pathways for 
improving plant stress tolerance may include stress hard-
ening, chemical regulation and genetic engineering/breed-
ing; however, plant breeding is time consuming and labor 
intensive (Tian et al. 2014; Hanin et al. 2016). In addition, 
the improvement of crop salt tolerance through chemical 
regulation measures has the advantages of shorter cycles, 
lower costs, and faster effects compared to the breeding of 
salt-tolerant cultivars. Many studies have shown that exog-
enous application of various plant growth regulators (such 
as glutathione, polyamines, γ-aminobutyric acid, and metha-
nol), compatible solutes or osmoprotectants (such as proline, 
betaines, trehalose, and polyamines) can clearly improve the 
salt tolerance of plants or crops; this improvement is mainly 
fulfilled by increased contents of both osmolytes and anti-
oxidants and enhanced activity of antioxidant enzymes (Li 
et al. 2012; Teh et al. 2015; Nahar et al. 2016; Wei et al. 
2015a, b; Jia et al. 2017).

Rice (Oryza sativa L.) is an important staple food crop of 
more than half of the world population and is well known to 
be a salt-sensitive crop (Kumar et al. 2013; Teh et al. 2015; 
Li et al. 2016b). Seed germination and seedling establish-
ment are the most crucial stages in the life cycle of crop 
plants and are also the most fragile and vulnerable stages 
to harsh environments. High salinity during seed germina-
tion and early seedling growth can directly affect crop estab-
lishment, even resulting in entire crop failure or severe loss 
in yield (Zhang et al. 2014; Basnet et al. 2015; Chen et al. 
2012). Liang et al. (2015) reported that melatonin treatment 
resulted in enhanced antioxidant protection and significantly 
enhanced he salt stress tolerance of rice seedlings by reduc-
ing chlorophyll degradation and suppressing the transcripts 
of senescence-associated genes. Generally, high salinity will 
result in serious  Na+ and  Cl− accumulations, marked  K+ 
deficit, and disturbed  K+/Na+ ratios in plant cells (Munns 
and Tester 2008). Proton pumps, ion channels and transport-
ers play a vital role in the regulatory process of ion homeo-
stasis in plants under salt stress (Sun et al. 2009; Yamagu-
chi et al. 2013). SOS1 is responsible for encoding a plasma 
membrane-localized  Na+/H+ antiporter that is important in 
sodium extrusion, controlling long-distance  Na+ transport 
from roots to shoots, oxidative stress responses, and intra-
cellular pH homeostasis and is considered a superior salt 
tolerance determinant (Shi et al. 2002; Nie et al. 2015; Zhao 
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et al. 2017). Rice OsSOS1 demonstrated the ability for  Na+/
H+ exchange in plasma membrane vesicles of yeast cells 
by reducing the net cellular  Na+ content of those cells and 
suppressing the salt sensitivity of a sos1-1 mutant of Arabi-
dopsis (Martínez-Atienza et al. 2007).

At present, OsCLC1 and OsCLC2 are the most reported 
CLC members in rice (Oryza sativa L. ssp. japonica cv. 
Nipponbare). OsCLC1 is expressed in most tissues, and pro-
moted by salt treatment and shows more positive relation to 
salt tolerance due to transporting less  Cl− to leaves, while 
OsCLC2 is expressed only in roots, nodes, internodes and 
leaf sheaths; however, both genes could rescue the growth 
phenotype of the yeast CLC gene mutant (ρgef1) under vari-
ous ion stresses. The growth of loss-of-function rice mutants 
of both genes produced by the insertion of a retrotranspo-
son (Tos17) was inhibited at all life stages (Nakamura et al. 
2006; Diédhiou and Golldack 2006). However, to date, the 
related physiological and molecular bases of the effects of 
exogenously applied melatonin on rice seed germination 
under salt stress, seedling quality and salt tolerance and the 
maintenance of ion homeostasis in salt-stressed rice plants 
have not been reported. In this work, two rice (Oryza sativa 
L. ssp. japonica) cultivars, Liaojing 4 (LJ4) and Nipponbare 
(Nipp), that have different salt tolerances were chosen as the 
experimental materials. The effects of seed soaking with 
different concentrations of MT solutions on seed germina-
tion and seedling quality under salt stress were investigated. 
Changes in plant growth characteristics (including the dam-
age rate);  H2O2 content; antioxidant enzyme activity; the 
contents of  Na+,  K+ and  Cl−; and the transcription patterns 
of the OsSOS1, OsCLC1, and OsCLC2 genes in the roots 
and leaves of rice plants pretreated with MT solutions dur-
ing the whole period of seed germination and seedling cul-
ture were also analyzed. The objectives of this work were to 
uncover the physiological and molecular mechanisms of the 
homeostasis maintenance of salt ions and ROS during the 
process of exogenous melatonin application for enhancing 
rice seed germination and seedling growth under salt stress 
and to provide both a theoretical basis and technical support 
for effectively solving the problems of low germination rate 
and poor seedling vigor of rice in saline soils and of the 
chemical regulation and planting practices of rice and other 
crops in saline areas.

Materials and methods

Plant material and culture

Rice (Oryza sativa L. ssp. japonica) materials included cul-
tivars Liaojing 4 (LJ4) and Nipponbare (Nipp). Seeds of 
similar size were surface-sterilized with 75% ethanol (W/V) 
for 1 min, after which they were sterilized with 0.1%  HgCl2 

(W/V) for 5 min followed by washing three times with dis-
tilled water for subsequent experiments during the seed ger-
mination and young seedling stages.

Experimental design 1: comparison of the salt tolerance 
of two rice cultivars

This experiment was conducted during the seed germination 
and young seedling stages. For seed germination, two salt 
treatments (150 and 200 mM NaCl) were established, and 
distilled water was used as a control. Sterilized rice seeds 
(cultivars LJ4 and Nipp) were soaked in distilled water for 
8 h, after which they were transferred to Petri dishes (each 
with 15 seeds and 3 replicates) containing water-saturated 
filter papers and either 10 mL of treatment solution or dis-
tilled water to germinate in a constant-temperature incubator 
(28 ± 1) °C in dark conditions. The treatment solution was 
renewed every 2 days. Seed germination potential (GP) was 
measured at 4 days, and shoot length, germination index 
(GI), and vigor index (VI) were measured at 7 days. For 
the seedling stage, the sterilized and soaked rice seeds were 
sown in plastic containers containing double gauze and then 
germinated in a constant-temperature incubator (28 ± 1 °C) 
in dark conditions. The germinated seeds were transferred to 
a foam plate (each with 25 holes for uniform seedlings) cov-
ering a plastic cup containing 1/2 Kimura B nutrition solu-
tion (Liang et al. 2015) and maintained in a greenhouse. The 
greenhouse temperature was maintained at 26 ± 2/20 ± 2 °C 
(day/night), and the photoperiod was approximately 12/12 h 
(day/night). When rice seedlings grew to the 2-leaf/1-heart 
stage, they were randomly separated into 3 groups. The first 
group was grown continuously in 1/2 Kimura solution (con-
trol), the second was treated with 1/2 Kimura solution plus 
100 mM NaCl, and the last was treated with 1/2 Kimura 
solution plus 120 mM NaCl. After 7 days of treatment, the 
morphological characteristics of rice plants were observed, 
imaged, and sampled for measurements of both fresh weight 
per plant and relative electrolyte leakage (REL) in the roots 
and leaves.

Experimental design 2: ameliorative effects of MT 
on salt injury to rice

This experiment was also conducted during the seed ger-
mination and young seedling stages. For seed germination, 
treatments including 120 mM NaCl plus 0, 10, 50, 100, 200, 
or 500 μM MT solutions were established together with 
distilled water as a control, and the seeds of both cultivars 
were germinated as described above. GP was measured at 
4 days or 7 days later; the seedlings were then imaged and 
assayed for GI and VI. For the seedling stage, both rice seeds 
were soaked, germinated and cultivated at the 2-leaf/1-heart 
stage with different concentrations (0, 25, 50, 75 or 100 μM) 
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of MT solutions. The seedlings were then stressed with 
120 mM NaCl at 7 days and imaged. The plants pretreated 
with 75 μM MT were used as representatives to further ana-
lyze fresh weight; root vigor; REL of roots and leaves;  H2O2 
content; CAT and SOD activities; and  Na+,  K+ and  Cl− con-
tents. In addition, the transcriptional patterns of OsSLC1, 
OsCLC1 and OsCLC2 genes were compared in the roots 
and leaves of LJ4 and Nipp seedlings (including no MT pre-
treatment prior to NaCl stress, denoted as “NaCl”, and MT 
pretreatment prior to NaCl stress, denoted as “MT + NaCl”) 
within the 0, 3, 6, 12 and 24 h salt treatments.

Seed germination assays

Seeds were considered germinated when their shoot length 
was half of the seed length. The percentage of germinated 
seeds at 4 days was referred to as GP, and the germinated 
seeds were calculated at 7 days for GI and VI according to 
the method of Li et al. (2015) as follows: GI = ∑Gt/t, where 
Gt is the number of germinated seeds on Day t. VI was cal-
culated as follows: VI = GI × S, where S is the shoot length 
of germinated seeds. Shoot length was directly measured 
using a ruler.

Seedling assays

LJ4 and Nipp seedlings (ten each) were selected randomly 
and fully rinsed in distilled water, after which they were 
dried with blotting paper for measurements of fresh weight 
per plant. REL in the roots and leaves of LJ4 and Nipp plants 
was assayed according to the method described by Hu et al. 
(2016). Root vigor was determined according to the triph-
enyltetrazolium chloride (TTC) method (Wang et al. 2012). 
 H2O2 content was measured following the method of Cao 
et al. (2016). Specifically, root or leaf tissues (0.2 g) were 
homogenized with 2 mL of 0.1% (w/v) trichloroacetic acid 
(TCA) in an ice bath and then centrifuged at 12,000×g for 
15 min at 4 °C. Then, 0.5 mL of the supernatant was added 
to 0.5 mL of 10 mM phosphate buffer (pH 7.0) and 1 mL 
of 1 M KI. The absorbance of the mixture was then read at 
390 nm. Finally, the content of  H2O2 was calculated using 
a standard curve. For assays of CAT and SOD activities, 
fresh rice roots or leaves (0.2 g) were homogenized using a 
mortar and pestle with 2 mL of 50 mM ice-cold phosphate 
buffer (pH 7.0) containing both 1 mM EDTA·Na2 and 0.5% 
(W/V) PVP. The homogenate was centrifuged at 15,000×g 
for 15 min at 4 °C. The supernatant was used as an enzyme 
extract for enzymatic activity, which was measured at 4 °C 
according to the methods of our previous study (Cao et al. 
2016). Briefly, CAT activity was assayed spectrophotomet-
rically at 240 nm in a 3-mL reaction mixture containing 
0.1 mL of enzyme extract, 100 mM phosphate buffer (pH 
7.0), 0.1 μM EDTA, and 0.1%  H2O2. The decomposition of 

 H2O2 was measured by following the decrease in absorbance 
at 240 nm for 3 min and quantified by its molar extinction 
coefficient (39.4 mmol L−1 cm−1). One unit of CAT activity 
was defined as a change in absorbance of 0.1 units min−1 
caused by the addition of the enzyme extract (Qiu et al. 
2014). SOD activity was assayed using the photochemical 
nitroblue tetrazolium (NBT) method (Li et al. 2011). The 
reaction mixture contained 100 mM phosphate buffer (pH 
7.8), 130 mM methionine, 750 μM NBT, 20 μM riboflavin, 
0.1 mM EDTA·Na2, 505 μL of deionized water, and 80 μL of 
enzyme extract in a 3-mL volume. One unit of SOD activity 
was defined as the amount of enzyme required to cause 50% 
inhibition of NBT reduction monitored at 560 nm. Extrac-
tions and assays of  Na+,  K+ and  Cl− were performed accord-
ing to our previous methods (Wei et al. 2015a, b; Zhou and 
Yu 2009).

RNA extraction and analysis of OsCLC1, OsCLC2 
and OsSOS1 gene expression

Gene-specific primers for OsCLC1, OsCLC2 and OsSOS1 
were designed using Primer Premier software (ver. 5.0) 
as follows: OsCLC1-F: 5′-CTA CGT ACG GGC GCA 
TAG TT-3′; OsCLC1-R: 5′-ACG AGC ATG CCA AAG 
GGA G-3′; OsCLC2-F: 5′-ATC GAG AGC CTC GAC TAC 
GA-3′; OsCLC2-R: 5′-ACC TGC ACT TTC CCT TTA GCA-
3′; OsSOS1-F: 5′-CAT TCG TAT CTG GGC TAA -3′; and 
OsSOS1-R: 5′-CAT TTC TTG ATT TGG TGT A-3′. Total 
RNAs were isolated from the frozen roots or leaves of LJ4 
and Nipp plants using a TRIzol reagent kit and were used 
for the synthesis of cDNA based on the Hieff™ First Strand 
cDNA synthesis Super Mix for RT-qPCR (YEASEN, Shang-
hai, China). The rice actin gene (AK100267) with the for-
ward and reverse primers 5′-AGT GTC TGG ATT GGA GGA 
T-3′ and 5′-TCT TGG CTT AGC ATT CTT G-3′, respectively, 
was used as an internal reference. qRT-PCR was performed 
with 384-well plates using the QuantStudio 5 Real-Time 
PCR System (ThermoFisher Scientific China, Inc., Shang-
hai), where 0.4 µL of primers (1 μM each), 50 ng of prepared 
cDNA (2 μL), 7.2 μL of  ddH2O, and 10 μL of SYBR mix 
were combined and brought to a final volume of 20 μL per 
well. PCR cycles were set up as follows: 95 °C for 5 min, 
95 °C for 10 s, and 58 °C for 20 s, with a total of 40 ampli-
fication cycles. The gene relative expression levels were 
normalized and calibrated according to the  2−ΔΔCT method 
(Schmittgen and Livak 2008), with the rice actin gene as 
the internal reference, and the results were presented as the 
means ± SDs of three replicates.

Statistical analysis

All data were analyzed and presented as the means ± SDs for 
each treatment (n = 3; n = 10 for plant fresh weight) using 
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SPSS software (ver. 20.0). The data were subjected to the 
one-way analysis of variance (ANOVA), and the mean dif-
ferences were compared using Duncan’s test (P < 0.05).

Results

Comparison of salt tolerance in rice cultivars LJ4 
and Nipp

When treated with 150 and 200 mM NaCl for 4 days or 
7 days, respectively, the seed germination potential (GP) 
and shoot length of rice cultivars LJ4 and Nipp were signifi-
cantly less than those of the untreated controls; moreover, 
the reduction ranges of GP under the 200 mM NaCl treat-
ment or the shoot length of Nipp under the 150 mM NaCl 
treatment were clearly greater than those of LJ4 (P < 0.05) 
(Fig. 1A, B). When two rice seedlings (at the 2-leaf/1-heart 
stage) were treated with 100 mM NaCl for 7 days, only 
shorter plant height but no visible yellow leaves were dis-
played compared to the control; however, after treatment 
with 120 mM NaCl for 7 days, leaves clearly became vis-
ibly yellow, especially for Nipp. At the same time, the fresh 
weight per plant of LJ4 and Nipp seedlings and REL in roots 

and leaves were significantly lower and higher than those 
of the control, respectively, especially under 120 mM NaCl 
stress; the reduction range of fresh weight per plant or the 
increase range of REL the in roots or leaves of Nipp showed 
significant (P < 0.05) differences compared with those of LJ4 
(Fig. 1C, D). Thus, salt tolerance of LJ4 is stronger than that 
of Nipp at both the seed germination and young seedling 
stages; these plants were respectively used as salt-tolerant 
and the salt-sensitive plants for the subsequent studies.

Effects of MT treatment on seed germination of LJ4 
and Nipp under salt stress

Under 120 mM NaCl stress, the seed germination of LJ4 
and Nipp was markedly inhibited; GP, GI and VI signifi-
cantly decreased compared with those of the non-treated 
controls, and effects on Nipp were generally greater than 
on LJ4. When treated with 120 mM NaCl plus additional 
10–500 μM MT, the reduced seed GP, GI and VI of Nipp 
and LJ4 clearly recovered, and GP and GI were almost 
restored to control levels (P > 0.05). Further analysis showed 
that the recovery effect of MT treatments with different con-
centrations (10–500 μM) on aforementioned seed germina-
tion parameters did not work in a concentration-dependent 
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manner (Fig. 2). Therefore, in order to save costs, we may 
consider selecting lower concentrations of MT for research 
on the alleviation mechanisms of MT regarding rice salt 
damage or the practical application of MT. It is just for this 
reason that in following seedling trials we adopted lower 
concentrations (25–100 μM) of MT and observed morpho-
logical effects on salt-stressed rice plants, and we focused 
on the analysis of physiological and molecular mechanisms 
using the 75 μM MT treatment.

Effects of MT pretreatment on growth, root vigor 
and REL in the roots and leaves of salt‑stressed rice 
seedlings

Regarding treatment with MT at different concentrations 
(0–100 μM), rice seeds of cultivars LJ4 and Nipp were 
soaked, germinated and cultivated to seedlings at the 
2-leaf/1-heart stage. Then, following stress with 120 mM 
NaCl for 7 days, the growth of both rice seedlings treated 
with no MT (0 μM NaCl) was clearly suppressed. The leaves 
partially became yellow along with significantly reduced 
plant fresh weight and root vigor. REL in the roots and leaves 
increased (P < 0.05) compared with those of the control, 
while seedlings cultivated with 25, 50, 75 and 100 μM MT 
were clearly mitigated from salt injury (Fig. 3A). Further 

analysis of salt-stressed plants pretreated with 75 μM MT 
showed that fresh weight per plant and root vigor evidently 
increased and that REL values in the roots and leaves sig-
nificantly decreased, although there was still an obvious gap 
with the control values (Fig. 3B–D). These results are also 
very consistent with the mitigating effects of MT application 
on salt damage symptoms in rice plants.

Effects of MT pretreatment on  H2O2 content, 
CAT and SOD activities in the roots and leaves 
of salt‑stressed rice seedlings

When LJ4 and Nipp seedlings with no MT pretreatment 
were stressed with 120 mM NaCl for 7 days, the  H2O2 con-
tents in roots and leaves significantly increased (P < 0.05) 
compared with those of the control, and the increase in 
leaves was more obvious. However, when LJ4 and Nipp 
seedlings pretreated with 75 μM MT were exposed to salt 
stress,  H2O2 contents in roots and leaves clearly decreased 
compared to those of seedlings without MT pretreatment; 
however, under 120 mM NaCl for 7 days, the decrease 
in leaves was more apparent (Fig. 4A). We also inves-
tigated the changes in the activity of two representative 
antioxidant enzymes, CAT and SOD, in both salt-stressed 
rice seedlings with or without MT pretreatment. We found 
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that NaCl treatment could result in different degrees of 
enhancement effects on CAT and SOD activities in the 
roots and leaves of both rice seedlings. Also, MT pretreat-
ment could cause subsequent positive synergistic effects, 
and the activity of these enzymes in the leaves of LJ4 was 
more distinct (Fig. 4B, C).

Effects of MT pretreatment on the contents of  Na+, 
 K+ and  Cl− in the roots and leaves of salt‑stressed rice 
seedlings

The contents of  Na+ and  Cl− in the roots and leaves of LJ4 
and Nipp seedlings with no MT pretreatment under 120 mM 
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NaCl for 7 days were significantly increased in compari-
son with those of the control (P < 0.05), while  K+ contents 
decreased markedly. However, there was no change in the 
leaves of Nipp, and correspondingly,  Na+/K+ ratios in the 
roots and leaves of both rice seedlings largely increased. 
When pretreated with 75 μM MT before NaCl stress, the 
salt-induced increases in  Na+ and  Cl− contents and  Na+/K+ 
ratios in the roots and leaves clearly decreased, especially 
in the roots of LJ4. However, no recovery effects of MT 
pretreatment on the decreased  K+ level resulting from salt 
stress were found in the roots and leaves of the rice seedlings 
of either cultivar (Fig. 5).

Effects of MT pretreatment on the transcriptional 
patterns of OsCLC1, OsCLC2 and OsSOS1 in the roots 
and leaves of salt‑stressed rice seedlings

The relative expressions of OsCLC1 and OsCLC2 in the 
roots and leaves of LJ4 and Nipp seedlings without or with 
MT pretreatment first showed an increasing tendency but 
then a decreasing one under 120 mM NaCl stress for 0, 3, 
6, 12 and 24 h, most of them reached the maximum when 
stressed for 6 h. MT pretreatment displayed synergistic 
enhancement effects, in which the relative expressions of 
OsCLC1 in the roots of LJ4 (MT pretreatment increased the 
relative expression level from 5.61 fold to 10.62 fold at 6 h 
of salt stress) and the relative expression of OsCLC1 and 
OsCLC2 in the roots of Nipp (MT pretreatment increased 
the relative expression of OsCLC1 from 18.82 fold to 27.27 
fold and that of OsCLC2 from 1.60 fold to 2.41 fold) were 
more prominent (Fig. 6A, B). During the process of 24 h 
of salt stress, the highest relative expressions of OsSOS1 in 
the roots and leaves of both rice seedlings with or without 
MT pretreatment mostly occurred in the NaCl treatment for 
6 h, aside from the continual increase in the roots of Nipp. 
Moreover, MT pretreatment also showed further enhance-
ment effects on OsSOS1 expression together with NaCl 
stress, and this expression in roots of both rice cultivars was 
more prominent than in the leaves (Fig. 6C).

Discussion

In the process of rice planting or production, soil salinity 
is one of the major constraints to seed germination, seed-
ling establishment, plant growth and yield. Among them, 
the early stages of seed germination and seedling estab-
lishment are more susceptible to salt stress and constitute 
the primary link for deciding whether rice can be planted 
in saline fields and determining rice output (Zhang et al. 
2014; Basnet et al. 2015; Chen et al. 2012). Rice seedlings 
pretreated with 10 and 20 µM MT for 2 weeks could delay 
dark- and salt-induced leaf senescence by directly or indi-
rectly counteracting the cellular accumulation of  H2O2, 
revealing enhanced antioxidant protection of exogenous 
MT application as a potent free radical scavenger (Liang 
et al. 2015). In this study, at the rice seed germination and/
or young seedling stages, the enhancement effects of MT 
treatment or pretreatment were studied in two rice cultivars 
(LJ4 and Nipp) that have different salt tolerances (Fig. 1). 
The results demonstrated that these measures could clearly 
improve seed germination ability (shown as GP), strengthen 
seedling quality (GI and VI) under salt stress or alleviate salt 
damage to plants (biomass, root activity, REL, etc.) (Figs. 2, 
3); however, no obvious correlations between the ameliora-
tive roles in salt injury and the salt tolerance of cultivars 
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LJ4 and Nipp were observed (Fig. 1). This differs from the 
results of our previous studies on salt-stressed soybean using 
foliar sprays of methanol (Wei et al. 2015a, b) or on seed 
soaking with soybean isoflavones (Tian et al. 2014), which 
indicated better alleviating effects on relatively salt-sensitive 
soybean cultivars. The differential effects may be attributed 
to MT as a kind of endogenous plant growth regulator act-
ing in trace amounts (Zhang et al. 2015). In addition, in this 
study, the alleviating effects of MT on rice seed germination 
(10–500 µM) or seedling establishment (25–100 µM) under 
salt stress all showed no clear MT concentration or dose-
dependent effects (Figs. 2, 3A). However, Dawood and El-
Awadi (2015) reported that seed treatments involving seed 
priming or pre-sowing with MT could alleviate salinity 
stress on Vicia faba L. plants irrigated with diluted seawa-
ter, and MT at 500 mM had a more pronounced effect than 
did 100 mM MT. Conversely, Wei et al. (2015a, b) reported 
that coating seeds with MT significantly promoted soybean 
growth and seed production, but like other plant hormones, 
MT displayed weak effects at higher concentrations; in field 
tests, 50 μM MT-treated seedlings seemed to be healthier 
than were the control or 100 μM-treated seedlings.

With respect to the physiological and molecular events 
of MT treatment or pretreatment on improving seed 

germination ability or seedling growth status under many 
kinds of adverse environments, many studies have mainly 
demonstrated the oxidative protection of MT as an anti-
oxidant by its ability to enhance antioxidant enzyme and 
non-enzyme systems or via its ability to regulate gene 
expression, and through its secondary effects on plant water 
relations, growth, photosynthesis, ion homeostasis, and leaf 
senescence (Meng et al. 2014; Liang et al. 2015; Jiang et al. 
2016; Ye et al. 2016). Furthermore, Zhang et al. (2014) 
showed that the enhanced seed germination of cucumber 
under NaCl stress after pretreatment with exogenous MT 
contributed to a rapid decrease in ABA content and a signifi-
cant increase in GA (especially  GA4) levels during the early 
stages of germination, which suggests regulation of MT 
occurs during the biosynthesis and catabolism of ABA and 
 GA4. Li et al. (2017) demonstrated that melatonin, a potent 
long-distance signal, may be translocated from the treated 
leaves or roots of Citrullus lanatus L. to distant untreated 
tissues via vascular bundles, leading to systemic induction 
of cold tolerance. These findings also suggest MT effects 
have characteristics of transitivity and persistence. In addi-
tion, according to many studies, large differences occur in 
the methods, including pretreatment (seed priming, seedling 
culture) (Zhang et al. 2014; Dawood and El-Awadi 2015), 
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Fig. 6  Effects of MT pretreat-
ment on the transcriptional pat-
terns of OsCLC1 (A), OsCLC1 
(B) and OsSOS1 (C) in roots 
and leaves of rice cultivars LJ4 
and Nipp seedlings under salt 
stress. Means in bars followed 
by different letters show signifi-
cant difference (P < 0.05)

OsCLC1

e d d c d d d d
d

bc ab ab

c
c

c
c

a

a

a a

a

a

a

a

b
c b

a

b
b

b
b

c

b

c
b

c
c c

c

0

5

10

15

20

25

30

35

NaCl NaCl NaCl NaCl

Root Leaf Root Leaf

ppiN4JL

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

ls

0 h 3 h 6 h 12 h 24 h
A 

OsCLC2

b

c

d

c

b

b

c

d

ab

a
b

d

d

a

e c

a

b

a
a

a

a

a
a

d d

c

b

e d

b

c

c

b
d

d

c

c

d

b

0

1

2

3

4

NaCl NaCl NaCl NaCl

Root Leaf Root Leaf

ppiN4JL

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

ls

B 

OsSOS1

c c c
b d

c

b
d

d

b

e c
c

c

e
db

a

a a

b
c

a

a

a

a

b

a

b

b

d

c

d c d
b

a

a

c

b

0

2

4

6

8

NaCl NaCl NaCl NaCl

Root Leaf Root Leaf

ppiN4JL

R
el

at
iv

e 
ex

pr
ss

io
n 

le
ve

ls

C 

0 h 3 h 6 h 12 h 24 h

0 h 3 h 6 h 12 h 24 h



451Plant Growth Regul (2017) 83:441–454 

1 3

foliar spray (Ye et al. 2016), root or rhizospheric applica-
tion (Jiang et al. 2016), or mixing together with other anti-
oxidants (e.g., ascorbic acid) (Kostopoulou et al. 2015). 
Also, the concentration of MT used varies substantially in 
terms of researchers, plant species, and stress factors, among 
other things. Ye et al. (2016) reported that foliar-sprayed MT 
(100 µM) could increase maize seedling drought tolerance 
by alleviating drought-induced photosynthetic inhibition 
and oxidative damage (both enzymatic and nonenzymatic 
antioxidant activity). Jiang et al. (2016) suggested that root- 
or rhizospheric-applied MT (1 µM) could enhance maize 
salt tolerance by significantly increasing  K+ contents and 
 K+/Na+ ratios in the shoots and decreasing the  Na+ content 
in the leaves of maize plants under 100 mM NaCl stress. 
Similarly, cucumber seeds pretreated/soaked with 1 µM 
MT showed enhanced germination rates under 150 mM 
NaCl stress (Zhang et al. 2014). Even lower concentrations 
(<200 nM) of exogenously applied MT to the roots of Vitis 
vinifera cuttings prior to 10% PEG-induced drought treat-
ment could improve the resistance by its antioxidant and 
osmoprotectant effects (Meng et al. 2014). This can fully 
demonstrate that the enhancement effects of MT on plants 
or the adaptation of crops to many kinds of stressful environ-
mental factors are related not only to internal causes, such as 
species, growth and development stage, but also to external 
causes, such as individual stress factors, application method, 
dosage, etc. Indeed, regarding the high commercial cost of 
MT and for reducing or minimizing the cost of practical 
applications as much as possible, lower MT concentrations 
should be promoted.

With respect to the mechanisms of MT alleviation effects 
on plant stress damage, the feature of MT being a good anti-
oxidant has often been the focus and is well analyzed (Zhang 
et al. 2015; Meng et al. 2014; Liang et al. 2015; Jiang et al. 
2016). In this study, clear decreases in  H2O2 contents were 
displayed in the roots and leaves of both salt-stressed LJ4 and 
Nipp plants pretreated with MT at the seed germination and 
young seedling stages, and the activities of relevant antioxi-
dant enzymes (such as CAT and SOD) were also enhanced 
(Fig. 4). Oxidative stress is secondarily derived from vari-
ous biotic and abiotic stresses (except for direct treatments, 
such as methyl viologen or  H2O2) that affect plants or crops 
(Hossain et al. 2015). Different rice cultivars and genotypes 
often exhibit clear differences in salt tolerance. Kabir et al. 
(2016) suggested that the salt-tolerant rice genotype Pokkali 
displays greater induction of OsNAS1 (coding for nicotian-
amine synthase), OsPCS1 (for phytochelatin synthase), and 
DREB1A (a transcription factor) transcripts under salt stress 
and significant increases in CAT, GR, and SOD activity in 
roots compared to the salt-sensitive genotype BRRI 3. Jiang 
et al. (2016) demonstrated the strengthening activities of 
antioxidant enzymes, e.g., CAT, SOD, APX, and GR, by MT 
application to achieve ROS detoxification or homeostasis in 

salt-stressed maize seedlings. This may indicate a possible 
relationship between MT treatment and antioxidant defense 
in rice under salt stress.

Among the variety of stressful injuries to germinating 
seeds or young seedlings under salty environments, ionic 
toxicity is the primary and most severe type. Thus, employ-
ing effective solutions for ion homeostasis is a key strategy 
for plants to improve salt tolerance (Zhao et al. 2017). In 
this study, when two rice seedlings without MT pretreatment 
were subjected to 120 mM NaCl for 7 days, the contents 
of  Na+ and  Cl− in roots and leaves significantly increased 
compared with those of the control, and  K+ content clearly 
decreased; these were results occur in many other gly-
cophytes. Accordingly,  Na+/K+ ratios in roots and leaves 
significantly increased when both rice plants pretreated 
with 75 µM MT at the seed germination and young seed-
ling stages were exposed to NaCl treatment, although no 
recovery effect on the reduced  K+ content was observed. 
The contents of  Na+ and  Cl− and the  Na+/K+ ratio in the 
roots and leaves all decreased to varying degrees, of which 
the decreases in  Na+ content and the  Na+/K+ ratio in leaves 
and that of the  Cl− content in the roots all reached significant 
levels (P > 0.05) (Fig. 5). This may be the direct physiologi-
cal cause for the enhancement of rice salt tolerance by MT 
pretreatment. In addition, there is evidence indicating that 
environmental stress can increase the level of endogenous 
MT in plants (Zhang et al. 2015).

Using modern molecular biological methods, such as 
transcriptome and RNA-sequence analysis, it can be shown 
that the MT alleviation of plant stress injury or the enhance-
ment of stress adaptation is related to the regulation of gene 
expression. Wei et al. (2015a, b) found that coating soy-
bean seed with MT could up-regulate the expression of salt 
stress-inhibited genes involved in cell division, photosynthe-
sis, carbohydrate metabolism, fatty acid biosynthesis, and 
ascorbate metabolism, hence conferring salt and drought 
stress tolerance to soybean plants. Li et al. (2017) revealed 
that an abundance of cold defense-related genes involved 
in signal sensing and transduction, transcriptional regula-
tion, protection and detoxification, and hormone signaling 
could mediate MT-induced cold tolerance. With respect 
to the molecular bases of MT pretreatment on saline ion 
absorption or redistribution in the roots and leaves of salt-
stressed rice plants, we mainly focused on and analyzed the 
transcriptional differences of CLCs (OsCLC1, OsCLC2) 
and OsSOS1 genes related to cellular absorption, trans-
port and exclusion as well as intracellular compartmenta-
tion of  Na+ and  Cl− in rice plants under salt stress. The 
results showed that, besides the continuous enhancement of 
OsSOS1 expression in the roots of Nipp, the transcriptional 
patterns of OsCLC1, OsCLC2 and OsSOS1 in the roots and 
leaves of LJ4 and Nipp seedlings without MT pretreatment 
first showed an increasing tendency but then a decreasing 
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one under 120 mM NaCl stress for 0, 3, 6, 12 and 24 h; the 
majority of these genes reached the maximum when stressed 
for 6 h, and MT pretreatment displayed synergistic enhance-
ment effects, in which the relative expression of OsCLC1 
and OsSOS1 in the roots of LJ4 and Nipp and the relative 
expression of OsCLC1 and OsCLC2 in the roots and leaves 
of LJ4 and Nipp were more prominent (Fig. 6). The syner-
gistic enhancement of OsSOS1 expression in the salt-treated 
roots of both rice cultivars by MT pretreatment may directly 
contribute to  Na+ export from roots and retention in stems, 
thus preventing  Na+ from reaching photosynthetic leaf tis-
sues (Olías et al. 2009). This phenomenon could directly 
result in decreases in  Na+ content and  Na+/K+ ratios in roots 
and leaves. The  Cl− content in plants is mainly controlled 
by an anion transporter protein family represented by CLCs 
(Wei et al. 2016). Under salt stress, the accumulated  Cl− in 
plants of the salt-sensitive rice cultivar IR29, especially in 
the leaves, was significantly higher than that in the salt-tol-
erant cultivar Pokkali, which may be due to the inhibition 
and enhancement of OsCLC1 gene transcription in IR29 and 
Pokkali, respectively (Diédhiou and Golldack 2006). In our 
study, the transcription of OsCLC1 and OsCLC2 in the roots 
and leaves of cultivars LJ4 and Nipp were enhanced under 
salt stress, and MT pretreatment prior to salt stress could 
also further strengthen their expression (Fig. 6A, B). This 
finding suggests that MT pretreatment would be beneficial 
to further reduce the  Cl− content in salt-stressed rice roots 
and leaves, to synergistically improve  Cl− and  Na+ homeo-
stasis together with the OsSOS1-encoded protein-mediated 
decrease in  Na+ content, and to ultimately achieve the salt 
tolerance improvement of the tested rice plants. However, 
the mechanism of the participation of OsCLC1 and OsCLC2 
in MT pretreatment to regulate  Cl− homeostasis in salt-
stressed rice plants as well as determining whether other 
OsCLC members participate in this process is worth further 
discovery.

Conclusion

Melatonin application at seed germination and/or young 
seedling stages could improve the germination ability and 
seedling quality of both rice cultivars LJ4 and Nipp under 
salt stress, thus clearly enhancing their salt tolerance. This 
phenomenon might be simultaneously fulfilled by multi-
ple physiological processes. For example, improving seed 
germination quality (GP, GI and VI), strengthening root 
vigor, reducing the contents of  Na+ and  Cl− in roots and 
leaves (especially for  Cl− contents in roots and  Na+ levels in 
leaves), and enhancing the activities of antioxidant enzymes 
(such as CAT and SOD) in roots and leaves to reduce the 
content of reactive  H2O2. Therefore, the reduced contents of 
 Na+ and  Cl− in the roots and leaves of both salt-stressed rice 

plants under MT pretreatment were positively related to the 
enhanced transcription of OsSOS1 in roots and of OsCLC1 
and OsCLC2 in roots and leaves. In addition, these results 
indicate that soaking during seed germination and/or root 
application at the seedling stage with MT, a non-toxic and 
harmless indoleamine-type plant growth regulator, is a very 
simple operation that requires small doses and can mark-
edly improve seed germination capacity and seedling quality 
under salt stress in the short-term. This process effectively 
solves the problems of low germination rate and poor seed-
ling establishment in saline soils and provides a theoreti-
cal basis and technical support for the chemical regulation 
of salt tolerance and cultivation practices of rice and other 
crops in saline areas.
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