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Introduction
An excess level of salts in the soil or water is the major factor limiting plant 

productivity in many areas of the world. Exposure to high salinity results in osmotic 
stress, which leads to an inhibition of photosynthesis and cell growth and increased 
production of reactive oxygen species (ROS) (Chaves et al., 2009; Miller et al., 2010). 
Many plants become acclimated to high salinity by mediating ion homeostasis, 
osmolyte biosynthesis, water uptake and transport, toxic radical scavenging, and 
coordination of long-distance responses (Hasegawa et al., 2000). These adaptive 
responses can also involve changes in levels of amino acids and organic acids, 
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Abstract
Salinity is a major abiotic stress that adversely affects crop productivity and quality. In this study, 
the metabolic profile and nutritional composition of rice in response to NaCl were analyzed. 
The plants were exposed to stressed or unstressed conditions, and their metabolic changes 
were examined in the shoots, roots, and grains collected at different growth stages. The levels of 
nutrients and anti-nutrients, including proximates, amino acids, fatty acids, minerals, vitamins, 
and phytic acid, were also determined for the grains. Application of NaCl significantly decreased 
the shoot and root growth and induced metabolic alterations at the tillering stage. During the 
heading stage, only the root metabolites were influenced by NaCl, and no metabolic variations 
related to salinity were found in the shoot, roots, and grains at the ripening stage. Nutritional 
analysis of the grain samples revealed that the amounts of linolenic acid and tricosanoic acid 
were significantly reduced while those of copper, sodium, and phytic acid were enhanced in 
response to stress. However, except for sodium, those differences were not great. Our results 
suggest that although NaCl-salinity influences the phenotypic and metabolic profiles of rice 
shoots and roots at the tillering stage, this impact becomes negligible as tissue development 
proceeds. This is especially true for the grains. Compositional analysis of the grains indicated 
that salinity induces some changes in fatty acids, minerals, and anti-nutrients.
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regulation of carbohydrate and polyol metabolism, and lipid composition (Wu et al., 1998; Sanchez et 
al., 2008).

High concentrations of proline, glycine betaine, soluble sugars, fructans, and polyols are accumulated 
in salt-stressed plants (Parida and Das, 2005). In leaves of Morus alba, the amounts of free amino acids 
and soluble proteins rise under low salinity but decline under high salinity (Agastian et al., 2000). Yields 
of essential oils and fatty acid compositions in the leaves of coriander (Coriandrum sativum) are 
differently affected by salt stress, and their levels of polyunsaturated fatty acids, which function as 
major nutrients, are reduced as the degree of salinity increases (Neffati and Marzouk, 2008). In soybean 
(Glycine max) plants, salt stress elevates the amounts of sodium and chloride while diminishing those 
of potassium, calcium, and magnesium (Essa, 2002). These compositional changes under salinity play 
important roles in protecting cell membranes, detoxifying ROS, and adjusting the osmotic balance 
(Parida and Das, 2005). However, previous research of this topic has tended to focus on leaves or roots 
rather than other edible portions of a plant, including the grain.

As a cereal grain, rice (Oryza sativa L.) is the most widely consumed staple food. High salinity is a 
major source of abiotic stress for that crop, particularly during the seedling stage, and it greatly reduces 
yields in vast areas worldwide (Kumar et al., 2013). Verma and Neue (1984) have reported that soil 
salinity influences the mineral composition of rice shoots, straw, and grain. However, changes in the 
concentration of an individual mineral vary according to organ type, with concentrations of nitrogen, 
magnesium, and copper increasing in the shoots and straw but remaining unchanged in the grains. De 
Pascale et al. (2005) have suggested that salinization-related accumulations of sodium and chloride in 
Brassica oleracea are lower in the heads than in the leaves, indicating that the greater accumulation of 
toxic ions in the leaves may help preserve the integrity of reproductive organs such as the inflorescence. 
Nevertheless, few studies have examined potential compositional changes in grains that are exposed 
to actual salt stress conditions (Thitisaksakul et al., 2015).

Compositional analysis of rice grains is of great importance when evaluating quality and nutritional 
value. We previously described compositional differences associated with drought-tolerant transgenic 
rice that over-expresses AtCYP78A7 in response to drought (Nam et al., 2014; Nam et al., 2015, 2016). In 
our current research, we investigated the metabolic and nutritional profiles of rice during the 
imposition of NaCl stress. Plants were cultivated under either salt or non-salt stress conditions. 
Metabolic variations were monitored in shoot and root samples collected at various growth stages as 
well as in grain samples. In addition, levels of proximates, amino acids, fatty acids, minerals, vitamins, 
and anti-nutrients were evaluated in the grain.

Materials and Methods
Plant material and growing conditions
Seeds of ‘Hwayoung’ rice (Oryza sativa L.) were sterilized with prochloraz solutions and sown in a 
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seedbed filled with commercial potting soil developed for rice (Chalgama; Chamgrow Co., Hongseong, 
Korea). They were then cultured on a greenhouse bench at 28 ± 3°C / 22 ± 3°C (day/night) and under 
long-day (16 h) conditions. Five weeks after sowing, seedlings were transplanted into 24 rubber pots 
(770 cm diameter × 480 cm height; 16 seedlings per pot) that each contained 160 L of the commercial 
potting soil. The pots were placed under a rainout shelter established in an experimental field at the 
Korea Research Institute of Bioscience and Biotechnology, Cheongju, Korea (36º43´N, 127º26´E; 
elevation, 35 m). After each pot was filled with tap water, that level was maintained with an automatic 
irrigation system.

Salt stress treatments
Salt stress was induced at four weeks after transplanting. Because soils are classified as saline when 

the electrical conductivity is 4 dS/m or higher (equivalent to 40 mM NaCl; Munns and Tester 2008), we 
subjected plants to salt stress by adding approximately 50 mM NaCl to the soil as mentioned in our 
previous study (Nam et al., 2017). Of the 24 pots, 12 were treated with 40 L of solutions containing 0.3% 
sodium chloride (NaCl, 51 mM) while the other 12 received only water. Irrigation was stopped during 
the first two weeks of this stress treatment. Thereafter, plants were re-supplied with tap water to 
recover for seven weeks until a second round of salt stress was imposed as described above. At the 
stages of tillering (2 weeks after first salt stress), heading (8 weeks after first salt stress), and ripening (14 
weeks after first salt stress), one seedling from each pot was randomly sampled. Heights were recorded 
along with shoot fresh weights (FWs) and dry weights (DWs) and root FWs. The height of each plant 
was measured from ground level to the longest tip of the leaf blade. Shoot dry weights were determined 
after the tissues were oven-dried at 65°C for 5 d.

For the integrative analysis of metabolites, six pots were randomly selected from the 12 replicate 
pots and one seedling was randomly harvested from each pot at the stages of tillering, heading, and 
ripening. Shoots and roots were sampled at all three stages. Grains were collected at the ripening stage, 
then air-dried and hulled to obtain brown rice. All samples were freeze-dried (FreeZone 2.5 Freeze Dry 
System; Labconco, Kansas City, MO, USA), ground into fine powder, and immediately stored at – 80°C.

For the compositional analysis of grains, we randomly selected four pots from each treatment group 
of 12 and harvested the grains, then pooled them to obtain a composite sample. For the comparison of 
salt-treated and non-treated plants, the composition of three biological replicates was analyzed. After 
harvesting, whole grains were dried to a final moisture content of 11 to 14% and hulled to obtain brown 
rice. The dried samples were then ground into fine powder for analysis.

Extraction of metabolites
Metabolites were extracted for gas chromatography–mass spectrometry (GC–MS) analysis according 

to the method of Lisec et al. (2006), with some modifications. Briefly, 100 mg of frozen powdered sample 
was extracted with 1.4 mL of methanol and 60 μL of ribitol at 70°C for 10 min. The extracts were 
centrifuged at 11,000 g for 10 min and the resulting supernatant was combined with 750 μL of chloroform 
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and 1.4 mL of water. After centrifugation at 2,200 g for 15 min, 150 μL of the upper aqueous layer was 
completely dried with a centrifugal vacuum concentrator (Genevac, Ipswich, UK). Two steps of 
derivatization were performed on the extracted hydrophilic metabolites. First, 40 μL of methoxyamine 
hydrochloride in anhydrous pyridine (20 mg mL-1) was added to the dried extract and the mixture was 
shaken at 37°C for 2 h. Subsequently, 70 μL of N-methyl-N-(trimethylsilyl) trifluoroacetamide was added 
to the methoximated samples, which were then incubated at 30°C for 30 min. The derivatized samples 
were transferred to GC vials and sealed tightly with moisture-proof Parafilm. All chemicals and reagents 
used in this study were analytical grade and were not further purified.

GC-MS analysis and data processing
The GC–MS analysis and data-processing were performed according to our previously described 

procedures (Nam et al., 2015, 2016). Six biological replicates grown under either salt- or non-stressed 
conditions were randomly analyzed. Each sample (1 μL) was injected into the GC–MS (Clarus 680/600T; 
Perkin-Elmer, Waltham, MA, USA) through a DB-5 MS capillary column (30 m × 0.25 mm  i.d., 0.5 μm 
particle size; J&W Scientific, Folsom, CA, USA). The injector was operated in the split mode at a ratio of 
10 : 1 and an injection temperature of 250°C. Each sample was introduced at an initial oven temperature 
of 60°C and held for 2 min, then increased at 5°C min-1 to a final temperature of 320°C and held for 11 
min. The total run time was 65 min. Helium was used as the carrier gas, with a flow rate of 1.2 mL min-
1. The mass data were collected in the electron impact mode with 70 eV ionization energy, and were 
recorded from 44 to 620 m/z with a scan time of 0.15 scans s-1. The ion source and interface temperatures 
were 250°C and 280°C, respectively.

The resulting GC–MS data were processed with TurboMass software (version 5.4.2.1617; Perkin-
Elmer). A total ion chromatogram was acquired from the EI-scan by time. Peaks with signal-to-noise 
ratios < 200 were discarded and conjugated peaks were de-convoluted into one single peak by the 
software. For metabolite identification, peaks were compared with a customized reference spectra 
database from the National Institute of Standards and Technology (USA), based on retention indices 
and mass spectral similarities. Most of the constituents were further verified by matching the mass 
spectra of obtained metabolites to authentic reference standards. All peaks were then normalized 
using ribitol as an internal standard and exported into an Excel data sheet for statistical analysis.

The resultant datasets were subjected to multivariate statistical analysis, using SIMCA-P+ software 
(version 12.0; Umetrics AB, Kinnelon, NJ, USA). All data were Pareto-scaled and an unsupervised 
principal component analysis (PCA) was conducted to explore dataset variations.

Compositional analysis of rice grains
For rice grains, all proximates were determined according to the methods specified by the Association 

of Official Analytical Chemists. Moisture content was recorded based on weight loss after the grain 
samples were oven-dried at 105°C (AOAC, 2000). Crude protein was analyzed by the Kjeldahl method 
(AOAC, 2005) and crude fat was obtained through Soxhlet extractions (AOAC, 2006). Crude ash was 
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estimated after dry-ashing in an oven at 600°C (AOAC, 2005). Crude fiber was determined by successively 
digesting each sample with sulfuric acid and sodium hydroxide solutions (AOAC, 2006). Carbohydrate 
concentrations were calculated by subtracting the total percent values of crude protein, crude fat, and 
crude ash from 100. All essential amino acids, except tryptophan, were evaluated by an automatic 
amino acid analyzer (Biochrom 30 Amino Acid Analyzer; Biochrom, Cambridge, UK) after hydrolysis 
with hydrochloric acid according to the method specified by the Korean Food Code (MFDS, 2011). The 
level of tryptophan was determined after hydrolysis with a sodium hydroxide solution, using a high-
performance–liquid chromatography (HPLC) system (1100 Series; Agilent, Santa Clara, CA, USA). Fatty 
acid compositions were measured after lipid extraction with hydrochloric acid and diethyl ether 
(AOAC, 2005), using a GC instrument (7890 GC; Agilent). Determinations of minerals were conducted 
with an inductively coupled plasma-optical emission spectrometer (Optima 8300; Perkin-Elmer) and an 
ultra (UV)-visible (VIS) spectrophotometer (Optizen 2120 UV Plus; Mecasis, Daejeon, Korea) after 
digestion with nitric acid, per the procedure stipulated by the Korean Food Code (MFDS, 2011). Vitamins 
B1 and B2 were extracted from the powdered samples with ammonium formate according to the 
method proposed by Martins-Junior et al. (2008). Their concentrations were obtained via liquid 
chromatography–tandem mass spectrometry (API 4000; AB Sciex, Framingham, MA, USA). For the 
analysis of vitamin E, samples were saponificated, extracted, and analyzed by HPLC (1100 Series; 
Agilent) (AOAC, 2005). Phytic acid concentrations were determined using a method modified from that 
of Wheeler and Ferrel (1971). Samples were extracted with trichloroacetic acid and analyzed by the UV/
VIS spectrophotometer at 480 nm.

All data obtained were analyzed using STATISTICA (version 8.0; StatSoft Inc., Tulsa, OK, USA). The 
statistical significance of differences in the means for each experimental group was calculated with 
Student’s t-tests. Mean differences were considered significant at p < 0.05.

Results and Discussion
Phenotypic changes in rice plants in response to salt stress
To test the effects of salt stress on rice growth, we monitored phenotypic changes in plants exposed 

to 51 mM NaCl during various developmental stages. At the tillering stage, the visual phenotypes 
differed significantly between salt-stressed and unstressed plants (Table 1). The former were 
significantly shorter (by 6.0%) and their shoot FWs and DWs were 16.9% and 15.3% lower, respectively. 
Likewise, root FW values were 13.2% lower for those stressed plants. During heading and ripening, 
heights were 4.5% and 4.8% lower, respectively, for salt-stressed plants but no differences in FWs or 
DWs were found between treatment types. Therefore, our results indicated that salt stress affects the 
development of rice shoots and roots at the tillering stage, but the influence is negligible at the heading 
and ripening stages. We also found that no differences in grain length, width, and 100-grain weight 
between salt-stressed and unstressed rice plants (data not shown).
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Salt stress-induced metabolic alterations in rice plants during different 
growth stages

To explore the metabolic responses in salt-stressed rice, we performed untargeted GC–MS metabolite 
profiling according to growth stage and organ type. In all, 61 metabolites were identified in the shoots, 
roots, and grains during different stages (Table 2). These metabolites consisted of amino acids, fatty 
acids, organic acids, sugars, sugar alcohols, sterols, etc. At the tillering stage, the PCA score plot separated 
the two clusters of salt stress and non-salt stress conditions in shoot metabolites (Fig. 1A) and also 
revealed a clear discrimination between treatments in the roots (Fig. 1C). The PCA loading plot revealed 
that fructose and glucose greatly influenced the separation by PC 1 (55.9% of the total variance), while 
sucrose and phosphate were the main contributor to the separation by PC 2 (21.6% of the total variance) 
for the shoots (Fig. 1B). Minor contributions of γ–aminobutyric acid, pyroglutamic acid, shikimic acid, 
serine, and aspartic acid were also found. For the roots, the PCA loading plot indicated that fructose 
and glucose were the main contributors to the separation by PC 1 (40.6% of the total variance) and PC 2 
(30.6% of the total variance) (Fig. 1D). Higher levels of glucose, γ–aminobutyric acid, aminoethanol, 
fructose, and arabinose were detected in salt-stressed roots, whereas phosphate, maleic acid, and 
sucrose were more abundant in unstressed roots. During heading, shoot metabolites did not differ 
noticeably between salt-stressed and unstressed conditions (Figs. 2A and 2B). For the roots, metabolites 
in stressed plants were markedly distinct from those of untreated plants (Fig. 2C). The major contributor 
to the division by PC 1 (46.9% of the total variance) was sucrose, whereas fructose was the primary 
contributor on PC 2 (29.3% of the total variance) for the roots (Fig. 2D). Glucose, γ–aminobutyric acid, 
aminoethanol, succinic acid, valine, trehalose, glycine, and benzoic acid were also contributed to the 
division by PC1 or PC2. At the ripening stage, no significant differences in metabolites due to salinity 
status were found in the shoots, roots, or grains (Fig. 3).

Our PCA data suggested that variations in rice metabolites between salt-stressed and unstressed
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Table 1. Effects of salt and non-salt treatments on plant height (cm) and fresh (FW; g) and dry weight (DW; g) 
of rice shoots and roots at different growth stages.
Growth stage Component Non-salt treatment Salt treatment t-value p-value
Tillering stage Height 83.8 ± 2.9 78.6 ± 1.4 5.527 < 0.001

Shoot FW 78.2 ± 8.3 64.0 ± 6.3 4.726 < 0.001
Shoot DW 10.7 ± 1.4 8.90 ± 0.8 3.881 0.001
Root FW 36.5 ± 7.9 30.3 ± 3.9 2.444 0.023

Heading stage Height 125.0 ± 6.7 119.1 ± 4.7 2.499 0.020
Shoot FW 379.8 ± 77.2 350.8 ± 72.3 0.950 0.352
Shoot DW 92.4 ± 26.6 83.4 ± 16.7 0.986 0.335
Root FW 117.6 ± 69.4 100.3 ± 36.3 0.762 0.454

Ripening stage Height 126.2 ± 2.8 120.0 ± 4.2 4.207 < 0.001
Shoot FW 465.3 ± 117.0 408.0 ± 114.7 1.211 0.239
Shoot DW 158.9 ± 43.9 140.7 ± 49.3 0.952 0.351
Root FW 154.7 ± 40.8 136.6 ± 47.6 0.997 0.330

Data are means (n = 12) ± standard deviations. p-values are from Student’s t-tests.
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conditions are largely influenced by growth stage and organ type. Furthermore, these metabolic 
differences due to salinity can be attributed to sugar levels. In plants, sugars are closely associated with 
the regulation of metabolism, stress responses, growth, and development over the entire life cycle 
(Rolland et al., 2002). Soluble sugars in particular have a strong influence on the mechanism that 
enables tolerance to various abiotic stresses (Rosa et al., 2009). Under salinity conditions, soluble sugars 
contribute to osmotic balance, carbon storage, and the scavenging of free radicals (Parida and Das, 
2005). The imposition of salt stress causes total soluble sugars to accumulate and starch to be depleted 
in stressed tissues (Parida et al., 2002). These changes in soluble sugar levels are variable among species
and organ types and are dependent upon developmental processes. In the present study, we detected 
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Table 2. Chromatographic and spectrometric data for 61 metabolites from rice samples analyzed by GC–MS.
Metabolitew RT Metabolite RT
Lactic acid 12.63 Phenylalaninez 27.62
Glycolic acid 13.05 Xylosez 28.68
Valine 13.28 Arabinose 28.81
Alanine 13.88 Ribosez 29.15
Oxalic acidx,z 15.27 Xylitolz 29.81
Leucine 15.33 Arabitoly 30.07
Isoleucine 15.93 Ribitol 30.18
Malonic acid 16.84 Glutaminey,z 30.84
Benzoic acid 17.89 Shikimic acidz 31.72
Serine 18.31 Quinic acidz 32.99
Aminoethanol 18.62 Fructose 33.29
Phosphate 18.87 Glucose 33.81
Glycerol 18.96 Lysinez 33.89
Threonine 19.38 Tyrosinez 34.21
Proline 19.42 Mannitol 34.44
Maleic acid 19.59 Sorbitolz 34.58
Glycine 19.71 Galactitolz 34.67
Succinic acid 19.81 Hexadecanoic acid 35.91
Glyceric acidz 20.47 Myo-inositol 37.39
Fumaric acid 20.67 Tryptophanz 39.33
ß-aniline 22.84 Octadecanoic acid 39.39
Malic acidy 24.48 Glycerylglycosidez 41.32
2-hydroxybenzoic acid 24.88 Adenosiney,z 45.98
Erythritol 25.13 Sucrose 46.56
Pyroglutamic acid 25.15 Lactosez 47.32
Aspartic acidy 25.23 Trehalose 48.03
γ-aminobutyric acid 25.37 Maltose 48.04
Norvalinez 25.91 Campestrolz 54.05
Threonic acid 26.39 Stigmasterolz 54.43
Asparaginez 27.37 ß-sitosterolz 55.19
Glutamic acidz 27.51 Raffinosey,z 56.97
wMetabolites were identified using purified standards. RT, retention time (min). 
xNot detected in shoot samples. 
yNot detected in root samples. 
zNot detected in grain samples.
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Fig. 1. PCA analysis of GC–MS data for rice shoots (▲, △) and roots (▼, ▽) at tillering stage when grown under 
salt stress (filled symbols) or non-salt stress (open symbols) conditions. Scores and loading plots from shoots (A, 
B) and roots (C, D). Ellipses represent Hotelling T2 with 95% confidence in score plots.

Fig. 2. PCA analysis of GC–MS data for rice shoots (▲, △) and roots (▼, ▽) at heading stage when grown under 
salt stress (filled symbols) or non-salt stress (open symbols) conditions. Scores and loading plots from shoots (A, 
B) and roots (C, D). Ellipses represent Hotelling T2 with 95% confidence in score plots.
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sugar-related metabolic alterations in salt-stressed shoots and roots at the tillering stage and in roots at 
the heading stage. However, metabolites in the shoots, roots, and grains could not be clearly 
discriminated by salinity during the ripening stage. These findings suggested that, over time, the 
influence of salinity on rice metabolites is reduced, especially for the grains.

Salt stress-induced compositional changes in rice grains
Analysis of the nutritional composition in plants exposed to stressful conditions is worth considering 

when evaluating quality and food value (Nam and Kim, 2015). For example, the application of long-term 
salt stress to plants of strawberry (Fragaria × ananassa) can improve fruit quality by enhancing the 
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Fig. 3. PCA analysis of GC–MS data for rice shoots (▲, △), roots (▼, ▽), and grains (●, ○) at ripening stage 
when grown under salt stress (filled symbols) or non-salt stress (open symbols) conditions. Scores and loading 
plots from shoots (A, B), roots (C, D), and grains (E, F). Ellipses represent Hotelling T2 with 95% confidence in 
score plots.
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contents of antioxidants and soluble solids (Keutgen and Pawelzik, 2008). Exposure to low or moderate 
salinity stress stimulates the yield of essential oils from coriander leaves, which are widely used as food 
flavoring (Neffati and Marzouk, 2008). We examined the nutritional profiles that occur in grains from 
rice plants exposed to 51 mM NaCl in the irrigation solution. Although salt stress did not influence the 
concentration of individual proximates, amino acids, or vitamins in the grains, levels of linolenic acid 
(18 : 3) and tricosanoic acid (23 : 0) were 3.4% and 4.2% lower, respectively, as a result of such treatment, 
while concentrations were considerably higher for copper (by 26.8%), sodium (343.0%), and phytic acid 
(9.9%) in samples from stressed plants than from non-stressed plants (Tables 3 - 7). 

Fatty acids are one of the most important constituents of cell membrane lipids, which play a 
fundamental role in permeability and regulation of fluidity (Los and Murata, 2004; Ashraf and Ali, 
2008). Salt stress leads to modifications in their composition. For example, high salinity diminishes the 
ratio of unsaturated to saturated fatty acids in coriander leaves, which then decreases membrane 
permeability (Neffati and Marzouk, 2008). However, the extent to which membrane stability and 
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Table 3. Proximate compositions (% dry weight) for brown rice sampled from plants grown under non-salt 
and salt treatments.
Component Non-salt treatment Salt treatment t-value p-value
Moisturez 10.74 ± 0.38 10.54 ± 0.16  0.837 0.450
Crude protein 8.120 ± 0.300 8.157 ± 0.190 - 0.179 0.867
Crude fat 2.860 ± 0.069 2.707 ± 0.091  2.326 0.081
Crude ash 1.447 ± 0.015 1.433 ± 0.015  1.069 0.345
Crude fiber 1.307 ± 0.117 1.257 ± 0.236  0.329 0.759
Carbohydrates 87.57 ± 0.25 87.70 ± 0.26 - 0.630 0.563
Data are means (n = 3) ± standard deviations. p-values are from Student’s t-tests. 
z Percent fresh weight of sample.

Table 4. Amino acid compositions (g/100 g) for brown rice from plants grown under non-salt and salt 
treatments.
Component Non-salt treatment Salt treatment t-value p-value
Alanine 0.431 ± 0.014 0.431 ± 0.008 0.000 1.000
Arginine 0.653 ± 0.035 0.644 ± 0.019 0.391 0.715
Aspartic acid 0.708 ± 0.025 0.712 ± 0.012 - 0.253 0.813
Cysteine 0.016 ± 0.002 0.017 ± 0.002 - 0.500 0.643
Glutamic acid 1.348 ± 0.076 1.336 ± 0.026 0.268 0.802
Glycine 0.344 ± 0.011 0.340 ± 0.005 0.542 0.617
Histidine 0.204 ± 0.006 0.204 ± 0.006 0.000 1.000
Isoleucine 0.323 ± 0.007 0.325 ± 0.006 - 0.241 0.821
Leucine 0.642 ± 0.023 0.640 ± 0.010 0.139 0.896
Lysine 0.309 ± 0.006 0.308 ± 0.008 0.061 0.955
Methionine 0.171 ± 0.002 0.179 ± 0.020 - 0.737 0.502
Phenylalanine 0.419 ± 0.018 0.415 ± 0.008 0.320 0.765
Proline 0.384 ± 0.018 0.377 ± 0.008 0.595 0.584
Serine 0.391 ± 0.019 0.386 ± 0.010 0.439 0.684
Threonine 0.259 ± 0.010 0.252 ± 0.007 0.993 0.377
Tryptophan 0.099 ± 0.002 0.102 ± 0.005 - 1.066 0.346
Tyrosine 0.247 ± 0.023 0.237 ± 0.007 0.713 0.515
Valine 0.491 ± 0.013 0.496 ± 0.009 - 0.472 0.661
Data are means (n = 3) ± standard deviations. p-values are from Student’s t-tests.
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permeability are reduced is lessened in salt-tolerant genotypes of Triticum aestivum and Brassica 
napus, respectively, under high salinity (Sairam et al., 2005; Ashraf and Ali 2008). Moreover, relatively 
lower membrane permeability is correlated with higher activities by antioxidant enzymes in such 
tolerant genotypes (Ashraf and Ali, 2008). We also noted that the levels of linolenic acid (18 : 3) and 
tricosanoic acid (23 : 0) were significantly decreased by NaCl stress in rice grains (Table 5). Accordingly, 
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Table 5. Fatty acid compositions (% of total fatty acids) for brown rice from plants grown under non-salt and 
salt treatments.
Component Non-salt treatment Salt treatment t-value p-value
10 : 0 Capric 0.025 ± 0.004 0.028 ± 0.001 - 1.387 0.238
12 : 0 Lauric 0.040 ± 0.006 0.043 ± 0.001 - 0.909 0.415
14 : 0 Myristic 0.801 ± 0.077 0.857 ± 0.016 - 1.234 0.285
15 : 0 pentadecanoic 0.054 ± 0.004 0.055 ± 0.004 - 0.590 0.587
16 : 0 Palmitic 21.22 ± 0.800 22.10 ± 0.430 - 1.699 0.165
16 : 1 Palmitoleic 0.152 ± 0.004 0.147 ± 0.005  1.289 0.267
17 : 0 Heptadecanoic 0.064 ± 0.002 0.067 ± 0.001 - 2.405 0.074
18 : 0 Stearic 1.702 ± 0.090 1.754 ± 0.009 - 1.001 0.373
18 : 1 Oleic 30.63 ± 0.830 29.85 ± 0.030  1.622 0.180
18 : 2 Linoleic 40.60 ± 0.220 40.54 ± 0.250  0.306 0.775
18 : 3 Linolenic 1.655 ± 0.025 1.599 ± 0.012  3.554 0.024
20 : 0 Arachidic 0.498 ± 0.013 0.491 ± 0.005  0.884 0.427
20 : 1 Gadoleic 0.387 ± 0.010 0.377 ± 0.004  1.677 0.169
22 : 0 Behenic 0.462 ± 0.024 0.435 ± 0.040  1.010 0.370
22 : 1 Erucic 0.027 ± 0.001 0.028 ± 0.002 - 1.265 0.275
23 : 0 Tricosanoic 0.080 ± 0.001 0.076 ± 0.001  4.472 0.011
24 : 0 Lignoceric 1.543 ± 0.062 1.469 ± 0.146  0.807 0.465
24 : 1 Nervonic 0.071 ± 0.010 0.079 ± 0.006 - 1.212 0.292
Data are means (n = 3) ± standard deviations. p-values are from Student’s t-tests.

Table 6. Mineral compositions for brown rice from plants grown under non-salt and salt treatments.
Component Non-salt treatment Salt treatment t-value p-value
Cu (μg/g) 4.433 ± 0.351 5.600 ± 0.100 - 5.534 0.005
Fe (μg/g) 12.57 ± 1.720 11.10 ± 0.350 1.447 0.222
Mn (μg/g) 64.20 ± 5.800 70.90 ± 6.150 - 1.372 0.242
Zn (μg/g) 28.43 ± 0.860 29.23 ± 0.800 - 1.177 0.305
Na (μg/g) 2.743 ± 0.886 11.05 ± 3.173 - 4.365 0.012
Ca (mg/g) 0.112 ± 0.003 0.113 ± 0.006 - 0.165 0.877
K (mg/g) 3.317 ± 0.067 3.357 ± 0.110 - 0.532 0.623
Mg (mg/g) 1.087 ± 0.042 1.020 ± 0.051 1.759 0.153
P (mg/g) 2.821 ± 0.035 3.016 ± 0.124 - 2.631 0.058
Data are means (n = 3) ± standard deviations. p-values are from Student’s t-tests.

Table 7. Vitamin compositions (μg/g) and phytic acid content (mg/g) for brown rice from plants grown 
under non-salt and salt treatments.
Component Non-salt treatment Salt treatment t-value p-value
Vitamin B1 4.300 ± 0.265 4.300 ± 0.265  0.000 1.000
Vitamin B2 0.083 ± 0.002 0.087 ± 0.006 - 1.084 0.339
Vitamin E 17.73 ± 1.770 18.53 ± 1.050 - 0.674 0.537
Phytic acid 4.894 ± 0.180 5.378 ± 0.122 - 3.855 0.018
Data are means (n = 3) ± standard deviations. p-values are from Student’s t-tests.
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this alteration in the amounts of some fatty acids may have helped stabilize the membranes and 
alleviate the negative effects of salt stress.

When NaCl stress is induced, changes in mineral composition are pronounced in many plant species, 
as manifested by elevated concentrations of sodium and chloride but lower concentrations of calcium, 
potassium, and magnesium (Essa, 2002; Parida and Das, 2005; Keutgen and Pawelzik, 2008). Individual 
minerals are involved in regulating osmotic balance and turgor maintenance (Hu and Schmidhalter, 
2005). Essa (2002) has reported that salt-tolerant soybean maintains lower leaf concentrations of sodium 
and chloride and a higher level of potassium when NaCl-salinity is increased. In contrast, the 
concentration of potassium in strawberry fruits is higher in salt-sensitive plants than in less-sensitive 
cultivars when excess NaCl is applied (Keutgen and Pawelzik, 2008). Our data also demonstrated that 
the amounts of copper and sodium in the grains were significantly elevated by salinity treatment while 
those of other minerals remained the same in those samples (Table 6).

Phytic acid is the major phosphorus storage compound in most seeds and cereal grains. It has long 
been regarded as an anti-nutrient for human diets because of its ability to chelate multivalent metal 
ions and, therefore, reduce the bioavailability of minerals in the digestive apparatus (Zhou and Erdman, 
1995). Nevertheless, it also has a potentially positive role as an anti-oxidant and anti-cancer agent 
because it decreases ROS generation and lipid peroxidation. Doria et al. (2009) have reported that a low 
phytic acid mutant of Zea mays accumulates more free radicals but fewer γ-tocopherols when compared 
with the wild type. We also found that levels of phytic acid were higher in grains from stressed plants 
(Table 7), implying that the amount of this compound is increased so that plants might tolerate the 
oxidative stress caused by high salinity.

Conclusions
We examined the metabolic profile and nutritional composition of rice after salt stress was imposed. 

Treatment with NaCl in the irrigation solution significantly decreased shoot and root growth and 
induced metabolic alterations at the tillering stage. However, as development progressed from tillering 
to heading to ripening, metabolic variations associated with salinity diminished. Nutritional analysis 
of the grains revealed that the amounts of linolenic and tricosanoic acid were significantly reduced 
while those of copper, sodium, and phytic acid were enhanced in response to stress. Nevertheless, the 
differences were not great except for a four-fold increase in the sodium contents. These findings 
broaden our knowledge about metabolism in rice grains when plants are exposed to such challenges, 
and our data provide a basis for developing improved rice varieties with enhanced tolerance to abiotic 
stresses.
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