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Abstract Halophyte Suaeda salsa is native to the saline

soil in the Yellow River Delta. Soil salinity can reduce

plant productivity and therefore is the most important

factor for the degradation of wetlands in the Yellow River

Delta. In this work we characterized the salinity-induced

effects in S. salsa in terms of metabolic profiling, antiox-

idant enzyme activities, and gene expression quantification.

Our results showed that salinity inhibited plant growth of S.

salsa and upregulated gene expression levels of myo-ino-

sitol-1-phosphate synthase (INPS), choline monooxygenase

(CMO), betaine aldehyde dehydrogenase (BADH), and

catalase (CAT), and elevated the activities of superoxide

dismutase (SOD), peroxidase (POD), CAT, and glutathione

peroxidase (GPx). The significant metabolic responses

included the depleted amino acids malate, fumarate,

choline, phosphocholine, and elevated betaine and allan-

toin in the aboveground part of S. salsa seedlings as well as

depleted glucose and fructose and elevated proline, citrate,

and sucrose in root tissues. Based on these significant

biological markers, salinity treatments induced clear

osmotic stress (for example, INPS, CMO, BADH, betaine,

proline) and oxidative stress (for example, SOD, POD,

CAT, GPx activities), disturbed protein biosynthesis/deg-

radation (amino acids and total protein) and energy

metabolism (for example, glucose, sucrose, citrate) in

S. salsa.
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Introduction

The Chenopodiaceae C3 halophyte Suaeda salsa is the

pioneer halophyte in the Yellow River Delta and is widely

consumed as a popular vegetable due to its sufficient

nutrient components, including 7 vitamins, 18 essential

amino acids, 5 essential elements, and other antioxidant

ingredients (Wang and others 2007; Zhang and others

2008; Zhao and others 2010). In recent decades, S. salsa

has exhibited its important economic value because its

seeds contain approximately 40% oil, rich in unsaturated

fatty acids, which can be converted to chemical compounds

for industrial and pharmaceutical use (Wang and others

2007). For example, Zhang and others (2008) reported that

the seed oil of S. salsa could reduce body fat and improve

immunity in rats. S. salsa is native to saline soils and even

thrives in the intertidal zone of the Yellow River Delta,

where soil salinity is often higher than 3% (Song and others

2008).

H. Wu (&) � X. Liu � L. You � L. Zhang � D. Zhou � J. Zhao �
J. Yu

Key Laboratory of Coastal Zone Environment Processes,

Chinese Academy of Sciences, Yantai 264003,

People’s Republic of China

e-mail: hfwu@yic.ac.cn

H. Wu � X. Liu � L. You � L. Zhang � D. Zhou � J. Zhao � J. Yu

Shandong Provincial Key Laboratory of Coastal Zone

Environment Processes, Yantai Institute of Coastal Zone

Research, Chinese Academy of Sciences, Yantai 264003,

People’s Republic of China

X. Liu � L. You � L. Zhang � D. Zhou

The Graduate School of Chinese Academy of Sciences,

Beijing 100049, People’s Republic of China

J. Feng

Department of Electronic Science, Fujian Key Laboratory

of Plasma and Magnetic Resonance, State Key Laboratory

of Physical Chemistry of Solid Surfaces, Xiamen University,

Xiamen 361005, People’s Republic of China

123

J Plant Growth Regul (2012) 31:332–341

DOI 10.1007/s00344-011-9244-6



Salinity is a major adverse environmental constraint to

plant productivity, limiting the utilization of about 800

million ha of agricultural land globally (Munns 2005;

Owojori and others 2008; Sonjak and others 2009; Den-

dooven and others 2010; Li and others 2011; Yang and

others 2011; Zhang and others 2011a). As estimated,

80,000,000 ha of cultivated land is affected by soil salinity,

which corresponds to 5% of all cultivated land (Munns

2002; Askaril and others 2006). High levels of soil salinity

can cause water deficit, ion toxicity, and nutrient deficiency

leading to molecular damage and even plant death (Tsonev

and others 1998; Shao and others 2008; Maggio and others

2010). In addition, salt stress induces oxidative damage to

plants by producing reactive oxygen species (ROS) such as

the superoxide radical hydrogen peroxide and the hydroxyl

radical in plant cells (Borsani and others 2001; Alscher and

others 2002; Parida and Jha 2010). Therefore, increasing

salinity has become the main adverse factor for the deg-

radation of wetlands in the Yellow River Delta in China

(Cui and others 2008). It is necessary to assess the physi-

ological and molecular responses induced by salinity in the

native plants in the Yellow River Delta, which could help

us better understand the regulative mechanisms of plants to

salinity. However, little is known about the metabolic

responses of S. salsa to salinity.

Metabolomics, a system biology approach, has been

defined as the global profiling of the low-molecular-weight

(\1,000 Da) metabolites contained in cells, tissues, biofl-

uids, and even whole organisms (Lindon and others 1999;

Davis 2005). The components (metabolites) of the metab-

olome, as the end-products of metabolisms, can represent

the functional responses of a cell. The measurements of large

numbers of endogenous metabolites thus provide a broad

view of the biochemical status of an organism that can be

used to monitor and assess the metabolic responses induced

by exogenous factors such as environmental stressors (Fiehn

2002; Pedras and Zheng 2010; Sun and others 2010). Prac-

tically, metabolomics can measure metabolic changes with

modern analytical techniques such as nuclear magnetic

resonance (NMR) spectroscopy and mass spectrometry.

Because NMR spectroscopy can analyze all metabolites

containing proton(s) simultaneously, NMR-based meta-

bolomics has been widely applied in plant sciences (Xiao

and others 2008; Dai and others 2010). Metabolomics of the

plant usually involves studies of plant–environment inter-

actions and assessments of plant function and health at the

molecular level, and it focuses on the metabolic responses to

environmental changes (drought, salinity), abiotic stresses

(heavy-metal contaminants), and transgenic events (Aliferis

and others 2009; Bundy and others 2009).

In the present study, 1H-NMR-based metabolomics was

applied to halophyte S. salsa exposed to two environmen-

tally relevant salinities (170 and 500 mM) to detect the

metabolic changes (biomarkers) and then to characterize

the salinity-induced effects. In addition, the transcriptional

status of some key antioxidant- and osmotic-related genes

was measured based on the gene expression levels in plant

tissues using the reverse transcription polymerase chain

reaction (RT-PCR) technique. The antioxidant status was

characterized on the basis of enzymatic activities in

S. salsa. Using these combined biochemical parameters,

including the metabolic biomarkers, gene expression lev-

els, and antioxidant enzymatic activities; we expected to

elucidate the effects of salinity in the halophyte S. salsa.

Materials and Methods

Chemicals

Sodium chloride (NaCl), sodium dihydrogen phosphate

(Na2HPO4), disodium hydrogen phosphate (NaH2PO4), and

mercury chloride (all analytical grade) were purchased

from Guoyao Chemical Co. Ltd. (Shanghai, China). Deu-

terium oxide (D2O, 99.9% in D) and sodium 3-trimethyl-

silyl [2,2,3,3-D4] propionate (TSP) were purchased from

Cambridge Isotope Laboratories (Miami, FL, USA). The

antioxidant enzyme kits were purchased from Nanjing

Jiancheng Bioengineering Institute (Nanjing, China).

Cultivation of S. salsa Under Salt Stresses

The seeds of S. salsa were collected from the Yellow River

Delta in November 2009 and stored in a refrigerator at 4�C

for 7 months. The seeds were surface sterilized using 0.5%

HgCl2 for 10 min and then washed in sterilized double-

distilled water three times. Thirty seeds of similar size were

sown in sand in three replicate plastic jugs with a diameter

of 20 cm (n = 10, one control and two salinity-exposed

groups). The sand was collected from the intertidal zones

of the Yellow River Delta and rinsed in diluted nitric acid

(1%) to eliminate impurities such as organic matter and

metal irons.

The sown S. salsa seeds were irrigated with Hoagland’s

nutrient solution. After being sown in plastic jugs for

4 weeks, all the seedlings of the two exposed groups were

irrigated with the Hoagland’s nutrient solution containing

170 and 500 mM NaCl, respectively. The two salinities

(170 and 500 mM, prepared from NaCl) in the Hoagland’s

nutrient solution were similar to the soil salinities of the

Yellow River Delta (Wang and others 2007). The culture

condition was 28 ± 4�C, photoperiod of 12 h light/12 h

darkness, relative humidity of 70%, and photosynthetically

active radiation of 600 lmol m-2 s-1. After exposure for

15 days, seedlings (n = 6) from both control and exposed

groups were randomly harvested. After a quick measure of
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the length and weight of the aboveground part of the

seedlings, all the plant samples, including the tissues of

roots and the aboveground part of seedlings, were flash-

frozen in liquid nitrogen and stored at -80�C prior to

metabolite extraction, mRNA extraction, and enzymatic

assay.

Metabolite Extraction

Polar metabolites were extracted from plant tissues (root

and aboveground part) using the solvent system of meth-

anol/water (1/1) as described previously (Kim and Ver-

poorte 2010; Liu and others 2011a, b). Briefly, the tissue

sample was ground in a liquid N2-cooled mortar and pestle.

The tissue powder (weighing from 250 to 300 mg per

sample) was transferred to a tube containing *50 ceramic

beads of 1 mm diameter, and then thoroughly homoge-

nized in 3.33 ml g-1 methanol/water (1/1) using a high-

throughput homogenizer (Precellys 24, Bertin, France).

After homogenization, the sample was transferred to an

Eppendorf tube and vortexed for 15 s three times. Fol-

lowing centrifugation (3,0009g, 10 min, 4�C), the super-

natant was removed and then lyophilized. It was

subsequently resuspended in 600 ll of 100 mM of phos-

phate buffer (Na2HPO4 and NaH2PO4, including 0.5 mM

TSP, pH 7.0) in D2O. The mixture was vortexed and then

centrifuged at 3,000 g for 5 min at 4�C. The supernatant

substance (550 ll) was pipetted into a 5-mm NMR tube

prior to NMR analysis.

NMR Analysis

Extracts of S. salsa tissue were analyzed on a Bruker AV

500 NMR spectrometer at 500.18 MHz (at 298 K), as

described previously (Zhang and others 2011b, c; Liu and

others 2011c). One-dimensional (1D) 1H-NMR spectra

were obtained using a 11.9-ls pulse, 6009.6-Hz spectral

width, 0.1-s mixing time, and 3.0-s relaxation delay with

standard 1D NOESY pulse sequence and 128 transients

collected into 16,384 data points. Data sets were zero-filled

to 32,768 points, and exponential line broadenings of

0.3 Hz were applied before Fourier transformation. All
1H-NMR spectra were phased, baseline-corrected, and

calibrated (TSP at 0.0 ppm) manually using TopSpin (ver.

2.1, Bruker). NMR spectral peaks were assigned following

tabulated chemical shifts (Fan 1996) using Chenomx

software (evaluation version, Chenomx Inc., Canada).

Spectral Preprocessing and Multivariate Data Analysis

One-dimensional H1-NMR spectra were converted to a

format for multivariate analysis using custom-written

ProMetab software in Matlab (ver. 7.0; MathsWorks,

Natick, MA, USA). Each spectrum was segmented into

0.01-ppm bins between 0.2 and 10.0 ppm, with bins from

4.70 to 5.20 ppm (water) excluded from all the NMR

spectra. Bins between 8.32 and 8.35 ppm, between 8.26

and 8.28 ppm, between 8.24 and 8.26 ppm, between 8.18

and 8.20 ppm, between 7.97 and 8.01 ppm, between 7.70

and 7.85 ppm, between 7.52 and 7.56 ppm, and between

6.53 and 6.58 ppm containing pH-sensitive NMR peaks

were compressed into single bins. The total spectral area of

the remaining bins was normalized to unity to facilitate the

comparison between the spectra. All the NMR spectra were

generalized log-transformed (glog) with a transformation

parameter k = 1.0 9 10-8, which was optimized using

ProMetab software to stabilize the variance across the

spectral bins and to increase the weightings of the less

intense peaks (Parsons and others 2007).

Principal component analysis (PCA) was used in this

work for the separation of control and various salinity-

exposed groups. PCA is an exploratory unsupervised

pattern recognition (PR) method that calculates inherent

variation within the data sets without use of the class

membership. The algorithm of PCA calculates the highest

amount of correlated variation along PC1, with subsequent

PCs containing correspondingly smaller amounts of vari-

ance. For each model built, the loading vectors for the PCs

can be used for the identification of the contributive

metabolites (metabolic biomarkers) for the clusters (Xu

2004). One-way analysis of variance (ANOVA) with

Tukey’s test was performed on the PC scores of various

groups of samples to test the significance of the separations

between the control and salinity-exposed groups. For each

model built, the loading vector for the PC could be

examined to identify the metabolites that contributed to the

clusters. SAM software (Tusher and others 2001) was then

used to find significant metabolic differences among

salinity-exposed groups with appropriate false discovery

rate (FDR) cutoffs. Bins that changed significantly (at

FDR \ 0.01) were subsequently identified using Chenomx

software and isolated. For the identification of significant

metabolites, one-way ANOVA was conducted on the ratios

of significantly changed (at FDR \ 0.01) bin areas (peak

intensity) of metabolites to the total spectral area (Katsiadaki

and others 2009). These significant metabolites contributed

to the separation between control and salinity-treated sam-

ples and hence were considered metabolic biomarkers

induced by salinity exposures. A P value of 0.05 was con-

sidered significant for the ANOVA on the metabolites

between control and exposed samples.

Total mRNA Extraction and Gene Quantification

Total RNA from the aboveground part of the S. salsa

seedlings was isolated using the TRIzol reagent
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(Invitrogen). Gene-specific primers for myo-inositol

1-phosphate synthase (INPS), choline monooxygenase

(CMO), betaine aldehyde dehydrogenase (BADH), catalase

(CAT), glutathione peroxidase (GPx), and the internal

control actin were used to amplify amplicons specific for

S. salsa. The sequences of primers and the length of

amplicons are given in Table 1. The fluorescent real-time

quantitative PCR amplifications were carried out in tripli-

cate in a total volume of 20 ll containing 10 ll of 29

SYBR� Premix Ex TaqTM (TaKaRa, Japan), 0.4 ll of

50 9 ROX Reference DYE II, 4.8 ll DEPC-treated H2O,

0.4 ll of each primer, 4.0 ll of 1:20 diluted cDNA. The

fluorescent real-time quantitative PCR program was as

follows: 50�C for 2 min and 95�C for 10 min, followed by

40 cycles of 94�C for 15 s, 58�C for 45 s, 72�C for 30 s.

Dissociation curve analysis of amplification products was

performed at the end of each PCR to confirm that only one

PCR product was amplified and detected. After the PCR

program, data were analyzed with the ABI 7500 SDS

software (Applied Biosystems). To maintain consistency,

the baseline was set automatically by the software. The

comparative CT method (2-DDCT method) was used to

analyze the expression level of the genes (Livak and

Schmittgen 2001).

Measurement of Antioxidant Enzyme Activities

The aboveground part of the S. salsa seedlings (n = 6)

were ground in liquid nitrogen, and the antioxidant enzyme

activities were assayed by a multiscan spectrum microplate

spectrophotometer (Infinite M200, TECAN) according to

the manufacturer’s protocols using enzyme kits (Jiancheng,

Nanjing, China). In this work, the antioxidant enzymes for

measuring activity included superoxide dismutase (SOD,

EC 1.15.1.1), peroxidase (POD, EC 1.11.1.7), glutathione

S-transferases (GST, EC 2.5.1.18), catalase (CAT, EC

1.11.1.6), and glutathione peroxidase (GPx, EC 1.11.1.9).

Protein concentration was determined with the Coomassie

Brilliant Blue G-250 dye-binding method, using bovine

serum albumin as the standard (Bradford 1976). All the

enzyme activities were expressed as U mg-1 protein.

Statistical Analysis

Data of growth parameters, enzyme activities, and gene

expressions were expressed as the mean ± standard devi-

ation (n = 6). The data were statistically analyzed using

the Statistics toolbox in Matlab (ver. 7.0; MathsWorks,

Natick, MA). One-way ANOVA (analysis of variance)

with Tukey’s test was conducted on the data, and a sig-

nificant difference was defined as P \ 0.05.

Results

Plant Growth

Table 2 gives the weight and length of S. salsa seedlings

exposed to various salinities (170 and 500 mM) for

15 days. Plant growth was significantly (ANOVA,

P \ 0.01) inhibited by exposure to high salinity (500 mM

NaCl) in terms of the decreased weight and length.

Although the weight and length values from low-salinity-

exposed (170 mM NaCl) seedlings were not statistically

different (P \ 0.05) from those of control samples, the

inhibition of plant growth approached statistical signifi-

cance, with P values of 0.080 and 0.079 for the seedling

weight and length, respectively.

Antioxidant Enzyme Activities

After exposure for 15 days, the average antioxidant

enzyme activities were elevated in the aboveground parts

Table 1 GenBank accession numbers, primers, and amplicon of cDNA sequences from S. salsa

Gene GenBank accession

no.

Forward primer (50–30) Reverse primer (50–30) Length of

amplicon (bp)

INPS BE644574 TAGTTCACGAGAATCGCAAAG CCAAGTTTGGGAACATGAGT 100

CMO AW991015 TTTCCCTGCTTCTTCAACCAC TCATGAGAGTAGAAGGCAGGT 147

BADH DQ641924 GAGTTGGCATCTGTGACTTG ACCCGCATCTGGACCTAATC 105

CAT AW990998 ACTGAAAATGAGCAACTGGC GGTATCAGCATAGGCGAAAG 105

GPx AW991114 GTCTCTCACATCTCTCTGCTCTCCT GCAACATTGACAACAAGGAGGAC 272

Actin BE231408 GCCCTGGACTTCGAACAA CGTTGCCAATGGTGATGA 195

Table 2 The growth (fresh weight of aboveground part and length of

whole seedling) of S. salsa (n = 6) after salinity exposures for

15 days

Treatment salinity Control 170 mM NaCl 500 mM NaCl

Weight (g) 5.40 ± 1.50 4.01 ± 0.76 2.56 ± 0.45**

Length (cm) 28.90 ± 2.43 26.58 ± 1.82 23.90 ± 1.32**

Significant difference (** P \ 0.01) among groups was tested by one-

way analysis of variance
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of seedlings from both groups of salinity-exposed S. salsa

samples (Table 3). Except POD, all other antioxidant

enzymes, including SOD, GST, CAT, and GPx, indicated

clear salinity-dependent trends, which meant that oxidative

stresses were induced by salinities in S. salsa. Among these

antioxidant enzymes, GST activities showed no statistical

significance from either low (170 mM NaCl) or high

(500 mM NaCl) salinity-exposed samples.

Metabolic Responses

Figure 1 presents the representative 1H-NMR spectra of

tissue extracts from both root and homogeneous above-

ground parts from the control group. Several metabolite

classes were observed in both root and aboveground tis-

sues, including amino acids (branched chain amino acids

[valine, leucine, and isoleucine], alanine, glutamate,

aspartate, and tyrosine), energy storage compounds

(sucrose, fructose, and glucose), organic osmolytes (beta-

ine), and intermediates in the tricarboxylic acid cycle

(succinate, citrate, and malate). Overall, each NMR spec-

trum was dominated by an organic osmolyte, betaine (3.25

and 3.91 ppm), that is a secondary metabolite that main-

tains the osmotic balance in S. salsa and was approxi-

mately 10–100 times higher than other metabolites in the

NMR spectral intensities.

PCA was conducted on the 1H-NMR spectral data sets

from aboveground and root tissue extracts of S. salsa

after salinity exposure for 15 days, respectively (Figs. 2,

3). For the aboveground tissue extracts, the control

(inverted triangles), low (170 mM NaCl, circles), and

high (500 mM NaCl, squares) salinity-exposed samples

were significantly (P \ 0.05) separated along the PC1

axis from the PC score plots (Fig. 2a). From the corre-

sponding PC1 loading plot, the metabolic profiles of

aboveground extracts showed clear increases in betaine

and allantoin and decreases in branched chain amino

acids (valine, leucine, and isoleucine), lactate, arginine,

glutamate, malate, choline, phosphocholine, glucose,

fumarate, tyrosine, and phenylalanine in both salinity-

exposed samples (Fig. 2b).

PCA results from the analysis of NMR spectral data of

root extracts showed clear separations (P \ 0.05) between

control and salinity-exposed groups along the PC1 axis

Table 3 The activities (U mg-1 protein) of SOD, GST, POD, CAT, and GPx and total protein (mg g-1 fresh weight) in the aboveground part of

seedlings from both control and NaCl-exposed S. salsa samples (n = 6)

Treatment salinity Control 170 mM NaCl 500 mM NaCl

SOD 63.02 ± 33.21 124.61 ± 66.73* 206.33 ± 135.30*

GST 314.92 ± 217.22 369.95 ± 261.09 438.78 ± 365.11

POD 9.71 ± 7.91 20.78 ± 10.73* 15.78 ± 8.13

CAT 131.93 ± 91.06 201.84 ± 101.08 508.02 ± 294.61*

GPx 454.96 ± 119.97 1064.51 ± 787.30* 1258.60 ± 821.61*

Total protein 20.05 ± 10.29 11.22 ± 5.92 8.76 ± 7.10*

Significant difference (* P \ 0.05) among groups was tested by one-way analysis of variance

Fig. 1 Representative one-dimensional 500-MHz 1H-NMR spectra

of tissue extracts from the aboveground part of seedlings (a) and roots

(b) of S. salsa using the extraction solvent system of methanol/water

(1/1). Metabolite assignments were based on the certain chemical

shift(s) of corresponding proton(s). (1) Branched chain amino acids:

leucine, isoleucine, and valine, (2) ethanol, (3) lactate, (4) alanine, (5)

arginine, (6) glutamate, (7) glutamine, (8) succinate, (9) proline, (10)

malate, (11) unknown (2.97 ppm), (12) malonate, (13) choline, (14)

phosphocholine, (15) betaine, (16) fructose, (17) sucrose, (18)

b-glucose, (19) a-glucose, (20) allantoin, (21) uridine, (22) fumarate,

(23) tyrosine, (24) histidine, (25) phenylalanine, (26) tryptophan, (27)

hypoxanthine, (28) formate, (29) citrate, (30) c-aminobutyric acid,

and (31) acetate
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from the PC score plots (Fig. 3a). However, the metabolic

responses induced by salinities in roots were different from

those in aboveground tissues (Fig. 3b). Besides the

decreases in branched chain amino acids, lactate, choline,

phosphocholine, and phenylalanine, increases in proline,

citrate, glucose, and sucrose and a decrease in fructose

were uniquely observed in root tissues.

Gene Expression Quantification

High soil salinity can induce both osmotic and oxidative

stresses in plants, including even halophytes (Askaril and

others 2006; Song and others 2008; Chen and others 2009).

Hereby, the expression levels of three key osmotic regu-

lation-involved genes (INPS, CMO, and BADH) and two

antioxidant enzyme genes (CAT and GPx) were quantified

using the RT-PCR technique. After salinity exposure for

15 days, the average expression levels of these five genes

were upregulated in S. salsa samples (Fig. 4). However,

both CMO and BADH gene expressions exhibited signifi-

cant (P \ 0.05) upregulation in the high- (500 mM NaCl)

salinity-exposed group. The expression level of the INPS

gene was significantly (P \ 0.05) increased in low-

(170 mM NaCl) salinity-exposed samples. For the antiox-

idant enzyme genes, only CAT expression levels were

significantly (P \ 0.01) elevated in both salinity-exposed

groups.

Discussion

As a pioneer halophyte in the saline soil of the Yellow

River Delta, S. salsa grows rapidly in moderate-salinity

soil and can even survive at extreme salinities (Zhao 1991).

Due to its high tolerance to salinity, S. salsa has been

widely used as a remediation plant in the degraded wetland

to ameliorate the saline soil in the Yellow River Delta. At a

density of 15 plants m-2, S. salsa can potentially remove

Fig. 2 PCA scores plot (a) and PC loadings plot (b) from the analysis

of the one-dimensional 1H-NMR spectra of tissue extracts from the

aboveground part of seedlings of S. salsa from control (triangle),

170 mM NaCl-treated (circle), and 500 mM NaCl-treated (square)

groups after exposure for 15 days. Ellipses represented mean ± SD

of PC scores along both PC axes for each group (n = 6). Metabolite

assignments: (1) branched chain amino acids: leucine, isoleucine, and

valine, (2) lactate, (3) arginine, (4) glutamate, (5) glutamine, (6)

malate, (7) unknown (2.97 ppm), (8) choline, (9) phosphocholine,

(10) betaine, (11) a-glucose, (12) allantoin, (13) fumarate, (14)

tyrosine, and (15) phenylalanine

Fig. 3 PCA scores plot (A) and PC1 loadings plot (B) from the

analysis of the one-dimensional 1H-NMR spectra of tissue extracts

from roots of Suaeda salsa from control (triangle), 170 mM NaCl-

treated (circle), and 500 mM NaCl-treated (square) groups after

exposure for 15 days. Ellipses represented mean ± SD of PC scores

along both PC axes for each group (n = 6). Metabolite assignments:

(1) branched chain amino acids: leucine, isoleucine, and valine, (2)

lactate, (3) proline, (4) glutamine, (5) citrate, (6) unknown

(2.97 ppm), (7) choline, (8) phosphocholine, (9) betaine, (10) sucrose,

(11) fructose, (12) b-glucose, (13) a-glucose, and (14) phenylalanine
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more than 3,000 kg Na? ha-1 from saline soil, which

suggests that it can be used to improve the quality of saline

soils (Zhao 1991). Therefore, S. salsa is not only consumed

as food, it has been intriguing to researchers in environ-

mental sciences and applied across multiple areas (Zhang

and others 2001; Cui and others 2008; Song and others

2008).

High soil salinity can inhibit the growth of various

plants, including both nonhalophytes and halophytes (Song

and others 2008; Chen and others 2009). This work found

salinity-dependent inhibition of the growth of S. salsa

(Table 2). In addition, elevation of antioxidant enzyme

activities (SOD, POD, CAT, and GPx) indicated obvious

oxidative stresses induced in S. salsa by salinity (Table 3).

Based on the growth parameters and antioxidant enzyme

activities, the two salinities used that reflected environ-

mental conditions could clearly induce physiological and

biochemical effects in S. salsa. Therefore, NMR-based

metabolomics was used for the detection of metabolic

responses of S. salsa induced by salinity.

All the 1H-NMR spectra of both root and aboveground

seedling tissues were dominated by betaine, which was

approximately 10–100 times higher than other metabolites

in the NMR spectral intensities (Fig. 1). As an osmolyte,

betaine can be synthesized by cells for protection against

osmotic stresses such as drought, high salinity, and high

temperature in biological systems, including both plants

and animals (marine invertebrates in particular) (Moghaieb

and others 2004; Liu and others 2011c; Zhang and others

2011b, c). The pathway of betaine synthesis in plants is

short and straightforward: choline monooxygenase (CMO)

converts choline (a detectable metabolite in S. salsa,

Fig. 1) to betaine aldehyde, and betaine aldehyde dehy-

drogenase (BADH) converts this product to betaine

(Greenway and Osmond 1972; Lee and others 2004; Peel

and others 2010). In higher plants, betaine is an important

secondary metabolite of alkaloid for protection against

osmotic stresses (Greenway and Osmond 1972; Lee and

others 2004). Therefore, betaine plays important physio-

logical roles in osmotic regulation and hence was detected

at high levels in S. salsa tissues.

From the PCA score plot, clear separations between

control and salinity-treated groups were found along the

PC1 axis (Figs. 2a, 3a). Usually, there were two kinds of

variance in the S. salsa samples: biological variance and

technical variance. The biological variance includes both

individual variance and salinity-induced variance. Ideally,

the average individual variance should be approximately

zero because all the S. salsa seeds were randomly collected

from thousands of seeds. The technical variance was

introduced in the processing procedures of the biological

samples by operators and instruments. However, all the

biological samples were homogeneously processed by the

same operators and instruments, and the technical variance

of the samples was similar and not significant. Therefore,

the significant variance between the groups of S. salsa

samples was induced by salinities, which is seen in the

significant separations in Figs. 2a and 3a and the corre-

sponding significant metabolites in Figs. 2b and 3b. The

statistical significances between control and salinity-treated

groups were all less than 0.05, which demonstrated the

significant metabolic changes in salinity-treated S. salsa.

For the aboveground parts of S. salsa seedlings, the organic

osmolyte betaine was significantly elevated after 170 and

500 mM NaCl treatments for 15 days. Because salinity

could induce osmotic stress in plants, it was reasonable that

S. salsa accumulated high concentrations of betaine to

maintain osmotic balance. Allantoin is the metabolite of

hypoxanthine and xanthine, which are catabolic interme-

diates of pyrimidines and purines (Zhang and others

2011a). Thus, the elevation of allantoin could be related to

DNA and RNA biosynthesis/degradation (Zhang and oth-

ers 2011a). Amino acids, including valine, leucine, iso-

leucine, glutamate, tyrosine, and phenylalanine, were

decreased in the aboveground parts of S. salsa seedlings

with salinity exposures. Interestingly, the total protein

content in the aboveground parts of S. salsa seedlings was

decreased with exposure to increasing salinity (Table 3).

Therefore, it could be concluded that both protein

Fig. 4 Expression levels of osmotic-related enzyme genes INPS,

CMO, and BADH (a) and antioxidant enzyme genes CAT and GPx

(b) in the aboveground part of seedlings of S. salsa from control, 170

and 500 mM NaCl-treated groups after exposure for 15 days. Data

(n = 6) were expressed as mean ± SD, significant difference among

groups was tested by one-way analysis of variance with Tukey’s test

and indicated by *P \ 0.05)
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biosynthesis and degradation were inhibited by salinity

treatments. Malate and fumarate are key intermediates in

the tricarboxylic acid (TCA) cycle. The changes in these

metabolites indicated salinity-induced disturbances in the

TCA cycle that were related to energy metabolism. Choline

is the metabolite in betaine synthesis, as mentioned above.

In this work, the decrease of choline meant the enhance-

ment of betaine synthesis, which was confirmed by the

elevation of betaine in the aboveground part of S. salsa

seedlings. Consequently, as the derivative of choline,

phosphocholine decreased consistently with the decreased

choline. The decrease of glucose in salinity-treated plants

after 15 days of exposure indicated the rapid utilization of

this compound for the production of other compounds, or a

lower production of carbohydrates (Choi and others 2004).

In the S. salsa root tissues that were exposed to salinity

treatments, the metabolic responses were different from

those in the aboveground part of S. salsa seedlings, in

addition to the decreased branched chain amino acids,

lactate, choline, and phosphocholine. The increased pro-

line, citrate, and sucrose and decreased glutamine and

fructose were uniquely discovered in root tissues. Other

metabolites such as malate, fumarate, and allantoin were

not significantly altered in root tissues. These salinity-

induced metabolic differences between roots and above-

ground parts of S. salsa seedlings indicated that there are

different regulating mechanisms in various tissues to

salinity exposure. The elevation of proline is a common

metabolic response of higher plants to water deficit and

salinity stress for protecting plant cell membranes and

proteins and functioning as a ROS scavenger (Xiao and

others 2008; Dai and others 2010). On the other hand,

proline is a compatible solute that can be accumulated in

plants in response to osmotic stress (Nelson and others

1998). In this work, the increased proline could be con-

sidered a metabolic biomarker of salinity exposure in

S. salsa root. The increase in citrate, a key intermediate in

the TCA cycle, indicated a disturbance in energy metabo-

lism. In plants, sucrose can be commonly converted to

glucose and fructose. The decreased glucose and fructose

and increased sucrose were discovered in salinity-treated

samples herein, indicating the inhibition of conversion of

sucrose to glucose and fructose induced by salinity

exposures.

Based on the metabolic responses and antioxidant

enzyme activities, salinity treatments could induce osmotic

and oxidative stresses in S. salsa. To determine whether

salinity-induced stress was able to regulate the expression

of typical genes responsible for osmotic regulation and

antioxidation, the RT-PCR-based assay was performed for

the quantification of osmotic regulation-involved genes

(INPS, CMO, and BADH) and two antioxidant enzyme

genes (CAT and GPx). INPS, CMO, and BADH are involved

in the biosynthesis of organic osmolytes, myo-inositol and

betaine, which are used to balance osmolarity in S. salsa

(Zhang and others 2001). Myo-inositol is biosynthesized by

myo-inositol-1-phosphate synthase (INPS, BE644574). As

reported by Nelson and others 1998, INPS regulates the

myo-inositol biosynthesis pathway (Nelson and others

1998), which is a specific pathway in salt tolerance in the

common ice plant (Loewus and Dickinson 1982; Vernon

and Bohnert 1992), and its expression can be feedback-

inhibited by myo-inositol. In higher plants, betaine is

synthesized by oxidation of choline: choline ? betaine

aldehyde ? betaine. The first step is catalyzed by choline

monooxygenase (CMO, AW991015) and the second step is

catalyzed by betaine aldehyde dehydrogenase (BADH,

DQ641924). CAT (AW990998) and GPx (AW991114) are

common antioxidant enzymes that protect cells from oxi-

dative stresses. Our analysis showed that expressions of the

genes INPS, CMO, BADH, CAT, and GPx were upregulated

under both 170 and 500 mM NaCl exposures (Fig. 4),

which confirmed the osmotic and oxidative stresses in S.

salsa induced by salinities. For CAT and GPx, however, the

gene expression levels were not correlated with the corre-

sponding activities in S. salsa samples. The lack of corre-

lation between gene expression and enzyme activity is not

surprising, because gene expression is characterized by only

one isoenzyme of one gene family, whereas enzyme mea-

surements typically include all expressed members of such

a family. Moreover, enzyme activities can be affected by a

number of feedback regulations, so that a good correlation

is not always found. In addition, because the concentrations

of betaine in S. salsa samples were difficult to accurately

quantify using NMR-based metabolomics, good correlation

between betaine contents and CMO or BADH expression

levels was not found.

In conclusion, we analyzed the metabolic profiles,

antioxidant enzyme activities, and gene expressions of

S. salsa that was exposed to environmentally relevant

salinity levels (170 and 500 mM NaCl) for 15 days. The

significant metabolic responses included decreased amino

acids, choline, and phosphocholine and increased betaine

and allantoin in aboveground parts of S. salsa seedlings.

The root tissues of S. salsa indicated uniquely elevated

glutamate, citrate, and sucrose and depleted glucose and

fructose. The upregulated expression levels of INPS, CMO,

BADH, and CAT were found in the aboveground part of

S. salsa seedlings after salinity exposures, together with

increased activities of antioxidant enzymes, including

SOD, GST, POD, CAT, and GPx. Overall, these results

indicated osmotic and oxidative stresses, disturbed protein

biosynthesis/degradation, and energy metabolism in

S. salsa exposed to salinities. A further proteomic study

should be conducted to better understand the salt-respon-

sive mechanisms in S. salsa.
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