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 Background and Aims Suaeda maritima is a halophyte commonly found on coastal wet 12 

lands in the intertidal zone. Due to its habitat S. maritima has evolved tolerance to high salt 13 

concentrations and hypoxic conditions in the soil caused by periodic flooding. In the present 14 

work, the adaptive mechanisms of S. maritima to salinity combined with hypoxia were 15 

investigated on a physiological and metabolic level. 16 

 Methods To compare the adaptive mechanisms to deficient, optimal and stressful salt 17 

concentrations, S. maritima plants were grown in a hydroponic culture under low-, medium- 18 

and high-salt concentrations. Additionally, hypoxic conditions were applied to investigate the 19 

impact of hypoxia combined with different salt concentrations. A non-targeted metabolic 20 

approach was used to clarify the biochemical pathways underlying the metabolic and 21 

physiological adaptation mechanisms of S. maritima. 22 

 Key Results Roots exposed to hypoxic conditions showed an increased level of tricarboxylic 23 

acid (TCA) -cycle intermediates such as succinate, malate and citrate. During hypoxia, the 24 

concentration of free amino acids increased in shoots and roots. Osmoprotectants such as 25 

proline and glycine betaine increased in concentrations as the external salinity was increased 26 

under hypoxic conditions. 27 

 Conclusions The combination of high salinity and hypoxia caused an ionic imbalance and an 28 

increase of metabolites associated with osmotic stress and photorespiration, indicating a 29 

severe physiological and metabolic response under these conditions. A disturbed proline 30 

degradation in the roots induced an enhanced proline accumulation under hypoxia. The 31 

enhanced alanine fermentation combined with a partial flux of the TCA-cycle might 32 

contribute to the tolerance of S. maritima to hypoxic conditions. 33 

Key words: Suaeda maritima, halophyte, metabolomics, salinity, hypoxia, osmotic 34 

adjustment, 35 
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INTRODUCTION 36 

Salinity is an important limiting factor in agriculture, especially in areas that are extensively 37 

irrigated (Smedema and Shiati, 2002). High ion concentrations decrease the osmotic potential of 38 

the soil and reduce the availability of water for plant roots and nutrient use efficiency (Baligar et 39 

al., 2007; Munns and Tester, 2008). The accumulation of sodium and chloride in the roots and 40 

shoots of salt-sensitive plants induces toxic effects by disturbing their essential cellular 41 

metabolism such as protein synthesis, enzyme activity and photosynthesis (Horie et al., 2012). 42 

Moreover, salinity also disturbs K+/Na+ homeostasis in plants (Maathuis, 1999; Zörb et al., 43 

2014). The natural habitat of halophytes are saline soils, with euhalophytes characterized as 44 

plants completing their life cycle in high salt concentrations of ≥ 200 mM NaCl (Flowers et al., 45 

2015). A wide range of adaptive mechanisms allow halophytes to tolerate salt concentrations in 46 

soils that are damaging for salt-sensitive plants. These adaptive mechanisms include osmotic 47 

adjustment by the production of compatible solutes and the controlled uptake of salt, its transport 48 

from the root system through the xylem to the shoot, and the accumulation of salt into plant 49 

organs and organelles. Some species also use the secretion of salt and/or the succulence of plant 50 

organs as a tolerance mechanism to high salt concentrations. High salinity induces the 51 

accumulation of reactive oxygen species (ROS), which are scavenged by detoxifying compounds 52 

to prevent cellular damages (de Boer and Volkov, 2003; Ashraf and Harris, 2004; Flowers and 53 

Colmer, 2008; Alhdad et al., 2013). 54 

Saline soil can, additionally, be exposed to waterlogging because of shallow water-tables or 55 

decreased infiltration of surface water due to sodicity (Ghassemi et al., 1995; Barrett-Lennard, 56 

2003). Moreover, the combination of salinity and waterlogging occurs in coastal salt marshes by 57 

daily tides or seasonal flooding. Microbial activity and aerobic metabolism of roots rapidly 58 

reduce the oxygen concentration in the soil (Silvestri et al., 2005; Colmer et al., 2013). So that 59 
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the reduced availability of oxygen as a final electron acceptor in the mitochondrial electron 60 

transport chain limits oxidative phosphorylation (Bailey-Serres and Voesenek, 2008). As a 61 

consequence, cells alter their metabolism to increase anaerobic generation of ATP by glycolysis. 62 

This has negative implications as the ATP:ADP-ratio is strongly reduced coupled with a reduced 63 

pH value and the fermentation of lactate and ethanol (Roberts et al., 1992; Biemelt et al., 1999; 64 

van Dongen et al., 2009; Rocha et al., 2010). 65 

Suaeda maritima is a halophyte commonly found on coastal wetlands in the intertidal zone 66 

(Clapham et al., 1981). The optimal growth range of S. maritima is between 170 and 340 mM 67 

NaCl (Flowers, 1972; Yeo and Flowers, 1980; Alhdad et al., 2013). In order to cope with this 68 

saline environment and maintain water availability, S. maritima adjusts its osmotic potential by 69 

controlled uptake of osmotically dominant ions and their compartmentation in vacuoles together 70 

with accumulation of compatible solutes, such as proline and glycine betaine in the cytosol (Hall 71 

et al., 1978; Yeo and Flowers, 1980; Moghaieb et al., 2004). Apart from its tolerance to high salt 72 

concentrations, S. maritima is also adapted to temporary flooding and hypoxic conditions in the 73 

soil (Colmer and Flowers, 2008). Wetson and Flowers (2010) showed a reduced growth of S. 74 

maritima under hypoxia when simulating tidal flooding with artificial seawater. Oxygen 75 

depletion in combination with salinity also increased the uptake of Na+ and decreased that of K+. 76 

Analyses of fermentative processes under hypoxic conditions revealed the importance of 77 

fermentation to maintain ATP production by glycolysis (Wetson et al., 2012; Colmer et al., 78 

2013). 79 

Metabolic profiling is an important method available to study the responses of plants to abiotic 80 

stress (Guy et al., 2008; Shulaev et al., 2008; Kráľová et al., 2012) and can therefore be used to 81 

provide insights into metabolic pathways and fluxes during hypoxia. Besides the activation of 82 
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fermentative processes and the enhanced ATP-gain through glycolysis under oxygen deficiency, 83 

metabolic profiling can be used to identify definite changes of metabolites associated with, for 84 

example the tricarboxylic acid (TCA)-cycle and nitrogen metabolism under hypoxic conditions 85 

(Roberts et al., 1992; Gibbs and Greenway, 2003; Bailey-Serres and Voesenek, 2008). In omics-86 

based studies on physiological responses to stress, metabolic analyses have been used to 87 

investigate the effect of high salt concentrations on glycophytes and adaptive mechanisms used 88 

by halophytes (Kim et al., 2006; Sanchez et al., 2007; Sanchez et al., 2011). A metabolite 89 

analysis of tobacco plants, treated with different salt concentrations, identified a dose-related 90 

effect indicated by 40 dominant metabolites including organic acids/bases, amino acids, 91 

carbohydrates along with choline, pyrimidine and purine metabolites (Zhang et al., 2011). 92 

Likewise, in a recent study, Richter et al. (2015) showed that, a salt-sensitive maize hybrid 93 

treated with 50 mM NaCl accumulated glucose, fructose and sucrose in comparison to a resistant 94 

hybrid. In both hybrids the metabolites of the TCA-cycle were reduced when treated with 95 

increasing salt concentrations. A comparative study between Arabidopsis thaliana and the related 96 

halophyte Eutrema salsugineum (Thellungiella salsuginea) demonstrated that despite a few 97 

notable differences (in raffinose and secondary metabolites), similar metabolic pathways were 98 

regulated by salt stress in the sensitive and tolerant species. However, the quantitative 99 

accumulation of metabolites was higher in Eutrema than in Arabidopsis showing the adaptability 100 

of salt tolerant plants (Lugan et al., 2010). Amino acids and metabolites of the TCA-cycle 101 

significantly decreased in the shoots of Suaeda salsa (synonym of Suaeda maritima subsp. salsa) 102 

seedlings treated with 170 mM and 550 mM NaCl, whereas metabolites associated with osmotic 103 

stress were increased in roots and shoots (Liu et al., 2013). Knowledge of tolerance mechanisms 104 

to salinity and hypoxia in S. maritima, as a model halophyte, has increased in the past 40 years. 105 

However, a general metabolic analysis that links the physiological response of these two 106 
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environmental factors with the metabolic adaptation of S. maritima is still missing. In order to fill 107 

this gap, S. maritima plants were grown in low, medium and high salt concentrations to compare 108 

the adaptive mechanisms to deficient, optimal and stressful salt concentrations. Additionally, 109 

hypoxic conditions were applied to investigate the effect of hypoxia combined with different salt 110 

concentrations on the physiological and metabolic adaptation of S. maritima. The aim of this 111 

study was to investigate the impact of hypoxia combined with different salt concentrations on the 112 

primary metabolism and fermentative processes of S. maritima. At the physiological level we 113 

wanted to investigate the effect of different salt treatments to the ionic balance and the pigment 114 

content of the plant, with a focus on the physiological adaptation mechanisms during hypoxia. 115 

Furthermore, we wanted to clarify, on a metabolic level, how the osmotic adjustment under 116 

different salt concentration is affected by hypoxia. 117 

MATERIALS AND METHODS 118 

Plant material and cultivation 119 

Seeds of Suaeda maritima were collected from the salt marsh at Cuckmere Haven, East Sussex 120 

(UK) (TQ515978) in Oct. 2009, cleaned and stored in a dry environment at 4°C. The seeds were 121 

germinated on sand irrigated with a one-fourth-strength nutrient solution (composition below). 122 

Plants were grown in a growth chamber under controlled conditions with a day/night cycle of 16 123 

h/8 h at 24°C/21°C and a light flux of approximately 280 µmol photons m2 s-1 at shoot level. 124 

After two weeks the plants were transplanted into plastic pots designed for gas-flushing 125 

treatments containing 4.5 L of an aerated nutrient solution. Per treatment, five biological 126 

replicates with four plants per pot were cultivated. The concentration of the nutrient solution was 127 

increased stepwise by double increments every second day until the nutrient solution reached full 128 

strength. The full-strength nutrient solution had the following composition: 6 mM KNO3, 4 mM 129 
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Ca(NO3)2, 2 mM MgSO4, 1 mM KH2PO4, 4 µM H3BO3, 0.7 µM ZnSO4, 0.3 µM CuSO4, 7 µM 130 

MnSO4, 10 µM MoO3, 20 µM NiSO4, 20 µM Co(NO3), 0.027 mM NaFeEDTA (modified after: 131 

Stout and Arnon (1939)). The nutrient solution was changed every three days. After establishing 132 

the full-strength concentration of the nutrient solution the plants were divided into three 133 

treatments with different salt concentrations. 134 

Plants were grown in full-strength (high-salt treatment), one half (medium-salt treatment) and one 135 

tenth (low-salt treatment) diluted artificial seawater (Harvey, 1966) added to the nutrient solution, 136 

which remained the same in all treatments. Full-strength artificial seawater had the following 137 

composition: 411 mM NaCl, 53.5 mM MgCl2, 28.2 mM Na2SO4, 10.2 mM CaCl2, 8.8 mM KCl. 138 

The artificial seawater concentration was increased in one tenth increments every second day 139 

until the designated concentration was reached. 140 

After four weeks the plants were randomly divided into two groups with a different degree of 141 

aeration for five days: normoxia and hypoxia. Under normoxic conditions the nutrient solution 142 

was aerated. To establish hypoxic conditions the nutrient solution was mixed with 0.1 % (w/v) 143 

agar and flushed with nitrogen for 30 min before use (Wiengweera et al., 1997; Wetson et al., 144 

2012). Containers were topped up to a constant level with deionised water to replace 145 

evapotranspirational losses. 146 

At harvest, shoots and roots were separated, roots were rinsed briefly two times for three seconds 147 

in distilled water and blotted to remove surface water. Shoots and roots were weighed and frozen 148 

in liquid nitrogen. For further analysis the samples were ground with liquid nitrogen and freeze-149 

dried.  150 

Atomic absorption spectrometry 151 

For the cation extraction, approximately 50 mg of freeze-dried plant material was solubilized in 152 

10 mL 69% nitric acid by microwave digestion at 190°C for 25 min (CEM Cooperation, MARS 153 
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5, Matthews, USA). The solution was filtered and diluted to a final volume of 100 mL. The 154 

cation analysis was performed on an atomic absorption spectrometer (Thermo Fisher Scientific, 155 

3300 series, Dreieich, Germany). The results were visualized by using SigmaPlot 12 (Systat 156 

Software, San Jose, USA). 157 

Betacyanin determination 158 

Betacyanin was purified by the method of Hayakawa and Agarie (2010) with minor modification. 159 

For this purpose 10-40 mg of freeze-dried plant material was extracted in 1 mL of 100% acetone 160 

for 30 min at 4°C. After centrifugation at 17,000 x g for 15 min at 4°C, the supernatant was 161 

discarded. This procedure was repeated with 100% acetone and 100% ethanol to remove 162 

chlorophyll, carotenoid, ascorbic acid and tocopherol. To extract betacyanin, the pellet was then 163 

re-extracted with 1 mL of 50% ethanol for 30 min at 4°C. After centrifugation at 17,000 x g for 164 

15 min at 4°C, the absorbance of the supernatant was measured at 538 nm (JASCO International 165 

Co. Ltd., V-550, Tokyo, Japan). Betacyanin concentrations were determined using a calibration 166 

curve with a betacyanin standard (Sigma-Aldrich, St. Louis, USA). 167 

Pigment determination by HPLC 168 

The pigment analysis was based on the high performance liquid chromatography (HPLC) method 169 

of Pfeifhofer et al. (2002). Approximately 10-40 mg ground freeze-dried plant material was 170 

extracted with 2 mL 96% ethanol at 4°C. Pigments were separated by reverse phase HPLC on a 171 

HiQsil RP18 column (250 mm x 2.1 mm i.d. 5 µm particle size; KYA Tech Corporation, Tokyo, 172 

Japan) and detected with a photodiode array which measured peaks at 440 nm. The mobile phase 173 

consisted of two components: solvent A, acetonitrile:water:methanol (100:10:5); and solvent B, 174 

acetone:ethyl acetate (2:1). A linear gradient of 10% B to 100% B was used for the first 6 min, 175 

followed by an isocratic elution of 100% B for the next 6 min. Then a 2 min linear gradient from 176 
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100% B to 10% B followed by an isocratic elution of 10% B for 5 min. The solvent flow rate was 177 

0.4 mL min-1. The injection volume for the standard (DHI Water and Environment, Denmark) 178 

was 20 µL and for the samples 5 µL. Calibration curves of the standards were constructed to 179 

calculate the concentration of the pigments in the samples. 180 

Glycine betaine detection and determination by 1H-NMR 181 

Glycine betaine was detected and quantified in the plant extracts using 1H-NMR. 50 mg of 182 

freeze-dried plant material were suspended in 1 mL of pure ethanol and thoroughly shaken. 183 

Suspensions were heated at 85°C until ethanol was completely evaporated. The residues, re-184 

suspended with 1 mL D2O 99.9% containing 500 µM DSS (4,4-dimethyl-4-silapentane-1-185 

sulfonic acid) as an internal standard, were shaken at 4°C for 1 h. Homogenates were clarified by 186 

centrifugation: 15,000 x g, 4°C, 20 min before transfer into the NMR tubes (internal diameter: 5 187 

mm). DSS was used as a reference both for determination of chemical shifts and quantification of 188 

the signal of interest. 1H-NMR spectra were recorded on a Bruker NMR Avancer III 189 

spectrometer operating at a frequency of 400 MHz. At an ambient probe (QNP type) temperature, 190 

a FID of 32 K using a spectral width of 6024 Hz induced a resolution of 0.368 Hz per point. 191 

Brucker “presat.au” was used for solvent pre-saturation. The processing of the spectra was 192 

carried out using MestReNova software. Characteristic 1H chemical shifts of glycine betaine in 193 

D2O were 3.215 ppm (-[N(CH3)3], 9 protons) and 3.853 ppm ([-CH2-], 2 protons) in reference to 194 

external calibration curves performed with pure reference glycine betaine. 195 

Amino acids determination by UPLC 196 

The individual free amino acid content was determined from freeze-dried tissues using the 197 

method described by Renault et al. (2010). Amino acids were first extracted from approximately 198 

10 mg of dry powder with a mixture of methanol–chloroform–water containing a known 199 
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concentration of DL-3-aminobutyric acid (BABA) and adonitol as internal standards. Amino 200 

acids were then derivatized with a Waters kit (Waters Corporation, Milford, MA, USA) for 201 

analysis by UPLC1–DAD (Waters Corporation). Individual amino acids were identified by co-202 

chromatography with pure synthetic compounds (Sigma–Aldrich, St. Louis, MO, USA) and 203 

quantified with respect to the BABA signal and individual external calibration curves. Amino 204 

acid concentrations were expressed in µmol g-1 DW. 205 

LMW NSCs, polyalcohols and organic acids determination by GC-FID 206 

NSCs and organic acids were analyzed by GC-FID according to the modified method of Adams 207 

et al. (1999). Fifty microliters of the polar extract prepared for amino acid determinations were 208 

dried in a vacuum concentrator. The dry residue was dissolved in 50 μL of 20 mg mL−1 209 

methoxyamine hydrochloride in pyridine, at 30°C for 90 min. Then 50 μL of N,O-210 

Bis(trimethylsisyl)trifluoroacetamide was added and samples were shaken at room temperature 211 

overnight. One microliter of the mixture was injected in a split mode (1:25) at 260°C on a DB5 212 

column (30 m × 0.32 mm × 0.25 μm). The FID detector was set at 300°C. The gas carrier was 213 

helium at a flow rate of 1 mL min−1. Oven temperature was programmed as follows: 5 min at 214 

70°C, 6°C min−1 until 142°C, 2°C min−1 until 222°C, 1°C min−1 until 242°C, 20°C min−1 until 215 

260°C, 2 min at 260°C, 25°C min−1 until 300 C and finally 5 min at 300°C. Metabolites were 216 

identified by comparison of sample chromatograms to standard mixtures of known concentration 217 

and quantified in absolute amount after normalization against internal standards (adonitol) and 218 

plant material dry weight (μmol g−1 DW).  219 

Statistical analyses and data visualization 220 

Principal component analysis (PCA) was carried out using the statistical software Analyse-it 221 

(Analyse-it Software, Ltd., Leeds LS3 1HS, United Kingdom) for Microsoft Excel (2013, 222 
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Microsoft Corporation, Redmont, WA, USA). For statistics and heatmaps (supplement), data 223 

were log10-transformed and centred (van den Berg et al., 2006). For statistical analysis, two-way 224 

ANOVA and Holm-Sidak test (P ≤ 0.05) were performed with SigmaPlot 12.5 (Systat Software, 225 

San Jose, USA). The relative mean responses of metabolites, heatmaps and the results of 226 

statistics are available in the supplement. Heatmaps were created with the MultiExperiment 227 

Viewer (MeV 4.9, http://www.tm4.org/mev.htmL) by using Pearson’s correlation and complete 228 

linkage. 229 

RESULTS 230 

Plant growth and pigment profiles  231 

S. maritima plants were grown in low-, medium- and high-salt concentrations prepared with 232 

artificial sea water. After 5 days of hypoxia, none of the plants showed any indication of reduced 233 

vitality (Fig. 1). Plants grown in low-salt medium showed reduced growth compared to plants 234 

grown in medium- and high-salt concentrations under normoxic conditions. Under hypoxia the 235 

growth rate was reduced for plants treated with high-salt concentration. Low- and medium-salt 236 

concentrations showed no significant difference in growth between normoxic and hypoxic 237 

conditions (Table 1). 238 

The concentration of chlorophyll a, chlorophyll b, beta-carotene and betacyanin are shown in 239 

Table 2. At low- and medium-salt concentrations no significant difference in the chlorophyll a 240 

concentration between hypoxia and normoxia was detected. Only high salinity combined with 241 

hypoxia led to a notable decline in the chlorophyll a concentration. This distinct decrease was 242 

also observed for chlorophyll b and for beta-carotene. However, there was no significant 243 

difference in the betacyanin concentration for any treatment. 244 
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Ion concentrations 245 

Figure 2 shows the ion accumulation in shoots and roots of S. maritima treated with different salt 246 

concentration under normoxic and hypoxic conditions. With an increasing salt concentration in 247 

the root medium the sodium concentration in the shoot also increased (Fig. 2A). Furthermore, 248 

plants treated with medium- and high-salt concentrations showed a significantly higher sodium 249 

concentration under hypoxic conditions. On the contrary, the potassium concentration in the 250 

shoots declined with an increasing salt treatment. This effect was enhanced under hypoxic 251 

conditions (Fig. 2B). Plants grown under high-salt concentrations combined with hypoxia 252 

showed an accumulation of magnesium (Fig. 2C). The calcium concentration in the shoots was 253 

increased in plants treated with medium- and high-salt concentrations in combination with 254 

hypoxia (Fig. 2D). As shown in Figure 2 the ion concentration in the root was generally lower 255 

than in the shoot. Nevertheless, the accumulation pattern for sodium in both plant organs was 256 

similar (Fig. 2E). The potassium concentration in the root under normoxic conditions increased 257 

with rising salt treatments. However, under hypoxia the potassium concentration remained 258 

unchanged (Fig. 2F). Plants grown under medium- and high-salt concentration showed a 259 

significantly higher magnesium accumulation compared to plants grown under normoxic 260 

conditions (Fig. 2G). Hypoxic conditions led to an increase of calcium in roots of plants treated 261 

with medium- and high-salt concentrations (Fig. 2H). 262 

Metabolic alterations 263 

In order to investigate any metabolic adjustment, shoot and root samples of S. maritima plants 264 

treated with different salt concentrations were sampled after 5 days of normoxia or hypoxia. A 265 

total of 33 reliable primary metabolites were detected in shoots and roots of S. maritima. Among 266 

them, 23 metabolites were identified as amino acids or amino acid related substances, five 267 

metabolites were sugars, three metabolites were organic acids or metabolites of the TCA-cycle. 268 



 

13 
 

A principal component analysis (PCA) was performed on the basis of this dataset to exemplify 269 

complex data and identify similar patterns among the different treatments. Figure 3A shows the 270 

PCA for metabolites of the shoots of S. maritima. Two different clusters of samples were 271 

distinguished by this analysis. Plants treated with low-salt concentration clearly separated from 272 

plants treated with medium- and high-salt concentrations. The clustering in these two groups was 273 

also shown for normoxic and hypoxic conditions. Nevertheless, three out of five shoot samples 274 

from plants treated with high salinity combined with hypoxia strongly separated from the other 275 

treatments. In the roots the pattern of metabolites separated into two main groups (Fig. 3B). 276 

Normoxic conditions led to a distinct clustering for every salt treatment. Under hypoxic 277 

conditions, plants treated with low- and medium-salt concentrations showed a high variation. 278 

However, the combination of high-salt concentration and hypoxia was clearly separated from all 279 

the other treatments. The pattern of the metabolites in the shoots changed depending on the salt 280 

treatment and the oxygen supply in the hydroponic culture (Table 3). Under normoxic conditions, 281 

the total amount of free amino acids in the shoots was nearly 110 µmol g-1 DW for each salt 282 

treatment. Plants exposed to hypoxia generally showed an increased concentration of free amino 283 

acids. A maximal concentration of 175 µmol g-1 DW free amino acids was accumulated by plants 284 

treated with high-salt concentrations combined with hypoxia. Stress-associated metabolites like 285 

proline and glycine betaine, showed an increased accumulation with increasing salt treatments. 286 

Moreover, under hypoxia, the accumulation of proline was strongly enhanced for medium- and 287 

high-salt concentrations. Compared to proline, glycine betaine showed no increased accumulation 288 

under hypoxic conditions. However, with a concentration from 305 - 478 µmol g-1 DW in the 289 

shoot, glycine betaine was the most abundant metabolite in this study. Sucrose also tended to be 290 

increased under hypoxic conditions for all treatments. Other sugars and metabolites of the TCA-291 

cycle were unchanged under the differing salt treatments. 292 
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In the roots, low oxygen concentration led to a more distinct metabolic response than treatments 293 

with different salt concentrations (Table 4). During hypoxia, metabolites of the TCA-cycle 294 

accumulated but did not show significant changes with increasing salt treatment. Compared to 295 

plants grown under normoxic conditions, the concentration of succinate and citrate was nearly 296 

doubled in roots of plants exposed to hypoxia and low- or medium-salt concentrations. Likewise, 297 

malate accumulated in the root of plants exposed to hypoxic conditions for each salt treatment. 298 

The sucrose and fructose concentration increased under hypoxic conditions compared to 299 

normoxia. Glucose and sorbitol did not change significantly, when the root was exposed to 300 

hypoxic conditions. However, plants grown at low-salt concentrations showed a significantly 301 

lower glucose concentration than plants grown in medium- or high-salt concentrations. In the 302 

roots, low concentrations of trehalose were found: the disaccharide concentration increased at 303 

medium- and high-salt concentrations combined with hypoxia. As in the shoots, the proline and 304 

glycine betaine concentrations were increased in roots under medium- and high-salt treatments. 305 

Glycine betaine was the most abundant metabolite in the roots with a maximum concentration of 306 

390 µmol g-1 DW at high-salt treatments. The exposure of roots to hypoxic conditions had no 307 

effect on the glycine betaine concentration. However, the compatible solute proline showed an 308 

increased concentration with increasing salt treatments and enhanced accumulation under 309 

hypoxia. In general the total amount of free amino acids was higher during hypoxia than in 310 

normoxia. Roots exposed to low oxygen concentrations showed an increased concentration of 311 

free amino acids from 31% up to 41%. 312 
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DISCUSSION 313 

Physiological impact of salinity in S. maritima 314 

Plants grown under normoxic conditions appeared healthy (Fig. 1) and showed no significant 315 

difference in the weight increase for medium- and high-salt concentrations (Table 1). However, 316 

low-salt concentrations inhibited the growth of S. maritima significantly. Plants treated with 317 

high-salt concentrations tended to have a slightly reduced growth rate compared to plants treated 318 

with medium-salt concentrations. This result is consistent with an early study showing that NaCl 319 

stimulates the growth of S. maritima optimally at concentrations of 170 to 340 mM (Yeo and 320 

Flowers, 1980), which equates to the medium-salt treatment in our experimental design. In our 321 

study, an increasing salt concentration did not induce visible stress reactions such as necrosis in 322 

S. maritima under normoxic conditions. However, high salt concentrations significantly 323 

decreased the photosynthetic pigments chlorophyll a, chlorophyll b and beta-carotene 324 

concentrations (Table 2), indicating a degradative effect of high-salt concentrations under 325 

normoxic conditions. Although, the optimal growth range characterized S. maritima as a 326 

halophyte, the high Na+ and Cl- concentrations in our experimental design may exceed the ability 327 

of the cells to compartmentalize these ions in the vacuole, when treated with high-salt 328 

concentrations. A high accumulation of these ions in the cytoplasm could then lead to toxic 329 

effects by inhibiting the activity of enzymes and protein synthesis (Flowers and Yeo, 1986; 330 

Munns, 2002; Flowers et al., 2015). 331 

In shoots and roots the Na+ concentration increased with an increasing salt treatment (Fig. 2 A, 332 

E). Although the external ion concentration in the nutrient solution at the high-salt treatment was 333 

10 times higher compared to the low-salt treatment, the Na+ concentration of shoots and roots 334 

differed by a factor of ~1.6. This is considered as a minor difference in the Na+ concentration 335 



 

16 
 

change between the different treatments and may be explained by a selective uptake of Na+ under 336 

low salinities. Wang et al. (2007) proposed, that the Na+ uptake in S. maritima under low 337 

salinities is mediated by a high affinity K-type transporter and under high salinity by an AKT1-338 

type channel. The lower Na+ concentration in the roots compared to the shoots also indicates a 339 

selective uptake, rapid translocation and accumulation of Na+ ions from the roots into the shoots. 340 

In contrast to S. maritima, salt sensitive plants such as Zea mays show a higher accumulation of 341 

Na+ in the root compared to the shoot when treated with high salt concentrations (Cramer et al., 342 

1994; Zörb et al., 2004). The small difference in the Na+ concentration between the roots and the 343 

shoots of S. maritima will cause a gradient in the osmotic potential. This gradient allows 344 

S. maritima to take up water even when the plant is exposed to very high salinity. The transport 345 

and the accumulation of water into the shoots is a critical physiological function, because 346 

S. maritima is able to dilute high ion concentration in leaves by its leaf succulence (Yeo and 347 

Flowers, 1980; Hajibagheri et al., 1984).  348 

Physiological impacts of salinity combined with hypoxia 349 

Compared to medium-salt concentrations, S. maritima plants treated with low- or high-salt 350 

concentration showed a reduced growth under normoxic conditions (Table 1). This decreased 351 

growth rate was also present under hypoxic conditions. However, the growth reduction of S. 352 

maritima treated with suboptimal salt concentrations (low and high salinity) was stronger under 353 

hypoxic conditions. Furthermore, the combination of high-salt concentrations and hypoxia 354 

resulted in a sharply decreased chlorophyll concentration (Table 2), indicating a severe stress to 355 

the photosynthetic apparatus under these conditions. 356 

The physiological response observed in the chloroplasts may be explained by an ionic imbalance. 357 

The similar physicochemical structures of Na+ and K+ cause a competition of Na+ with K+ for 358 
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transport sites into the symplast, which may result in K+ deficiency (Maathuis, 1999). In our 359 

experimental design we increased the salt concentration by adding artificial sea water to a 360 

hydroponic medium. Therefore, the higher salt treatment contained more Na+, K+, Mg2+, Ca2+ and 361 

Cl- ions compared to the lower salt treatment, but the ratio of the different ions remained equal. 362 

Under normoxic conditions, S. maritima plants treated with increasing salt concentrations 363 

accumulated more Na+ and less K+ in the shoot (Fig. 2 A, B). This observation is consistent with 364 

the study of Wetson and Flowers (2010), investigating the ion uptake and accumulation in 365 

S. maritima plants under normoxic and hypoxic conditions. Under hypoxic conditions this 366 

accumulation pattern was enhanced. In the roots Na+ and K+ accumulated with increased salt 367 

treatment under normoxia (Fig. 2 E, F). The fact that under hypoxic conditions Na+ increased in 368 

the roots and shoots whereas the K+ concentration only increased in the roots but not in the shoots 369 

indicates a predominant transport of Na+ to the shoot. In contrast to normoxia, S. maritima plants 370 

exposed to hypoxia with an increasing salt treatment showed no increase of K+ in the roots. These 371 

findings are consistent with the results of a comparative review of salt-sensitive and tolerant 372 

species by Barrett-Lennard and Shabala (2013), showing that hypoxia under saline conditions 373 

causes a simultaneous increase in Na+ and Cl- concentrations and a decrease in K+ concentration 374 

in shoots. The authors postulated that the increased Na+ concentration may be caused by a limited 375 

exclusion of Na+ through Na+/H+ antiporters, which are fueled by the plasma membrane H+-376 

ATPase. The activity of this proton-pump is pH and ATP dependent (Oh et al., 2010) and may be 377 

limited through hypoxia-induced acidification and ATP limitation (Felle, 2005). The decreased 378 

K+ concentration may be explained by a hypoxia-induced depolarization of the membrane 379 

causing either increased K+ efflux via depolarization-activated outward-rectifying (KOR) K+ 380 

channels, or reduced K+ uptake via inward-rectifying (KIR) K+ channels (Véry and Sentenac, 381 

2002; Shabala, 2003; Barrett-Lennard and Shabala, 2013). The enhanced Na+ accumulation and 382 
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the reduced K+ uptake of S. maritima plants under hypoxic conditions lead to a reduction of the 383 

K+/Na+-ratio. This shift of the K+/Na+-ratio could further limit the photosynthetic efficiency by 384 

accumulation of toxic concentrations of Na+ in the chloroplasts and a deficiency of K+ as a 385 

cofactor for enzymes (Munns et al., 2006; Chaves et al., 2008), which might be a possible 386 

explanation for the decreased chlorophyll concentration in the shoots (Fig. 2 A, B; Table 2). 387 

However, in consideration of S. maritima as a halophyte, the sharp decrease of chlorophyll under 388 

high salinities combined with hypoxia can in our opinion not alone be explained by the toxic 389 

effect of a reduced K+/Na+-ratio. The high Na+ concentrations in these plants combined with 390 

hypoxia might induce the closure of the stomata (Clipson, 1987). As a consequence the CO2/O2 391 

ratio decreases, limiting the CO2 supply for photosynthesis (Hernandez et al., 1999). To prevent 392 

the accumulation of ROS by an over-reduction of the photosynthetic electron transport, some C3 393 

plants like S. maritima might use photorespiration for the dissipation of excess light energy 394 

(Osmond and Grace, 1995).The large increase of glutamine and ammonium with a simultaneous 395 

decrease of glutamate and serine indicate photorespiration of S. maritima when grown under high 396 

salinity combined with hypoxia (Table 3). Although further research of the photorespiration in S. 397 

maritima is still required, the degradation of chlorophyll suggests the formation of ROS and the 398 

accumulation of ROS-scavenging pigments like betacyanin, we only found a slight and non-399 

significant increase of betacyanin in S. maritima. Hayakawa and Agarie (2010) demonstrated an 400 

increase of betacyanin under harsh environmental conditions, inducing photoinhibition. The most 401 

likely explanation for the slight increase of betacyanin under hypoxia might be the moderate light 402 

strength of 280 µmol photons m2 s-1 we used in our experimental design, which could be 403 

insufficient to induce photoinhibition and stimulate the synthesis of betacyanin. 404 
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The role of compatible solutes under salinity combined with hypoxia 405 

An increased salt concentration enhanced the accumulation of proline and glycine betaine in the 406 

roots and shoots of S. maritima. Glycine betaine was the most abundant metabolite in our study. 407 

Surprisingly, very high glycine betaine concentrations were found even in plants treated with 408 

low-salt concentrations. This result can be explained by the high Na+ accumulation we found in 409 

plants treated with low-salt concentrations (Fig. 2). Halophytes like S. maritima take up and 410 

compartmentalize high amounts of Na+ in the vacuole. To stabilize the osmotic equilibrium 411 

between the vacuole and the cytoplasm, glycine betaine is accumulated in the cytoplasm (Chen 412 

and Jiang, 2010). With increasing salt treatments the glycine betaine concentration was enhanced 413 

maximally by two fold at high-salt concentrations. This relatively low increase might be 414 

explained by the already constitutively high glycine betaine concentrations at lower salt 415 

treatments. These results are consistent with other studies which have shown that the primary 416 

function of glycine betaine in S. maritima might be cytoplasmic osmotic adjustment, due to its 417 

very high abundance, cytoplasmic localization and the enhanced accumulation under high-salt 418 

concentrations (Hall et al., 1978; Moghaieb et al., 2004). In roots exposed to hypoxic conditions, 419 

we did not observe a significant difference in the glycine betaine concentration compared to 420 

normoxic conditions. This can be explained by the location of the glycine betaine synthesis. In 421 

higher plants, glycine betaine is synthesized in the chloroplasts and then translocated to the roots 422 

(Ashraf and Foolad, 2007). Before hypoxic conditions were established, high amounts of glycine 423 

betaine would have been accumulated as a part of the osmotic adaption mechanism. The location 424 

of the synthesis and accumulation pattern might explain why hypoxia has no significant effect on 425 

the glycine betaine concentration. 426 

In comparison to glycine betaine, proline only showed a relatively low concentration in roots and 427 

shoots of S. maritima (Tables 3 and 4). However, plants treated with medium- and high-salt 428 
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concentrations showed an up to 9 fold enhanced proline accumulation. The relatively low 429 

concentration of proline in comparison to glycine betaine makes it unlikely that proline plays a 430 

major role in the osmotic adjustment of S. maritima. However, the strong induction under 431 

medium and high-salt treatments indicate that proline might be involved in the protection of 432 

cellular structures against toxic salt concentrations or in the redox buffering system of the plant 433 

(Yancey, 2005; Verslues and Sharma, 2010). 434 

In the shoots, plants treated with medium- and high-salt concentrations showed an enhanced 435 

proline accumulation (Table 3) under hypoxic conditions, indicating a stimulatory effect of 436 

hypoxia on the accumulation of proline under salt-stressed conditions. Generally, the 437 

accumulation of proline during osmotic stress is caused by an enhanced synthesis in the 438 

cytoplasm or plastids and by a reduced degradation in the mitochondria (Elthon and Stewart, 439 

1981; Rayapati et al., 1989; Szoke et al., 1992; Verbruggen and Hermans, 2008). It is suggested, 440 

that the proline synthesis might be involved in the oxidative pentose phosphate pathway by 441 

consuming NADPH generated in the production of ribulose-5-phosphate (Verslues and Sharma, 442 

2010). This link might be beneficial for the plant because CO2, which is released in the oxidative 443 

pentose phosphate pathway, can be re-assimilated in the chloroplasts. During stress-induced 444 

stomatal closure, this mechanism allows continued carbon reduction and may prevent 445 

photoinhibition and the accumulation of ROS in the chloroplast (Hare et al., 1998; Verslues and 446 

Sharma, 2010). The roots of S. maritima generally showed a lower concentration of proline than 447 

the shoots. However, the accumulation pattern was similar to the shoots with an enhanced 448 

accumulation when exposed to hypoxia (Table 4). The fact that the enhanced accumulation of 449 

proline under hypoxic conditions was only found under medium- and high-salt concentrations, 450 

indicates that the combination of these two factors induced a stress for the plant. The function of 451 

proline under these conditions might be the scavenging of ROS or to buffer the pH and the redox 452 
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status of the stressed cells (Verbruggen and Hermans, 2008). To synthesize one molecule of 453 

proline by a glutamate-derived pathway, one molecule of ATP and 2 molecules of NADPH are 454 

needed (Zhang et al., 1995; Hare et al., 1998; Verbruggen and Hermans, 2008). This high energy 455 

demand and the need of reducing equivalents make it unlikely that this pathway of proline 456 

synthesis takes place in roots under hypoxic conditions. We therefore suggest, that in S. maritima 457 

either proline is synthesized in the shoot and then translocated into the roots, or it might be 458 

synthesized by an ornithine driven pathway, which is suggested to play an important role in 459 

proline accumulation during salt stress (Roosens, 1998). The enhanced concentration of ornithine 460 

and of arginine, which is a precursor in the synthesis of ornithine, indicate that this pathway 461 

might play a role in the accumulation of proline. The enhanced accumulation under hypoxia may 462 

also be caused by a disturbed proline catabolism. The degradation of proline to glutamate via 463 

proline dehydrogenase consumes  oxygen, which is limited under hypoxic conditions (Huang and 464 

Cavalieri, 1979; Elthon and Stewart, 1981). The most likely explanation for the enhanced 465 

accumulation under hypoxia is therefore, that the synthesis or the translocation of proline is 466 

induced by the medium- and high-salt concentration. As soon as the plant is exposed to hypoxia, 467 

the accumulated proline will then no longer be catabolized, which leads to an enhanced proline 468 

concentration under oxygen depletion (Fig. 4). The high accumulation of proline might also be 469 

beneficial for the recovery after hypoxic conditions. Once the plant is again exposed to normoxic 470 

conditions, the degradation of proline again produces high amounts of reduction equivalents 471 

which can be used in the reactivated TCA-cycle. 472 

Metabolic adjustments under salinity and hypoxia 473 

The metabolic adjustment of S. maritima plants imposed to hypoxia was more prominent in the 474 

roots than in the shoots (Tables 3 and 4). Hypoxia induced the accumulation of citrate, malate 475 

and succinate (Fig. 4). The accumulation of intermediates of the TCA-cycle during oxygen 476 
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depletion was also observed by several other studies (Roberts et al., 1992; Biemelt et al., 1999; 477 

van Dongen et al., 2009; Rocha et al., 2010); however, the metabolic pathways causing this 478 

accumulation are still uncertain. Metabolite and enzyme-assays of Rocha et al. (2010) suggest 479 

that alanine aminotransferase provides a link between glycolysis and certain TCA-cycle 480 

metabolites during hypoxia. Consistent with this findings, S. maritima shows an accumulation of 481 

alanine and γ-aminobutyric acid (GABA) during hypoxia. The accumulation of alanine during 482 

hypoxia is known in a broad variety of plants (Reggiani et al., 2000; Sousa and Sodek, 2003; 483 

Miyashita and Good, 2008; Salvatierra et al., 2016) and is apparently an adaptive mechanism of 484 

root cells to regulate the accumulation of pyruvate during oxygen depletion (Fig. 4) (Rocha et al., 485 

2010). The availability of pyruvate is an important factor to control the respiration during 486 

hypoxia (Zabalza et al., 2009). Low pyruvate levels limit the respiration rate and help plants to 487 

minimize their oxygen demand. Therefore, the high accumulation of alanine in S. maritima is 488 

another part of its adaptive mechanism to hypoxia. In contrast to ethanol and lactate fermentation, 489 

which were already examined in S. maritima during hypoxia (Wetson et al., 2012), alanine 490 

fermentation has no toxic side effects but does not regain any reducing equivalents. A possible 491 

alternative for regaining these reducing equivalents could be the regeneration of NAD+ via malate 492 

dehydrogenase (MDH) (Rocha et al., 2010). In the reverse reaction MDH catalyses the reduction 493 

of oxaloacetate to malate using NADH as a co-substrate. This reaction might explain the malate 494 

accumulation in our experiment and is also consistent with a previous study of S. maritima 495 

showing an upregulation of four malate dehydrogenases during hypoxia (Wetson et al., 2012).  496 

The accumulation of GABA is also a common phenomenon among different plant species under 497 

hypoxic conditions (Roberts et al., 1992; Miyashita and Good, 2008; Wang et al., 2014). It has 498 

been shown that the synthesis of GABA by glutamate decarboxylase can regulate the cytoplasmic 499 

pH, since the formation of one GABA molecule consumes one proton (Shelp, 1999). The very 500 
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high lactate fermentation rate of S. maritima described by Colmer et al. (2013) would cause an 501 

acidosis and can only be maintained by pH regulatory mechanisms like the formation of GABA. 502 

However, we only measured a distinct increase of GABA in roots of S. maritima when grown 503 

under high salinity combined with hypoxia. The formation of GABA under high salinity may be 504 

explained by an osmoregulatory function (Shelp, 1999). It has also been shown that GABA 505 

catabolism plays an important role in linking the C and N metabolism in roots of NaCl-stressed 506 

Arabidopsis (Renault et al., 2010). In the mitochondria GABA can be converted via GABA-507 

transaminase (GABA-T) into succinic semialdehyde (SSA), which is then oxidized by the 508 

succinic semialdehyde dehydrogenase (SSADH) into succinate. An increased salt treatment had 509 

no significant effect on the succinate formation in the roots of S. maritima. However, plants 510 

exposed to hypoxia showed a sharp increase of succinate in the roots (Fig. 4). The metabolic 511 

pathways leading to an accumulation of succinate during hypoxia are controversial. Further 512 

research is needed to clarify whether the succinate accumulation is mediated through the GABA 513 

shunt (Shelp, 1999) or the activation of 2-oxogluterate dehydrogenase and succinate-CoA ligase 514 

forming succinate from 2-oxoglutarate (Rocha et al., 2010). This partial flux of the TCA-cycle 515 

during hypoxia may be beneficial for the plant because the succinate-CoA ligase activity provides 516 

ATP under hypoxic conditions. 517 

CONCLUSION 518 

The combination of salinity and hypoxia had a great impact on the metabolism of S. maritima, 519 

leading to a wide range of physiological and metabolic changes (Fig. 5). Roots exposed to 520 

hypoxic conditions showed an increased level of TCA-cycle intermediates such as succinate and 521 

malate, indicating a partial flux of the TCA-cycle to regain reduction equivalents. The 522 

concentration of free amino acids in roots also increased during hypoxia, suggesting that the 523 

formation of alanine might contribute to the tolerance of S. maritima by controlling the pyruvate 524 



 

24 
 

concentration in the root. A reduced pyruvate level limits the respiration rate and help the plant to 525 

minimize its oxygen demand. In the shoots, an altered salt treatment exerted a predominant effect 526 

on the metabolic profile of S. maritima. Osmoprotectants such as proline and glycine betaine 527 

accumulated with an increasing salt treatment. Hypoxic conditions induced an enhanced 528 

accumulation of proline under medium- and high-salt concentrations, indicating a metabolic 529 

disorder or perturbation under these conditions. Even though, S. maritima is tolerant to high salt 530 

concentrations and hypoxia, the combination of these two stressors caused an ionic imbalance 531 

and photorespiration, indicating a major stress response to these extreme conditions. 532 
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Fig. 1. Phenotype of S. maritima grown under different salt concentrations and normoxic 748 

and hypoxic conditions. Plants grown for six weeks in a hydroponic culture with low-, medium-749 

, and high-salt concentrations (n = 5). Normoxic and hypoxic conditions were imposed for 5 days 750 

(Scale bar = 5 cm). 751 

 752 

 753 

 754 
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 755 

Fig. 2. Ion concentrations in the shoots and roots of S. maritima. Quantification of sodium (A 756 

and E), potassium (B and F), magnesium (C and G) and calcium (D and H) grown under low-salt 757 

(LS), medium-salt (MS) and high-salt (HS) concentrations. Roots were under normoxic (black) 758 

or hypoxic (grey) conditions for 5 days. Values are presented as means ± SE of five replicates. 759 

Different letters indicate significant differences of the means according to post-hoc Holm-Sidak 760 

test (P ≤ 0.05). 761 
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 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

Fig. 3. Principal component analysis (PCA) showing the pattern of metabolic acclimation of 784 

S. maritima to different salt concentration and hypoxia in the shoots (A) and roots (B). The 785 

PCA was performed with 32 metabolites. Samples showing cluster patterns are marked with 786 

circles (n = 5).  787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 
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 796 

Fig. 4. Selected metabolites of the TCA-cycle and the GABA shunt in roots of S. maritima. 797 

Plants were grown under low-salt (LS), medium-salt (MS) and high-salt (HS) concentrations. 798 

Normoxic (black) and hypoxic (grey) conditions were imposed for 5 days. Values are presented 799 

as means ± SE of five replicates. Marked hypoxic bars (*) were significantly different from the 800 

respective normoxic treatment (P ≤ 0.05). Dotted lines illustrate inhibited pathways under 801 

hypoxic conditions. ALAT, alanine aminotransferase; ARG; arginase, ASAT, aspartate 802 

aminotransferase; GABA, gamma-aminobutyric acid; GABA-T, GABA-transaminase; GAD, 803 

glutamate decarboxylase; GOGAT, GS, glutamine synthetase; PDH, proline dehydrogenase; 804 

P5C, Δ1-pyrroline-5-carboxylate; P5CDH, P5C dehydrogenase; P5CR, P5C reductase; P2RC, 805 

P2C reductase; P5CS, P5C synthase; OαAT; ornithine-α-aminotransferase; OδAT, ornithine-δ-806 

aminotransferase. 807 

 808 
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 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

Fig. 5. Schematic summary of the physiological and metabolic adjustment of S. maritima to 819 

salinity combined with hypoxia. The adjustment of S. maritima to different oxygen levels are 820 

represented by a blue arrow for normoxia and by a red arrow for hypoxia. The orientation of the 821 

arrows imply the physiologic and metabolic changes with an increasing salt treatment: up,  822 

increasing level; down, decreasing level; horizontal, steady level. The length of the red arrows 823 

represent the magnitude of physiologic and metabolic changes compared to normoxia. Arrows 824 

pointing in both directions illustrate no differences between normoxic and hypoxic conditions. 825 

Table 1. Fresh weight increase of S. maritima plants under different salt concentrations and 826 

normoxic and hypoxic conditions. Total weight increase per plant at 5 days of stress duration. 827 

Low-salt, 10% artificial sea water (ASW); medium-salt, 50% ASW; high-salt, 100% ASW.  828 

Values are presented as means ± SE of five replicates. Different letters indicate significant 829 

difference of the means according to post-hoc Holm-Sidak test (P ≤ 0.05).  830 

Treatment 

Fresh weight increase per plant 

[g]  ± SE 

Normoxia   Hypoxia   

Low-salt 5.8 ± 0.9 b 4.6 ± 0.5 b 

Medium-salt 9.3 ± 0.7 a 10.7 ± 1.4 a 

High-salt 8.8 ± 0.7 a 2.0 ± 0.4 c 
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 831 

Table 2. Pigment concentration in the shoots of S. maritima grown under different salt 832 

concentrations and hypoxia. Normoxic or hypoxic conditions were imposed for 5 days. Low-833 

salt, 10% artificial sea water (ASW); medium-salt, 50% ASW; high-salt, 100% ASW. Values are 834 

presented as means ± SE of five replicates. Different letters indicate significant difference of the 835 

means according to post-hoc Holm-Sidak test (P ≤ 0.05). 836 

Treatment 
Chlorophyll a   Chlorophyll b   Beta-Carotene   Betacyanin 

[mmol g-1 DW]  [mmol g-1 DW]  [mmol g-1 DW]  [µmol g-1 DW] 

Low-salt Normoxia 96.6 ± 4.2 a   30.1 ± 1.3 a   9.7 ± 0.3 a   15.1 ± 2.1 a 

 Hypoxia 92.1 ± 5.1 a  26.1 ± 1.5 b  9.2 ± 0.6 a  15.5 ± 2.3 a 

Medium-salt Normoxia 86.5 ± 4.5 ab  26.5 ± 1.2 ab  8.2 ± 0.6 ab  10.6 ± 2.9 a 

 Hypoxia 74.6 ± 3.8 b  22.3 ± 1.2 c  7.5 ± 0.4 b  12.0 ± 0.9 a 

High-salt  Normoxia 75.7 ± 5.9 b  21.7 ± 1.6 c  5.7 ± 0.5 b  13.7 ± 1.6 a 

  Hypoxia 14.9 ± 3.7 c   4.5 ± 1.1 d   0.8 ± 0.2 c   16.2 ± 1.2 a 

  837 
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Table 3. Concentration (µmol g-1 DW) of metabolites in the shoots of S. maritima under 838 

different salt and normoxic or hypoxic conditions. Low-salt, 10% artificial sea water (ASW); 839 

medium-salt, 50% ASW; high-salt, 100% ASW. ƩAA, total amino acid concentration. Different 840 

letters indicate significant difference of the means according to post-hoc Holm-Sidak test (P ≤ 841 

0.05). Marked (*) metabolites were statistically not evaluable (n = 5). 842 

Metabolite 
Low-salt  Medium-salt  High-salt 

Normoxia Hypoxia  Normoxia Hypoxia  Normoxia Hypoxia 

Glutamate 24.5 ab 26.3 a  21.3 ab 18.4 b  16.9 b 6.3 c 

Glutamine 23.4 ab 29.8 a  23.6 ab 29.2 a  24.4 b 38.3 a 

Histidine 0.2 b 0.2 b  0.2 b 0.2 b  0.2 b 2.4 a 

Proline 2.5 d 2.8 d  8.6 c 21.7 b  19.8 b 95.1 a 

Arginine 0.3 b 0.2 b  0.2 b 0.7 a  0.1 b 1.7 a 
               

Aspartate 16.7 a 17.2 a  16.8 a 12.4 a  15.3 a 3.1 b 

Asparagine 1.9 ab 2.2 ab  1.7 b 2.3 ab  1.5 b 4.1 a 

Threonine 2.5 a 2.7 a  2.2 a 2.3 a  1.9 b 1.5 c 

Isoleucine 3.0 ab 3.9 a  2.1 b 3.6 a  2.7 ab 3.0 ab 

Methionine 0.1 b 0.1 b  0.1 b 0.1 b  0.1 b 0.2 a 

Lysine 0.3 ab 0.3 ab  0.2 b 0.2 b  0.2 b 0.6 a 
               

Serine 29.4 a 30.4 a  17.6 b 20.4 b  11.1 c 7.5 d 
               

Tryptophan 0.2 b 0.3 b  0.2 b 0.3 b  0.1 b 0.7 a 

Tyrosine 0.7 ab 0.7 ab  0.6 b 0.5 b  0.5 b 1.1 a 

Phenylalanine 0.6 b 0.7 b  0.6 b 0.7 b  0.5 b 1.5 a 
               

β-Alanine 0.5 b 0.5 b  0.4 b 0.5 b  0.5 b 1.3 a 

α-Alanine 10.5 a 10.3 a  13.2 a 10.3 a  12.8 a 3.9 b 

Leucine 0.4 b 0.4 b  0.7 ab 0.4 b  0.4 b 0.8 a 

Valine 1.3 b 1.4 b  1.5 b 1.4 b  1.4 b 2.3 a 
               

ƩAA 119.0  130.5   111.6  125.7   110.3  175.2  
               

Ammonium 7.8 b 6.6 bc  4.9 c 6.5 bc  5.8 bc 22.3 a 

GABA 2.2 a 2.6 a  1.6 a 1.8 a  1.2 ab 0.8 b 

Glycine betaine 305.1 c 322.1 c  379.5 b 394.9 b  478.5 a 413.9 b 
               

Sucrose 24.1 a 32.6 a  30.9 a 38.6 a  34.8 a 41.6 a 

Glucose 10.1 a 9.6 a  7.9 a 4.2 b  6.0 a 7.5 a 

Fructose 9.8 a 9.8 a  7.9 a 4.5 b  7.1 a 7.2 a 

Citrate* 1.4  1.9   1.8  2.1   1.7  1.7  

Malate* 22.2  23.2   24.6  24.8   25.0  20.7  

Succinate 2.0 a 1.6 ab  1.7 ab 2.0 a  2.1 a 1.2 b 

Glycerate 1.7 a 2.3 a  1.5 a 1.7 a  1.7 a 2.2 a 

Myo-inositol 0.6 a 0.7 ab  0.5 a 0.4 b  0.4 b 0.3 c 
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Table 4. Concentration (µmol g-1 DW) of metabolites in the roots of S. maritima under 843 

different salt and normoxic or hypoxic conditions. Low-salt, 10% artificial sea water (ASW); 844 

medium-salt, 50% ASW; high-salt, 100% ASW. ƩAA, total amino acid concentration. Different 845 

letters indicate significant difference of the means according to post-hoc Holm-Sidak test (P ≤ 846 

0.05). Marked (*) metabolites were statistically not evaluable (n = 5). 847 

Metabolite 
Low -salt   Medium-salt   High-salt 

Normoxia Hypoxia   Normoxia Hypoxia   Normoxia Hypoxia 

Glutamate 21.5 a 19.6 a  14.5 a 13.1 a  12.6 a 6.3 b 

Glutamine 24.3 b 59.7 a  23.3 b 61.0 a  27.7 b 25.1 b 

Histidine 0.8 b 1.0 b  0.4 c 1.1 b  0.8 b 2.1 a 

Ornithine 0.024 b 0.031 b  0.021 b 0.025 b  0.023 b 0.063 a 

Proline 1.3 e 1.9 e  3.3 d 9.7 c  12.0 b 45.0 a 

Arginine 1.1 ab 1.3 ab  0.7 ab 1.4 ab  0.5 b 3.1 a 
               

Aspartate 8.5 a 6.7 a  5.8 a 3.3 b  4.5 b 2.0 c 

Asparagine 3.8 b 4.4 ab  3.2 b 4.3 ab  3.2 b 5.6  

Threonine* 2.2  2.3   2.0  1.7   2.0  2.0  

Isoleucine 0.8 b 1.0 b  0.7 b 0.7 b  0.8 b 1.7 a 

Methionine* 0.2  0.2   0.1  0.1   0.1  0.1  

Lysine 0.9 b 1.0 b  0.6 c 1.0 b  0.5 c 1.7 a 
               

Serine* 10.9  10.8   10.2  9.5   9.8  8.5  
               

Tryptophan 0.8 b 0.9 b  0.6 b 0.8 b  0.7 b 1.8 a 

Tyrosine* 1.9  1.5   1.6  1.4   1.9  1.8  

Phenylalanine 0.4 b 0.6 ab  0.3 b 0.4 b  0.4 b 0.7 a 
               

β-Alanine 0.5 b 0.6 b  0.7 b 0.9 b  1.2 a 1.6 a 

α-Alanine 3.1 d 6.2 c  4.1 d 12.5 b  3.9 d 20.4 a 

Leucine 0.7 b 0.8 b  0.6 b 0.7 b  0.5 b 1.6 a 

Valine 1.2 b 1.6 b  1.1 b 1.4 b  1.2 b 3.2 a 
               

ƩAA 84.8  122.2   73.9  125.1   84.3  134.2  
               

Ammonium 5.1 b 9.0 b  7.2 b 10.1 b  13.0 a 17.0 a 

GABA 7.9 b 10.3 c  7.3 b 10.3 c  7.0 b 19.4 a 

Glycine betaine 205.3 c 204.5 c  325.2 b 353.7 ab  390.1 a 390.2 a 
               

Sucrose 48.1 a 44.5 a  35.1 a 38.8 a  41.5 a 17.1 b 

Glucose 5.1 b 5.7 b  11.2 a 14.4 a  13.5 a 18.4 a 

Fructose 6.3 c 9.8 b  9.9 b 19.3 a  16.3 a 17.3 a 

Sorbitol 2.9 a 2.7 a  2.2 a 2.0 a  1.8 a 0.6 b 

Trehalose 0.3 c 0.3 c  0.3 c 0.6 b  0.4 c 1.1 a 

Citrate 4.5 a 6.6 a  2.2 b 5.7 a  2.8 b 2.9 b 

Malate 5.9 b 8.5 ab  3.3 b 7.4 a  4.5 b 5.9 a 

Succinate 0.9 b 3.0 a  0.8 b 2.3 a  1.1 b 3.4 a 

Myo-inositol 0.8 a 0.8 a  0.5 c 0.6 bc  0.4 c 0.7 ab 
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