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Summary Text for the Table of Contents 16 

Responses to salinity and drought were analysed in three rush species with different degrees of 17 

salt tolerance. The most tolerant species, sea rush and spiny rush, inhibit more efficiently the 18 

transport of toxic ions to the aerial part of the plants, activate potassium transport at high external 19 

salt concentrations, and accumulate much higher levels of proline as osmoprotectant. These 20 

findings contribute to elucidate relevant stress tolerance mechanisms in Juncus species. 21 

 22 

Abstract. Comparative studies on the responses to salinity and drought were carried out in three 23 

Juncus species, two halophytes (J. maritimus Lam. and J. acutus L.) and one more salt-sensitive 24 

(J. articulatus L.). Salt tolerance in Juncus depends on the inhibition of transport of toxic ions to 25 

the aerial part: in the three taxa, Na
+
 and Cl

-
 accumulated to the same extent in the roots of salt 26 

treated plants; however, ion contents were lower in the shoots and correlated with the relative 27 

salt sensitivity of the species, with the lowest levels measured in the halophytes. Activation of K
+
 28 

transport at high salt concentration could also contribute to salt tolerance in the halophytes. 29 

Maintenance of cellular osmotic balance is mostly based on the accumulation of sucrose in the 30 
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three species. Yet, neither the relative salt-induced increase in sugar content, nor the absolute 31 

concentrations reached can explain the observed differences in salt tolerance. Proline, on the 32 

contrary, increased significantly in the presence of salt only in the salt-tolerant J. maritimus and 33 

J. acutus, but not in J. articulatus. Similar patterns of osmolyte accumulation were observed in 34 

response to water stress, supporting a functional role of proline in stress tolerance mechanisms in 35 

Juncus. 36 

  37 

Keywords: abiotic stress; drought tolerance; halophytes; ion transport; proline accumulation; 38 

salt tolerance. 39 

 40 

Introduction 41 

Salinity, together with drought, is one of the most severe environmental stress factors which 42 

shape the distribution of plant species in nature, and is also responsible for large losses in crop 43 

production worldwide: accumulation of salts dissolved in irrigation water is leading to the 44 

progressive ‘secondary’ – of anthropic origin – salinisation of arable land, mainly in arid and 45 

semi-arid regions; this problem will worsen in the near future due to the effects of climate 46 

change (Boyer 1982; Bartels and Sunkar 2005; Watson and Byrne 2009; IPCC 2014; Fita et al. 47 

2015). While all major crops and most wild species are relatively sensitive to salt stress, some 48 

plants – the halophytes – have evolved different mechanisms that allow them to withstand high 49 

salinity levels in their natural habitats.  50 

Studies on the responses to salt stress have provided overwhelming evidence that plants 51 

react to increased soil salinity by activating a series of basic, conserved response mechanisms, 52 

including the control of ion transport, maintenance of cellular osmotic balance, the synthesis of 53 

‘protective’ metabolites and proteins, or the activation of antioxidant systems (Zhu 2001; 54 

Vinocur and Altman 2005; Hussain et al. 2008; Ozgur et al. 2013; Bose et al. 2014; Kumari et 55 

al. 2015; Volkov 2015). Activation of these mechanisms counteracts, at least partly, the 56 

deleterious effects of high salinity in the soil, which are the result of the two components of salt 57 

stress: osmotic (water) stress, leading to cellular dehydration, and salt (ion) toxicity, causing 58 

inhibition of metabolic processes and affecting mineral nutrition (Schulze et al. 2005; Munns and 59 

Tester, 2008). The osmotic effect is not specific for salt stress: other environmental conditions, 60 

such as drought, cold, or high temperatures, also cause dehydration in plant cells; therefore, one 61 

of the commonest mechanisms of response to different stressful conditions is based on the 62 
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biosynthesis and accumulation of organic compatible solutes or osmolytes – such as proline, 63 

glycine betaine, soluble sugars or polyalcohols – for osmotic adjustment (Munns and Termaat 64 

1986; Chen and Murata 2008; Flowers and Colmer 2008; Munns and Tester 2008; Szabados and 65 

Savouré 2010; Gil et al. 2013). 66 

These basic responses against salinity are shared by all plants, and their activation does 67 

not necessarily lead to salt tolerance; in fact, as mentioned above, most plant species are 68 

glycophytes; that is, salt sensitive. Therefore, salt tolerance, which varies widely in different 69 

species, must depend on the relative efficiency of the aforementioned mechanisms of response 70 

(Pang et al. 2010; Kumari et al. 2015). Moreover, there is no single halophytic ‘model species’, 71 

as different salt tolerant plants use different mechanisms to efficiently cope with the deleterious 72 

effects of high soil salinity. Yet, the relative contribution of different salt stress responses to salt 73 

tolerance in a given species – or in a group of related taxa – remains largely unknown.  74 

In agreement with these ideas, we believe that performing comparative studies on the 75 

responses to salt stress of genetically related taxa with different degrees of tolerance – such as 76 

congener wild species adapted to distinct habitats – will help to elucidate relevant salt tolerance 77 

mechanisms. Our working hypothesis is that, if a specific response to salt stress contributes 78 

significantly to salt tolerance, it should be more efficiently activated in the more tolerant taxa. 79 

Therefore, our proposed experimental approach is based on the correlation of the relative salt 80 

tolerance of the species under study with salt-induced changes in the levels of biochemical 81 

markers associated to particular response pathways. 82 

The genus Juncus seems to be appropriate for this kind of comparative studies. It 83 

includes more than 300 species, salt-sensitive and salt-tolerant (Wilson et al. 1993), growing 84 

over a wide geographic range covering all continents (except Antarctica), and a spectrum of 85 

ecological habitats extending from salt marshes for the most tolerant species, to humid non saline 86 

areas where more sensitive species of the genus flourish.  87 

Three species adapted to different natural habitats were chosen for this study. J. 88 

maritimus Lam. is a halophyte, common in temporarily flooded wetlands in the temperate 89 

regions of the world, including the Mediterranean basin. J. acutus L. is a sub-cosmopolitan 90 

species, that often coexist with J. maritimus but is common also on dunes, where water is the 91 

main limiting ecologic factor; it has been reported as less salt tolerant than J. maritimus (Boscaiu 92 

et al. 2011; 2013). J. articulatus L. seems to be a much more sensitive species, generally 93 

growing in fresh water environments; it is frequent in the northern hemisphere and in Australia, 94 
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in different humid areas such as wetlands, and along the margins of drains, irrigation channels, 95 

creeks and rivers (Albrecht 1994; Chambers et al. 1995). However, to our knowledge, no 96 

previous study has been carried out on the stress tolerance of this Juncus species under 97 

controlled conditions. 98 

Regarding the taxonomic relation of the three Juncus species, J. acutus and J. maritimus 99 

are recognised as close taxa, belonging to the same subgenus (Juncus), whereas J. articulatus 100 

was classified within the subgenus Septati Buchenau, section Ozophyllum Dumort (Fernádez-101 

Carvajal 1981); these relationships within the genus have been confirmed by molecular 102 

systematic studies (Drábkóva et al. 2006; Jones et al. 2007). 103 

The major aim of this work was to correlate the relative salt tolerance of the 104 

aforementioned Juncus species – established from their distribution in nature and by 105 

measurements of salt-induced growth inhibition under controlled experimental conditions – with 106 

specific responses based on the control of ion transport and the accumulation of different 107 

osmolytes. Since the responses to drought and salinity partly overlap, the analysis was extended 108 

to plants subjected to water stress treatments, to check whether the same mechanisms were 109 

responsible for the relative resistance of the analysed Juncus species to both stresses. In line with 110 

the ideas discussed above, the results of this study should contribute to our knowledge on the 111 

general mechanisms of stress tolerance in plants and, particularly, should help to distinguish 112 

those stress responses that are relevant for tolerance in Juncus, from those that are not. 113 

 114 

Material and methods  115 

Plant material and experimental design 116 

Seeds of J. acutus and J. maritimus were harvested in a salt marsh located in ‘La Albufera’ 117 

Natural Park (Province of Valencia, Spain), and those of J. articulatus in a non-saline area of the 118 

same Natural Park. Seeds were sown directly into a moistened mixture of peat (50%), perlite 119 

(25%) and vermiculite (25%), in 1 L pots (Ø = 11 cm) placed in 55 x 40 cm plastic trays (12 pots 120 

per tray). Three weeks after sowing, seedlings were transferred to individual pots with the same 121 

substrate and grown for additional three weeks. During the entire course of germination and 122 

seedling growth, the substrate was kept moist, by adding 1.5 L of Hoagland nutritive solution to 123 

each tray, twice a week. Water and salt stress treatments were then started, six weeks after 124 

sowing, selecting five individual pots with seedlings of the same size for each species and 125 

treatment (control, different salt concentrations and water stress). The control plants were 126 
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maintained under the same conditions as before, watering them twice a week with 1.5 L 127 

Hoagland nutritive solution per tray. Salt stress treatments were performed by adding to each 128 

tray the same volume of nutritive solution, but containing NaCl at the final concentrations of 129 

100, 200 or 400 mM; these solutions were freshly prepared by dissolving the required amount of 130 

solid NaCl in the standard Hoagland solution. Artificial drought treatments were initiated at the 131 

same time, by completely ceasing irrigation of the plants, which otherwise were maintained 132 

under the same conditions as the controls. All experiments, from germination of the seeds to the 133 

stress treatments, were conducted in a controlled environment chamber in the greenhouse, under 134 

the following conditions: long-day photoperiod (16 hours of light), temperature fixed at 23
o
C 135 

during the day and 17
o
C at night, and a CO2 level of ca. 300 ppm, measured with a Vaisala 136 

GMD20 duct mounted carbon dioxide transmitter. Humidity in the growth chamber was 137 

monitored with a Testo humidity data logger (model 174H), and ranged between 50 and 80%. 138 

After eight weeks of treatment, all salt-stressed, water-stressed and control plants (5 replicas per 139 

treatment and per species) were harvested and plant material used for further analyses. 140 

 141 

Soil analysis 142 

Electrical conductivity (EC1:5) of the substrate was measured after eight weeks of treatment. Soil 143 

samples were taken from five pots of each treatment, air-dried and then passed through a 2-mm 144 

sieve. A soil:water (1:5) suspension was prepared in deionised water and mixed for one hour at 145 

600 u/min, at room temperature. Electric conductivity was measured with a Crison Conductivity 146 

meter 522 and expressed in dS m
-1

(Gil et al. 2011). 147 

 148 

Plant growth parameters 149 

The following growth parameters were determined at the end of the stress treatments: length of 150 

the longest shoot, fresh weight (FW), dry weight (DW) and water content (WC %) of the shoots. 151 

To obtain the water content, part of the fresh material was weighed (FW), dried for four days at 152 

65°C, until constant weight, and then weighed again (DW); the water content percentage was 153 

calculated by the following formula: WC (%) = [(FW – DW)/ FW] x 100 (Gil et al. 2014). 154 

 155 

Ion content measurements 156 

Contents of potassium, sodium and chloride were determined in shoots and roots of the plants 157 

sampled after the stress treatments. Measurements were performed according to Weimberg 158 
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(1987), in aqueous extracts obtained by incubating the samples (0.15 g of dried and ground plant 159 

material in 25 mL of water) for 1 h at 95ºC in a water bath, followed by filtration through a filter 160 

paper (particle retention 8-12 µm). Sodium and potassium were quantified with a PFP7 flame 161 

photometer (Jenway Inc., Burlington, USA) and chlorides were measured using a Merck 162 

Spectroquant Nova 60
®
 spectrophotometer and its associated test kit (Merck, Darmstadt, 163 

Germany).  164 

 165 

Osmolyte quantification 166 

Proline (Pro) content was determined in fresh plant material by the ninhydrin-acetic acid method 167 

described by Bates et al. (1973). Pro was extracted in 3% aqueous sulfosalicylic acid, the extract 168 

was mixed with acid ninhydrin solution, incubated for 1 h at 95ºC, cooled on ice and then 169 

extracted with two volumes of toluene. The absorbance of the organic phase was measured at 170 

520 nm, using toluene as a blank. Pro concentration was expressed as µmol g
-1

 DW. 171 

Glycine betaine (GB) was determined in dried plant material, according to Grieve and 172 

Grattan (1983). The sample was ground with 2 mL of Mili-Q water, and then extracted with 1, 2-173 

dichlorethane; the absorbance of the solution was measured at a wavelength of 365 nm. GB 174 

concentration was expressed as µmol g
-1

 DW.  175 

Total soluble sugars (TSS) were quantified according to the method described by Dubois 176 

et al. (1956). Dried material was ground and mixed with 3 mL of 80% methanol on a rocker 177 

shaker for 24–48 h. Concentrated sulphuric acid and 5% phenol was added to the sample and the 178 

absorbance was measured at 490 nm. TSS contents were expressed as ‘mg equivalent of glucose’ 179 

per gram of DW.  180 

 181 

HPLC analysis of carbohydrates 182 

The soluble sugar fraction (mono and oligosaccharides) was analysed using a Waters 1525 high 183 

performance liquid chromatography system coupled to a 2424 evaporative light scattering 184 

detector (ELSD). The source parameters of ELSD were the following: gain 75, data rate 1 point 185 

per second, nebulizer heating 60%, drift tube 50ºC, and gas pressure 2.8 Kg/cm
2
. Analysis was 186 

carried out injecting 20 µL aliquots with a Waters 717 auto-sampler into a Prontosil 120-3-amino 187 

column (4.6 x 125 mm; 3 µm particle size) maintained at room temperature. An isocratic flux (1 188 

mL/min) of 85% acetronitrile (J.T. Baker - Avantor Performance Materials) during 25 minutes 189 

was applied in each run. Glucose, fructose and sucrose were identified and quantified with the 190 
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Waters Empower Pro software by co-injection of the authentic standard compounds (purchased 191 

from Sigma Aldrich). Identification of sugars in the plant extracts was performed by spiking the 192 

samples with known amounts of glucose, fructose and sucrose. 193 

 194 

Statistical analysis 195 

Data were analysed using the programme Statgraphics Centurion XVI. Before the analysis of 196 

variance, the Shapiro-Wilk test was used to check for validity of normality assumption and 197 

Levene’s test for the homogeneity of variance. If ANOVA requirements were accomplished, the 198 

significance of the differences among treatments was tested by one-way ANOVA at a 95% 199 

confidence level and post hoc comparisons were made using the Tukey HSD test. All means 200 

throughout the text are followed by SD. 201 

 202 

Results  203 

Effects of salt stress  204 

Electrical conductivity of substrates 205 

Electrical conductivity (EC1:5) was recorded in samples of the pot substrates after eight weeks of 206 

salt and water stress treatments. For all species, a similar increase in EC1:5 was detected in 207 

parallel to the increase of NaCl concentrations, reaching about 14 dS m
-1

 in the pots watered with 208 

nutritive solution containing NaCl at a final concentration of 400 mM (data not shown); this 209 

confirms the high correlation between EC1:5 and the concentration of the saline solutions used in 210 

the treatments. As expected, the water stress treatments did not modify the electrical conductivity 211 

of the substrates in the pots, for any of the three studied Juncus species, as compared with the 212 

corresponding controls (data not shown). 213 

 214 

Growth parameters 215 

Salt treatments inhibited growth of Juncus plants, in a concentration-dependent manner, as 216 

shown by determination of several growth parameters (Fig. 1). For example, the length of the 217 

longest shoot was reduced in J. articulatus and J. acutus by nearly twofold in the presence of 218 

400 mM NaCl, with respect to the control, non-stressed plants. A slightly smaller relative 219 

reduction in shoot length (about 1.5-fold) was observed in J. maritimus under the same 220 

conditions (Fig. 1a). Plant mass accumulation also decreased in response to salt stress; the 221 

relative reduction of fresh weight in the 400 mM NaCl treatment, when compared with the 222 
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corresponding controls, was similar for J. acutus and J. maritimus (65% and 70%, respectively) 223 

but of more than 90% in J. articulatus (Fig. 1b), thus confirming that this species is the most 224 

sensitive to salinity of the analysed Juncus taxa, as suggested by its distribution in nature. Water 225 

contents decreased with increasing external salt concentrations, from about 80% in control plants 226 

to 65%, approximately, in plants treated with 400 mM NaCl, without significant differences 227 

detected in the three Juncus species under study (Fig. 1c). Therefore, the observed salt-dependent 228 

reduction of fresh mass accumulation is indeed due mostly to growth inhibition, and not simply 229 

to loss of water under salt stress conditions.  230 

 231 

Ions contents in roots  232 

Na
+
 levels increased in the roots of the three Juncus species, in parallel to increasing salt 233 

concentrations in the nutritive solution (Fig. 2a), reaching similar levels – between 3000 and 234 

3500 µmol g
-1

 DW – in plants of the three taxa treated with 400 mM NaCl. A nearly identical 235 

pattern of salt-induced Cl
-
 accumulation in roots was also observed in all species, reaching about 236 

3300 µmolg
-1

 DW at the highest NaCl concentration tested (400 mM NaCl) (Fig. 2b). 237 

In general, K
+
 levels in roots did not vary significantly in response to the salt treatments 238 

applied (Fig. 2c), although the concentrations measured in J. articulatus were about half of those 239 

determined in J. acutus and J. maritimus. K
+
/Na

+
 ratios in the roots of the control plants were 240 

much higher in J. acutus and J. maritimus (> 2) than in J. articulatus (about 0.5), and these 241 

values decreased in the presence of NaCl, in the three Juncus species (Fig. 2d). 242 

 243 

Ions contents in shoots 244 

Contrary to what was observed in the roots, where similar concentrations of Na
+
 and Cl

-
 were 245 

measured in the three Juncus species, accumulation of these ions in the shoots differed 246 

quantitatively in the three taxa, depending on their relative degree of salt tolerance. Although 247 

Na
+
 and Cl

-
 levels increased in response to salt, in a concentration-dependent manner, the highest 248 

contents were measured in J. articulatus, the most salt-sensitive of the analysed taxa, while the 249 

lowest levels were detected in the most tolerant, the halophyte J. maritimus (Figs. 3a, b). It 250 

should be pointed out that, in all cases, the Na
+
 and Cl

-
 concentrations reached were significantly 251 

lower in the shoots than in the roots of the plants, especially those of Na
+
, with the largest 252 

differences observed in the most tolerant Juncus species (compare Figs. 2a, b with Figs. 3a, b).  253 



9 
 

Accumulation of K
+
 in shoots, in the presence of increasing NaCl concentrations, also 254 

showed different patterns depending on the relative tolerance of the species under study. In J. 255 

articulatus, K
+
 concentrations were higher than in the other taxa – and also almost three-fold 256 

higher than in J. articulatus roots – but did not change significantly with the different salt 257 

treatments (Fig. 4c). In the halophytes J. maritimus and J. acutus, on the other hand, K
+
 contents 258 

in shoots decreased at low salinity levels, with reference to non-treated control plants, but 259 

increased again in the presence of high external NaCl concentrations (Fig. 3c). K
+
/Na

+
 ratios in 260 

the shoots of the control plants were relatively high, between 10 and 20, but dropped below 0.5 261 

in the presence of NaCl (Fig. 3d). 262 

 263 

Osmolyte contents 264 

The levels of common osmolytes – proline, glycine betaine, total soluble sugars – were 265 

determined in shoots of the three Juncus species, after treatment with increasing NaCl 266 

concentrations (Fig. 4). A significant, salt-induced accumulation of these compatible solutes 267 

(which were present at similar concentrations in all control plants), was observed in all cases, 268 

although with quantitative differences in the different taxa. Thus, a large increase in Pro contents 269 

was detected in the halophytes J. acutus and J. maritimus upon the salt treatments, reaching 270 

nearly 60-fold over the non-treated controls in the presence of 400 mM NaCl; under the same 271 

conditions, Pro levels remained very low, increasing only 2-fold in the less tolerant J. articulatus 272 

(Fig. 4a). This clearly different behaviour of the salt tolerant and salt sensitive Juncus species 273 

was not observed for the other tested osmolytes, GB and TSS, which showed similar salt-274 

dependent accumulation patterns in the three taxa. Salt-treated J. acutus and J. maritimus plants 275 

accumulated somewhat higher concentrations of GB and TSS, respectively, and their levels were 276 

slightly lower in J. articulatus than in the halophytes (Fig. 4b, c), but these differences were by 277 

far smaller than those observed in Pro contents.  278 

HPLC fractionation of the extracts revealed three major peaks of soluble carbohydrates, 279 

corresponding to glucose, fructose and sucrose (Fig. 5). All three sugars accumulated in the 280 

shoots of salt-treated J. articulatus plants, reaching similar concentrations (approximately 150 281 

µmol g
-1

 DW) in the presence of 400 mM NaCl, the highest concentration tested. In the 282 

halophytes J. acutus and J. maritimus a large increase in sucrose contents – but not in those of 283 

glucose or fructose – was observed in response to the salt treatments (Fig. 5).  284 

 285 
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Effects of drought stress 286 

The same parameters measured in salt-treated plants were determined as well in Juncus plants 287 

subjected to a water stress treatments – eight weeks after they were watered for the last time. 288 

Drought also inhibited growth, as indicated by the reduction in the length of the longest shoot of 289 

the plants (Fig. 6a) and, more clearly, by a strong relative reduction in the fresh weight of the 290 

water-stressed plants as compared to the non-stressed controls (Fig. 6b). According to this 291 

criterion, the less salt-tolerant J. articulatus is also the taxon most sensitive to drought, showing 292 

a FW reduction of 97% after eight weeks without water (the corresponding values for J. 293 

maritimus and J. acutus were 88% and 83%, respectively) (Fig. 6b). These data suggested that 294 

the effect of water stress on plant growth was stronger than that of salt stress at the highest NaCl 295 

concentration tested. However, in this case the reduction of fresh mass was partly due to loss of 296 

water, which ranged between 70% (in J. maritimus) and 90% (in J. acutus) (Fig. 6c), values 297 

much higher than those observed in salt-treated plants (Fig. 1). In any case, the relative drought 298 

tolerance of the three Juncus species was maintained when growth inhibition was calculated in 299 

terms of dry weight reduction as compared to the corresponding controls (data not shown). 300 

As it should be expected, ions contents (sodium, chloride, and potassium), showed no 301 

significant changes in roots or shoots of the three studied Juncus species under water stress (see 302 

‘supplementary material’, Fig. S1). 303 

Concerning osmolyte contents under water stress conditions, the accumulation patterns of 304 

Pro, GB and TSS were similar to those observed in the presence of NaCl. Thus, drought induced 305 

a strong increase in Pro levels in the halophytes, between 50 and 70-fold higher than in the 306 

controls, reaching almost 200 µmol g
-1

 DW in the most tolerant J. maritimus; in J. articulatus, 307 

the most stress-sensitive taxon, Pro levels remained very low, with only a ca. twofold increase in 308 

the shoots of the water-stressed plants (Fig. 7a). Water stress also induced the accumulation of 309 

GB (Fig. 7b) and TSS (Fig. 7c), but to a much lesser extent, between 2- and 3-fold over the 310 

controls, and without large differences between the three Juncus species. 311 

The drought-dependent increase in the levels of soluble sugars detected in all three 312 

Juncus taxa was due to accumulation of sucrose, as demonstrated after the carbohydrates were 313 

separated and quantified by HPLC. Sucrose contents strongly increased in water stressed plants, 314 

reaching values of 160 – 180 µmol g
-1

 DW, without clear differences in the different species 315 

(Fig. 7f). Contrary to what was observed in salt-treated plants, water stress treatments did not 316 

induce the accumulation of glucose or fructose in J. articulatus; in fact, there was a significant 317 
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reduction in the levels of these two sugars after the drought treatment. In the halophytes J. 318 

maritimus and J. acutus, either no significant changes or only small reductions in the contents of 319 

glucose and fructose were detected (Fig. 7d, e). 320 

 321 

Discussion 322 

The most general effect of stress on plants is inhibition of growth, as the plants redirect their 323 

resources – metabolic precursors and energy – from primary metabolism and biomass 324 

accumulation to the activation of specific defence mechanisms (Munns and Tester 2008; Gupta 325 

and Huang 2014). Accordingly, growth inhibition in the presence of salt has been reported for all 326 

investigated species, halophytes and glycophytes alike, although extremely salt-tolerant 327 

dicotyledonous halophytes may show a slight stimulation of growth at low or moderate salt 328 

concentrations (Flowers et al. 1986). Some previous studies have been published on the 329 

responses to salt stress of Juncus species, regarding seed germination, vegetative plant growth or 330 

ion accumulation in the plants (Clarke and Hannon 1970; Rozema 1976; Partridge and Wilson 331 

1987; Espinar et al. 2005; 2006; Naidoo and Kift 2006; Vicente et al. 2007), but very few 332 

including different taxa of the genus (e.g., Rozema 1976; Boscaiu et al. 2011; 2013). To the best 333 

of our knowledge, no comparative analyses on the responses to both, salinity and drought have 334 

been carried out on Juncus species adapted to different natural habitats, such as those reported 335 

here.  336 

Reduction of fresh weight in parallel with increasing external salinity – in relation to the 337 

corresponding non-stressed controls – appears to be a reliable criterion to assess the relative salt 338 

tolerance of Juncus species, as previously suggested (Rozema 1976). According to our results, J. 339 

maritimus, considered as a typical halophyte, is the most tolerant of the studied species, slightly 340 

more than J. acutus, which is also a salt-tolerant species, often reported as subhalophyte 341 

(Boscaiu et al. 2011; 2013). Both taxa are much more tolerant than J. articulatus, a species not 342 

investigated before. Thus, the responses to salt stress under controlled artificial conditions 343 

closely correspond to the species natural distribution and their ecological optima. In the presence 344 

of salt, the decrease in water content of the aerial part of the plants was small, and almost 345 

identical for the three species; therefore, the relative reduction of fresh weight was mostly due to 346 

growth inhibition, indicating that the Juncus plants possess efficient mechanisms to limit salt-347 

induced dehydration, independently of their relative degree of salt tolerance. Water stress, on the 348 

other hand, caused a stronger dehydration of the shoots, but the relative resistance of the 349 
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investigated taxa to drought and salinity followed similar patterns, with J. acutus and J. 350 

maritimus showing higher tolerance than J. articulatus. Irrespective of the relative tolerance of 351 

the species under study, which was clearly established, the high resistance of all of them – even 352 

J. articulatus – to quite harsh stress conditions should be pointed out. The plants survived eight 353 

weeks in the presence of 400 mM NaCl, or in the absence of water, even though they were 354 

strongly affected, could not develop further and eventually died shortly afterwards. 355 

Several previous studies, in which ion contents in different species growing in the same 356 

saline habitat were measured, indicated that monocotyledonous halophytes are able to exclude 357 

toxic ions (Na
+
 and Cl

-
) from the aerial parts of the plants, while in dicotyledonous salt-tolerant 358 

plants, the ions are efficiently transported to the leaves and are supposed to be stored at high 359 

concentrations in the vacuoles, according to the ‘ion compartmentalisation hypothesis’ (e.g., 360 

Albert and Popp 1977; Wyn Jones et al. 1977; Gorham et al. 1980; Flowers et al. 1986; Rozema 361 

1991; Glenn et al. 1999). Our results in Juncus are in agreement with those data. In the three 362 

analysed species, Na
+
 and Cl

-
 contents increased in response to increasing NaCl concentrations 363 

in the soil, both in roots and shoots, but reaching higher absolute values in the roots, in all cases. 364 

Most important, accumulation of the ions in the shoots closely correlated with the relative 365 

sensitivity to salt stress of the three Juncus species: the lowest levels were measured in the most 366 

tolerant species, J. maritimus, followed by J. acutus, also a halophyte, whereas the highest were 367 

determined in the less tolerant J. articulatus. Therefore, inhibition of ion transport to the aerial 368 

parts is not a mere response to salinity in Juncus, but must be relevant for salt stress tolerance in 369 

this genus. This process is not controlled by differential ion uptake from the soil, but clearly at 370 

the level of transport from the roots to the shoots – since ion contents in the roots are similar in 371 

the three species – and could be mediated by ion transporters of the HKT gene family, which 372 

seem to play an essential role in these Na
+
 exclusion mechanisms (Munns and Tester 2008; 373 

Hamamoto et al. 2015).  374 

Sodium accumulation in plants is usually accompanied by a reduction in the endogenous 375 

concentrations of potassium, as both ions compete for the same membrane transporters (Niu et 376 

al. 1995; Rodriguez-Navarro 2000). This general reaction to salinity does not seem to take place 377 

in Juncus, as no significant decrease in K
+
 levels was detected in the roots of any of the three 378 

taxa, or in J. articulatus shoots. The capacity to maintain K
+
 concentrations despite the 379 

progressive accumulation of toxic Na
+
 ions was considered by Rozema (1976) as the basis of salt 380 

tolerance in halophytic species of this genus. Our results indicate, on the contrary, that this 381 
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mechanism cannot be relevant for tolerance, as it has been observed also in the more sensitive 382 

species, J. articulatus. The pattern of variation in K
+
 contents in the shoots of the halophytes J. 383 

maritimus and J. acutus, in response to increasing salinity, is also worth mentioning: K
+
 384 

decreases at low external NaCl concentration, as compared to the control, non-stressed plants, to 385 

increase again in the presence of higher salt concentrations. It seems, therefore, that in the salt-386 

tolerant Juncus taxa accumulation of Na
+
 at high levels activates transport of K

+
 from the roots 387 

to the shoots of the plants, to limit the reduction of K
+
/Na

+
 ratios. This mechanism most likely 388 

contributes significantly to salt tolerance in Juncus and, in addition, appears to be ecologically 389 

relevant. In a previous study carried out in the field, in a littoral salt marsh near the city of 390 

Valencia (Gil et al. 2014), we observed that K
+
 levels in shoots of J. maritimus and J. acutus 391 

were higher in summer than in spring, in parallel with a higher accumulation of Na
+
 (and Cl

-
). In 392 

summer – normally the most stressful season in the Mediterranean climate – we determined 393 

much higher soil salinity (based on electric conductivity measurements), and Na
+
 and Cl

-
 levels 394 

than in spring, while K
+
 contents in the soil remained very low and practically constant 395 

throughout the year. 396 

 Osmolyte accumulation in the cytosol is also a general response to abiotic stress in plants, 397 

and it is generally assumed that it contributes significantly to tolerance by counteracting, at least 398 

partly, cellular dehydration caused by different stress conditions, including salinity and drought. 399 

In addition to their function in osmotic adjustment, compatible solutes may play other important 400 

roles in the mechanisms of stress tolerance, as low-molecular weight chaperones, ROS 401 

scavengers or signalling molecules (Smirnoff and Cumbes 1989; Zhu 2001; Ashraf and Foolad 402 

2007; Chen and Murata 2008; Szabados and Savouré 2010; Grigore et al. 2011; Gil et al. 2013). 403 

It has been reported that monocotyledonous halophytes accumulate preferentially soluble 404 

carbohydrates (sugars and polyols) for osmotic balance (Gorham et al. 1980; Briens and Larher 405 

1982). We have indeed detected a concentration-dependent increase in total soluble sugars in 406 

response to the NaCl treatments, but reaching roughly the same levels in the three Juncus 407 

species, irrespective of their relative salt tolerance. Similarly, TSS also increased in the shoots of 408 

Juncus plants subjected to water stress, again without large differences between the three taxa. 409 

HPLC fractionation allowed the identification of glucose, fructose and sucrose as the major 410 

sugars present in all Juncus plants, as reported for J. maritimus and J. acutus grown in nature 411 

(Gil et al. 2011). However, the Juncus halophytes and their less tolerant congener (J. articulatus) 412 

showed different patterns of sugar accumulation. Significant salt- and water stress-dependent 413 
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increases in sucrose contents were detected in all three taxa, while J. articulatus showed distinct 414 

responses to salinity and drought: the latter treatment significantly decreased the shoot levels of 415 

glucose and fructose, whereas these compounds increased in the presence of salt.  416 

 Contrary to other osmolytes – such as proline, glycine betaine or some polyalcohols – 417 

which are present in the plants at very low levels unless their biosynthesis is activated under 418 

stress conditions, soluble sugars are components of primary metabolism that play different 419 

functional roles in the cell, as precursors of other metabolites, major energy source or signalling 420 

molecules. The concentrations of sugars must be controlled by many different inputs and 421 

mechanisms and it is much more difficult to assess their specific roles in stress defence (see Gil 422 

et al. 2013, for an extended discussion). Therefore, some of the changes in sugar levels observed 423 

in Juncus shoots might not be directly related to specific stress responses. Nevertheless, the high 424 

sugar concentrations measured should clearly contribute to osmotic adjustment in the presence of 425 

NaCl, or in the absence of irrigation, thus protecting the plants against the effects of salt and 426 

water stress. Yet, here again, it is important to point out that there is no positive correlation 427 

between sugar contents and the relative degree of tolerance of the Juncus taxa – actually, in the 428 

salt treatments the combined concentrations of glucose, fructose and sucrose were somewhat 429 

higher in the most salt-sensitive species, J. articulatus, than in the halophytes. Therefore, 430 

differences in salinity or drought tolerance within the genus Juncus do not seem to be due to 431 

differential accumulation of soluble carbohydrates.  432 

Proline is not generally considered as a preferential functional osmolyte in 433 

monocotyledonous salt-tolerant plants, and the concentrations of free Pro measured in control 434 

plants – around 2 µmol g
-1

 DW – were much lower than those of sugars. In salt-treated plants, 435 

however, a large increase in Pro content was observed, up to 50 to 60-fold over the controls in 436 

the presence of the highest NaCl concentration tested (400 mM), but only in the halophytes J. 437 

maritimus and J. acutus. In the salt sensitive J. articulatus Pro levels increased only about 2-fold 438 

under the same conditions. The pattern of Pro accumulation in response to water stress was 439 

almost identical, with large increases detected only in J. maritimus and J. acutus. The differential 440 

accumulation of this osmolyte in the shoots of Juncus plants, depending on the relative tolerance 441 

of the studied species, clearly supports a functional role of Pro in the mechanisms of salt and 442 

drought tolerance in this genus. Pro probably participates significantly in cellular osmotic 443 

adjustment under stress conditions, although it reached maximum absolute levels somewhat 444 

lower than those of soluble sugars. Yet its contribution to salt tolerance mechanisms is most 445 
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likely mediated, to a large extent, by its additional activities as 'osmoprotectant' – low-molecular-446 

weight chaperon and ROS scavenger (Szabados and Savouré 2010). 447 

 448 

Conclusion  449 

Salt tolerance in Juncus depends to a large extent on the partial inhibition of transport of toxic 450 

ions (Na
+
 and Cl

-
) from the roots to the plant aerial parts and on the activation of K

+
 transport at 451 

high external salt concentrations (to limit the reduction of K
+
/Na

+
 ratios). In addition, the 452 

accumulation to relatively high levels of Pro in the shoots of the plants is also important for 453 

tolerance to both, salt and water stress, since it contributes to osmotic adjustment but also 454 

because of the 'osmoprotectant' roles of this osmolyte. The efficiency of these processes 455 

correlated positively with the relative tolerance of the investigated species, and could be 456 

distinguished from other stress responses, such as accumulation of soluble sugars, that were 457 

activated to a similar extent in the three Juncus taxa, and therefore could not be directly involved 458 

in their mechanisms of tolerance to stress. 459 

 460 
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