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Summary Text for the Table of Contents

Responses to salinity and drought were analysed in three rush species with different degrees of
salt tolerance. The most tolerant species, sea rush and spiny rush, inhibit more efficiently the
transport of toxic ions to the aerial part of the plants, activate potassium transport at high external
salt concentrations, and accumulate much higher levels of proline as osmoprotectant. These

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

Abstract. Comparative studies on the responses to salinity and drought were carried out in three
Juncus species, two halophytes (J. maritimus Lam. and J. acutus L.) and one more salt-sensitive
(J. articulatus L.). Salt tolerance in Juncus depends on the inhibition of transport of toxic ions to
the aerial part: in the three taxa, Na* and CI” accumulated to the same extent in the roots of salt
treated plants; however, ion contents were lower in the shoots and correlated with the relative
salt sensitivity of the species, with the lowest levels measured in the halophytes. Activation of K*
transport at high salt concentration could also contribute to salt tolerance in the halophytes.

Maintenance of cellular osmotic balance is mostly based on the accumulation of sucrose in the
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three species. Yet, neither the relative salt-induced increase in sugar content, nor the absolute
concentrations reached can explain the observed differences in salt tolerance. Proline, on the
contrary, increased significantly in the presence of salt only in the salt-tolerant J. maritimus and
J. acutus, but not in J. articulatus. Similar patterns of osmolyte accumulation were observed in
response to water stress, supporting a functional role of proline in stress tolerance mechanisms in

Juncus.

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

salt tolerance.

Introduction

Salinity, together with drought, is one of the most severe environmental stress factors which
shape the distribution of plant species in nature, and is also responsible for large losses in crop
production worldwide: accumulation of salts dissolved in irrigation water is leading to the
progressive ‘secondary’ — of anthropic origin — salinisation of arable land, mainly in arid and
semi-arid regions; this problem will worsen in the near future due to the effects of climate
change (Boyer 1982; Bartels and Sunkar 2005; Watson and Byrne 2009; IPCC 2014; Fita et al.
2015). While all major crops and most wild species are relatively sensitive to salt stress, some
plants — the halophytes — have evolved different mechanisms that allow them to withstand high
salinity levels in their natural habitats.

Studies on the responses to salt stress have provided overwhelming evidence that plants
react to increased soil salinity by activating a series of basic, conserved response mechanisms,
including the control of ion transport, maintenance of cellular osmotic balance, the synthesis of
‘protective’ metabolites and proteins, or the activation of antioxidant systems (Zhu 2001;
Vinocur and Altman 2005; Hussain et al. 2008; Ozgur et al. 2013; Bose et al. 2014; Kumari et
al. 2015; Volkov 2015). Activation of these mechanisms counteracts, at least partly, the
deleterious effects of high salinity in the soil, which are the result of the two components of salt
stress: osmotic (water) stress, leading to cellular dehydration, and salt (ion) toxicity, causing
inhibition of metabolic processes and affecting mineral nutrition (Schulze et al. 2005; Munns and
Tester, 2008). The osmotic effect is not specific for salt stress: other environmental conditions,
such as drought, cold, or high temperatures, also cause dehydration in plant cells; therefore, one

of the commonest mechanisms of response to different stressful conditions is based on the
2
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biosynthesis and accumulation of organic compatible solutes or osmolytes — such as proline,
glycine betaine, soluble sugars or polyalcohols — for osmotic adjustment (Munns and Termaat
1986; Chen and Murata 2008; Flowers and Colmer 2008; Munns and Tester 2008; Szabados and
Savouré 2010; Gil et al. 2013).

These basic responses against salinity are shared by all plants, and their activation does
not necessarily lead to salt tolerance; in fact, as mentioned above, most plant species are
glycophytes; that is, salt sensitive. Therefore, salt tolerance, which varies widely in different
species, must depend on the relative efficiency of the aforementioned mechanisms of response
(Pang et al. 2010; Kumari et al. 2015). Moreover, there is no single halophytic ‘model species’,
as different salt tolerant plants use different mechanisms to efficiently cope with the deleterious
effects of high soil salinity. Yet, the relative contribution of different salt stress responses to salt
tolerance in a given species — or in a group of related taxa — remains largely unknown.

In agreement with these ideas, we believe that performing comparative studies on the
responses to salt stress of genetically related taxa with different degrees of tolerance — such as
congener wild species adapted to distinct habitats — will help to elucidate relevant salt tolerance
mechanisms. Our working hypothesis is that, if a specific response to salt stress contributes
significantly to salt tolerance, it should be more efficiently activated in the more tolerant taxa.
Therefore, our proposed experimental approach is based on the correlation of the relative salt
tolerance of the species under study with salt-induced changes in the levels of biochemical
markers associated to particular response pathways.

The genus Juncus seems to be appropriate for this kind of comparative studies. It
includes more than 300 species, salt-sensitive and salt-tolerant (Wilson et al. 1993), growing
over a wide geographic range covering all continents (except Antarctica), and a spectrum of
ecological habitats extending from salt marshes for the most tolerant species, to humid non saline
areas where more sensitive species of the genus flourish.

Three species adapted to different natural habitats were chosen for this study. J.
maritimus Lam. is a halophyte, common in temporarily flooded wetlands in the temperate
regions of the world, including the Mediterranean basin. J. acutus L. is a sub-cosmopolitan
species, that often coexist with J. maritimus but is common also on dunes, where water is the
main limiting ecologic factor; it has been reported as less salt tolerant than J. maritimus (Boscaiu
et al. 2011; 2013). J. articulatus L. seems to be a much more sensitive species, generally

growing in fresh water environments; it is frequent in the northern hemisphere and in Australia,
3
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in different humid areas such as wetlands, and along the margins of drains, irrigation channels,
creeks and rivers (Albrecht 1994; Chambers et al. 1995). However, to our knowledge, no
previous study has been carried out on the stress tolerance of this Juncus species under
controlled conditions.

Regarding the taxonomic relation of the three Juncus species, J. acutus and J. maritimus
are recognised as close taxa, belonging to the same subgenus (Juncus), whereas J. articulatus
was classified within the subgenus Septati Buchenau, section Ozophyllum Dumort (Fernadez-
Carvajal 1981); these relationships within the genus have been confirmed by molecular
systematic studies (Drabkdva et al. 2006; Jones et al. 2007).

The major aim of this work was to correlate the relative salt tolerance of the
aforementioned Juncus species — established from their distribution in nature and by
measurements of salt-induced growth inhibition under controlled experimental conditions — with
specific responses based on the control of ion transport and the accumulation of different
osmolytes. Since the responses to drought and salinity partly overlap, the analysis was extended
to plants subjected to water stress treatments, to check whether the same mechanisms were
responsible for the relative resistance of the analysed Juncus species to both stresses. In line with
the ideas discussed above, the results of this study should contribute to our knowledge on the
general mechanisms of stress tolerance in plants and, particularly, should help to distinguish

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

Material and methods

Plant material and experimental design

Seeds of J. acutus and J. maritimus were harvested in a salt marsh located in ‘La Albufera’
Natural Park (Province of Valencia, Spain), and those of J. articulatus in a non-saline area of the
same Natural Park. Seeds were sown directly into a moistened mixture of peat (50%), perlite
(25%) and vermiculite (25%), in 1 L pots (@ = 11 cm) placed in 55 x 40 cm plastic trays (12 pots
per tray). Three weeks after sowing, seedlings were transferred to individual pots with the same
substrate and grown for additional three weeks. During the entire course of germination and
seedling growth, the substrate was kept moist, by adding 1.5 L of Hoagland nutritive solution to
each tray, twice a week. Water and salt stress treatments were then started, six weeks after
sowing, selecting five individual pots with seedlings of the same size for each species and

treatment (control, different salt concentrations and water stress). The control plants were
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maintained under the same conditions as before, watering them twice a week with 1.5 L
Hoagland nutritive solution per tray. Salt stress treatments were performed by adding to each
tray the same volume of nutritive solution, but containing NaCl at the final concentrations of
100, 200 or 400 mM; these solutions were freshly prepared by dissolving the required amount of
solid NaCl in the standard Hoagland solution. Artificial drought treatments were initiated at the
same time, by completely ceasing irrigation of the plants, which otherwise were maintained
under the same conditions as the controls. All experiments, from germination of the seeds to the
stress treatments, were conducted in a controlled environment chamber in the greenhouse, under
the following conditions: long-day photoperiod (16 hours of light), temperature fixed at 23°C
during the day and 17°C at night, and a CO, level of ca. 300 ppm, measured with a Vaisala
GMD20 duct mounted carbon dioxide transmitter. Humidity in the growth chamber was
monitored with a Testo humidity data logger (model 174H), and ranged between 50 and 80%.
After eight weeks of treatment, all salt-stressed, water-stressed and control plants (5 replicas per

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

Soil analysis

Electrical conductivity (EC;.s) of the substrate was measured after eight weeks of treatment. Soil
samples were taken from five pots of each treatment, air-dried and then passed through a 2-mm
sieve. A soil:water (1:5) suspension was prepared in deionised water and mixed for one hour at
600 u/min, at room temperature. Electric conductivity was measured with a Crison Conductivity
meter 522 and expressed in dS m™(Gil et al. 2011).

Plant growth parameters

The following growth parameters were determined at the end of the stress treatments: length of
the longest shoot, fresh weight (FW), dry weight (DW) and water content (WC %) of the shoots.
To obtain the water content, part of the fresh material was weighed (FW), dried for four days at
65°C, until constant weight, and then weighed again (DW); the water content percentage was
calculated by the following formula: WC (%) = [(FW — DW)/ FW] x 100 (Gil et al. 2014).

lon content measurements
Contents of potassium, sodium and chloride were determined in shoots and roots of the plants

sampled after the stress treatments. Measurements were performed according to Weimberg
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(1987), in aqueous extracts obtained by incubating the samples (0.15 g of dried and ground plant
material in 25 mL of water) for 1 h at 95°C in a water bath, followed by filtration through a filter
paper (particle retention 8-12 um). Sodium and potassium were quantified with a PFP7 flame
photometer (Jenway Inc., Burlington, USA) and chlorides were measured using a Merck
Spectroquant Nova 60® spectrophotometer and its associated test kit (Merck, Darmstadt,

Germany).

Osmolyte quantification

Proline (Pro) content was determined in fresh plant material by the ninhydrin-acetic acid method
described by Bates et al. (1973). Pro was extracted in 3% aqueous sulfosalicylic acid, the extract
was mixed with acid ninhydrin solution, incubated for 1 h at 95°C, cooled on ice and then
extracted with two volumes of toluene. The absorbance of the organic phase was measured at
520 nm, using toluene as a blank. Pro concentration was expressed as pmol g™ DW.

Glycine betaine (GB) was determined in dried plant material, according to Grieve and
Grattan (1983). The sample was ground with 2 mL of Mili-Q water, and then extracted with 1, 2-
dichlorethane; the absorbance of the solution was measured at a wavelength of 365 nm. GB
concentration was expressed as pmol g™ DW.

Total soluble sugars (TSS) were quantified according to the method described by Dubois
et al. (1956). Dried material was ground and mixed with 3 mL of 80% methanol on a rocker
shaker for 24-48 h. Concentrated sulphuric acid and 5% phenol was added to the sample and the
absorbance was measured at 490 nm. TSS contents were expressed as ‘mg equivalent of glucose’

per gram of DW.

HPLC analysis of carbohydrates

The soluble sugar fraction (mono and oligosaccharides) was analysed using a Waters 1525 high
performance liquid chromatography system coupled to a 2424 evaporative light scattering
detector (ELSD). The source parameters of ELSD were the following: gain 75, data rate 1 point
per second, nebulizer heating 60%, drift tube 50°C, and gas pressure 2.8 Kg/cm?. Analysis was
carried out injecting 20 uL aliquots with a Waters 717 auto-sampler into a Prontosil 120-3-amino
column (4.6 x 125 mm; 3 pm particle size) maintained at room temperature. An isocratic flux (1
mL/min) of 85% acetronitrile (J.T. Baker - Avantor Performance Materials) during 25 minutes

was applied in each run. Glucose, fructose and sucrose were identified and quantified with the
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Waters Empower Pro software by co-injection of the authentic standard compounds (purchased
from Sigma Aldrich). Identification of sugars in the plant extracts was performed by spiking the

samples with known amounts of glucose, fructose and sucrose.

Statistical analysis

Data were analysed using the programme Statgraphics Centurion XV1. Before the analysis of
variance, the Shapiro-Wilk test was used to check for validity of normality assumption and
Levene’s test for the homogeneity of variance. If ANOVA requirements were accomplished, the
significance of the differences among treatments was tested by one-way ANOVA at a 95%
confidence level and post hoc comparisons were made using the Tukey HSD test. All means

throughout the text are followed by SD.

Results

Effects of salt stress

Electrical conductivity of substrates

Electrical conductivity (EC;.5) was recorded in samples of the pot substrates after eight weeks of
salt and water stress treatments. For all species, a similar increase in ECy.5 was detected in
parallel to the increase of NaCl concentrations, reaching about 14 dS m™ in the pots watered with
nutritive solution containing NaCl at a final concentration of 400 mM (data not shown); this
confirms the high correlation between EC;.5 and the concentration of the saline solutions used in
the treatments. As expected, the water stress treatments did not modify the electrical conductivity
of the substrates in the pots, for any of the three studied Juncus species, as compared with the

corresponding controls (data not shown).

Growth parameters

Salt treatments inhibited growth of Juncus plants, in a concentration-dependent manner, as
shown by determination of several growth parameters (Fig. 1). For example, the length of the
longest shoot was reduced in J. articulatus and J. acutus by nearly twofold in the presence of
400 mM NacCl, with respect to the control, non-stressed plants. A slightly smaller relative
reduction in shoot length (about 1.5-fold) was observed in J. maritimus under the same
conditions (Fig. 1a). Plant mass accumulation also decreased in response to salt stress; the

relative reduction of fresh weight in the 400 mM NaCl treatment, when compared with the
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corresponding controls, was similar for J. acutus and J. maritimus (65% and 70%, respectively)
but of more than 90% in J. articulatus (Fig. 1b), thus confirming that this species is the most
sensitive to salinity of the analysed Juncus taxa, as suggested by its distribution in nature. Water
contents decreased with increasing external salt concentrations, from about 80% in control plants
to 65%, approximately, in plants treated with 400 mM NacCl, without significant differences
detected in the three Juncus species under study (Fig. 1c). Therefore, the observed salt-dependent
reduction of fresh mass accumulation is indeed due mostly to growth inhibition, and not simply
to loss of water under salt stress conditions.

lons contents in roots

Na" levels increased in the roots of the three Juncus species, in parallel to increasing salt
concentrations in the nutritive solution (Fig. 2a), reaching similar levels — between 3000 and
3500 umol g™ DW — in plants of the three taxa treated with 400 mM NaCl. A nearly identical
pattern of salt-induced CI” accumulation in roots was also observed in all species, reaching about
3300 pumolg™ DW at the highest NaCl concentration tested (400 mM NaCl) (Fig. 2b).

In general, K levels in roots did not vary significantly in response to the salt treatments
applied (Fig. 2c), although the concentrations measured in J. articulatus were about half of those
determined in J. acutus and J. maritimus. K*/Na" ratios in the roots of the control plants were
much higher in J. acutus and J. maritimus (> 2) than in J. articulatus (about 0.5), and these
values decreased in the presence of NacCl, in the three Juncus species (Fig. 2d).

lons contents in shoots

Contrary to what was observed in the roots, where similar concentrations of Na* and CI” were
measured in the three Juncus species, accumulation of these ions in the shoots differed
quantitatively in the three taxa, depending on their relative degree of salt tolerance. Although
Na® and CI” levels increased in response to salt, in a concentration-dependent manner, the highest
contents were measured in J. articulatus, the most salt-sensitive of the analysed taxa, while the
lowest levels were detected in the most tolerant, the halophyte J. maritimus (Figs. 3a, b). It
should be pointed out that, in all cases, the Na* and CI” concentrations reached were significantly
lower in the shoots than in the roots of the plants, especially those of Na*, with the largest

differences observed in the most tolerant Juncus species (compare Figs. 2a, b with Figs. 3a, b).
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Accumulation of K in shoots, in the presence of increasing NaCl concentrations, also
showed different patterns depending on the relative tolerance of the species under study. In J.
articulatus, K* concentrations were higher than in the other taxa — and also almost three-fold
higher than in J. articulatus roots — but did not change significantly with the different salt
treatments (Fig. 4c). In the halophytes J. maritimus and J. acutus, on the other hand, K* contents
in shoots decreased at low salinity levels, with reference to non-treated control plants, but
increased again in the presence of high external NaCl concentrations (Fig. 3¢). K'/Na® ratios in
the shoots of the control plants were relatively high, between 10 and 20, but dropped below 0.5
in the presence of NaCl (Fig. 3d).

Osmolyte contents

The levels of common osmolytes — proline, glycine betaine, total soluble sugars — were
determined in shoots of the three Juncus species, after treatment with increasing NaCl
concentrations (Fig. 4). A significant, salt-induced accumulation of these compatible solutes
(which were present at similar concentrations in all control plants), was observed in all cases,
although with quantitative differences in the different taxa. Thus, a large increase in Pro contents
was detected in the halophytes J. acutus and J. maritimus upon the salt treatments, reaching
nearly 60-fold over the non-treated controls in the presence of 400 mM NaCl; under the same
conditions, Pro levels remained very low, increasing only 2-fold in the less tolerant J. articulatus
(Fig. 4a). This clearly different behaviour of the salt tolerant and salt sensitive Juncus species
was not observed for the other tested osmolytes, GB and TSS, which showed similar salt-
dependent accumulation patterns in the three taxa. Salt-treated J. acutus and J. maritimus plants
accumulated somewhat higher concentrations of GB and TSS, respectively, and their levels were
slightly lower in J. articulatus than in the halophytes (Fig. 4b, c), but these differences were by
far smaller than those observed in Pro contents.

HPLC fractionation of the extracts revealed three major peaks of soluble carbohydrates,
corresponding to glucose, fructose and sucrose (Fig. 5). All three sugars accumulated in the
shoots of salt-treated J. articulatus plants, reaching similar concentrations (approximately 150
umol g™ DW) in the presence of 400 mM NaCl, the highest concentration tested. In the
halophytes J. acutus and J. maritimus a large increase in sucrose contents — but not in those of

glucose or fructose — was observed in response to the salt treatments (Fig. 5).
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Effects of drought stress

The same parameters measured in salt-treated plants were determined as well in Juncus plants
subjected to a water stress treatments — eight weeks after they were watered for the last time.
Drought also inhibited growth, as indicated by the reduction in the length of the longest shoot of
the plants (Fig. 6a) and, more clearly, by a strong relative reduction in the fresh weight of the
water-stressed plants as compared to the non-stressed controls (Fig. 6b). According to this
criterion, the less salt-tolerant J. articulatus is also the taxon most sensitive to drought, showing
a FW reduction of 97% after eight weeks without water (the corresponding values for J.
maritimus and J. acutus were 88% and 83%, respectively) (Fig. 6b). These data suggested that
the effect of water stress on plant growth was stronger than that of salt stress at the highest NaCl
concentration tested. However, in this case the reduction of fresh mass was partly due to loss of
water, which ranged between 70% (in J. maritimus) and 90% (in J. acutus) (Fig. 6c), values
much higher than those observed in salt-treated plants (Fig. 1). In any case, the relative drought
tolerance of the three Juncus species was maintained when growth inhibition was calculated in
terms of dry weight reduction as compared to the corresponding controls (data not shown).

As it should be expected, ions contents (sodium, chloride, and potassium), showed no
significant changes in roots or shoots of the three studied Juncus species under water stress (see
‘supplementary material’, Fig. S1).

Concerning osmolyte contents under water stress conditions, the accumulation patterns of
Pro, GB and TSS were similar to those observed in the presence of NaCl. Thus, drought induced
a strong increase in Pro levels in the halophytes, between 50 and 70-fold higher than in the
controls, reaching almost 200 umol g DW in the most tolerant J. maritimus; in J. articulatus,
the most stress-sensitive taxon, Pro levels remained very low, with only a ca. twofold increase in
the shoots of the water-stressed plants (Fig. 7a). Water stress also induced the accumulation of
GB (Fig. 7b) and TSS (Fig. 7c), but to a much lesser extent, between 2- and 3-fold over the
controls, and without large differences between the three Juncus species.

The drought-dependent increase in the levels of soluble sugars detected in all three
Juncus taxa was due to accumulation of sucrose, as demonstrated after the carbohydrates were
separated and quantified by HPLC. Sucrose contents strongly increased in water stressed plants,
reaching values of 160 — 180 pmol g™ DW, without clear differences in the different species
(Fig. 7f). Contrary to what was observed in salt-treated plants, water stress treatments did not

induce the accumulation of glucose or fructose in J. articulatus; in fact, there was a significant
10
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reduction in the levels of these two sugars after the drought treatment. In the halophytes J.
maritimus and J. acutus, either no significant changes or only small reductions in the contents of

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

Discussion

The most general effect of stress on plants is inhibition of growth, as the plants redirect their
resources — metabolic precursors and energy — from primary metabolism and biomass
accumulation to the activation of specific defence mechanisms (Munns and Tester 2008; Gupta
and Huang 2014). Accordingly, growth inhibition in the presence of salt has been reported for all
investigated species, halophytes and glycophytes alike, although extremely salt-tolerant
dicotyledonous halophytes may show a slight stimulation of growth at low or moderate salt
concentrations (Flowers et al. 1986). Some previous studies have been published on the
responses to salt stress of Juncus species, regarding seed germination, vegetative plant growth or
ion accumulation in the plants (Clarke and Hannon 1970; Rozema 1976; Partridge and Wilson
1987; Espinar et al. 2005; 2006; Naidoo and Kift 2006; Vicente et al. 2007), but very few
including different taxa of the genus (e.g., Rozema 1976; Boscaiu et al. 2011; 2013). To the best
of our knowledge, no comparative analyses on the responses to both, salinity and drought have
been carried out on Juncus species adapted to different natural habitats, such as those reported
here.

Reduction of fresh weight in parallel with increasing external salinity — in relation to the
corresponding non-stressed controls — appears to be a reliable criterion to assess the relative salt
tolerance of Juncus species, as previously suggested (Rozema 1976). According to our results, J.
maritimus, considered as a typical halophyte, is the most tolerant of the studied species, slightly
more than J. acutus, which is also a salt-tolerant species, often reported as subhalophyte
(Boscaiu et al. 2011; 2013). Both taxa are much more tolerant than J. articulatus, a species not
investigated before. Thus, the responses to salt stress under controlled artificial conditions
closely correspond to the species natural distribution and their ecological optima. In the presence
of salt, the decrease in water content of the aerial part of the plants was small, and almost
identical for the three species; therefore, the relative reduction of fresh weight was mostly due to
growth inhibition, indicating that the Juncus plants possess efficient mechanisms to limit salt-
induced dehydration, independently of their relative degree of salt tolerance. Water stress, on the

other hand, caused a stronger dehydration of the shoots, but the relative resistance of the
11
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investigated taxa to drought and salinity followed similar patterns, with J. acutus and J.
maritimus showing higher tolerance than J. articulatus. Irrespective of the relative tolerance of
the species under study, which was clearly established, the high resistance of all of them —even
J. articulatus — to quite harsh stress conditions should be pointed out. The plants survived eight
weeks in the presence of 400 mM NacCl, or in the absence of water, even though they were
strongly affected, could not develop further and eventually died shortly afterwards.

Several previous studies, in which ion contents in different species growing in the same
saline habitat were measured, indicated that monocotyledonous halophytes are able to exclude
toxic ions (Na* and CI") from the aerial parts of the plants, while in dicotyledonous salt-tolerant
plants, the ions are efficiently transported to the leaves and are supposed to be stored at high
concentrations in the vacuoles, according to the ‘ion compartmentalisation hypothesis’ (e.g.,
Albert and Popp 1977; Wyn Jones et al. 1977; Gorham et al. 1980; Flowers et al. 1986; Rozema
1991; Glenn et al. 1999). Our results in Juncus are in agreement with those data. In the three
analysed species, Na" and CI” contents increased in response to increasing NaCl concentrations
in the soil, both in roots and shoots, but reaching higher absolute values in the roots, in all cases.
Most important, accumulation of the ions in the shoots closely correlated with the relative
sensitivity to salt stress of the three Juncus species: the lowest levels were measured in the most
tolerant species, J. maritimus, followed by J. acutus, also a halophyte, whereas the highest were
determined in the less tolerant J. articulatus. Therefore, inhibition of ion transport to the aerial
parts is not a mere response to salinity in Juncus, but must be relevant for salt stress tolerance in
this genus. This process is not controlled by differential ion uptake from the soil, but clearly at
the level of transport from the roots to the shoots — since ion contents in the roots are similar in
the three species — and could be mediated by ion transporters of the HKT gene family, which
seem to play an essential role in these Na* exclusion mechanisms (Munns and Tester 2008;
Hamamoto et al. 2015).

Sodium accumulation in plants is usually accompanied by a reduction in the endogenous
concentrations of potassium, as both ions compete for the same membrane transporters (Niu et
al. 1995; Rodriguez-Navarro 2000). This general reaction to salinity does not seem to take place
in Juncus, as no significant decrease in K* levels was detected in the roots of any of the three
taxa, or in J. articulatus shoots. The capacity to maintain K* concentrations despite the
progressive accumulation of toxic Na* ions was considered by Rozema (1976) as the basis of salt

tolerance in halophytic species of this genus. Our results indicate, on the contrary, that this
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mechanism cannot be relevant for tolerance, as it has been observed also in the more sensitive
species, J. articulatus. The pattern of variation in K* contents in the shoots of the halophytes J.
maritimus and J. acutus, in response to increasing salinity, is also worth mentioning: K*
decreases at low external NaCl concentration, as compared to the control, non-stressed plants, to
increase again in the presence of higher salt concentrations. It seems, therefore, that in the salt-
tolerant Juncus taxa accumulation of Na™ at high levels activates transport of K* from the roots
to the shoots of the plants, to limit the reduction of K*/Na™ ratios. This mechanism most likely
contributes significantly to salt tolerance in Juncus and, in addition, appears to be ecologically
relevant. In a previous study carried out in the field, in a littoral salt marsh near the city of
Valencia (Gil et al. 2014), we observed that K* levels in shoots of J. maritimus and J. acutus
were higher in summer than in spring, in parallel with a higher accumulation of Na* (and CI"). In
summer — normally the most stressful season in the Mediterranean climate — we determined
much higher soil salinity (based on electric conductivity measurements), and Na* and CI” levels
than in spring, while K* contents in the soil remained very low and practically constant
throughout the year.

Osmolyte accumulation in the cytosol is also a general response to abiotic stress in plants,
and it is generally assumed that it contributes significantly to tolerance by counteracting, at least
partly, cellular dehydration caused by different stress conditions, including salinity and drought.
In addition to their function in osmotic adjustment, compatible solutes may play other important
roles in the mechanisms of stress tolerance, as low-molecular weight chaperones, ROS
scavengers or signalling molecules (Smirnoff and Cumbes 1989; Zhu 2001; Ashraf and Foolad
2007; Chen and Murata 2008; Szabados and Savouré 2010; Grigore et al. 2011; Gil et al. 2013).
It has been reported that monocotyledonous halophytes accumulate preferentially soluble
carbohydrates (sugars and polyols) for osmotic balance (Gorham et al. 1980; Briens and Larher
1982). We have indeed detected a concentration-dependent increase in total soluble sugars in
response to the NaCl treatments, but reaching roughly the same levels in the three Juncus
species, irrespective of their relative salt tolerance. Similarly, TSS also increased in the shoots of
Juncus plants subjected to water stress, again without large differences between the three taxa.
HPLC fractionation allowed the identification of glucose, fructose and sucrose as the major
sugars present in all Juncus plants, as reported for J. maritimus and J. acutus grown in nature
(Gil et al. 2011). However, the Juncus halophytes and their less tolerant congener (J. articulatus)

showed different patterns of sugar accumulation. Significant salt- and water stress-dependent
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increases in sucrose contents were detected in all three taxa, while J. articulatus showed distinct
responses to salinity and drought: the latter treatment significantly decreased the shoot levels of
glucose and fructose, whereas these compounds increased in the presence of salt.

Contrary to other osmolytes — such as proline, glycine betaine or some polyalcohols —
which are present in the plants at very low levels unless their biosynthesis is activated under
stress conditions, soluble sugars are components of primary metabolism that play different
functional roles in the cell, as precursors of other metabolites, major energy source or signalling
molecules. The concentrations of sugars must be controlled by many different inputs and
mechanisms and it is much more difficult to assess their specific roles in stress defence (see Gil
et al. 2013, for an extended discussion). Therefore, some of the changes in sugar levels observed
in Juncus shoots might not be directly related to specific stress responses. Nevertheless, the high
sugar concentrations measured should clearly contribute to osmotic adjustment in the presence of
NaCl, or in the absence of irrigation, thus protecting the plants against the effects of salt and
water stress. Yet, here again, it is important to point out that there is no positive correlation
between sugar contents and the relative degree of tolerance of the Juncus taxa — actually, in the
salt treatments the combined concentrations of glucose, fructose and sucrose were somewhat
higher in the most salt-sensitive species, J. articulatus, than in the halophytes. Therefore,
differences in salinity or drought tolerance within the genus Juncus do not seem to be due to
differential accumulation of soluble carbohydrates.

Proline is not generally considered as a preferential functional osmolyte in
monocotyledonous salt-tolerant plants, and the concentrations of free Pro measured in control
plants — around 2 pmol g™ DW — were much lower than those of sugars. In salt-treated plants,
however, a large increase in Pro content was observed, up to 50 to 60-fold over the controls in
the presence of the highest NaCl concentration tested (400 mM), but only in the halophytes J.
maritimus and J. acutus. In the salt sensitive J. articulatus Pro levels increased only about 2-fold
under the same conditions. The pattern of Pro accumulation in response to water stress was
almost identical, with large increases detected only in J. maritimus and J. acutus. The differential
accumulation of this osmolyte in the shoots of Juncus plants, depending on the relative tolerance
of the studied species, clearly supports a functional role of Pro in the mechanisms of salt and
drought tolerance in this genus. Pro probably participates significantly in cellular osmotic
adjustment under stress conditions, although it reached maximum absolute levels somewhat

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

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

Conclusion

Salt tolerance in Juncus depends to a large extent on the partial inhibition of transport of toxic
ions (Na* and CI") from the roots to the plant aerial parts and on the activation of K* transport at
high external salt concentrations (to limit the reduction of K*/Na" ratios). In addition, the
accumulation to relatively high levels of Pro in the shoots of the plants is also important for
tolerance to both, salt and water stress, since it contributes to osmotic adjustment but also
because of the ‘'osmoprotectant’ roles of this osmolyte. The efficiency of these processes
correlated positively with the relative tolerance of the investigated species, and could be
distinguished from other stress responses, such as accumulation of soluble sugars, that were
activated to a similar extent in the three Juncus taxa, and therefore could not be directly involved

in their mechanisms of tolerance to stress.

Acknowledgments

This work was partly funded by a grant to O.V. from the Spanish Ministry of Science and
Innovation (Project CGL2008-00438/BOS), with contribution by the European Regional
Development Fund. Mohamad Al Hassan was a recipient of an Erasmus Mundus pre-doctoral

scholarship financed by the European Commission (Welcome Consortium)

References

Albert R, Popp M (1977) Chemical composition of halophytes from the Neusiedler Lake region
in Austria. Oecologia 27, 157-170.

Albrecht DE (1994) Juncus. In Walsh, N.G. and Entwisle, T.J. (eds) Flora of Victoria Vol. 2:
Ferns and Allied Plants, Conifers and Monocotyledons. Inkata Press, Melbourne, p. 224.

Ashraf M, Foolad MR (2007) Roles of glycine betaine and proline in improving plant abiotic
stress resistance. Environmental and Experimental Botany 59, 206-216.

Bartels D, Sunkar R (2005) Drought and salt tolerance in plants. Critical Reviews in Plant

Sciences 24, 23-58.
15



478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free proline for water stress
studies. Plant and Soil 39, 205-207.

Boscaiu M, Ballesteros G, Naranjo MA, Vicente O, Boira H (2011) Responses to salt stress in
Juncus acutus and J. maritimus during seed germination and vegetative plant growth.
Plant Biosystems 145, 770-777.

Boscaiu M, Lull C, Llinares J, Vicente O, Boira H (2013) Proline as a biochemical marker in
relation to the ecology of two halophytic Juncus species. Journal of Plant Ecology 6,
177-186.

Bose J, Rodrigo-Moreno A, Shabala S (2014) ROS homeostasis in halophytes in the context of
salinity stress tolerance. Journal of Experimental Botany 65, 1241-1257.

Boyer JS (1982) Plant productivity and environment. Science 218, 443-448.

Briens M, Larher F (1982) Osmoregulation in halophytic higher plants: a comparative study of
soluble carbohydrates, polyols, betaines and free proline. Plant, Cell and Environment 5,
287-292.

Chambers JM, Fletcher NL, McComb AJ (1995) A guide to emergent wetland plants of south
Western Australia. Murdoch University, Marine and Freshwater Research Laboratory,
Perth, p. 115.

Chen THH, Murata N (2008) Glycinebetaine: an effective protectant against abiotic stress in

plants. Trends in Plant Science 13, 499-505.

Clarke LD, Hannon NJ (1970) The mangrove swamp and salt marshes communities of the
Sydney district. I11: plant growth in relation to salinity and water-logging. Journal of
Ecology 58, 351-369.

Drabkova L, Kirschner J, VIéek C (2006) Phylogenetic relationships within Luzula DC. and
Juncus L. (Juncaceae): a comparison of phylogenetic signals of trnL-trnF intergenic
spacer, trnL intron and rbcL plastome sequence data. Cladistics 22, 132-143.

Dubois M, Gilles KA, Hamilton JK, Reberd PA, Smith F (1956) Colorimetric method for
determination of sugars and related substances. Analytical Chemistry 28, 350-356.

Espinar JL, Garcia LV, Clemente L (2005) Seed storage conditions change the germination
pattern of clonal growth plants in Mediterranean salt marshes. American Journal of
Botany 92, 1094-1101.

16



508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

Espinar JL, Garcia LV, Figuerola J, Green AJ, Clemente Salas L (2006) Effects of salinity and
ingestion by ducks on germination patterns of Juncus subulatus seeds. Journal of Arid
Environments 66, 376-383.

Ferndndez-Carvajal MC (1981) Revision del genero Juncus L. en la Peninsula lberica. 1l:
subgéneros Juncus y Genuini Buchenau. Anales del Jardin Botanico de Madrid 38(2),
417-467.

Fita A, Rodriguez-Burruezo A, Boscaiu M, Prohens J, Vicente O (2015) Breeding and
domesticating crops adapted to drought and salinity: a new paradigm for increasing food
production. Frontiers in Plant Science 6 (978).

Flowers TJ, Colmer TD (2008) Salinity tolerance in halophytes. New Phytologist 179, 945-963.

Flowers TJ, Hajibagheri MA, Clipson NJW (1986) Halophytes. Quarterly Review of Biology 61,
313-335.

Gil R, Bautista I, Boscaiu M, Lidon A, Wankhade S, Sanchez H, Llinares J, Vicente O (2014)
Responses of five Mediterranean halophytes to seasonal changes in environmental
conditions. AoB Plants 6: plu049

Gil R, Boscaiu M, Lull C, Bautista I, Lidon A, Vicente O (2013) Are soluble carbohydrates
ecologically relevant for salt tolerance in halophytes? Functional Plant Biology 40, 805-
818.

Gil R, Lull C, Boscaiu M, Bautista I, Lidon A, Vicente O (2011) Soluble carbohydrates as
osmolytes in several halophytes from a Mediterranean salt marsh. Notulae Botanicae
Horti Agrobotanici Cluj-Napoca 39, 9-17.

Glenn EP, Brown JJ, Blumwald E (1999) Salt tolerance and crop potential of halophytes.
Critical Reviews in Plant Sciences 18, 227-255.

Gorham J, Hughes L, Wyn Jones RG (1980) Chemical composition of salt-marsh plants from
Ynys Mén (Anglesey): the concept of physiotypes. Plant, Cell and Environment 3, 309-
318.

Grieve CM, Grattan SR (1983) Rapid assay for the determination of water soluble quaternary
ammonium compounds. Plant and Soil 70, 303-307.

Grigore MN, Boscaiu M, Vicente O (2011) Assessment of the relevance of osmolyte
biosynthesis for salt tolerance of halophytes under natural conditions. The European

Journal of Plant Science and Biotechnology 5, 12-109.

17



539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

Gupta B, Huang B (2014) Mechanism of salinity tolerance in plants: physiological, biochemical,
and molecular characterization. International Journal of Genomics. 2014, 701596.

Hamamoto S, Horie T, Hauser F, Deinlein U, Schroeder JI, Uozumi N (2015) HKT transporters
mediate salt stress resistance in plants: from structure and function to the field. Current
Opinion in Biotechnology 32, 113-120.

Hussain TM, Chandrasekhar T, Hazara M, Sultan Z, Saleh BK, Gopal GR (2008) Recent
advances in salt stress biology-a review. Biotechnology and Molecular Biology Reviews
3, 8-13.

IPCC (2014) Intergovernmental panel on climate change, in Proceedings of the 5th Assessment
Report, WGII, Climate Change 2014: Impacts, Adaptation, and Vulnerability. Available
at: http://www.ipcc.ch/report/ar5/wg2/ [accessed on July 13, 2014].

Jones E, Simpson DA, Hodkinson TR, Chase MW, Parnell JAN (2007) The Juncaceae-
Cyperaceae interface: a combined plastid sequence analysis. Aliso 23, 5561.

Kumari A, Das P, Parida AK, Agarwal PK (2015) Proteomics, metabolomics, and ionomics
perspectives of salinity tolerance in halophytes. Frontiers in Plant Science 6 (537).

Munns R, Termaat A (1986) Whole-plant responses to salinity. Australian Journal of Plant
Physiology 13, 143-160

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annual Review of Plant Biology
59, 651-681.

Naidoo G, Kift J (2006) Responses of the saltmarsh rush Juncus kraussii to salinity and
waterlogging. Aquatic Botany 84, 217-25.

Niu X, Bressan RA, Hasegawa PM, Pardo JM (1995) lon homeostasis in NaCl stress
environments. Plant Physiology 109, 735-742.

Ozgur R, Uzilday B, Sekmen AH, Turkan I (2013) Reactive oxygen species regulation and
antioxidant defence in halophytes. Functional Plant Biology 40, 832-847.

Pang Q, Chen S, Dai S, Chen Y, Wang Y, Yan X (2010) Comparative proteomics of salt
tolerance in Arabidopsis thaliana and Thellungiella halophila. Journal of Proteome
Research 9, 2584-2599.

Partridge TR, Wilson JB (1987) Salt tolerance of salt marsh plants of Otago, New Zealand. New
Zealand Journal of Botany 25, 559-66.

Rodriguez-Navarro A (2000) Potassium transport in fungi and plants. Biochimica et Biophysica

Acta 1469, 1-30.
18



571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

Rozema J (1976) An eco-physiological study on the response to salt of 4 halophytic and
glycophytic Juncus spp. Flora 165, 197-209.

Rozema J (1991) Growth, water and ion relationships of halophytic monocotyledonae and
dicotyledonae; a unified concept. Aquatic Botany 39, 7-33.

Schulze E-D, Beck E, Miiller-Hohenstein K (2005) Plant Ecology, Berlin, Heidelberg, New
York: Springer-Verlag, 692 pp.

Smirnoff N, Cumbes QJ (1989) Hydroxyl radical scavenging activity of compatible solutes.
Phytochemistry 28, 1057-1060.

Szabados L, Savouré A (2010) Proline a multifunctional amino acid. Trends in Plant Science 15,
89-97.

Vicente MJ, Conesa E, Alvarez-Rogel J, Franco JA, Martinez-Sanchez JJ (2007) Effects of
various salts on the germination of three perennial salt marsh species. Aquatic Botany
87, 167-170.

Vinocur B, Altman A (2005) Recent advances in engineering plant tolerance to abiotic stress:
Achievements and limitations. Current Opinion in Biotechnology 16, 123-132.

Volkov V (2015) Salinity tolerance in plants. Quantitative approach to ion transport starting from
halophytes and stepping to genetic and protein engineering for manipulating ion fluxes.
Frontiers in Plant Science 6(873).

Watson EB, Byrne R (2009) Abundance and diversity of tidal marsh plants along the salinity
gradient of the San Francisco Estuary: implications for global change ecology. Plant
Ecology 205, 113-128.

Weimberg R (1987) Solute adjustments in leaves of two species of wheat at two different stages
of growth in response to salinity. Physiologia Plantarum 70, 381-388.

Wilson KL, Johnson LAS, Bankoff P (1993) Juncus. In G.J. Harden (ed) Flora of New South
Wales. Vol. 4. University of NSW Press, Sydney, p. 284.

Wyn Jones R, Storey R, Leigh RA, Ahmad N, Pollard A (1977) A hypothesis on cytoplasmic
osmoregulation. In: Marre E, Ciferri O, eds. Regulation of cell membrane activities in
plants. Amsterdam: Elsevier, 121-136.

Zhu JK (2001) Plant salt tolerance. Trends in Plant Science 6, 66-71.

19



