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Abstract

Compartmentalization of toxic ions in the vacuole and accumulation of osmolytes in the cytoplasm is a common response
of halophytes to high soil salinity. Soluble carbohydrates, such as sugars and polyols, are some of the compatible solutes used for
osmotic adjustment and osmoprotection. Major carbohydrates were identified and quantified by high-performance anion-exchange
chromatography, combined with pulsed amperometric detection (HPAEC-PAD), in five halophytic species from a Mediterranean salt
marsh (Juncus acutus, Juncus maritimus, Plantago crassifolia, Inula crithmoides and Sarcocornia fruticosa). Sucrose, followed by glucose and
fructose were the more representative sugars detected in J. acutus and J. maritimus, and sorbitol the only soluble carbohydrate present
at significant levels in 2. crassifolia. In the other two taxa analyzed, no clearly predominant carbohydrates were observed: polyols (2y0-
inositol and glycerol) secemed to be the most representative in 7 crithmoides, albeit at relatively low concentrations, and sugars (sucrose
and glucose) in S. fruticosa. Multivariate statistical analysis was used to correlate soil properties and meteorological conditions increasing
soil salinity, with seasonal changes in carbohydrate contents, to establish their possible function as osmolytes and their contribution to
salt tolerance in the investigated species. The obtained results confirmed sorbitol as the major functional osmolyte in P crassifolia-as it
has been described previously for other species of the genus-and suggested the participation of sucrose and, to a lesser extent, glucose and
fructose in osmoregulatory mechanisms in /. acutus and J. maritimus.
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Introduction

High soil salinity is one of the major environmental
stress factors reducing the yield of crops in arable lands
(Boyer, 1982; Owens, 2001), as well as affecting plant
distribution in natural ecosystems (Bartels and Sunkar,
2005). The deleterious effects of salt on plants are well
known (Flowers et al., 1986; Parida and Das, 2005; Ser-
rano, 1996), and the responses of plants to salt stress have
been the object of numerous studies, from botanical and
ecological to physiological, biochemical and molecu-
lar perspectives (Boscaiu ef al., 2005; Munns and Tester,
2008; Parvaiz and Satyawati, 2008; Sairam and Tyagi,
2004). However, little is known about the mechanisms
of salt tolerance of plants in their natural habitats since,
paradoxically, most studies have been carried out using
salt-sensitive species (glycophytes), under artificial labo-
ratory or greenhouse conditions. Salt-tolerant plants, or
halophytes-defined as those able to survive and complete
their life cycle at salt concentrations higher than 200
mM NaCl (Flowers and Colmer, 2008)-seem to be, 2 pri-
ori, more convenient models to investigate salt tolerance

mechanisms (for a more extensive discussion, see Grig-
ore et al., 2011). Nevertheless, there are evidences that all
plants, sensitive as well as tolerant, use similar, conserved
mechanisms of response to high salinity-and to other envi-
ronmental stress conditions causing cellular dehydration,
such as drought, cold, high temperatures or heavy metals-
involving, for example, the control of ion homeostasis and
maintenance of cellular osmotic balance, the synthesis of
‘protective’ metabolites and proteins, and the activation of
chemical and enzymatic antioxidant systems (Hussain ez
al., 2008; Vinocur and Altman, 2005; Zhu, 2001).

Salt tolerance of halophytes, in particular, seems to be
largely dependent on their capacity to compartmentalize
toxic ions in the vacuole and to accumulate compatible
solutes in the cytoplasm (Flowers ez a/., 1986; Glenn ez al.,
1999). Apart from their role in osmotic adjustment, these
‘compatible osmolytes’ act as osmoprotectants, by directly
stabilizing proteins and membrane structures under dehy-
dration conditions, and by protecting the cell against oxi-
dative stress as scavengers of ROS (Szabados and Savouré,
2010). Osmolytes are diverse from the chemical point of
view, including some amino acids and derivatives (Gad-
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allah, 1999; Khan ez 4/., 2000), sugars (Gao ez al., 1998;
Jouve et al., 2004), or sugar alcohols (polyols) (Ishitani e
al., 1996; Koyro, 2006). Most studies found in the bibli-
ography on the detection and quantification of osmolytes
refer to nitrogenous compounds, such as proline (Pro) or
glycine betaine (GB), which play an adaptive role in me-
diating osmotic adjustment and protecting subcellular
structures in stressed plants (Ashraf and Harris, 2004). In
fact, Pro and GB behave as almost omnipresent solutes,
and it appears that species that are Pro accumulators show
low levels of GB, and vice versa (Briens and Larher, 1982;
Tipirdamaz ez al., 2006). It has been suggested that the
type of osmolyte used by different species could be used as
a taxonomic criterion, but this point is far from clear, with
the exception of some specific genera, due to the multiple
evolutionary origins of salt tolerance in land plants (Flow-
ers et al., 2010).

Not much is known about the role of carbohydrates
as osmolytes in halophytes, but there are evidences that
they also contribute to osmoregulation (e.g. Aubert ez al.,
1999; Gorham e 4l., 1980; Murakeézy et al., 2003), as
they do in a large number of glycophytes. Soluble sugars
are responsible for up to 50% of the total osmotic poten-
tial in glycophytes subjected to saline conditions (Cram,
1976). Relevant physiological studies have shown that
soluble carbohydrates, such as glucose, fructose, sucrose,
or fructans, significantly contribute to the mechanisms
of adaptation to salt stress (Kerepesi and Galiba, 2000;
Parida e al., 2002). Polyols also play an important role in
the response to abiotic stress, compensating the reduced
cell water potential (Popp and Smirnoff, 1995), and as
oxygen radical scavengers (Ashraf and Harris, 2004); their
hydroxyl groups could effectively replace water in estab-
lishing hydrogen bonds in the case of cellular dehydration,
thus helping to maintain enzyme activities and to protect
membrane structures (Noiraud ez 4/, 2001). Thus-apart
from their established functions as precursors of metabol-
ic compounds, signalling molecules, and major cellular en-
ergy source (Gupta and Kaur, 2005; Hare ez 4., 1998)-in
many plant species, including halophytes, carbohydrates
probably share with other types of osmolytes their func-
tions in maintenance of osmotic balance, osmoprotection
and ROS scavenging, as well as molecules for carbon stor-
age during stress (Parida and Das, 2005).

In reference to the detection and identification of solu-
ble carbohydrates, numerous techniques have been devel-
oped over the years (BeMiller, 2010). High Perfomance
Liquid Chromatography (HPLC), with its multiple vari-
ants, is the general method of choice for the separation of
metabolites of many different chemical families (e.g. Ga-
jewski ez al.,2009; Koyuncu and Dilmagiinal,2010). High-
performance anion-exchange chromatography combined
with pulsed amperometric detection (HPAEC-PAD), in
particular, has proven to be a highly sensitive and efficient
separation tool for carbohydrate identification and analy-
sis (Andersen and Sorensen, 2000; Cataldi ez 4/., 2000).

The levels of different soluble carbohydrates with
known osmolyte function have been determined in some
representative halophytes from a Mediterranean salt
marsh, several times during the length of the study, from
summer 2009 to autumn 2010. The aims of this work
were: 1) to identify and quantify the major sugars and/
or polyols present in each of the selected taxa, growing in
their natural habitat, 2) to analyse scasonal changes in the
levels of those putative osmolytes, and 3) to try and estab-
lish possible correlations between changes in the contents
of specific carbohydrates and the degree of environmental
stress, estimated by the parallel analysis of soil properties
and climatic conditions in the experimental area. It was
hypothesised that those sugars playing a role in the mech-
anisms of salt tolerance in a given species, that is, with a
biological function as osmolytes, should accumulate at
significantly higher levels in periods of strong stress than
under milder environmental conditions.

Materials and methods

Plant material

Plant samples from different halophytes were collected
in the Natural Park of ‘Devesa de la Albufera) near the city
of Valencia, SE Spain (39° 21’ N; 0° 19" W). The sampling
zone is located in one of the so-called ‘malladas, which
are characteristic salt marshes in depressed areas separated
from the sea by coastal dunes. An experimental plot was
defined in a not flooded sandy area, based on the presence
of taxa of interest. Two monocotyledonous halophytes
belonging to the Juncaceae family (Juncus acutus L. and
J- maritimus Lam.) and three succulent dicotyledonous
species-Sarcocornia fruticosa (L.) A. J. Scott. (Chenopo-
diaceae), Inula crithmoides L. (Compositae), and Plan-
tago crassifolia Forssk. (Plantaginaceae)-were selected for
this study. Juncus culms, P, crassifolia leaves and succulent
branches of S. fruticosa and I crithmoides, were collected
from five individuals of each species. Sampling was repeat-
ed periodically, in different seasons, from summer 2009 to
autumn 2010 (the sampling dates were: 1-Jul-09, 30-Nov-
09, 19-May-10, 13-Jul-10, and 23-Nov-10). Each time, the
samples were obtained from the same individuals, which
were marked in the field but also georeferenced. Plant ma-
terial was cooled on ice and transported to the laboratory,
where part of it was frozen and stored at -75°C, and the
rest dried in the oven at 65°C for 3-4 days, until constant

weight, to obtain the percentage of dry weight of each in-
dividual.

Soil properties

Three soil samples were collected from 0 to 15 cm
depth simultancously with the plant material, air-dried
and passed through a 2 mm sieve to remove coarse frag-
ments before laboratory analysis. Soil pH was measured in
soil suspensions in a soil-to-water ratio of 1:2.5 (w/v) us-
ing a Crison MicropH 2001 pH-meter. Electrical conduc-
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tivity (EC) was measured in aqueous extracts at a soil-to-
water ratio of 1:1 (w/v) in a Crison 522 conductivimeter.
Soil oxidable organic carbon (SOC) was determined by
the Walkley-Black dichromate oxidation method (Nelson
and Sommers, 1982), and water holding capacity as water
retained at 20 kPa in a pressure chamber.

Meteorological data

Meteorological information on precipitation, tempera-
ture and evapotranspiration (ETP), registered in the near-
est station located in Picassent (Valencia), were obtained
from the Agroclimatic Information System for Irrigation
(SIAR) of the Spanish Ministry of Environment, Rural
and Marine Affairs (MARM).

Extraction of soluble sugars

Plant samples were ground in a mortar, in the presence
of liquid nitrogen, until a fine powder was obtained. Up
to 200 mg of this material was suspended in 1 ml milliQ
water; the solution was supplemented with raffinose, as an
internal standard, transferred to a 2 ml centrifuge tube and
vortexed, thereafter incubated at 95°C for 10 min, sonicat-
ed 5 min, and then centrifuged at 12000 rpm for 10 min
in a table-top Eppendorf centrifuge, to eliminate debris.
One ml of the supernatant was filtered through a Sep-Pak
plus C18 solid phase cartridge (Waters, Barcelona, Spain)
and diluted to 4.5 ml with milliQ water. An aliquot of 20
ul of each extract was analysed by high performance liquid
chromatography.

Carbobydrate analysis

Six major sugars or polyols were determined in the
plant extracts, namely myo-inositol, glycerol, sorbitol,
glucose, fructose, and sucrose (by clution order). High-
performance anion-exchange chromatography (HPAEC)
combined with pulsed amperometric detection (PAD),
was used for carbohydrate separation and detection. Anal-
yses were performed using a non-metallic isocratic pump,
model 515 (Waters), a pulsed amperometric detector,
model 464 (Waters), and a manual injection valve with a
20-pl injection loop. A Hamilton (Bonaduz, Switzerland)
RCX-10 anion-exchange column (250 mm long x 4.1 mm
id., 7 um particle size), was used for carbohydrate separa-
tion. The analytical column was regenerated at the begin-
ning of each working day by flushing with 50 mL of 0.1 N
carbonate-free NaOH. Chromatography data acquisition
and processing was performed using the Empower 2 pro.
software for Windows (Waters). Pulsed amperometric
detection was carried out with the following pulse poten-
tials (El, measurement potential; E, cleaning potential;
E,, conditioning potential) and times: E, = -80 mV (¢, =
260 ms), E, = -570 mV (t,= 260 ms), E, = -730 mV (¢, =
360 ms). The detection potential was chosen so that car-
bohydrates could be detected with the lowest background
current. All experiments were carried out at 21°C under
isocratic conditions with 100 mM NaOH (flow-rate: 1.0
ml min) prepared daily, except in L crithmoides that re-
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quired 30 mM NaOH (at the same flow rate) for separat-
ing chromatographic peaks; the mobile phase was sparged
with helium gas at the beginning of each analytical run.
Stock solutions of the standards were prepared in milliQ
water and stored at -20°C until used. The quantitative de-
termination was done according to calibration lines rang-
ing from 0.01 to 4.5 mM of the standards. The correlation
coeflicients obtained (r?) were higher than 0.999.

Statistical analysis

A comparison was made with respect to the major car-
bohydrates detected in the investigated halophytes and the
sampling seasons. The computer program STATGRAPH-
ICS Centurion v.16 (Statistical Graphics Corp.) was used
for the statistical analysis. Analysis of variance (one-way
ANOVA) followed by Least Significant Difference test
(LSD) was used to separate the means of samplings, with a
minimum confidence interval of 95%. Prior to ANOVA,
sugar concentration data were normalized by logarithmic
transformation (LOG). The multivariate statistical tech-
nique of Principal Components Analysis (PCA) was used
to correlate the carbohydrate levels with the environmen-
tal variables studied. The new principal components or
factors were linear combinations of the original variables,
and independent of each other. Pearson product-moment
correlation coefficient (r) was applied to determine the
significance level of correlations.

Results and discussion

Soil analysis and climate data

Some soil properties of the experimental zone are pre-
sented in Tab. I; they did not vary significantly in different
seasons, and are similar to those of other salt marshes pre-
viously analysed in the Natural Park of ‘Devesa de La Al-
bufera’ (Lidén ez 4/.,2009). The sandy texture of the soil in
this area (96.2 sand: 0.6 silt: 3.2 clay, in percentage) makes
difficult the retention of water, but the most important
factor conditioning plant survival is the high salinity. In
fact, the groundwater level, the flooding regime and the sa-
linity are widely considered as the most important factors
affecting plant distribution in saline environments (Chap-
man, 1974). Soil moisture and salinity normally vary dur-
ing the year, in alternating dry periods, in which salts are
accumulated in the upper soil horizon, and wet periods,

Tab. 1. Soil properties of the sampling zone at 0 - 15 ¢cm depth.
Values shown are the means (with standard deviations) of the
different parameters, from samples collected in summer 2009,
autumn 2009 and spring 2010, three replicates per sampling (n
—9)

Soil properties Mean + SD
pH 891+0.31
WHC 20kPa* (%) 3844095
SOC" (gkg") 93+275

"WHC: water-holding capacity (water content by weight); "SOC: soil oxidable
organic carbon
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in which salts are diluted (Alvarez-Rogel et al., 2007). The
rise of salts to the surface by evaporation and their washing
by rain induces a cyclic variation of soil salinity in function
of environmental conditions. Seasonal variation of salin-
ity (measured as electrical conductivity of the soil) and
other climatic variables are shown in Tab. 2. As expected,
soil salinity and temperatures were significantly higher in
summer 2009 and 2010, as compared to the other seasons;
in those periods, elevated temperatures and low rainfall
resulted in higher evapotranspiration and water deficit.
However, the two years of the study were quite different
meteorologically. The first year was generally drier, and the
summer sampling was preceded by a strong drought: the
accumulated rainfall during the two months before collec-
tion of plant material amounted to only 8.6 1 m?, as com-
pared to 55 I m? in the same period of 2010, which was
very rainy during winter and spring, resulting in higher
soil humidity (data not shown). Therefore, including all
samplings, summer 2009 was the period when plants had
been subjected to a higher degree of environmental stress.

Average carbohydyate contents in the selected halophytes

To establish the predominant sugar(s) present in the
halophytic species under study, six major soluble carbo-
hydrates, namely #zyo-inositol, glycerol, sorbitol, glucose,
fructose, and sucrose, were determined in extracts of
plants collected in five successive samplings, from summer
2009 to autumn 2010; the average values of all samples are
shown in Tab. 3, for the five investigated taxa. From these
data, it is clear that the patterns of carbohydrate accumula-
tion differ widely in the different species analysed, except
for the closely related Juncus acutus and J. maritimus; both

taxa accumulated relatively high levels of sucrose and, to
a lesser extent, glucose and fructose, but showed very low
polyol contents.

Sorbitol was the major carbohydrate detected in Plan-
tago crassifolia, which contained very low levels of the rest
of sugars and polyols. This result support the notion that
sorbitol is the osmolyte used specifically by plants of this
genus-and probably in the whole Plantaginaceae family
(Flowers et al., 2010). Sorbitol has been described as the
most abundant soluble carbohydrate in all Plantago spe-
cies analysed, including taxa with different degrees of salt
tolerance, from typical halophytes such as P maritima to
glycophytes such as P major (Ahmad ez al., 1979; Konig-
shofer, 1983; Koyro, 2006; Pommerrenig ez al., 2007).

Inula crithmoides contained very low levels of all sug-
ars, and between 2 and 4-fold higher levels of polyols (ex-
cept sorbitol), whereas Sarcocornia fruticosa accumulated
predominantly glucose and sucrose but showed low polyol
contents (Tab. 3). It should be mentioned that no addi-
tional major peaks were observed in the chromatograms,
excluding the possibility that other unidentified sugars or
polyols could play a significant role as osmolytes in the in-
vestigated species.

Seasonal changes in carbohydyate contents

Seasonal changes in carbohydrate contents in the
plants were analysed, to establish possible correlations with
changes in their environmental conditions. The results ob-
tained are shown in Fig. 1 for the two Juncus species and
in Fig. 2 for the three succulent halophytes, P, crassifolia, I
crithmoides and S. fruticosa. Those sugars and polyols pres-

Tab. 2. Seasonal changes in soil and climatic variables in the sampling zone. EC: electrical conductivity (1:1 w/v); P: precipitation;
ETP: evapotranspiration; WD: water deficit; Av. T: average temperature; Max. T: maximum temperature; Min. T: minimum
temperature. EC values shown are the means (with standard deviations) of three random samples collected in the experimental

zone (n = 3). Temperature values correspond to the means (+ SD) of weekly data during the month previous to the sampling day,

in each season (n = 4). ‘Accumulated’ values are the sum of weekly data during the month previous to the sampling day, in each

season (n = 4)

S Mean + SD! Accumulated
cason EC(dSm') AvT(°C) Max.T(°*C) Min.T(°C)  P(mm) ETP(mm) WD (mm)
Summer 2009 2.81+0.61° 2392 +0.93* 33.01 £0.90* 1599 +1.78* 0 157.36 157.36
Autumn 2009 0.52 +0.16> 18.39 + 1.64° 27.82 + 1.65° 11.19 +2.03 30.60 60.84 30.24
Spring 2010 021 £0.03¢ 1349 £2.01¢ 22.05 +2.6%¢ 6.48 £2.31¢ 49.80 80.68 30.88
Summer 2010 2.66 + 0.55* 2421 +£2.20° 3234+ 1.74 15.48 + 3.46 0.20 151.28 151.08
Autumn 2010 1.33+0.28" 13.21 +2.64¢ 21.34 + 3.06¢ 5.48 +2.90¢ 11.60 57.16 45.56

'Numbers followed by the same letter within a column are not significantly different (P > 0.05; ANOVA followed by LSD)

Tab. 3. Average contents of major soluble carbohydrates in the selected halophytic species. Values correspond to the means (with

standard deviations) of samples collected in different seasons (n = 5), from summer 2009 to autumn 2010

Carbohydrate contents (umol g! DW)

Plant species

myo-Inositol Glicerol Sorbitol Glucose Fructose Sucrose
J. acutus 292+0.58 056 +0.17 0.17 +£0.04 39.14 £ 8.86 39.1+7.45 100.06 + 24.87
J- maritimus 232+0.34 1.16 + 0.47 0.34 +0.09 30.83+6.18 29.46 +4.52 91.42 +17.65
P, crassifolia 61+1.62 0.62+0.14 159.61 + 31.60 357+ 161 4+1.60 6.06+2.15
L crithmoides 23.66 £ 11.07 17.8 + 6.84 0.64 + 0.40 5.1+278 6.03 £4.83 829+ 3.90
S. fruticosa 649 +1.33 0.65+0.21 0.43 +0.02 51.93 +20.94 5.11+3.01 49.99 +18.17
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ent at very low levels in the different taxa were excluded
from the graphics.

As mentioned before, sucrose is the major carbohydrate
in both Juncus species (Tab. 3), but its seasonal variation
was statistically significant only in J. acutus (F = 5.62; df
=4,20; P < 0.05). The highest sucrose content in J. acutus
(148 umol g' DW) was measured in the sample collected
in summer 2009, and was significantly different from all
other seasons, as revealed by the post-hoc analysis (Fig. 1).
Glucose contents also showed significant seasonal differ-
ences (F = 9.07; df = 4, 20; P < 0.05); the maximum level
of glucose (66 pmol g' DW) was lower than that of su-
crose, but was found also in summer 2009; LSD intervals
(P < 0.01) showed significant differences with the rest of
the samplings. Seasonal variation of fructose contents was
qualitatively and quantitatively very similar to that of glu-
cose (Fig. 1). These data support the function of sucrose
as an active osmolyte in /. acutus, and suggest its participa-
tion in the mechanisms of stress tolerance in this species.
Glucose and fructose probably contribute as well to main-
taining cellular osmotic balance, albeit to a lesser extent,
since they accumulate to lower levels.

The patterns of seasonal changes of the three sugars
are similar in J. acutus and J. maritimus, but in the lat-
ter species the observed differences were not statistically
significant (Fig. 1), which could be due simply to a high
variability of carbohydrate contents in individual J. 72ar-
itimus plants. These two species are closely related taxo-
nomically, but they differ in their tolerance to salt. It has
been observed that J. maritimus, the most salt tolerant,
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always contains higher levels of Pro than /. acutus, under
the same environmental conditions (unpublished results);
therefore, it is also possible that J. maritimus relies mostly
on Pro accumulation for osmotic adjustment and the sug-
ars play only a secondary role in salt tolerance mechanisms
as functional osmolytes, but this hypothesis remains to be
demonstrated.

Sorbitol is the only soluble carbohydrate accumulating
atsignificantlevels in Plantago crassifolia, reaching concen-
trations similar to those described by Ahmad e a/. (1979)
in P maritima, another halophyte of the genus. Moreover,
seasonal changes in sorbitol contents were clearly correlat-
ed with the environmental conditions of the plants (Fig.
2): the highest values (ca. 340 umol g' DW) were detect-
ed in leaves collected in summer 2009, and were signifi-
cantly different (F = 38.67; df = 4, 20; P < 0.05) from sor-
bitol levels measured in plants sampled in all other seasons
(LSD intervals, P < 0.001). In fact, changes in sorbitol lev-
els in the plants followed, at least qualitatively, the changes
in soil salinity (compare P, crassifolia data from Fig. 2 with
EC measurements in Tab. 2). A difference of more than
5-fold in sorbitol content was observed between the peri-
ods of lower (spring 2010) and higher (summer 2009) soil
salinity. In previous experiments (Vicente ez 4/., 2004), in
which young P, crassifolia plants were treated in the green-
house with increasing salt concentrations, sorbitol con-
tents also increased about 5-fold between 200 mM and
500 mM NaCl, although at lower NaCl concentrations
there was no positive correlation between sorbitol levels in
the plants and external salinity.
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Fig. 1. Seasonal changes of the most abundant carbohydrates in the monocotilyledonous halophytes Juncus acutus and J. maritimus.

Carbohydrate contents (umol g! DW; mean + SD, n = 5) are shown, as indicated; for each of them, values with the same lower-case
letter are not significantly different (P > 0.05; ANOVA followed by LSD). * Significantly different (P < 0.01)
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In Inula crithmoides, the most abundant carbohydrates
were identified as the polyols 7zyo-inositol and glycerol
(Fig. 2). Myo-inositol is a central component of several
biochemical pathways in plants, including cell signalling
and membrane biogenesis (Nelson ez 4/, 1998), besides its
function in osmoregulation under conditions of cellular
dehydration. In L crithmoides, however, myo-inositol con-
tents did not show any clear correlation with the degree of
environmental stress, since they were similar in plant ma-
terial collected in all seasons, except in autumn 2009, in
which this polyol was present at significantly lower levels.
Therefore, mzyo-inositol does not seem to be involved in
mechanisms of tolerance to salt stress in this taxon. Con-
cerning glycerol, on the contrary, one-way ANOVA re-
vealed statistically significant differences between seasons
(F = 12.55; df = 4, 17; P < 0.05). LSD intervals showed
higher differences between the summer samplings, in
2009 and 2010-that is, when the levels of soil salinity were
higher (Tab. 2)-and the rest of seasons studied; these data

500

would indicate that there is some correlation between
glycerol levels and environmental stress, suggesting that it
could be involved in salt tolerance mechanisms. Glycerol
is the main osmolyte in yeast (Hohmann, 2002), and has
been identified as an osmoprotective compound in algae
(Cui et al., 2010) and cyanobacteria (Salerno ez 4/., 2004)
bug, its has not been described as a functional compat-
ible osmolyte in angiosperms. In any case, for both, #zyo-
inositol and glycerol, even the maximal levels detected in
L crithmoides plants-about 30 umol g' DW-are probably
too low to have any significant effect on the maintenance
of cellular osmotic balance under salt stress conditions.
The levels of other osmolytes have been determined in the
same individual plants used for the present study, and it
was found that L crithmoides accumulates relatively high
concentrations of GB (unpublished data), which is, most
likely, the major compound responsible for osmoregula-
tion in this species.

450

400
= 350 |
300
250 4
200 1
150 4
100 4
50

0

ol g'l DW

jn

a** Plantage crassifolia

E3 Summer 2009
Autmnn 2009
B Spring 2010

E3 Summer 2010
B Autmnn 2010

Sorbitol

100
90
80 4
70+
60
50 4
40 4
30
20 A

junol g 'pw

Inula critiunoides

Myo-inositol

Glycerol

nmol g'l DW

Sarcocornia fruticosa

a

|

Glucose

Sucrose

Fig. 2. Seasonal changes of the most abundant carbohydrates in the dicotilyledonous succulent halophytes Plantago crassifolia, Inula
crithmoides, and Sarcocornia fruticosa. Carbohydrate contents (umol g' DW; mean + SD, n = 5) are shown, as indicated; for each
of them, values with the same lower-case letter are not significantly different (P > 0.05; ANOVA followed by LSD). * Significantly

different (P < 0.01). ** Significantly different (P < 0.001)
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Fig. 3. Site score plot of the studied variables on the two principal
components (PC1, PC2) of the halophytes Plantago crassifolia,
Juncus acutus, and J. maritimus. Carbohydrates: Fructose, Glu-
cose, Glycerol, Myo-inositol, Sorbitol, and Sucrose. Edaphocli-
matic variables: Av. Temp. (average temperature), EC (electrical
conductivity), ETP (evapotranspiration), Precipitation

From the five halophytes investigated, Sarcocornia fruti-
cosa is probably the most salt-tolerant. This species is found
in coastal salt marshes in SE Spain, growing under a very
wide range of interstitial soil salinity; it is able to tolerate
very high and continued exposure to salt, and maintains a
high growth rate even at 0.5 M NaCl (Redondo-Gémez er
al.,2006). In the present study, glucose and sucrose proved
to be the carbohydrates present at higher concentrations
in 8. fruticosa, with average values of ca. 50 umol g DW
(Tab. 3) and maximal contents of 90-100 pmol g* DW
(Fig. 2). Significant differences in the levels of these sugars
were found among seasons (F = 5.66 and 10.23; df = 4, 18;
P < 0.05). Regarding their seasonal variations, there was
no clear correlation of glucose contents and soil salinity
or meteorological data, whereas maximal sucrose contents
were measured in the samples from the very dry summer
of 2009 but, as described above for J. acutus and P cras-
sifolia, they were not maintained in those from summer
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2010. As L. crithmoides, S. fruticosa synthesises high levels
of GB (data not shown), and apparently does not rely on
carbohydrates for osmoregulation. Some related species
from the same family, such as Salicornia europaea L. and S.
prostrata Pall. have been shown to accumulate GB (Tipir-
damaz et al. 2006), although the former species seems to
use also methylated sulphonium compounds as osmolytes
(Briens and Larher, 1982).

Principal Components Analysis (PCA) of carbohydrates

To confirm mathematically the apparent correlations
observed between the seasonal changes in carbohydrate
levels and the corresponding soil and climatic characteris-
tics of the experimental area, PCA was applied to the data
described above.

In P, crassifolia, PCA yields two principal components
(PC1, PC2), with cigenvalues > 1; together they explained
81.37% of the total variation. The first PC (57.33%) was
positively dominated by sorbitol, evapotranspiration
(ETP), average temperature (Av. Temp.), and electrical
conductivity (EC) (Fig. 3). Pearson product-moment
correlation coeflicient between each pair of variables con-
firmed to be significant (P < 0.05) for the variable-group
noted. Sobitol was highly correlated with ETP (r = 0.91)
and Av. Temp. (r = 0.92) and, with somchow lower sig-
nificance, also with EC (r = 0.75). Precipitation was also
significantly, but negatively correlated with sorbitol (r =
-0.55). Obviously, PC1 is mostly related to soil humidity-
which will decrease in periods of low precipitation and
high ETP-and concentration of salts, both essential fac-
tors conditioning salt stress in plants. PC2 (24.04%), on
the other hand, was mainly dominated by »zyo-inositol, su-
crose, and glycerol on the positive side, but the low levels
of these carbohydrates indicate that they do not play any
important role in the compensation of osmotic stress in 2
crassifolia.

In Juncus acutus and J. maritimus, three PCA compo-
nents (PC1, PC2, PC3), with cigenvalues > 1, explained
91.55 and 82.21% of the total variation, respectively. In
both cases, PC1 was positively correlated with glucose,
fructose, sucrose, ETP, EC, and Av. Temp. In J. acutus,
glucose and fructose were correlated, with high statistical
significance, positively with EC (both = 0.81), ETP (r =
0.9, 0.92), and Av. Temp. (r = 0.83, 0.86), and negatively
with Precipitation (r = -0.65, -0.64); sucrose was positively
correlated with EC (» = 0.78) and ETP (» = 0.68), and
negatively with Precipitation (» = -0.76). This behaviour
was slightly different in the case of J. maritimus: glucose
and fructose also correlated positively with EC (» = 0.63,
0.54), ETP (r=0.69,0.64), and Av. Temp. (»=0.71,0.88),
and negatively with Precipitation (r = -0.43), but less sig-
nificantly than in J. acutus. Sucrose, on the other hand, was
not significantly correlated with any abiotic variable, but
its accumulation at high levels in J. maritimus suggested
that it is related to osmotic compensation: one-way ANO-
VA of LOG (sucrose), using EC as factor, was statistically
significant (F = 1.17; df = 4, 20; P < 0.05). As in P, crassifo-
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lia, PC1 was positively correlated with variables related to
an increase of soil salinity and, consequently, to the activa-
tion of osmoregulatory mechanisms in the plants. In both,
J. maritimus and J. acutus, low loadings of PC2 (11.4%
and 21.36%, respectively) and PC3 (12.82% and 11.07%),
were obtained.

In L crithmoides and S. fruticosa, PCA did not reveal
any clear interactions between carbohydrates and the envi-
ronmental parameters studied (data not shown).

Conclusions

Seasonal variations of carbohydrates contents have
been investigated in five selected halophytes, growing in
their natural habitat in a littoral salt marsh in SE Spain,
with the aim to establish their possible function as ‘com-
patible osmolytes’ and their contribution to the mecha-
nisms of salt tolerance in the different plant species. Sor-
bitol is the only soluble carbohydrate present at significant
levels in Plantago crassifolia. Sorbitol contents correlated
positively with high temperatures, evapotranspiration and
electrical conductivity of the soil, and negatively with pre-
cipitation; that is, they varied in parallel with the intensity
of salt stress affecting the plants during the course of the
year. These data showed that sorbitol is the major func-
tional osmolyte in P, crassifolia, as has been demonstrated
for all other species of this genus investigated previously.
The same correlations with edaphoclimatic parameters
were found for sucrose, glucose and fructose in Junmcus
acutus and J. maritimus. Considering the relative levels
reached by these sugars, sucrose appears to be the involved
in osmoregulation, with minor contributions of the less
abundant glucose and fructose. In Inula crithmoides and
Sarcocornia fruticosa, no clear correlation was found be-
tween soluble carbohydrates contents and salt stress; in
addition, the levels of these compounds are generally too
low to have any significant effect on maintaining cellular
osmotic balance under stress conditions.
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