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Abstract

The aim of the present work was to check whether carbohydrate metabolism and partitioning contribute to the higher salt
tolerance of the facultative halophyte Hordeum marinum compared to the glycophyte Hordeum vulgare. Seedlings with the
same size from the two species were hydroponically grown at 0 (control), 150, and 300 mM NacCl for 3 weeks. H. marinum
maintained higher relative growth rate, which was concomitant with a higher aptitude to maintain better shoot tissue hydra-
tion and membrane integrity under saline conditions compared to H. vulgare. Gas exchanges were reduced in the two spe-
cies under saline conditions, but an increase in their water use efficiency was recorded. H. marinum exhibited an increase in
leaf soluble sugar concentrations under saline conditions together with an enhancement in the transglucosidase DPE2 (EC
2.4.1.25) activity at 300 mM NaCl. However, H. vulgare showed a high increase in starch phosphorylase (EC 2.4.1.1) activity
under saline conditions together with a decrease in leaf glucose and starch concentrations at 300 mM NacCl. In roots, both
species accumulated glucose and fructose at 150 mM NaCl, but H. marinum exhibited a marked decrease in soluble sugar
concentrations and an increase in starch concentration at 300 mM NaCl. Our data constitute an initiation to the involvement
of carbohydrate metabolism and partitioning in salt responses of barley species and further work is necessary to elucidate
how their flexibility confers higher tolerance to H. marinum compared to H. vulgare.
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Abbreviations 8s Stomatal conductance

A Net CO, assimilation NAD®* Oxidized form of nicotinamide adenine
C Control dinucleotide

E Transpiration rate PGI Phosphoglucose isomerase

EC Electrical conductivity Phol  Plastidial phosphorylase isoform
EDTA Ethylenediaminetetraacetic acid Pho2  Cytosolic phosphorylase isoform

EL Electrolyte leakage PPFD  Photosynthetic photon flux density

RGR  Relative growth rate
ROS Reactive oxygen species
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various negative effects on plants, in particular oxidative and
osmotic stresses, as well as ionic imbalances (Cardi et al.
2015). The ‘osmotic effects’ of salinity as referred to by
Munns and Tester (2008) appear as early effects resulting
from a salt-induced decrease in soil water potential around
the root system, reducing, in this way, the plant’s ability to
take up water, which can lead to cell dehydration (Islam
et al. 2007). Salt-induced osmotic effects reduce transpira-
tion rate through stomatal closure, which may affect CO,
fixation (Maggio et al. 2007; Chaves et al. 2009). The ‘ionic
effects’ of salinity occur after relatively long-term expo-
sure to salt (competitive ion uptake and transport within the
plant) following intracellular accumulation of toxic ions of
Na't and CI~ within shoot tissues (Munns and Tester 2008;
Harris et al. 2010). These effects disturb metabolic pro-
cesses, photosynthetic efficiency, and plant growth and yield
(Jusovic et al. 2018). The degree of damage depends among
others on salinity level, exposure duration, and plant spe-
cies (Munns and Tester 2008; Rozema and Flowers 2008).
A variety of physiological and biochemical mechanisms
has been evolved by plants to cope with salinity, includ-
ing but not limited to (i) ion homeostasis (the regulatory
mechanisms of ion uptake, transport, accumulation, and
compartmentalization), (ii) osmotic adjustment (use of Na*
and CI™ in osmotic adjustment and biosynthesis of osmo-
protectants and compatible solutes), (iii) reactive oxygen
species (ROS) homeostasis (enzymatic and non-enzymatic
antioxidant systems), and (iv) stress signaling (phytohor-
mones and signaling molecules) (Gupta and Huang 2014).
According to their degree of salinity tolerance, plants were
divided into halophytes and glycophytes. Nevertheless, up to
now, no clear definition was retained for halophytes (Munns
and Tester 2008; Cheeseman 2015).

During the last decades, sea barley (Hordeum marinum
Huds. or Hordeum maritimum With.) has attracted more and
more attention as a promising plant at both fundamental and
applied levels. This wild barley species was described as
an annual facultative halophyte (Hafsi et al. 2007, 2010,
2011a, b; Lakhdar et al. 2008; Yousfi et al. 2010; Alamri
et al. 2013; Chalbi et al. 2013; Ferchichi et al. 2018) and
its responses to salinity was compared to those of its gly-
cophytic relative Hordeum vulgare L. (cultivated barley) in
several works (Garthwaite et al. 2005; Yousfi et al. 2010;
Chalbi et al. 2013; Ferchichi et al. 2018). Garthwaite
et al. (2005) compared the responses to increasing salin-
ity for 16-21 days of eight wild barley species, including
sea barley, to cultivated barley. They found that the major-
ity of them showed a higher capacity to ‘exclude’ Na*t and
Cl1~ from their shoots and to maintain higher leaf K* than
H. vulgare. The authors considered the most studied wild
barley species more salt-tolerant than cultivated barley and
retained the restriction of Na* and CI~ entry to shoots as a
criterion of salt tolerance in these species. The subjection of
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sea barley and cultivated barley to 0, 100, 200, and 300 mM
NaCl for 60 h (osmotic shock) confirmed these statements
and showed that H. vulgare adopted an energy-consuming
strategy to combat salt osmotic effect using K* and organic
metabolites for osmotic adjustment, while H. marinum
exhibited efficient metabolite management and metabolic
nutrient regulation. Sea barley relied on Na* for osmotic
adjustment at moderate salinity, keeping in this way K* and
organic metabolites for metabolic purposes and used them
only at high salinity (Yousfi et al. 2010). Islam et al. (2007)
succeeded to transfer some salt-adaptive mechanisms from
H. marinum to H. marinum—Triticum aestivum amphiploid.
Chalbi et al. (2013) stated that sea barley maintained a less
affected photosynthetic activity under long-term salinity
compared to cultivated barley. They demonstrated also that
despite the increase in the unsaturated-to-saturated fatty acid
ratio and the double bond index observed in salt-treated H.
vulgare plants, they showed more affected membrane integ-
rity compared to H. marinum plants. Recently, Ferchichi
et al. (2018) demonstrated in a metabolomic study that H.
marinum experienced sequential metabolite and ion accu-
mulation that allowed it a 2-3 week delay in showing stress
damage symptoms in comparison with H. vulgare.

Triose phosphates produced during carbon fixation
are either stored as starch within the chloroplast or trans-
ported to the cytosol, where they contribute to sucrose
synthesis (Hartman et al. 2017). Contrarily to starch syn-
thesized in cells of storage organs (storage starch that can
be stored over seasons and even over years), transitory
starch in photosynthetic cells is synthesized and degraded
within 1 day—night rhythm (Lu et al. 2005). The func-
tion of starch depends on the cell type from which it is
derived, as well as on environmental conditions (Thal-
mann and Santelia 2017). Starch is also considered as a
key molecule involved in the responses of plants to abiotic
stresses; its remobilization constitutes a source of energy
and carbon under potentially limited photosynthesis con-
ditions. In addition, the released soluble sugars were
reported to support plant growth and play a key role in
osmotic adjustment, as well as in stress signaling (Van
den Ende and El-Esawe 2014; Thalmann and Santelia
2017). Several enzymes are involved in starch metabo-
lism, including starch phosphorylase (EC 2.4.1.1)—with
its plastidial (Phol) and cytosolic (Pho2) isoforms—that
transfers glucosyl units from glucose-1-phosphate (G-1-P)
to glycans containing a-1-4 linked glucan chains (Fettke
et al. 2005a, b, 2012) and the transglucosidase DPE2 (EC
2.4.1.25) that transfers glucosyl residues from maltose to
a polysaccharide with the release of glucose (Chia et al.
2004; Fettke et al. 2006). Thus, Pho2 and DPE?2 are related
to the degradation of starch and formation of sucrose in
the cytosol, the transport metabolite of most plants. Fur-
thermore, DPE2 also contributes to the release of glucose.
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For the plastidial phosphorylase, it has been reported that
it contributes to starch metabolism under specific stress
conditions such as cold (Orawetz et al. 2016).

Although carbohydrate concentrations were determined
in mature leaves of H. marinum and H. vulgare under
saline and non-saline conditions and their relative contri-
bution to osmotic adjustment was estimated (Yousfi et al.
2010; Ferchichi et al. 2018), more importance should be
given to their contribution to salt tolerance. This was the
aim of the present study, in which we tried to find relation-
ships between carbohydrate metabolism/partitioning and
tolerance to moderate and high salinities in a comparative
study between H. marinum and H. vulgare.

Materials and methods
Plant materials and growth conditions

Hordeum marinum seeds were collected in the Sebkha of
Soliman (30 km south of Tunis, semi-arid area) and H.
vulgare (var. Manel) seeds were provided by the National
Institute of Agronomic Research of Tunis (INRAT).
Seeds of both barley species were disinfected with cal-
cium hypochlorite (2%) and germinated in petri dishes
on filter paper moistened with distilled water. To obtain
seedlings with the same size in the beginning of treat-
ments, H. marinum germination was started 14 days before
that of H. vulgare. Obtained seedlings were transferred in
dark plastic containers filled with a continuously aerated
Hewitt’s (1966) nutrient solution that was renewed twice a
week. This pretreatment period took 40 days and seedlings
received quarter strength, then half strength and finally
complete nutrient medium. After 40 days for H. vulgare
and 54 days for H. marinum, salt treatments were applied
by adding NacCl to final concentrations of 0 mM (C: con-
trol), 150 mM (S1), and 300 mM (S2). Both pretreatment
and treatment were conducted in a growth chamber with
a light/dark temperature regime of 25/20 °C, a relative
humidity of 60-80%, a light intensity of approximately
250 pumol photons m~2 s~!, and a photoperiod of 12 h.
After 21 days of treatment, gas exchange parameters were
measured then plants were harvested.

Growth and water content determination

Plants used for growth and water content analyses were cut
into shoots and roots, weighed fresh, then oven-dried for
3 days at 70 °C, and weighed dry. Growth was measured
as relative growth rate (RGR) as described by Rabhi et al.
(2010).

Gas exchange measurements

Gas exchange parameters were measured in both spe-
cies exposed to 0, 150, and 300 mM NacCl for 21 days of
treatment, using a portable Licor gas analyzer (LC pro*,
ADC Bio Scientific Ltd.). Measurements were taken in a
greenhouse from the mid-lamina portion of fully expanded
attached leaves. The measurements were carried out between
10.00 am and 1.00 pm at the following cuvette conditions:
800 umol PPFD m~2s7!, 30 °C leaf temperature, 0.35 mbar
ambient CO, partial pressure, and 26 mbar cuvette H,O par-
tial pressure. Measured parameters were net CO, assimila-
tion (A), stomatal conductance (g,), transpiration rate (E),
and water use efficiency (WUE). The latter was calculated
as A/E ratio.

Electrolyte leakage measurements

Electrolyte leakage (EL) was determined in fresh discs
of fully expanded leaves through electrical conductivity
(EC) measurements according to Dionisio-Sese and Tobita
(1998). The leaf discs were immediately put into tubes con-
taining 10 mL MilliQ water each. Their incubation for 2 h
in a water bath at 32 °C allowed the determination of the
initial electrical conductivity of the solution (EC1) by a
Metrohm 712 conductivity meter. After incubation at 121 °C
for 20 min and cooling to 25 °C, the final value (EC2) was
determined. EL was then calculated as follows:

EL(%) = ECI1 x 100/ EC2.

Sample preparation for starch and soluble sugar
assays

At the harvest, samples from roots and fully expanded leaves
were collected at the end of the light period (after 10-11 h
of illumination) and frozen in liquid nitrogen then stored at
— 80 °C until use. Soluble sugars were extracted in etha-
nol [80% (v/v)], then resuspended in double distilled water
according to a modified method of Caporn et al. (1999). To
an aliquot of 40-50 mg frozen material, an ethanol [80%
(v/v)] volume of 0.85 mL was added and the mixture was
incubated at 80 °C under continuous agitation for 15 min.
After centrifugation at 20,000g for 10 min, the supernatant
was collected. A second extraction was performed in the
same way and the two supernatants were combined in a sin-
gle ethanol extract. The latter was immediately evaporated
in speed vacuum and the obtained pellet was resupended
in 200 pL double distilled water for 10 min at 30 °C, then
centrifuged for 10 min at 20,000g. The concentrations of
glucose, sucrose, and fructose were spectrophotometrically
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determined in the supernatant through measurements of
NAD? reduction in the presence of specific enzymes at
340 nm. Four replicates from four different plants were used
for each sugar assay. The pellet was used for starch assays.

Soluble sugar assays

A modified method of Caporn et al. (1999) was used for all
soluble sugar assays. The assay buffer used to determine
glucose concentrations was reconstituted from a reagent
kit and contained: 200 mM imidazole/HCl (pH 6.9), 3 mM
MgCl,, 5 mM NADP, 11 mM ATP, 0.5 unit mL~! hexoki-
nase, and 25 uL glucose-6-phosphate dehydrogenase sus-
pension (Roche). A volume of glucose assay reagent was
added to 5-20 pL sample to a final volume of 600 uL. Then,
mixtures were agitated and incubated at room temperature
for 15 min. Thereafter, absorbance was read at 340 nm ver-
sus deionized water.

For fructose assay, 2 units phosphoglucose isomerase
(PGI) was added to the tube previously used for glucose
determination. After incubation at room temperature for
15 min, absorbance was measured at 340 nm.

As for the determination of sucrose concentration, a sus-
pension of 100 units invertase was added to the tube previ-
ously used for fructose assay. Absorbance was then read at
340 nm after incubation at room temperature for 10 min.

Starch assays

Starch pellet was washed with 1 mL cold double distilled
water, centrifuged for 10 min at 20,000g, and shortly dried
in speed vacuum. Thereafter, it was solubilized for 1 h in
0.5 mL KOH (0.2 M) at 95 °C. A subsequent neutralization
was then performed by the addition of 88 pL acetic acid
(1 M). After centrifugation for 10 min at 20,000g, an aliquot
of 50 pL supernatant was mixed with 50 pL starch assay
reagent containing 5 units amyloglucosidase, then incu-
bated overnight at 55 °C. Subsequently, the starch content
was determined using the hexokinase/glucose-6-phosphate
dehydrogenase assay with an incubation of 15 min at room
temperature. The absorbance was then measured at 340 nm
(Stitt et al. 1989).

Sample preparation for enzyme assays

Frozen samples of roots and fully expanded leaves were
homogenated in extraction buffer containing 100 mM
Hepes—NaOH (pH 7.5), | mM EDTA, 2 mM dithiothreitol,
0.5 mM phenylmethylsulfonyl fluoride, 10% (v/v) glycerol,
0.1% (w/v) Natriumsulfit, and 0.075% (w/v) Natriumdisulfit.
Homogenates (or crude extracts) were then centrifuged for
12 min at 20,000g at 4 °C and the supernatants that are des-
ignated as crude extracts were collected. The concentrations
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of soluble proteins were determined using the microversion
of Bio-Rad protein assay (Bio-Rad, Munich, Germany) and
bovine serum albumin as standard.

Zymograms

Zymograms were performed according to Fettke et al.
(2005b). Crude extracts were run on native PAGE gels.
Thereafter, gels were incubated overnight at 37 °C in
100 mM citrate—NaOH (pH 6.5) containing 20 mM sub-
strate. In the case of phosphorylases (Phol and Pho2), the
substrate was glucose-1-phosphate (Sigma-Aldrich, Munich,
Germany) and in the case of transglucosidase (DPE2), the
substrate was maltose (Roth, Karlsruhe, Germany). Finally,
gels were subjected to iodine staining.

Statistical analysis

Data were subjected to an ANOVA test using SPSS 16.0
software and means were compared according to Duncan’s
test at 5% level of significance. Gas exchange data were pre-
sented as Log2(treated/control) and untransformed means
were compared to the control using Student’s ¢ test at 5%
level of significance.

Results
Growth and water content

Under control conditions, H. marinum plants showed RGR
values of 0.143 and 0.132 day~!, respectively in shoots and
roots (Table 1). Both salinity levels decreased shoot RGR
in this species by 16—-19% and root RGR by 22-29%. As
regards H. vulgare, shoot and root RGR values under control
conditions were, respectively, 0.122 and 0.094 day_l. They
decreased with the increasing salinity, keping root/shoot
ratio statistically unchanged. The comparison of salt effects
on the two barley species on the basis of whole plant RGR
showed that S1 treatment reduced RGR of cultivated barley
(ca. — 41%) more than did S1 and S2 in sea barley (— 21
and — 17%, respectively). Shoot water content exhibited the
same trend as biomass in each species, whereas root water
content was maintained constant regardless of the treatment
in both of them (Table 1).

Membrane integrity

Membrane integrity was estimated through electrolyte leak-
age (EL) measurements; an increase in EL means a loss of
membrane integrity. In H. marinum, EL increased from 6%
in the control to about 10% in S1 and S2 treatments (Fig. 1a).
In H. vulgare, recorded EL values were noticeably higher:
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Table 1 Growth and tissue hydration parameters in H. marinum and
H. vulgare plants hydroponically grown for 3 weeks at 0 (C), 150
(S1), and 300 (S2) mM NaCl. Values are means of six replicates + SE

C S1 S2

H. marinum

Shoot RGR 0.143+0.007a 0.116+0.004b 0.120+0.003b

Shoot WC 4.99+0.18a 3.58+0.09b 3.65+0.05b

Root RGR 0.132+0.004a 0.094+0.002b 0.103 +0.003b

Root WC 10.61+1.37a 12.04+0.42a 10.95+0.70a

Whole plant 0.141+0.006a 0.111+0.004b 0.116+0.003b
RGR

Root/shoot ratio 0.23+0.01a 0.19+0.01b 0.20+0.01b

H. vulgare

Shoot RGR 0.122+0.003a 0.074+0.004b 0.041+0.007¢

Shoot WC 6.10+0.30a 4.25+0.16b 2.53+0.22¢

Root RGR 0.094+£0.003a 0.049+0.004b 0.023+0.004c

Root WC 11.87+0.37a  11.48+0.49ab 10.55+0.28b

Whole plant 0.116 £0.003a  0.069+0.004b 0.038 +0.006¢
RGR

Root/shoot ratio 0.18+0.01a 0.19+0.01a 0.20+0.02a

RGR relative growth rate (day™!), WC water content (mL H,0 g~
DW)

Values of the same row followed by at least one same letter are not
significantly different according to Duncan’s test at P <0.05

they increased from 18% in the control to 39 and 70% in S1
and S2 treatments, respectively (Fig. 1b).

Gas exchange parameters

Net CO, assimilation (A), stomatal conductance (g,), and
transpiration rate (E) were significantly reduced by salt
treatments in the two studied species (Fig. 2a, b). To miti-
gate this decrease in photosynthetic activity induced by

salinity stress, both species increased their water use effi-
ciency (WUE). Nevertheless, in sea barley, this adaptive
response was observed only in S2 treatment.

Starch and soluble sugar concentrations

Figure 3 illustrates sugar concentrations in leaves of
the two barley species in C, S1, and S2 treatments. Leaf
glucose concentration was maintained unchanged in S1
treatment in both species, but it increased in S2 treatment
in H. marinum by 64.4% and decreased in H. vulgare by
44.9%, in comparison with their controls (Fig. 3a, b). Leaf
fructose concentration was maintained constant except in
S1-treated plants of sea barley, in which it increased by
54.2% (Fig. 3c, d). The sharpest variation in leaf sugar
concentrations was recorded in sucrose in H. marinum
plants of S2 treatment (ca. + 179.8%) (Fig. 3e). Apart
from this peak, no other significant change was observed
in sucrose concentration in both species. As regards leaf
starch concentration, it decreased only in cultivated barley
in S2 treatment (Fig. 3h).

Figure 4 shows sugar concentrations in roots of H.
marinum and H. vulgare in C, S1, and S2 treatments. The
two studied species exhibited high root glucose and fruc-
tose peaks in S1 treatment (Fig. 4a—d). In S2 treatment,
root concentrations of these two soluble sugars were either
maintained at the level of the control (case of H. vulgare)
or markedly decreased (case of H. marinum). Root sucrose
concentration of sea barley decreased by 30.3% in S1 treat-
ment and by 93.3% in S2 treatment (Fig. 4e). In cultivated
barley, root sucrose concentration showed no significant
variation (Fig. 4f). As regards root starch concentration, it
was doubled in S2-treated plants of H. marinum (Fig. 4g),
while no other variation was observed in both species.

Fig. 1 Electrolyte leakage (EL) H. marinum H. vulgare
in H. marinum and H. vulgare 20 80
plants hydroponically grown A B a
for 3 weeks at 0 (C), 150 (S1),
and 300 mM NaCl (S2). Bars 15 60
are means of six replicates + SE.
Bars labeled with at least one a
same letter are not significantly X a b ®
different according to Duncan’s Y 40 5
test at P<0.05 “ . w
c
5 20
0 0
C S1 S2 Cc S1 S2
Treatment Treatment
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Fig.2 Net CO, assimilation A B
(A), stomatal conductance (gs), B Log2(s2/C) M Log2(51/C)
transpiration rate (E), and water
use efficiency (WUE) expressed H. marinum H. vulgare
as Log2(treated/control) in % "5
H. marinum and H. vulgare v WUE WUE
plants hydroponically grown
for 3 weeks at 0 (C), 150 (S1),
and 300 mM NaCl (S2). Values *%
are means of four replicates. % A A
ns not significant; *P <0.05;
**P <0.01 according to Stu-
dent’s 7 test *%
* % gs gs
* %k
- E E
-3 -2 -1 0 1 -4 -3 -2 -1 0 1

Log2(Treatment/Control)

Leaf enzyme activities

DPE2 activity showed contrasting trends in salt-treated
plants of H. marinum and H. vulgare; it noticeably increased
(ca. +120%) in S2 treatment in sea barley, and sharply
decreased (up to — 82%) in S1 and S2 treatments in culti-
vated barley (Fig. 5a, b).

Phol activity decreased in H. marinum by 58% in S2
treatment and increased in H. vulgare to threefold and
12-fold the level of the control in S1 and S2 treatments,
respectively (Fig. 6a, b). Pho2 activity was maintained
unchanged in sea barley and increased under saline condi-
tions by 147-163% in cultivated barley (Fig. 6¢, d).

Discussion

H. marinum maintained its RGR at 89-93% of the control
level at both high and moderate salinities, while H. vulgare
was unable to maintain even 60% of its RGR at 150 mM
NaCl (Table 1). Similar results were also obtained by Garth-
waite et al. (2005) in the two barley species subjected to 150
and 300 NaCl for the same treatment period (3 weeks). In a
previous work (Yousfi et al. 2010), some of us showed that
since the early 60 h of salt treatment, H. marinum was able
to maintain its capacity to produce biomass at the level of
the control, while H. vulgare exhibited reduced shoot and
root growth at high salinities (200 and 300 mM). EL data
revealed also better membrane integrity in the facultative
halophyte (H. marinum) compared to the salt-tolerant gly-
cophyte (H. vulgare) (Fig. 1). Chalbi et al. (2013) stated that
although increased unsaturation in membrane phospholipids
is known to maintain membrane fluidity, it did not confer
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Log2(Treatment/Control)

higher salt tolerance to cultivated barley in comparison with
sea barley that showed no change in unsaturated—to—satu-
rated fatty acid ratio and double bond index. Garthwaite
et al. (2005) attributed this difference in salt tolerance to
the higher aptitude of H. marinum to avoid leaf invasion by
sodium and chloride ions and to maintain higher leaf potas-
sium supply compared to H. vulgare.

Photosynthesis was impaired in the two barley species
under moderate and high salinities (Fig. 2). Nevertheless,
both species increased WUE in response to the salt-induced
limitation in A. Such a response seems to be transitory in
H. vulgare (it was not recorded after 30 days of treatment),
whereas it seems permanent in H. marinum (it was observed
after 30 days of treatment) (Chalbi et al. 2013). Stomatal
closure and the enhanced WUE helped the latter maintain its
shoot water content above 70% of the control level, whereas
the former exhibited decreased shoot water content with the
increasing salinity down to 41% of the control. H. marinum
was found indeed to adapt since the early hours of salt treat-
ment an efficient strategy to cope with the osmotic stress, the
first phase of the biphasic salt stress, in comparison with H.
vulgare that adapted an energy-consuming one (Yousfi et al.
2010). Osmotic adjustment in cultivated barley is ensured by
K* and organic metabolites (soluble sugars, proline, and free
amino acids) at both moderate and high salinities. By con-
trast, in sea barley, it depends on salinity level: it is ensured
by Na* at moderate salinity with the involvement of organic
metabolites at high salinity (Yousfi et al. 2010). Ferchichi
et al. (2018) found that sea barley modulated its osmotic
adjustment players with treatment period, too.

The halophyte H. marinum exhibited more marked
variations in leaf soluble sugar concentrations compared
to the glycophyte H. vulgare (Fig. 3). The former showed
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Fig.3 Concentrations of starch H. marinum H. vulgare
and soluble sugars in fully 8 4
, a a
expanded leaves of H. marinum A B
and H. vulgare plants hydro- ab
ponically grown for 3 weeks at E 6 b 43 E
0 (C), 150 (S1), and 300 mM T b e b a,w
NaCl (S2). Bars are means b 00
of four replicates + SE. Bars E 4 12 E
labeled with at least one same 2 2
.. . 9 o
letter are not significantly differ- S S
ent according to Duncan’s test o 2 11 ©
at P<0.05
0 0
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£ £
o ol
3 02} {02 &
0.0 0.0
C S1 S2 C S1 S2
Treatment Treatment

an increase in fructose concentration in S1 treatment and
those of glucose and sucrose in S2 treatment, while the
latter showed no soluble sugar accumulation. According
to Ferchichi et al. (2018), leaf soluble sugars did not show
an increase in their relative contribution to leaf total osmo-
lality in response to 200 mM NaCl after 15 and 33 days
of treatment in both H. marinum and H. vulgare. In fact,

carbohydrate involvement in salt stress responses is not lim-
ited to osmotic adjustment. Sugars together with proline can
be involved in protein and cell structure stabilization, espe-
cially under severe or prolonged stresses. A scavenging role
of free radicals was also given to sugars, which protects cells
from oxidative stress damages and maintains redox homeo-
stasis (Singh et al. 2015). Furthermore, sugars were found
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to play a key role in stress signaling (Rolland et al. 2006).
Comparative proteomics of the halophyte Thellungiella
halophyla leaves at different salinity levels revealed that
the majority of salt-responsive proteins are involved in car-
bohydrate metabolism; the most affected were starch and
sucrose metabolisms that seem crucial for salt tolerance in
halophytes (Wang et al. 2013).

@ Springer

Glucose accumulation in leaves of sea barley at
300 mM NaCl was concomitant with an increase in leaf
DPE2 activity (Fig. 5). This enzyme is indispensable for
transitory starch degradation and maltose metabolism that
occur in source leaves at night (Fettke et al. 2006). In culti-
vated barley, leaf DPE2 activity was substantially reduced
under salinity. These results suggest that this enzyme is
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involved in H. marinum responses to high salinity levels
through the degradation of starch and the resulting accu-
mulation of soluble sugars. In H. vulgare, DPE2 seems

not involved and/or damaged by NaCl. As for Phol and
Pho2, their activities were highly increased in cultivated
barley, which suggests a possible role of these enzymes in
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the responses of carbohydrate metabolism to salinity. In
sea barley, Phol activity was markedly decreased by only
S2 treatment and Pho?2 activity was not modified under
saline conditions, which excludes their role in the respon-
sive mechanisms of carbohydrate metabolism to salt stress.
Ma et al. (2013) found that the expression of the genes
encoding Phol and Pho2 (Phol and Pho2, respectively)
varied with plant species, tissue, development stage, and
environmental conditions (abiotic and biotic stresses).
These authors stated that the effect of 100 mM NaCl on
the expression of Phol and Pho2 in cultivated barley seed-
lings depended also on treatment duration. Zeeman et al.
(2004) found that Phol was involved in leaf responses to a
transient osmotic stress, but it was not necessary for starch
degradation under non-stressful conditions. However, it
was also shown that Phol is involved in starch metabolism
under standard growth conditions (Malinova et al. 2014).
The differential responses of DPE2, Phol, and Pho2 led
to the maintenance of leaf starch concentration at the level
of the control at 150 mM NaCl in the two species and a
decrease in starch level at 300 mM NaCl in H. vulgare.

In roots, cultivated barley exhibited an increase in glu-
cose and fructose concentrations in S1 treatment, while
no variation was detected in starch and soluble sugar con-
centrations in S2 treatment (Fig. 4). These results sug-
gest that root carbohydrate metabolism may play a role
in plant responses to S1 treatments, but not to S2 one.
As for sea barley roots, a marked accumulation of glu-
cose and fructose was observed at 150 mM NaCl together
with a decrease in sucrose concentration, starch level
being maintained unchanged. This can be explained by a
high capacity of plants to transport sucrose from source
(leaves) to sink (roots) organs and a high activity of root
invertase and/or sucrose synthase. These two enzymes
catalyze sucrose cleavage into glucose and fructose (Koch
2004). At 300 mM NaCl, H. marinum showed a substantial
decrease in all soluble sugars and a noticeable accumula-
tion of starch. Hence, under these conditions, H. marinum
accumulated carbohydrates in two different forms depend-
ing on plant organ: in leaves, where salt ions are not accu-
mulated at high amounts, carbohydrates are accumulated
as soluble sugars, while in roots, where salt ions can be
accumulated at high amounts, carbohydrates are stored
as starch. Starch is considered as a storage substance that
can be mobilized when energy is not sufficiently supplied
to cover energy demands (Krasensky and Jonak 2012),
while soluble sugars can be immediately used for several
purposes (Rolland et al. 2006; Singh et al. 2015). Our data
constitute an initiation to the involvement of carbohydrate
metabolism and partitioning in salt responses of barley
species and further work is necessary to elucidate how
their flexibility confers higher tolerance to H. marinum
compared to H. vulgare.
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Conclusion

Although carbohydrate metabolism is still in its infancy
(Thalmann and Santelia 2017), the differential behav-
iors of the halophyte H. marinum and the glycophyte H.
vulgare in terms of starch and soluble sugar distribution
between source and sink organs, as well as the enzymes
involved in starch metabolism can give insights into the
importance of sugars in salt tolerance in barley species.
This importance is not due to osmotic adjustment, but to
other functions that need further investigations. The com-
parison between sea and cultivated barley species revealed
a higher flexibility in carbohydrate metabolism and dis-
tribution in the former, which probably contributed to its
higher salt tolerance in particular at high salinity levels.
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