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Durum wheat seedlings in saline conditions: salt spray versus root-zone salinity

Carmelina Spano* and Stefania Bottega

Abstract

Salinity is an increasingly serious problem with a strong negative impact on plant productivity.
Though many studies have been made on salt stress induced by high NaCl concentrations in the root-
zone, few data concern the response of plants to saline aerosol, one of the main constrains in coastal
areas. In order to study more in deep wheat salinity tolerance and to evaluate damage and antioxidant
response induced by different ways of salt supply, seedlings of Triticum turgidum ssp. durum, cv.
Cappelli were treated for 2 and 7 days with salt in the root-zone (0, 50 and 200 mM NacCl) or with
salt spray (400 mM NaCl + 0 or 200 mM NaCl in the root-zone). Seedlings accumulated Na* in their
leaves and part of their ability to face with high salinity seems to be due to Na" leaf tissue tolerance.
Durum wheat, confirmed as a partially tolerant plant, shows a higher damage under airborne salinity,
when both an increase in TBA-reactive material (indicative of lipid peroxidation) and a decrease in
root growth were recorded. A different antioxidant response was activated, depending on the way of
salt supply. Salt treatment induced a depletion of the reducing power of both ascorbate and glutathione
while the highest contents of proline were detected under salt spray conditions. In the short term
glutathione peroxidase was assisted in hydrogen peroxide scavenging by catalase and ascorbate
peroxidase in particular in salt spray-treated plants. From our data, durum wheat cultivar Cappelli

seems to be sensitive to airborne salinity.
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1. Introduction

Salinity, that is one of the main environmental stressor, can have a negative impact on crop
productivity. At least 20% of cultivated land is affected by salinity, predicted to be in the future an
increasingly serious problem, exacerbated by the concomitant increase in need for food due to the
continuous increase in world population. As a consequence, some researchers screen plant species to
assess their salt tolerance while other try to understand the mechanisms of tolerance to develop salt-
tolerant plants able to grow on marginal areas affected by salinity. In this context, the use of coastal
areas for agricultural purpose could be of great interest; in this habitat salinity is often mainly in the
form of seawater aerosol (Rozema et al. 1985). Air-borne salt, just as salt applied to root-zone, can
cause Na' and Cl" accumulation as polar solutes are able to penetrate through leaf cuticles (Kekere
2014). Though many studies have been made on plants treated with salt in the root-zone (Amor et al.
2007; Kong et al. 2011; Canalejo et al. 2014; Gengmao et al. 2014) few reports concern the response
of plants to airborne salt (Griffiths 2006; Scheiber et al. 2008; De Vos et al. 2010). Injury from salt
spray to plants living near coastal areas is well documented mainly in terms of growth inhibition
(Scheiber et al. 2008 and literature there in) but few studies (De Vos et al. 2010) exist about
physiological parameters and in particular on oxidative stress and antioxidant response of plants
subjected to airborne salinity.

Wheat is one of the most important crop and salinity in the root-zone is known to have a negative
impact on its growth and yield, with different cultivars often differing in their tolerance to salinity. It
has been reported that wheat salinity tolerance can be due to its ability to exclude Na* from the shoot
(Munns and James 2003); however the capacity to accumulate and compartmentalize Na®
minimalizing metabolic damages could contribute to salt tolerance (Rajendran et al. 2009). Durum
wheat is traditionally the main crop in southern peninsular Italy, Sicily and Sardinia. It is well adapted
to the constrains of the Mediterranean habitat, in which not only arid conditions but also soil

salinization by seawater intrusion can be experienced (Borrelli ef al. 2011). Less tolerant than bread

wheat (Munns and James 2003), durum wheat is regarded as a moderately tolerant species, with
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significant yield decrease only at high salinity (Borrelli et al. 2011).
Based on the lack of studies on the response of durum wheat to salt supplied as a spray, in the present
study plants of Triticum turgidum L. ssp. durum (Desf.) were subjected to saline stress by the
application of salt in the root-zone and/or as a spray to leaves. For salt spray a NaCl concentration
similar to seawater was used to create a situation comparable to coastal environment. The ancient
cultivar Cappelli, recently rediscovered and revalued (Dinelli et al. 2013), due to its superior
organoleptic properties, has been used.
Our aims were:
e to assess if the two different ways of salt supply can induce comparable damage to wheat
e to study more in depth if wheat salinity tolerance can be associated only with its ability to
exclude Na" from the shoot or if also a tissue tolerance may be involved
e to ascertain if root-zone and airborne salinity can both induce an active antioxidant response
and if this response is differentially modulated in the two different ways of salt supply
To answer these questions plants of 7. turgidum ssp. durum, cv. Cappelli were treated with salt in the
root-zone and/or in the form of salt spray for 2 and 7 days. lonic and water status, pigments, oxidative
stress and antioxidant response were analyzed in salt-treated plants. Besides the physiological aspect,
the evaluation of oxidative stress and antioxidant response of seedlings could give a preliminary
indication to assess if coastal areas subjected to airborne salinity may be suitable for the cultivation

of durum wheat

2. Materials and methods

2.1. Experimental setup and leaf sample collection

Caryopses (referred to in this paper as grains) of Triticum turgidum L. ssp. durum (Desf.) cv.
Cappelli were obtained from plants cultivated in fields specifically used for experimental purposes

near Pisa, Italy. Fully viable grains (11% moisture content) were surface sterilised for 3 min in



NaOCl (1%, v/v, available chlorine) and rinsed before use. Wheat grains were germinated as in
Spano et al. (2008) in Petri dishes (10 replicates each of 100 grains) on water-moistened Whatman
No. 2 filter paper at 23 + 1°C in the dark for 72 hours. Plants were randomly divided into six
different treatment groups (100 plants each) transplanting them into 4 1 polyethylene pots filled
with deionised water and submitted to 12/12 h day/night photoperiod with a photosynthetically
active radiation (PAR) of 400 umol ms™! and a relative humidity of 70%, at 23°C. After six days
deionised water was substituted by % x Hoagland solution (Sigma) and after 4 more days (two
weeks after imbibitions) salt treatments were started. For salt treatments at root level 0 (control),
50, and 200 mM NaCl were added to the Hoagland solution. To avoid an osmotic shock, salt
concentration was gradually increased (50 mM NaCl per day, until 200 mM). All solution were
continuously aerated. For salt spray treatments deionised water (control spray, C S) or a solution
containing 400 mM NaCl (De vos et al. 2010), reproducing seawater sodium chloride
concentration, (salt spray, SS) were applied using a nebulisation system. They were sprayed two
times per day, at 9 am and at 2 pm, on plants grown on Hoagland solution. Salt spray treatment
corresponded to about 200 mg NaCl dm™ leaf area d™'. One lot of plants experienced both salt at
root level and salt spray (200 mM NaCl + SS). After 2 and 7 days of treatment, 50 plants were
collected, measured and leaves, after washing, were used as fresh material (for pigment

determination) or fixed in liquid nitrogen and stored at -80°C until use (for all the other analyses).

2.2. Leaf chemical characteristics
Na*, K" and CI" were determined by atomic adsorption spectrometry (Thomas 1982). Values were

expressed on the dry matter basis (%).

2.3. Growth measurement
After collections, both leaf and root length (the longest ones) were recorded. Leaf dry matter was

determined as described in the following section and sensitivity rate index (IS) was calculated as



in Rejili ef al. (2006) with the formula:
IS= [(DWNaCl - DWcontrol)/ DWcontrol] x 100
DWniaci = leaf dry weight of NaCl-treated plants

DW ontrot = leaf dry weight in control (0) or C S

2.4. Determination of water content and of relative water content

Calculations of leaf fresh weight, dry weight and moisture content were based on weights
determined before and after oven drying of leaf samples at 100°C for 24 h. Water content
percentage was estimated on the fresh weight basis. Leaf relative water content, RWC, was
determined as in Balestri et al. (2014) and calculated with the formula:

RWC = [(FW-DW)/(TW-DW)] x 100

FW = Fresh weight

DW = Dry weight

TW = Turgid weight

Fresh weight was obtained by weighing the fresh leaves. The leaves were then immersed in water
over night, blotted dry and then weighed to get the turgid weight. The leaves were then dried in an

oven at 100°C to constant weight and reweighed to obtain the dry weight.

2.5. Pigment determination

Chlorophylls (a, b and total) and carotenoids were extracted in 80% acetone and determined
according to Hassanzadeh et al. (2009) and to Lichtenthaler (1987) respectively. 100 mg of fresh
leaves were homogenised and the extracts were centrifuged for 10 min at 6 000 g at 4°C. The
supernatants were collected and the pellets were re-suspended and extracted with 80% acetone
until they resulted colourless. The collected supernatants were read using spectrophotometer at

645, 663 and 470 nm. Pigment contents were expressed as mg g 'DW.



2.6. Extraction and determination of hydrogen peroxide

H>0: content of leaves was determined according to Jana and Choudhuri (1982). Leaves were
ground in a mortar and homogenised with phosphate buffer 50 mM pH 6.5. The homogenate was
centrifuged at 6 000 g for 25 min. To determine the H>O> content, 3 ml of extracted solution were
mixed with 1 ml of 0.1% titanium chloride in 20% (v/v) H2SOg4, then the mixture was centrifuged
at 6 000 g for 15 min and the supernatant absorbance at 410 nm was read. The amount of H>,O» in

the extracts was calculated from a standard curve and expressed as pmol g 'DW.

2.7. Thiobarbituric acid reactive substances (TBARS) determination

Lipid peroxidation in leaves was measured by determining the amount of TBARS determined by
the thiobarbituric acid (TBA) reaction, according to Hartley-Whitaker et al. (2001) with minor
modifications. Leaves were mixed with TBA reagent (10% w/v trichloroacetic acid + 0.25% w/v
thiobarbituric acid), heated (95°C for 30 min), cooled for 15 min and centrifuged at 2 000 g for 15
min. The level of TBARS was measured as specific absorbance at 532 nm by subtracting the non-
specific absorbance at 600 nm and calculated using an extinction coefficient of 155 mM™' cm™.

TBA-reactive materials was expressed in nmol g! DW.

2.8. Extraction and determination of proline

Proline concentration was determined according to the method of Bates ef al. (1973) with minor
modifications, as in Spano ef al. (2013). Leaf tissue was homogenised with 3% sulfosalicylic acid.
The supernatant was incubated with glacial acetic acid and ninhydrin reagent (1:1:1) and boiled in
a water bath at 100°C for 60 min. After cooling the reaction mixture, toluene was added, and the
absorbance of toluene phase was read at 520 nm. Calculations were made on the base of a standard

curve and proline content was expressed as umol g'DW .

2.9. Extraction and determination of ascorbate and dehydroascorbate



Ascorbate, reduced form (ASA) and oxidised form (dehydroascorbate, DHA), extraction and
determination were performed according to Kampfenkel et al. (1995) with minor modifications.
Briefly, leaves were ground in a chilled mortar and homogenised with 5% (w/v) TCA. The
homogenate was centrifuged at 12 000 g for 10 min at 4°C and the supernatant was used for the
determination at 525 nm. Total ascorbate was determined after reduction of DHA to ASA by
dithiothreitol and DHA level was estimated on the basis of the difference between total ascorbate
and ASA value. Calculations were made on the base of a standard curve and correction was made

for colour development in the blank (absence of sample). Content was expressed as mg g ' DW.

2.10. Extraction and determination of glutathione

Glutathione was extracted and determined according to Gossett et al. (1994). Leaves were
homogenised in ice-cold 6% (w/v) m-phosphoric acid (pH 2.8) containing 1 mM
ethylenediaminetetraacetic acid (EDTA). The homogenate was centrifuged at 20 000 g for 15 min
at 4°C and the supernatant was collected and stored in liquid nitrogen until use. Total glutathione
(reduced form, GSH + oxidised form, GSSG) was determined by the 5,5’-dithio-bis-nitrobenzoic
acid (DTNB)-glutathione reductase recycling procedure and the reaction was monitored as the rate
of change in absorbance at 412 nm. GSSG was determined after removal of GSH from the sample
extract by 2-vinylpyridine derivatization. GSH was detected by subtracting the amount of GSSG
from total glutathione and calculations were made on the base of a standard curve. A blank was

made in the absence of the extract and content was expressed as nmol g'DW.

2.11. Enzyme extraction and assays

Leaves were ground in liquid nitrogen with a mortar and pestle. Extraction was made as in Spano
et al. (2013). All the extractions were performed at 4°C. The homogenate was then centrifuged at
15 000 g for 20 min. For ascorbate peroxidase, 2 mM ascorbate was added to the extraction

medium. For glutathione reductase the supernatant was desalted on a Sephadex G-25 column.
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Supernatants were collected and stored in liquid nitrogen until their use for enzymatic assays.
Ascorbate peroxidase (APX) activity was measured according to Nakano and Asada (1981).
Enzyme activity was assayed from the decrease in absorbance at 290 nm (extinction coefficient
2.8 mM'em™) as ascorbate was oxidised and enzyme extract contained 25 pg protein ml™'.
Correction was made for the low, non enzymatic oxidation of ascorbate by hydrogen peroxide
(blank).

Glutathione reductase (GR) activity was determined as described by Rao et al. (1995) following
the oxidation of NADPH at 340 nm (extinction coefficient 6.2 mM™ cm™). Enzymatic extract
contained 25 pg protein ml'. A correction for the non-enzymatic reduction of GSSG was carried
out in the absence of the enzyme sample (blank).

Glutathione peroxidase (GPX) activity was determined according to Navari-l1zzo et al. (1997)
following the oxidation of NADPH at 340 nm (extinction coefficient 6.2 mm™' cm™). Enzymatic
extract contained 12.5 pg protein ml!.

Catalase (CAT) activity was determined as described by Aebi (1984). Enzymatic extract contained
12.5 pg protein ml!. A blank containing only the enzymatic solution was made. Specific activity

was calculated from the 39.4 mM! cm™ extinction coefficient.

Guaiacol peroxidase (POD, EC 1.11.1.7) activity was determined as described by Arezky et al. (2001)

using as substrate 1% guaiacol. Enzymatic extract contained 5 pg protein ml™!. Enzymatic activity

was determined following guaiacol oxidation by H.O (extinction coefficient 26.6 mM™ cm™') at 470

nm, one unit oxidising 1.0 umole guaiacol per min.

Superoxide dismutase (SOD) activity was determined as in Beyer and Fridovich (1987) with minor

modification. The reaction mixture containing potassium phosphate buffer pH 7.5, 0.1 mM EDTA,

13 mM L-methionine, 75 uM nitroblue tetrazolium (NBT), 2 uM riboflavin and 25 ug protein ml™!,

was kept under a fluorescent light for 15 min at 25°C. One SOD unit is defined as the amount required

to inhibit the photoreduction of nitroblue tetrazolium by 50% determined spectrophotometrically at

550 nm.



All enzymatic activities were determined at 25°C and expressed as U g! protein or U mg™! protein

(SOD). Protein measurement was performed according to Bradford (1976), using BSA as standard.

2.12. Statistical analysis

The data were the mean of at least three replicates from three independent experiments.
Statistical significance was determined by ANOVA tests followed by post hoc Bonferroni multiple
comparison test. Post hoc statistical significance is indicated in figures and tables by different

letters. Correlation analyses were performed using the Pearson’s correlation coefficient (r).

3. Results

3.1. Leaf chemical characteristics

The contents of Na*, K" and CI" are reported in Table 1. After two days of treatment both Na" and
CI', progressively increased in treated plants and 200mM NaCl and 200mM NaCl + SS leaves
showed the highest contents of these ions. The same treatments were characterised by low K*/Na*
ratios, however not significantly different from SS plants. 50mM NaCl-treated material had an
intermediate value of this ratio among treated and control plants (0, C S), characterised by
significantly higher K"/Na" ratio. After 7 days 50mM NaCl-treated leaves had contents of Na* and
CI not significantly different from control plants (0, C S) while SS material showed concentrations
of these ions similar to 200mM NaCl leaves. The highest contents were reached in 200mM NaCl
+ SS plants. The highest values of K*/Na* were typical of controls (0 and C S), while the lowest

ones characterised more stressed plants.

3.2. Growth, water content, relative water content and pigments
Growth and water status are shown in Fig. 1 and in Table 2. Salt treatment induced a significant
decrease in leaf dry matter, reported as IS (sensitivity rate index, Fig. 1), when salt was supplied

as a spray. In the short term the decrease was -17 and -12%, in comparison with the control (C S)
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for SS and 200mM NaCl + SS plants respectively. In the longer period, there was a further decrease
only in SS plants. Salt in the root zone induced after 2 days of treatment a salt concentration-
dependent decrease in dry matter that remained unchanged in the longer period. Both after 2 and
7 days, leaf length (Table 2) was significantly higher in controls and 200 mM NaCl + SS plants;
the minimum value characterised SS plants showing also a root length significantly lower than the
other materials. In the longer period while 200 mM NaCl + SS plants reached root lengths not
significantly different from control (0), C S and SS roots were still significantly shorter than control
(0). Both in the short and in the longer period SS plants showed the minimum root length (about
61% and 60% of the control, respectively). This material was also characterised by the highest
shoot/root length ratio. The minimum value of this ratio was recorded in 200 mM NacCl plants.
Water content (Table 2) did not show significant differences among different materials neither after
2 nor after 7 days of treatments. RWC (Table 2) only after 7 days significantly decreased in 200mM
and 200mM NaCl +SS plants. SS leaves had an RWC value not significantly different neither from
controls nor from more stressed plants.

There were not significant differences in chlorophyll contents (Table 3) among the different
materials, while the content of carotenoids generally increased in salt-treated plants both in the
short and in the longer period. Neither Chla/Chlb nor Carot/Tot Chl significantly differed among

different materials.

3.3. Hydrogen peroxide and TBA-reactive material

The lowest hydrogen peroxide content (Fig. 2A) was detected in control plants (0), both after 2
and 7 days of treatment. Control spray plants had always higher contents of this ROS than control
ones (0). The highest contents of H>O» were recorded in 200mM NaCl + SS plants. The content of
TBA-reactive material (Fig. 2B), indicative of lipid peroxidation and of membrane damage, was
generally in accordance with hydrogen peroxide content. The highest values were detected in

200mM NaCl + SS plants, followed by salt spray plants characterised, in the long period, by values
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significantly higher than plants suffering from root-zone salinity.

3.4. Ascorbate, glutathione and proline

Total ascorbate content (Table 3) was never significantly different among plants with the exception
of 200mM NaCl+SS material after 2 days and, in the longer period, of 200mM NaCl leaves,
characterised by the highest concentration of this low molecular weight antioxidant. After 2 days
of treatment reducing power of the ASA/DHA couple (Table 3) was significantly higher in 200mM
NaCl reaching the maximum value in 200mM NaCl + SS plants. After 7 days only 50mM NaCl
leaves showed a reducing power significantly higher than other materials.

After 2 days, the content of total glutathione (Table 3) was relatively low in control (0) plants,
significantly higher in C S and afterwards it progressively decreased in salt spray, SOmM NaCl and
200mM NacCl plants to rise again in 200mM NaCl + SS material, were the highest value of this
molecule was recorded. After 7 days glutathione content was significantly lower in comparison
with 2 days and the lowest values were detected in more stressed plants. The reducing power of
this antioxidant molecule was always higher in control (0) and C S than in treated plants after 2
days of treatment, while in the longer period control plants had the maximum value of GSH/GSSG
ratio. The lowest values were detected in SS and in 50mM NacCl plants.

The highest contents of proline (Fig. 2C), barely detectable after 2 days in controls (0 and C S) and
in 50mM NaCl plants, were always recorded in 200mM NaCl + SS samples. SS leaves had contents
of this protective molecule significantly higher than plants subjected to salinity in the root-zone

both in the short and in the longer period.

3.5. Antioxidant enzymes
After 2 days the highest activities of APX (Fig. 3A) were detected in control plants (0), while the
lowest values of activity were recorded in plants treated with salt in the root zone and in 200 mM

NaCl + SS leaves, not significantly different from C S plants. In the longer period there was a
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significant increase of activity in C S, SS, and 200mM NacCl leaves, while the remaining materials
maintained the values of activity measured after 2 days. Among salt treatments, the highest activity
was recorded in SS plants. While after 2 days there was a gradual increase in GPX activity (Fig.
3B), starting from controls (0 and C S), with more stressed plants characterised by the highest
activity of this H>O scavenging enzyme, after 7 days there were not significant differences among
the different treatments. After 2 days salt treatments generally induced a decrease in POD activity
(Fig. 3C), with the exception of SS plants that showed an activity of this scavenger not significantly
different from control (0 and C S) plants. After 7 days POD activity increased in particular in
treated materials, reaching the highest value in 200 mM NaCl + SS plants. Both after 2 and 7 days
GR activity (Fig. 3D) was significantly higher only in C S plants, while all the other materials have
lower and not significantly different activity of this enzyme. After 2 days of treatment, CAT activity
(Fig. 3E) was significantly higher in control (0) and SS plants, that however were both
characterised in the longer period by values of activity similar to other materials. In the short
period, control plants (0) showed the maximum of SOD activity (Fig. 3F). Afterwards the activity

of this enzyme decreased until values not significantly different from the other materials.

4. Discussion

High salinity causes both ionic and osmotic stresses leading to reduced growth rates and eventually
to plant death. Much of the studies done on salt stress, consider the effects of salt applied at the
root-zone (Amor et al. 2007; Kong et al. 2011; Canalejo et al. 2014; Gengmao et al. 2014) and
few data, and never on wheat, concern response of plants to airborne salt (Griffiths 2006; Scheiber
et al. 2008; De Vos et al. 2010).

To have an insight into the effects of different ways of salt supply, plants of 7. turgidum spp. durum
were subjected to saline irrigation and/or to salt spray. The content of both Na® and CI
progressively increased with the increasing of salt treatment and the maximum contents of these

ions were recorded in 200mM NaCl + SS plants after 7 days. Due to these increases, though K*
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content did not differ significantly among the different materials, K'/Na" ratio was significantly
higher in control plants than in treated ones, regardless of the type of treatment. Both treatments,
salt spray and root-zone salinity, were therefore able to induce disturbance in ionic balance, with a
low K*/Na" ratio, typical trait of plants subjected to salt stress (Spano et al. 2013). However, though
high K*/Na" ratio is considered essential for an appropriate leaf water potential (Devitt ef al. 1981),
in spite of the ionic disturbance, water balance, as indicated by the value of RWC, was significantly
lower than controls only in the longer period in more stressed plants, 200mM NaCl and 200mM
NaCl + SS. Interestingly SS plants had at this time an RWC value that was intermediate between
controls and more stressed plants. The ability to accumulate Na* ions in leaves in the absence of
negative effect on water content stability (H2O percentage never differed significantly among the
different plants), could indicate at least a partial tolerance of our cultivar to salt stress. Despite it
has been suggested that wheat salinity tolerance can be associated with its ability to exclude Na*
from the shoot (Munns and James 2003) our data seem to sustain an “inclusive” behavior (Rejili
et al. 2006) in which salt tolerance is the result also of a Na" tissue tolerance (Rajendran e al.
2009).

Growth responses reflect the tolerance of plants to salinity with a significant reduction of growth
in salt-sensitive species under saline conditions (Munns and Tester 2008). In addition, it is reported
that plants are often more sensitive to salt spray than to NaCl applied at the root-zone (Benes ef al.
1996). In accordance, in our experimental conditions, the reduction in leaf dry matter
accumulation, evaluated as sensitivity rate index, was significantly higher in condition of airborne
salinity than under root-zone salinity. Although both salt treatments had a slight inhibiting effect
on leaf and root length, of particular interest is the significant reduction in root length of SS plants,
which seems to be partially recovered by salt treatment in the root-zone, as shown in 200mM NaCl
+ SS plants. The reduction in root length is reflected in SS plants on a higher ratio shoot / root. Salt
spray seems therefore to modify the growth habit with a preferential development of shoot than

the root. The lack of a significant difference in chlorophyll content among plants receiving different
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treatments seems to confirm the partial tolerance of our cultivar to salt treatment, as a reduction of
pigment content is often reported as indicative for plants suffering abiotic stress (Jaleel e al. 2008).
On the other hand, the increase in carotenoid content detected in treated plants is a response to salt
stress also relieved in other plants (Borghesi ef al. 2011). However as changes in Chla/Chlb and
Car/Total Chl ratios are stress indicators (Rout and Shaw 2001), the lack of significant differences
in these values among treatments showed a slight effect of salt on pigments.

Saline conditions are known to induce oxidative stress trough over-production of ROS that can
cause damage to cellular macromolecules resulting in oxidative stress.

Just as reported in literature about salt in the root-zone (Chaparzadeh et al. 2004; Kong-ngern et
al. 2012), also salt spray exposure was able to induce an increase in hydrogen peroxide content. In
conditions of airborne salinity the contents of this signalling molecule were generally higher than
under saline irrigation. However, as in the longer period there were not significant differences
between C S and SS plants, periodic spraying in itself seems to be detrimental for our cultivar. The
contents of H>O, were well correlated with the level of lipid peroxidation both after 2 and 7 days
of treatment (r = 0.94 and 0.91 respectively) suggesting that salt can induce an oxidative stress
ROS-mediated (Hu ef al. 2012). In the longer period both hydrogen peroxide content and lipid
peroxidation strongly correlated with leaf Na* content (r = 0.79 and 0.96 for root-zone salinity and
salt spray respectively). The lack of correlation in the shorter period could further indicate a partial
tolerance of our cultivar to salt.

To counteract oxidative stress, plants have evolved protective antioxidant systems, including both
enzymatic and non-enzymatic molecules. Among the non-enzymatic molecules, ascorbate and
glutathione play an important role. They may directly scavenge ROS or they may enter in the
ascorbate-glutathione cycle interacting with antioxidant enzymes. In accordance with Chaparzadeh
et al. (2004) salt induced an increase in total ascorbate content in the shorter period associated with
the even more important increase in ASA/DHA ratio. In the longer period although total ascorbate

reached the maximum value in 200 mM NaCl-treated plants, there was a strong decrease in the
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antioxidant power of this molecule. This was parallel with the increase in oxidative damage as
indicated by TBARS content indicative of lipid peroxidation. Interestingly only 50 mM NaCl-
treated plants in the longer period were characterised by a high value of ASA/DHA ratio and this
saline concentration seems to represent our salt concentration beyond which leaves are no longer
able to maintain a strong prevalence of ascorbate in its reduced form. Plants contained high levels
of glutathione, generally higher in salt-treated leaves, only in the short term, with a significant
decrease of this protective molecule after seven days of treatment. The reducing power of
glutathione was lower in treated plants than in control ones in particular under saline irrigation. On
the whole, under salt treatment our cultivar showed a depletion of the reducing power of both
ascorbate and glutathione, underlining the only partial salt tolerance of our cultivar. In salt-treated
plants there is a good correlation (r = 0.94) between the reducing power of glutathione and the
activity of GR, highlighting the importance of this enzyme to maintain the redox status of this
antioxidant molecule in stress conditions.

Proline is a compatible solute plants can accumulate in several stress conditions. It contributes not
only to osmotic adjustment, but also to protein and membrane protection and quenching of reactive
oxygen species (Mudgal ef al. 2010). In salt stress conditions, both increase and decrease in proline
content are reported (Kong-ngern et al. 2012). In our study, salinity in root-zone and salt spray
were able to enhance the level of this protective molecule, airborne salinity inducing the highest
contents of this aminoacid. This is in partial contrast with previous results on the coastal plant
Crambe maritima (De Vos et al. 2010) where salt spray leaves were characterised by proline
content not significantly different from plants subjected to 50 and 100 mM NaCl treatment in the
root-zone but significantly lower than in 200 mM NaCl-treated plants. This is a further
confirmation of the particular sensitivity of our wheat cultivar to airborne salt.

Low molecular weight antioxidants are complemented in their protective action by antioxidant
enzymes. In accordance with literature (Chaparzadeh et al. 2004), in our cultivar there was not a

similar trend for all the enzymes and both increases and decreases in activity have been recorded
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under saline conditions. SOD is able to directly modulate the levels of H>O> and in our durum
wheat, airborne salinity had little effect on the activity of this enzyme, while salinity in the root
zone lead to a reduction in SOD activity. This is in accordance with data in literature where a
decrease in this activity was recorded and could indicate a salt sensitivity of our cultivar
(Chaparzadeh et al. 2004). APX, GPX, CAT, POD are all able to scavenge hydrogen peroxide. The
activity of APX was generally higher after 7 days than after 2 days of treatment, in accordance
with higher contents of H>O, detected in the longer period. At this time, among treatments, the
highest activity was recorded in salt spray plants. In the short term airborne salinity induced a
significant increase in CAT activity, while salt in the root-zone seemed to have a negative impact
on the activity of this enzyme as well evidenced by the activity in 200 mM NaCl + SS leaves,
significantly lower than in SS ones. On a time basis, POD and GPX had an opposite trend: while

in the shorter term salt induced a decrease in POD and an increase in GPX activity, in the longer
term there was an increase in POD and a decrease in GPX activity in comparison with controls.
Therefore, the different antioxidant enzymes seem to co-operate in the regulation of hydrogen
peroxide content playing roles of varying relevance in different treatments. In the short term
airborne and root-zone salinity induced different responses: GPX seemed to play an important role

in both treatments, but only in plants subjected to salt spray there was a significant involvement of
the scavenging action of APX and in particular CAT. In the long term POD seems to play a crucial
role in the antioxidant enzymatic machinery, with significant increase in comparison with the short
term.

In conclusion, the durum wheat Triticum turgidum cv. Cappelli is able to activate in saline conditions
an antioxidant response, differentially modulated depending on time of treatment and on the way of
salt supply. Seedlings show a partial tolerance to salinity as most of stress indicators reach higher
values only in our longer period and in the presence of the highest salt concentrations. In addition, at
least part of their tolerance seems to depend also on Na' tissue tolerance. When comparing the two

ways of salt supply, salt spray seems to be more detrimental than root-zone salinity as at the same

17



Na' leaf content oxidative damage is significantly higher in plants subjected to airborne salinity. From
our preliminary results, durum wheat cultivar Cappelli, being particularly sensitive to salt spray
already since from stage of seedling, seems not so able to face airborne salinity conditions. It could
be interesting to analyze salt spray tolerance also in other cultivars to assess if the particular sensitivity

to airborne salinity is a common trait in durum wheat.
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Figure legends

Fig. 1. Sensitivity rate index (IS) in leaves from seedlings of Triticum turgidum spp. durum cv.
Cappelli subjected to salt spray (SS) and/or salinity in the root-zone (0, 50, 200mM NaCl) for 2
and 7 days. C S is for plants sprayed with deionised water. Data are the mean of at least three
replicates from three independent experiments + SE. Means followed by the same letters are not
significantly different at 1%.

Fig. 2. Content of hydrogen peroxide (A), TBA-reactive material (TBARS, B), and proline (C) in
leaves from seedlings of Triticum turgidum spp. durum cv. Cappelli subjected to salt spray (SS)
and/or salinity in the root-zone (0, 50, 200mM NaCl) for 2 and 7 days. C S is for plants sprayed
with deionised water. Data are the mean of at least three replicates from three independent
experiments = SE. Means followed by the same letters are not significantly different at 1%.

Fig. 3. Activities of ascorbate peroxidase (APX, A), glutathione peroxidase (GPX, B), guaiacol
peroxidase (POD, C), glutathione reductase (GR, D), catalase (CAT, E), and superoxide dismutase
(SOD, F) in leaves from seedlings of Triticum turgidum spp. durum cv. Cappelli subjected to salt
spray (SS) and/or salinity in the root-zone (0, 50, 200mM NacCl) for 2 and 7 days. C S is for plants
sprayed with deionised water. Data are the mean of at least three replicates from three independent

experiments = SE. Means followed by the same letters are not significantly different at 1%.
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Table 1. Chemical characteristics of leaves of seedlings of Triticum turgidum spp. durum cv. Cappelli subjected to salt spray (SS) and/or salinity in the root-zone (0, 50,

200 mM NaCl) for 2 and 7 days. C S is for plants sprayed with deionised water

Treatments CS SS 200mM NaCl+ SS 50mM NaCl 200mM NaCl
2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days
Na* 0.43+£0.06  1.01+0.14  2.23+0.45 4.16£0.36  3.19+0.32  6.26£0.68  0.58£0.06  0.60+0.09  1.10+0.11 1.7320.21  4.02+0.48  4.64+0.42
(%) f ef de be cd a f f ef ef be b
K* 6.37£0.96  5.90+0.78  4.65+0.93  5.18+0.65  5.03+0.50  4.31+0.53  6.24+0.83  5.16+0.77  5.45+£1.04 5.51+0.50 5.47+0.39 4.90+0.94
(%) a a a a a a a a a a a a
Cr 0.41+£0.06  1.69+0.14d 3.63+0.72  7.14+0.64  5.32+0.48 11.61+0.89 0.41+£0.05  1.11£0.17  1.08+0.31 1.90+0.19  7.82+0.94  8.10+0.99
(%) e e d b c a e e e de b b
K*/Na* 14.94+2.57 5.83+0.89  2.08+0.48  1.25+0.15  1.58+0.18  0.69+0.09 10.82+1.47 8.62+1.51  4.94+0.88  3.18+0.40 1.36+£0.16  1.05+0.18
a c e e e e b b d de e e

Data are the mean of at least three replicates + SE. Means followed by the same letters within the same row are not significantly different at 1%.
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Table 2. Growth and water status of leaves of seedlings of Triticum turgidum spp. durum cv. Cappelli subjected to salt spray (SS) and/or salinity in the root-zone (0, 50,

200 mM NaCl) for 2 and 7 days. C S is for plants sprayed with deionised water

Treatments CS SS 200mM NaCl+ SS 0 50mM NaCl 200mM NaCl
2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days

Leaflength  30.26+0.61 31.43+0.73  27.02£0.29  27.93+£0.50 30.11+0.56 31.61+0.14 31.30+0.40 33.01+0.58 28.91+0.46 30.87+0.46 28.90+0.49 29.34+0.36
(cm) bc ab e de be ab ab a cd bc cd cd
Root length  22.98+0.50 22.91+0.39  15.93+0.54 16.08+£0.33 24.28+0.57 24.56+0.46 26.14£0.45 26.49+0.40 24.17+£0.51 25.35£0.72 26.62+0.50 25.84+0.52
(cm) c c d d be be a ab be ab a ab
Shoot/root 1.32+0.03  1.37+0.03 1.70+0.03 1.74+0.03  1.24+0.03 1.29+0.02  1.20+0.02  1.25+0.02  1.20+0.03 1.2240.03  1.08+0.02 1.13+0.02

be b a a c c cd c cd c e de
H,O 90.20+0.30 90.30+£0.26  91.30+0.42 90.70+£1.22 91.27+0.69  90.20+0.10 90.13+£0.20 89.51+0.51 90.43+0.58 90.30+0.38 89.67+0.32  90.07+0.10
(%) a a a a a a a a a a a a
RWC 96.47+0.67 96.07+1.85  94.00+1.33 86.00+£5.14 94.40+£3.63  79.63+£5.98 91.77+£1.26 97.76+£0.47 95.95+1.90 97.53+0.76 93.00£0.32 80.17+1.29
(%) a a a ab a b a a a a a b

Data are the mean of at least three = SE. Means followed by the same letters within the same row are not significantly different at 1%.
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Table 3. Contents of chlorophylls (Chl), carotenoids (Car), total ascorbate (reduced ascorbate, ASA + dehydroascorbate, DHA), total glutathione (reduced form, GSH + oxidised
form, GSSG), and ASA/DHA and GSH/GSSG ratios in leaves of seedlings of Triticum turgidum spp. durum cv. Cappelli subjected to salt spray (SS) and/or salinity in the root-
zone (0, 50, 200 mM NaCl) for 2 and 7 days. C S is for plants sprayed with deionised water

Treatments CS SS 200mM NaCl+ SS 0 50mM NaCl 200mM NaCl
2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days 2 days 7 days
Total Chl 15.45+0.53 17.5840.81 17.00+1.46  16.92+1.25 17.89+1.44 13.52+1.90 16.46+1.00  15.24+£0.95  20.3442.73 16.09+0.97  14.52+1.30 13.62+0.93
(mg g'DW) a a a a a a a a a a a a
Chla/Chlb 1.46+0.07 1.65+0.13 1.76+0.04 1.54+0.17 1.62+0.13 1.60+0.10 1.44+0.12 1.48+0.06 1.32+0.05 1.61£0.11 1.73+0.19 1.63+0.12
a a a a a a a a a a a a
Car 1.33£0.04 1.80+0.17 1.91£0.10 1.79+0.22 1.92+0.08 1.93£0.12 1.27+0.17 1.55+0.02 1.40+0.03 1.78+0.05 1.72+0.07 2.01£0.11
(mg g'DW) c ab ab ab ab ab c be bc b be a
Car/Total Chl 0.09+0.00 0.10+0.01 0.11+0.00 0.11+0.02 0.11+0.01 0.15+0.10 0.08+0.01 0.10+0.01 0.07+0.01 0.11+0.01 0.12+0.01 0.15+0.02
a a a a a a a a a a a a
Total ascorbate 1.22+0.10 1.52+0.15 1.33£0.15 1.46+0.05 1.87+0.18 1.55+0.03 1.21£0.04 1.19+0.05 1.36+0.05 1.20+0.07 1.82+0.20 2.65+0.10
(mg g'DW) d bed cd bed b bed d d cd d bc a
ASA/DHA 1.39+0.14 2.40+0.31 4.69+0.48 1.13£0.09 23.27+1.71 1.97+0.12 1.9540.13 1.55+0.28 1.97+0.16 13.7441.74  18.07£1.62 2.42+0.11
d d d d a d d d d c b d
Total glutathione  1218.11+72.70 781.00+38.60 1077.17+28.77 576.35£10.72 1485.29+31.86 324.27+20.94 761.83+22.33 660.53+£16.91ef 989.80+42.77 811.05+57.31 831.83+£19.89 374.21+30.13
(nmol g'DW) b de c f a g de c d d g
GSH/GSSG 3.57+0.09 2.12+0.07 1.47+0.04 1.86+0.05 2.37+0.04 2.3240.09 5.34+0.10 3.06+0.06 1.03+0.09 1.63£0.11 1.01£0.07 2.29+0.14
b d f e d d a c g ef g d

Data are the mean of at least three replicates £ SE. Means followed by the same letters within the same row are not significantly different at 1%.
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