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The aim of the current work was to determine whether grafting could improve salinity tolerance of
cucumber using three different salt stressors such as CaCl,, NaCl and their combination CaCl; + NaCl
with equimolar concentrations, and to study the changes induced by the rootstocks in the shoot growth
at agronomical and physiological levels. A greenhouse experiment was carried out to determine yield,
growth, fruit quality, SPAD values, electrolyte leakage, chlorophyll fluorescence, CAT, APX, GPX activities
and mineral composition and assimilate partitioning of cucumber plants (Cucumis sativus L. cv. ‘Ekron’),
either ungrafted or grafted onto two commercial rootstocks: ‘Affyne’ (C. sativus L.) and ‘P360’ (Cucur-
bita maxima Duch. x Cucurbita moschata Duch.) and cultured in quartziferous sand. Plants were supplied
with four nutrient solutions: non-salt control, 20 mM CaCl,, 30 mM NaCl or 10 mM CaCl, + 15 mM NaCl.
Significant depression of yield, and shoot biomass production in response to an increase of salinity con-
centration in the nutrient solution was observed with more detrimental effects with CaCl,. The three salt
types improved fruit quality in both grafting combinations by increasing fruit dry matter and total soluble
solids content by 8% and 6%, respectively. The lowest SPAD index and the lowest efficiency of the PSII in
dark-adapted leaves, measured as the F,/Fy ratio were recorded in ungrafted plants treated with CaCl,.
Moreover, at the three salt treatments the percentage of yield and biomass reduction in comparison to
control was significantly lower in the plants grafted onto ‘P360’ and especially ‘Affyne’ than ungrafted
plants, with the highest yield, and shoot reduction recorded with CaCl, in comparison to those recorded
with NaCl and CaCl; + NaCl treatments. Grafted cucumber plants exposed to NaCl and CaCl; + NaCl were
capable of maintaining higher chlorophyll content (SPAD index), higher photochemical activity of PSII,
increased the capacity of antioxidant system by enhancing the GPX activity, a better nutritional status
(higher N, K, and Ca, and lower Na) in the shoot tissues and a higher membrane selectivity in compar-
ison with ungrafted ones. The higher crop performance of grafted (Ekron/Affyne) cucumber recorded
with NaCl than with CaCl,, was attributed to the limited capability of the rootstocks to restrict Cl~ shoot
uptake, thus Cl-, which continues passing to the leaves, becomes the more significant toxic component
of the saline solution.

Keywords:

Antioxidant enzymes
Calcium chloride
Chlorophyll fluorescence
Cucumis sativus L.
Mineral composition
Sodium chloride

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Salinity continues to be a major factor in reduced crop produc-
tivity and profit in many arid and semi-arid regions, despite the
advanced management techniques developed in recent decades
(Edelstein et al., 2011). Salinity imposes two constraints on plants:
an osmotic effect resulting from the lower soil water potential and
an ionic effect resulting from the direct toxicity of saline ions and
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the ion imbalance in the plants leading to several morphological
and physiological changes (Munns and Tester, 2008).

The inhibition of plant growth under saline conditions often
involves a decrease in their photosynthetic capacity (Liu et al.,
2012). The reduced photosynthesis is caused not only by stomatal
closure, but also by non-stomatal factors that reduced PSII effi-
ciency (Neves et al., 2008). The salt stress causing the reduced PSII
efficiency is associated with the PSII complex, primary charge sep-
aration in PSII, and pigment-protein complexes of the thylakoid
membranes of the chloroplasts (Misra et al., 2001), as well as the
PSII activity (Lu and Vonshak, 2002), and the quantum yield of
PSII electron transport (Xia et al., 2004). Generally, plants possess
an antioxidant system that includes antioxidant enzymes, such
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as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxi-
dase (APX), guaiacol peroxidase (GPX), dehydroascorbate reductase
(DHAR) and glutathione reductase (GR) (Noctor and Foyer, 1998).
Superoxide dismutase, the first enzyme in the detoxifying process,
converts O,*~ radicals to H,0,. Catalase and POD scavenge the
accumulated H,0, to non-toxic levels by conversion to H,O and
0, (Apel and Hirt, 2004).

Whether salt mainly exerts an osmotic or an ion-specific effect
varies depending on the plant species and/or genotype in ques-
tion. However, the two effects and plant responses cannot be fully
separated. Salinity will always induce an osmotic effect, and its
intensity will always be proportional to salt concentrations. The
specific ion effect may be intense even at low concentrations in
sensitive species, while others are less sensitive to the salt ions and
will only be affected at higher concentrations (Pagter et al., 2009).
If osmotic stress is the main consequence of plant exposure to salt
stress, iso-osmotic solutions of different salinity types would be
expected to exert the same influence on plant growth and physi-
ology. Where direct ion specific effects occur, salinity type would
be expected to be of major importance (Pagter et al., 2009). Most
studies concerning salt tolerance of plant species have been based
on experiments in which NaCl is the predominant salt. Relatively
few studies have focused on the effects of CaCl, on plant growth
and physiology (Tas et al., 2005; Trajkova et al., 2006; Yokas et al.,
2008), evenif CaCl, is present at higher concentrations than NaCl in
the soils and groundwater in many areas of the world (Marschner,
1995).

Calcium plays an important role in plant survival of salinity
stress by increasing the resistance to the stress (Greenway and
Munns, 1980). Studies have shown that Ca2* can reduce the nega-
tive effect of salinity on plants and alleviate the growth inhibition
mainly by mitigating the ionic effect of salinity rather than the
osmotic effect (Rengel, 1992). Supplemental Ca?* can maintain
membrane integrity in both roots and shoots by limiting CaZ* dis-
placement from the membrane by Na* ions (Cramer et al., 1985).
Sodium uptake can also be reduced and K* uptake increased by the
presence of CaZ* in the soil solution (Cramer et al., 1985). However,
the responses vary depending not only on plant species but also on
the salts (NaCl, CaCl, or Na,S0,) and the source of Ca2* ions (CaCl,
or CaSOy4) (Volkmar et al., 1998; Caines and Shennan, 1999).

At present, many researchers have aimed toward molecular
engineering in order to improve plant salt tolerance. However,
there existed some limitations owing to the complexity of quantita-
tive traits, insufficient genetic knowledge of tolerance components
and lack of efficient selection criteria (Cuartero and Fernandez-
Munoz, 1999). According to recent studies, grafting was a useful
technique to increase plant vigor and yield, induce higher tolerance
to abiotic stress conditions such as salinity, heavy metal, nutrient
stress, thermal stress, water stress, organic pollutants, and alkalin-
ity (Colla et al., 2010a,b,c, 2011; Lee et al., 2010; Rouphael et al.,
2008a,b; Savvas et al., 2010; Schwarz et al., 2010; Borgognone
et al., 2013; Temperini et al., 2013) and also improve fruit qual-
ity (Proietti et al., 2008; Rouphael et al., 2010a,b). In relation to
salt tolerance, many studies have been carried out to determine
the response of grafted plants to NaCl (Santa-Cruz et al., 2002;
Fernandez-Garcia et al., 2002; Estail et al., 2005; Colla et al., 2005,
2006a,b; Goreta et al., 2008; Martinez-Rodriguez et al., 2008; He
et al,, 2009; Huang et al., 2009a,b; Edelstein et al., 2011; Rouphael
et al,, 2012a). However, investigations whether grafting would
enhance the salt tolerance of vegetables to other types of salinity is
needed as basic requirement for the continued success of grafting
(Colla et al., 2010a, 2012).

Starting from the above considerations, the aim of this study was
to investigate the different tolerance of grafted cucumber in terms
ofyield, growth, fruit quality, leaf chlorophyll content (SPAD value),
leaf electrolyte leakage, leaf chlorophyll fluorescence, CAT, APX,

GPX activities of leaves and mineral composition and assimilate
partitioning, to two different salt stressors such as NaCl, CaCl,, and
their combination (NaCl + CaCl,). The study was performed in terms
of equimolar concentrations of the three different chloride salts in
order to evaluate the ion effects of the three salinity sources on
the agronomical and physiological responses of greenhouse grafted
and ungrafted cucumber.

2. Materials and methods
2.1. Plant material, growth conditions and treatments

The experiment was conducted in Spring-Summer 2012 in
a 300m?2 polymethylmethacrylate greenhouse situated on the
Experimental Farm of Tuscia University, Central Italy (42°25' N;
12°08" E; 310m a.s.l.). Plants were grown under natural light
conditions. The greenhouse was maintained at daily tempera-
tures between 18 and 33°C, and day/night relative humidities of
55/85%. Cucumis sativus L. cv. Ekron (Enza Zaden, Verona, Italy)
was grafted onto two commercial rootsocks: ‘P360° (Cucurbita
maxima x Cucurbita moschata; Societa Agricola Italiana Sementi,
Cesena, Italy), and ‘Affyne’ (C. sativus L.; Rijk Zwaan Italia srl, Calder-
ara di Reno, Bologna, Italy) using the ‘tongue approach grafting’
described by Lee (1994), whereas ungrafted ‘Ekron’ was used as a
control plant. The Cucurbita and cucumber rootstocks were selected
as the most representative commercial rootstocks used in Italy due
to their compatibility with cucumber cultivars, and to their resis-
tance to soilborne pathogens. At the two true-leaf stage (April 20),
grafted and ungrafted plants were grown into pots (d 30cm, h
30 cm) containing 17.7 | of quartziferous sand. Pots were disposed
in double rows on the greenhouse floor. The space between plants
within a row was 0.45m and the distance between the centers of
double rows was 1.5 m, resulting in a plant density of 3 plants m~2.
Plants were grown as vertical cordons where all laterals branches
were pruned back as they developed until the plant reached the
overhead support wire. There, the terminal bud was removed above
the support cable and two lateral branches were trained over the
cable and allowed to grow back downward (Hickman, 1998).

The experiment was designed as a factorial combination of
four nutrient solutions (non-salt control, 20mM CaCl,, 30 mM
NaCl, or 10 mM CaCl;, + 15 mM NaCl) and three grafting treatments
(ungrafted Ekron; Ekron/Affyne or Ekron/P360). Each experimen-
tal unit consisted of twelve plants. The treatments were arranged
in a randomized complete-block design with four replicates per
treatment.

2.2. Nutrient solution management

The saline treatments were initialized 10 days after the
transplanting. The basic (control) nutrient solution used in this
experiment was a modified Hoagland and Arnon formulation.
All chemicals used were of analytical grade, and composition of
the basic nutrient solution was: 14.0 mM NO3-N, 1.0 mM NH4-N,
1.75mM S, 1.5mM P, 6.0 mM K, 4.5 mM Ca, 1.5 mM Mg, 1.0 mM Na,
1.0mM Cl, 20 pM Fe, 9 uM Mn, 0.3 uM Cu, 1.6 uM Zn, 20 uM B,
and 0.3 wM Mo, with an electrical conductivity (EC) of 2.0dSm™1.
The saline nutrient solutions had the same basic composition plus
an additional 30 mM of NaCl, 20 mM of CaCl,, or 15 mM of NaCl
plus 10 mM of CaCl,, giving EC values of 6.1, 6.5, and 6.3dSm™!,
respectively. The pH of the nutrient solution for all treatments
was 6.0+ 0.3. All nutrient solutions were prepared using deion-
ized water. Nutrient solution was pumped from independent tanks
through a drip irrigation system, with one emitter per plant and
an emitter flow rate of 21h~!. Irrigation scheduling was per-
formed using electronic low-tension tensiometers (LT-Irrometer,
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Riverside, CA, USA) that controlled irrigation based on substrate
matric potential (Norrie et al., 1994). In each treatment, four ten-
siometers were installed and located in different pots to provide
representative readings of the moisture tension. Tensiometers
were connected to an electronic programmer that controlled the
beginning (—5kPa) and end (—1kPa) of irrigation, which corre-
spond to the high and low tension set points for the major part
of the media (Kiehl et al., 1992; Rouphael et al., 2004; Rouphael
and Colla, 2005). Five to 17 fertigations were applied per day, each
of 1-3 min duration. Timing of the irrigations was increased to have
at least 35% of the nutrient solution draining from the pots.

2.3. Yield and plant growth measurements

Fruits were harvested from May 18 to June 22. Fruits were har-
vested when they reached marketable size (>20 cm of length), fruits
that were deformed or badly misshapen were considered unmar-
ketable (Rouphael et al., 2010a,b). The marketable yield, number
of fruits and weight, were determined on eight plants per plot. At
final harvest (June 22, 64 days after transplanting), eight plants per
plot were separated into stems, leaves, and roots, and their tissues
were dried in a forced-air oven at 80 °C for 72 h for biomass deter-
mination. Shoot biomass was equal to the sum of aerial vegetative
plant parts (leaves +stems). Root to shoot ratio was calculated by
dividing root dry weight by the sum of leaf and stem dry weights.
Leaf area (LA) was measured with an electronic area meter (Delta-T
Devices Ltd., Cambridge, UK).

2.4. Fruit quality analysis

On 6 June (forty eight days after transplanting) ten representa-
tive fruits of each plot were analyzed for fruit quality parameters.
Immediately after harvest, fruit shape index (SI), defined as the
ratio of width to length was measured. Fruit firmness (Ncm~2)
was determined using a penetrometer (Bertuzzi FT 011; Brughe-
rio, Milan, Italy), fitted with an 8 mm-diameter round-head probe.
The liquid extract obtained by liquefying the mesocarp of each fruit
was used to determine the total soluble solids (TSS) contents by
employing an Atago N1 refractometer (Atago Co. Ltd., Japan). Acid-
ity was determined by potentiometric titration with 0.1 M NaOH
up to pH 8.1 using 10 ml of juice, and the results were expressed as
percentage of malic acid in the juice. Fruit juice pH was also mea-
sured with a pH meter (HI-9023; Hanna Instruments, Padova, Italy).
Fruits were dried in a forced air oven at 80 °C for 72 h and weighed
to determine the fruit dry matter (DM).

2.5. Fluorescence measurements

At the termination of the experiment, modulated chlorophyll
fluorescence was measured in dark adapted (for at least 15 min)
leaves in the same leaf leaflet in 3 plants per graft combination,
using a chlorophyll fluorometer Handy PEA (Hansatech Instru-
ments Ltd, UK) with an excitation source intensity higher than
3000 pmolm—2s-1 at the sample surface. The minimal fluores-
cence intensity (Fp) in a dark-adapted state was measured in the
presence of a background far-red light to favor rapid oxidation of
intersystem electron carriers. The maximal fluorescence intensities
in the dark-adapted state (F,) was measured by 0.8s saturat-
ing pulses (3000 pmolm~2s~1), The maximum quantum yield of
open photosystem II (PSII) (Fy/Fm) was calculated as (Fy, — Fg)/Fm
(Maxwell and Johnson, 2000).

2.6. SPAD measurements

At the termination of the experiment, a chlorophyll meter
(SPAD-502, Minolta Corporation, Ltd., Osaka, Japan) was adopted

to take dimensionless SPAD values from the fully expanded func-
tional leaves (the fourth from the apex). Measurements were made
atacentral point on the leaflet between the midrib and the leaf mar-
gin. The meter was shielded from direct sunlight by the operator
during each measurement. Fifteen leaves were measured randomly
per plot and averaged to a single SPAD value for each treatment.

2.7. Determination of electrolyte leakage

Fifty five days after transplantation, the electrolyte leakage (EL)
was determined as described by Lutts et al. (1995). Six randomly
chosen plants per treatment (4 mature leaves per plant) were taken
and cut into 1-cm segments. Leaf samples were washed 3 times
with distilled water to remove surface contamination, and then
placed in individual stoppered vials containing 10 mL of distilled
water. The samples were incubated at room temperature (25 °C) on
a shaker (100 rpm) for 24 h. Electrical conductivity of the bathing
solution (EC;) was read after incubation. The same samples were
then placed in an autoclave at 120 °C for 20 min and a second read-
ing of the EC (EC,) was made after cooling the solution to room
temperature. The EL was calculated as EC;/EC; and expressed as
percentage.

2.8. Assay of antioxidant enzyme activity

For the enzyme assays, the first fully expanded fresh leaves were
harvested in each plot and immediately frozen in liquid nitrogen
and stored at —80 °C for later antioxidant enzyme activity analysis.
Enzyme extractions were performed using a pre-chilled mortar and
pestle with two volumes of an ice-cold extraction buffer (0.05M
potassium phosphate buffer, pH 7.0) containing 0.1% (w/v) ascor-
bic acid, 1% (w/v) polyvinilpolypirrolidone, 1 mM Na,;-EDTA and
0.1% (v/v) Triton X-100. After centrifugation (15000 x g, 30 min,
4°C) the supernatant was set aside for the determination of the
enzymes activity and protein content by a spectrophotometer
(Perkin Elmer, Norwalk, CT, USA). Catalase (CAT, EC 1.11.1.6) activ-
ity was measured according to Havir and McHale (1989). Assay
mixture (1ml) contained 0.1 ml of 125mM H,0, and 20 w1 of
the crude extract in 0.05M potassium phosphate buffer (pH 7.0).
Enzyme activity was evaluated by following the decomposition of
H,0, at 240 nm for 1 min and calculated using the extinction coef-
ficient (0.036 mM~! cm~1). Activity of ascorbate peroxidase (APX,
EC 1.11.1.11) was measured following the decrease of absorbance
at 290 nm for 1 min (Nakano, 1981) corresponding to the oxidation
of ascorbic acid. APX activity was calculated using its extinction
coefficient (2.8 mM~! cm~1). Activity of guaiacol peroxidase (GPX,
EC 1.11.1.7) was measured in accordance with Chance and Maehly
(1955). Assay mixture (1 ml) contained 0.1 ml of 90 mM guaiacol,
0.1ml of 125mM H;0, and 50 pl of the crude extract in 0.05M
potassium phosphate buffer (pH 7.0). Enzyme activity was evalu-
ated following the increase of absorbance at 470 nm for 40 s due to
guaiacol oxidation and calculated using the extinction coefficient
(26.6 mM~1 cm~1). The specific enzyme activity for all enzymes was
expressed as mmol mg~! protein min—1.

2.9. Mineral analysis

Dried biomass of plant tissues harvested at the end of the trial
(leaf, stem, and root) and dry biomass of fruits harvested during
the growing cycle were ground separately in a Wiley mill to pass
through a 20-mesh screen, then 0.5 g of the dried plant tissues were
analyzed for the following macro- and micronutrients: N, P, K, Ca,
Mg, Na, Cl, Fe, Mn, and Zn. Nitrogen concentration in the plant
tissues was determined after mineralization with sulfuric acid by
“Kjeldahl method” (Bremner, 1965), P, K, Ca, Mg, Na, Fe, Mn, and Zn
concentrations were determined by dry ashing at 400°C for 24 h,
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dissolving the ashin 1:20 HNOs3, and assaying the solution obtained
using an inductively coupled plasma emission spectrophotometer
(ICP Iris; Thermo Optek, Milano, Italy) (Karla, 1998). Chloride ion
concentrations were determined by titration with AgNOs3 in the
presence of K,CrO4 (Eaton et al., 1995).

2.10. Statistical analysis

All data were statistically analyzed by ANOVA using the SPSS
software package (SPSS 10 for Windows, 2001). Duncan’s multi-
ple range test was performed at P=0.05 on each of the significant
variables measured.

3. Results
3.1. Fruit yield components

In grafted and ungrafted plants, the marketable yield, num-
ber of fruits and weight decreased in response to an increase of
salinity concentration in the nutrient solution with more detri-
mental effects with CaCl, treatment (Table 1). The lowest yield
observed on plants treated with CaCl,, NaCl, and CaCl, +NaCl in
comparison with control treatment was mainly attributed to a
reduction in both the average fruit weight and the number of fruit
per plant (Table 1). Moreover, with 20 mM CacCl,, 30 mM NacCl, and
10 mM CaCl;, + 15 mM NaCl concentration in the nutrient solution,
the percentage of yield reduction in comparison to control was sig-
nificantly lower in the plants grafted onto ‘Affyne’ (45%, 29%, and
22%, respectively) and ‘P360’ (43%, 40%, and 27%, respectively) than
ungrafted plants (53%, 48%, and 33%, respectively) with the highest
yield reduction recorded with CaCl,, followed by NaCl in compar-
ison to those recorded with CaCl;, + NaCl treatment (Table 1). The
low marketable yield of ungrafted plants was due to a reduction in
the fruit mean weight and not to a change in the number of fruit
per plant (Table 1).

Table 1

3.2. Biomass production and partitioning

Similarly to fruit yield components, the shoot and root biomass
in both grafted and ungrafted plants decreased in response to an
increase of salinity in the nutrient solution especially with CaCl,
and NaCl treatments, whereas an opposite trend was observed for
the root-to-shoot (R/S) ratio (Table 2). Moreover, at the three salt
treatments (20 mM CaCl,, 30 mM NacCl, and 10 mM CaCl; + 15 mM
NacCl), the biomass weight reductions of the shoot in compari-
son to control were clearly lower in both grafting combinations
(Ekron/Affyne and Ekron/P360) with respect to those of the
ungrafted plants, with the highest biomass reductions recorded
with CaCl,, and NaCl compared to CaCl, + NaCl treatment (Table 2).
The R/S ratio increased from 0.07 to 0.11 in response to nutrient
solution salinity. Finally, the leaf injuries caused by salt stressors
are presented in Fig. 1.

3.3. Fruit quality

No significant differences among treatments were observed for
fruit firmness (avg. 1.66 N cm~2) and fruit juice pH (avg. 5.7). When
averaged over grafting combination, the highest fruit dry matter
(DM) and total soluble solids (TSS) content were recorded in plants
treated with CaCl,, NaCl, and CaCl; + NaCl with no significant dif-
ference observed between the three salt types (Table 3). Moreover,
when averaged over salt treatment, the shape index (SI) in grafted
planted (Ekron/Affyne and Ekron/P360) was significantly higher by
4% compared to ungrafted plants, whereas the highest titratable
acidity (TA) was recorded in Ekron and Ekron/P360 (avg. 0.095%)
compared to Ekron/Affyne (0.084%).

3.4. Leaf area, chlorophyll fluorescence, SPAD index, and
electrolyte leakage

When averaged over grafting combination, the final leaf area
(LA) was highest in non saline nutrient solution, followed by plants
treated with CaCl, +NaCl, and plants with NaCl, and finally on

Effects of salt treatment in the nutrient solution and grafting combination on marketable fruit yield, marketable fruit mean weight and number of cucumber plants.

Salt treatment Graft combination

Yield (kg plant~') Fruit

Number (n. plant—1) Mean weight (g fruit—')

Control Ekron 3.26
Ekron/Affyne 3.22
Ekron/P360 3.23
Mean 324a
CaCly Ekron 1.52(53)
Ekron/Affyne 1.76 (45)
Ekron/P360 1.85(43)
Mean 1.71d
NaCl Ekron 1.71 (48)
Ekron/Affyne 2.30(29)
Ekron/P360 1.95 (40)
Mean 1.99 ¢
CaCl; +NaCl Ekron 2.17 (33)
Ekron/Affyne 2.51(22)
Ekron/P360 2.35(27)
Mean 2.34b
Significance
Salt (S)
Graft combination (G)
SxG NS

12.7 257.5
11.8 272.7
12.5 259.3
123 a 263.2a
7.5 202.7
8.8 202.3
8.4 220.0
82b 2084 ¢
7.6 227.0
9.6 2443
7.8 249.2
83b 240.2b
8.6 2529
9.8 258.4
8.6 274.5
9.0b 261.9a
NS

NS NS

Values are the means of four replicate samples. The percentage of reduction in enriched-salt treatments with respect to the control is reported in parenthesis.

Means within columns separated using Duncan’s multiple range test P=0.05.
NS, nonsignificant.
" Significant at P<0.05.
™ Significant at P<0.01.
™" Significant at P<0.001.
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Table 2
Effects of salt treatment in the nutrient solution and grafting combination on shoot and root biomass dry weight, and on the root-to-shoot ratio (R/S) of cucumber plants.
Salt treatment Graft combination Shoot (g plant=') Root (g plant=!) R/S
Control Ekron 91.2 5.1 0.06
Ekron/Affyne 90.6 6.2 0.07
Ekron/P360 94.5 7.0 0.07
Mean 92.1a 6.1a 0.07b
CaCl, Ekron 32.6(64) 33 0.10
Ekron/Affyne 41.6 (54) 4.2 0.10
Ekron/P360 42.8 (55) 5.1 0.12
Mean 39.0d 4.2 ab 0.11a
NacCl Ekron 44.2 (52) 34 0.08
Ekron/Affyne 54.4 (40) 4.0 0.07
Ekron/P360 47.8 (48) 4.6 0.10
Mean 48.8 ¢ 4.0b 0.08b
CaCl, +NaCl Ekron 63.0 (31) 5.0 0.08
Ekron/Affyne 72.6 (20) 5.9 0.08
Ekron/P360 69.5 (24) 58 0.07
Mean 684b 5.6ab 0.08 b
Significance
Salt (S)
Graft combination (G) N NS
SxG NS NS NS

Values are the means of four replicate samples. The percentage of reduction in enriched-salt treatments with respect to the control is reported in parenthesis.
Means within columns separated using Duncan’s multiple range test, P=0.05.
NS, nonsignificant.

" Significant at P<0.01.

™" Significant at P<0.001.

Fig. 1. The leaf injuries caused by 10 mM CaCl, + 15 mM Nacl, 30 mM NacCl, and 20 mM CaCl, in cucumber plants fifty days after transplanting.

Table 3
Effects of salt treatment in the nutrient solution and grafting combination on fruit shape index (SI), firmness, fruit dry matter (DM), total soluble solids (TSS) content, juice
pH and titratable acidity (TA) of cucumber fruits.

Salt treatment Graft combination SI Firmness (N cm~2) DM (%) TSS (°brix) pH TA (%)
Control Ekron 0.25 1.66 3.26 3.13 5.67 0.10
Ekron/Affyne 0.26 1.73 3.36 3.30 5.73 0.09
Ekron/P360 0.25 1.71 3.44 3.46 5.74 0.10
Mean 0.25 1.70 335b 330b 5.71 0.10
CaCl, Ekron 0.26 1.66 3.51 3.44 5.68 0.09
Ekron/Affyne 0.28 1.59 3.74 3.48 5.65 0.08
Ekron/P360 0.24 1.56 3.66 3.59 5.69 0.09
Mean 0.26 1.60 3.64a 350a 5.67 0.09
NacCl Ekron 0.25 1.77 3.51 3.50 5.72 0.09
Ekron/Affyne 0.28 1.71 3.58 3.47 5.81 0.08
Ekron/P360 0.27 1.64 3.57 3.44 5.65 0.10
Mean 0.27 1.71 355a 3.47 ab 5.73 0.09
CaCl, +NaCl Ekron 0.25 1.63 3.63 3.57 5.66 0.09
Ekron/Affyne 0.27 1.69 3.82 3.65 571 0.08
Ekron/P360 0.27 1.62 3.58 3.42 5.63 0.10
Mean 0.26 1.64 3.68a 355a 5.67 0.09
Significance
Salt (S) NS NS . NS NS
Graft combination (G) . NS NS NS NS
SxG NS NS NS NS NS NS

Values are the means of four replicate samples.
Means within columns separated using Duncan’s multiple range test, P=0.05.
NS, nonsignificant.
* Significant at P<0.05.
™ Significant at P<0.01.
™" Significant at P<0.001.
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Table 4

Effects of salt treatment in the nutrient solution and grafting combination on final leaf area, maximum quantum use efficiency of PSII in dark-adapted state, SPAD index, and

leaf electrolyte leakage of cucumber plants.

Salt treatment Graft combination Leaf area (m? plant~1) Maximum quantum use SPAD index Electrolyte leakage (%)
efficiency of PSII (Fy/Fnm)
Control Ekron 2.00 0.83a 66.1a 453
Ekron/Affyne 1.91 0.83a 679 a 43.2
Ekron/P360 2.03 0.83a 69.4 a 41.8
Mean 1.98a 0.83a 67.8a 43.4d
CaCl, Ekron 1.23 0.68 ¢ 232e 73.9
Ekron/Affyne 1.40 0.76 b 46.7 ¢ 63.1
Ekron/P360 1.43 0.78 ab 40.7d 65.9
Mean 1.35d 0.74b 369d 67.6a
NaCl Ekron 1.40 0.75b 47.0c 63.3
Ekron/Affyne 1.62 0.83 a 52.7 bc 56.7
Ekron/P360 1.52 0.82a 51.4 bc 60.1
Mean 1.51c¢ 0.80a 504 c 60.0 b
CaCl; +Nacl Ekron 1.59 0.82a 49.4 bc 57.9
Ekron/Affyne 1.84 0.83 a 57.9 ab 52.0
Ekron/P360 1.79 0.83a 54.5b 53.6
Mean 1.74 b 0.83a 53.9b 545c¢
Significance
Salt (S)
Graft combination (G)
SxG NS NS

Values are the means of four replicate samples.
Means within columns separated using Duncan’s multiple range test, P=0.05.
NS, nonsignificant.

™ Significant at P<0.01.

™" Significant at P<0.001.

plants treated with CaCl, (Table 4). The highest electrolyte leak-
age (EL) values were observed with plants treated with CaCl,,
while the lowest values were recorded in the non saline treat-
ment (Table 4). Moreover, when averaged over salt treatment the
final LA was significantly higher by 9% in both grafting combina-
tion (avg. 1.69 m2 plant~!) than ungrafted (avg. 1.55m?2 plant~1)
cucumber plants, whereas the lowest EL value was recorded in the
plants grafted onto ‘Affyne’ rootstock (avg. 58.3%). Finally, the low-
est SPAD index and the lowest efficiency of the PSII in dark-adapted
leaves, measured as the F,/Fy ratio were recorded in ungrafted
plants (Ekron) treated with CaCl, (Table 4).

3.5. Antioxidant enzyme activities

No significant differences among treatments were observed
for catalase (237.9mmolmg-! proteinmin-!) and ascorbate
peroxidase (0.50 mmolmg~! proteinmin~!). Guaiacol peroxi-
dase (GPX) was significantly affected by salinity (P<0.001) and
grafting combination (P<0.01) but not by salinity x grafting
interaction (data not shown). When averaged over graft-
ing combinations, the highest GPX activity was recorded in
plants treated with CaCl, (0.37 mmolmg~! proteinmin-1)
Finally, when averaged over salinity treatments, the plants
grafted onto ‘Affyne’ showed the highest GPX activity
(0.212mmolmg~! proteinmin~!) than plants ungrafted and
grafted onto P360 (avg. 0.097 mmol mg~! protein min=1).

3.6. Mineral composition and partitioning

The macro and micro elements concentration and distribu-
tion in cucumber plants as a function of the grafting combination
and salinity treatments are displayed in Tables 5 and 6. The con-
centration of N in leaves and stems was significantly affected
by salinity x grafting interaction where the lowest values were
recorded in ungrafted (Ekron) plants treated with CaCl,. The con-
centration of N in fruits was highly influenced by salinity with the
lowest values recorded with the three salt treatments (Table 5).
The concentration of P in leaves, stems and roots was significantly

affected by grafting combination with values recorded for grafted
plants (avg. 7.2, 12.9 and 16.8 mgg~!, respectively) being higher
than ungrafted plants (avg. 6.7, 9.9 and 11.9mgg~!, respectively).
Moreover, the concentration of Pin leaves, stems and fruits was sig-
nificantly affected by salinity with the lowest values recorded with
plants treated with CaCl,, NaCl, and CaCl, + NaCl with no significant
difference observed between the three salt types (Table 5).

The lowest concentration of K in leaves, stems, fruits and roots
was observed in plants treated with NaCl. Moreover, the concen-
tration of K in roots was significantly affected by grafting, with the
highest values observed on Ekron/P360 combination (18.9mgg=1).
Similarly, the lowest concentration of Ca in leaves, stems, fruits and
roots was recorded in plants treated with NaCl (Table 5).

The concentration of Mg in leaves, fruits and roots was signif-
icantly affected by salinity with the lowest values recorded with
plants treated with CaCl, and CaCl, + NaCl treatments, whereas no
significant difference among treatments was observed on Mg con-
centration in stems (Table 5). The concentration of Mg in leaves
and roots was significantly affected by grafting combination with
the highest values recorded for Ekron and Ekron/P360 combination.

Concentration of Na* in all plant tissue increased as the NaCl
and CaCl; + NaCl level in the nutrient solution increased (Table 6).
The accumulation of Na* in leaf tissue of plants treated with NaCl
and CaCl, +NaCl, with respect to control, was significantly lower
in grafted plants (1446%, and 153%, respectively for Ekron/Affyne;
and 5055% and 1240%, respectively for Ekron/P360) in comparison
to that of ungrafted plants (3289% and 1433% respectively).

The concentration of Cl~ in leaves was significantly affected by
salinity, with the highest values observed in plants treated with
CaCl,, followed by CaCl, + NaCl, and NaCl, treatments, with the low-
est valued recorded in the control (Table 6), whereas no significant
difference among treatments was observed on Cl~ concentration in
fruits and roots. Moreover, the concentration of Cl~ in leaves was
significantly affected by grafting combination, with the highest val-
ues recorded on ungrafted (avg. 60.1 mgg~! DW) in comparison to
grafted plants (avg. 50.7 mgg~! DW; Table 6).

The effect of salinity on leaves, stems and fruits micronutrient
concentrations (Mn and Zn) was highly significant (Table 6). The



Table 5

Effects of salt treatment in the nutrient solution and grafting combination on macronutrient composition of leaves, stems, fruits, and roots of cucumber plants.

Salt treatment

Graft
combination

Macronutrients (gkg~! DW)

N P K Ca Mg
Leaves Stems Fruits Roots Leaves Stems Fruits Roots Leaves Stems  Fruits Roots Leaves Stems Fruits Roots Leaves Stems Fruits Roots
Control Ekron 498a 40.1a 394 343 7.8 134 16.6 159  26.1 29.8 36.3 24.2 453d 82 4.7 11.2 7.3 33 28a 23
Ekron/Affyne 42.6bc 28.8b 36.9 333 8.2 17.5 15.7 19.3 24.1 26.9 303 21.6 481d 87 3.9 7.7 6.9 39 22b 16
Ekron/P360 459b 29.1b 438 31.8 8.5 15.5 16.1 164 312 314 34.5 22.6 46.7d 8.8 49 104 7.2 33 27a 20
Mean 46.0a 32.6a 40.0a 33.1a 81la 155a 16.1a 172 271a 293a 337a 228a 466b 86b 44b 97a 7la 34 25a 19a
CaCl, Ekron 319e 229d 3438 20.6 7.1 7.3 129 8.3 17.8 19.8 30.8 10.1 68.0a 153 6.4 12.1 3.7 3.0 1.7cd 13
Ekron/Affyne 37.8cd 284b 31.1 229 6.7 114 121 159 203 241 29.1 18.9 51.1cd 15.0 54 9.9 2.0 29 1.5d 14
Ekron/P360 356d 26.8b 35.6 20.5 7.7 104 13.9 13.7 18.5 21.0 314 154 609b 16.5 5.4 9.9 3.0 29 20b 1.2
Mean 35.0c 26.0c 338b 213c 71ab 9.7b 13.0b 12.6 188b 21.6b 304bc 148b 60.0a 156a 57a 106a 29c 29 1.7d 1.3b
NaCl Ekron 40.5c 27.7b 34.0 295 5.7 10.1 14.8 124 151 175 28.5 15.0 31.8e 7.2 3.4 6.6 5.2 3.1 22b 22
Ekron/Affyne 44.1b 293b 305 34.3 5.9 13.7 13.0 19.7 159 19.9 30.1 8.3 324e 638 3.8 6.3 5.1 3.6 22b 14
Ekron/P360 458b 288b 34.0 32.6 7.3 114 15.7 15.3 15.6 153 26.8 16.7 249 f 6.6 3.2 8.1 4.5 3.1 20b 25
Mean 434a 286b 328b 321a 63b 11.7b 145ab 158 155¢ 175c¢ 284c 133b 29.7c 69b 34c 70b 49b 32 21b 20a
CaCl, +NacCl Ekron 36.8cd 25.0cd 319 19.5 6.3 8.8 13.6 11.0 134 19.0 31.6 15.1 55.8bc 13.3 53 10.2 34 29 19bc 1.6
Ekron/Affyne 40.0c 26.5bc 334 28.8 6.0 12.6 12.6 19.5 16.9 191 29.8 114 444d 118 5.2 8.9 25 33 1.8bc 1.2
Ekron/P360 435bc  26.9bc 335 283 7.6 109 13.2 14.8 16.1 20.9 334 20.9 535c¢ 16.0 5.4 10.7 33 3.0 21bc 1.5
Mean 40.1b 26.1c 329b 255b 66b 10.7b 13.1b 15.0 154c 19.6bc 31.5ab ‘157b 512b 13.7a 53a 99a 30c 3.0 19c¢ 14b
Significance
Salt (5) . NS " " o as o NS o
Graft combination (G) NS : ! . ) NS . NS NS NS ) NS NS NS NS )
SxG ) - NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS ) NS

Values are the means of four replicate samples.
Means within columns separated using Duncan’s multiple range test, P=0.05.

NS, nonsignificant.
" Significant at P<0.05.
“ Significant at P<0.01.
" Significant at P<0.001.
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Table 6

Effects of salt treatment in the nutrient solution and grafting combination on sodium, chloride, iron, manganese, and zinc composition of leaves, stems, fruits, and roots of cucumber plants.

Salt treatment

Graft combination Elements (gkg~' DW)

Na Cl Fe Mn Zn
Leaves Stems Fruits Roots Leaves Stems Fruits Roots Leaves Stems Fruits Roots Leaves Stems Fruits Roots Leaves Stems Fruits Roots
Control Ekron 033d 0.61d 050d 1.59e 432 264 339 475 0.038 0.024 0.033a 0.076 0.107 0.027 0.020 0.083 0.019 0.031 0.032 0.045
Ekron/Affyne 0.13d 0.13d 0.19d 2.08e 404 282 413 456 0.035 0.032 0.029b 0.063 0.133 0.043 0.020 0.054 0.016 0.049 0.026 0.042
Ekron/P360 020d 047d 087d 1.76e 41.2 30.3 27.0 4255 0039 0.025 0.034a 0.099 0.118 0.032 0.020 0.083 0.021 0.037 0.031 0.043
Mean 021c 040c 052c 181c 41.6c 283b 340 452 0037 0.027 0.032a 0079 0.119a 0.034a 0.020a 0.073a 0.018a 0.039a 0.030a 0.043
CaCly Ekron 0.52d 1.13d 1.02d 2.12e 758 526 433 473 0.032 0.022 0.026bc 0.064 0.066 0.016 0.015 0.025 0.016 0.015 0.024 0.022
Ekron/Affyne 0.16d 0.16d 0.22d 4.12d 53.8 412 448 494 0.028 0.029 0.028b 0.050 0.071 0.033 0.019 0.029 0.013 0.038 0.027 0.038
Ekron/P360 030d 0.84d 098d 255e 604 47.1 359 482 0.040 0.023 0.030b 0.082 0.070 0.025 0.016 0.032 0.017 0.023 0.027 0.040
Mean 032c 071c 066c 293c 633a 469a 413 483 0033 0.025 0.028b 0066 0.069b 0.024b 0.017b 0.028b 0.015b 0.025c 0.026b 0.033
NaCl Ekron 11.17a 1343a 9.10a 11.83b 58.2 53.8 396 51.0 0.039 0.028 0.023c¢c 0.067 0.074 0.020 0.010 0.042 0.016 0.023 0.023 0.035
Ekron/Affyne 2.01c 559c 291c 23.14a 51.6 380 357 453 0.032 0.035 0.030b 0.062 0.094 0.028 0015 0.035 0.016 0.043 0.027 0.036
Ekron/P360 1031a 14.76a 693b 11.16b 51.3 494 366 485 0.040 0.028 0.025c 0.066 0.064 0.023 0.011 0.040 0.019 0.032 0.023 0.038
Mean 783a 11.26a 631a 1537a 53.7b 47.0a 373 482 0036 0030 0026b 0.064 0.077b 0.024b 0.012c 0.039b 0.017b 0.033b 0.024b 0.036
CaCl, +NacCl Ekron 506b 827b 246c¢c 6.84c 63.1 514 477 49.0 0.039 0.028 0.025c¢ 0.069 0.071 0.022 0.014 0.043 0.018 0.016 0.024 0.041
Ekron/Affyne 033d 1.51d 042d 19.59a 48.7 386 408 493 0.029 0.032 0.027bc 0.059 0.072 0.030 0.018 0.034 0.014 0.038 0.025 0.033
Ekron/P360 2.68c 585c 223c 5.24cd58.6 52.5 396 503 0.039 0.026 0.028bc 0.083 0.072 0.027 0.016 0.043 0.019 0.027 0.027 0.039
Mean 268b 520b 1.70b 1055b 56.8b 474a 426 495 0036 0.029 0.027b 0.070 0.071b 0.026b 0.016b 0.040b 0.017b 0.027c 0.025b 0.038
Significance
Salt (S) ' v NS NS NS NS NS . h NS
Graft combination (G) . ) N " : NS NS : NS NS : : NS NS NS
SxG N N N ) NS NS NS NS NS NS ' NS NS NS NS NS NS NS NS NS

Values are the means of four replicate samples.

Means within columns separated using Duncan’s multiple range test, P=0.05.

NS, nonsignificant.
" Significant at P<0.05.
" Significant at P<0.01.
™" Significant at P<0.001.
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tissue concentrations of these elements declined as the external
salinity concentration increased.

4. Discussion
4.1. Agronomical response

In the present study, salt stress had a negative influence on yield
and biomass production of cucumber as has also been demon-
strated in other studies on melon (Colla et al., 2006a), tomato
(Dorais et al., 2001), watermelon (Colla et al., 2006b), zucchini
squash (Rouphael etal.,2006),and cucumber (Huangetal.,2009a,b;
Colla et al., 2012) grown hydroponically. According to Munns
(2005) plants display a two-phase growth response to salinity. The
first phase appears quickly and is due to osmotic stress caused by
salt outside the plants. The second phase takes time to develop,
and results from the toxic effect of salt inside the plant, as the abil-
ity of the cells to compartmentalize salt in the vacuole is exceeded.
Our results revealed a higher susceptibility of cucumber marketable
yield to CaCl, compared to NaCl salinity, indicating that cucumber
has entered the second growth response phase as CaCl, inhibited
marketable yield more than NaCl. The greater yield reduction in
CaCl, than NaCl was caused by toxic effects of CI~ as observed
in other plants (Chavan and Karadge, 1980; Bhivare et al., 1988;
Colla et al., 2012). In contrast Trajkova et al. (2006), have reported
a higher susceptibility of both vegetative growth and fruit yield of
hydroponic cucumber to NaCl compared to CaCl,. Explanations for
this disagreement could be the different molarity of the two salinity
treatments used in the former experiment (24 mM NaCl vs. 12 mM
CaCly), and consequently the two effects (osmotic and ionic) on
plant responses cannot be fully separated. Besides, Trajkova et al.
(2006) used the same molarity of chloride so it was expected a
higher detrimental effect on cucumber growth and yield with NaCl
(due to sodium toxicity) compared to CaCl,. Plants tested with both
CaCl; + NaCl showed higher yield and shoot biomass, than those
treated with CaCl; or NaCl separately confirming the mitigation of
Na* toxicity by supplemental Ca2* (Wu and Wang, 2012). Moreover,
under equimolar concentrations of the three different chloride salts
the percentage of yield, and shoot biomass weight reductions in
comparison to control were significantly lower in the plants grafted
onto ‘Affyne’ than those grafted onto ‘P360’ and the ungrafted
plants with NaCl and CaCl; + NaCl treatments, whereas the lowest
reduction in yield and shoot biomass was observed in both graft-
ing combinations (Ekron/Affyne and Ekron/P360) than ungrafted
plants with the CaCl, treatment. The higher yield of cucumber from
grafted plants observed in this study has been reported earlier on
tomato (Fernandez-Garcia et al., 2002; Estai et al., 2005), melon
(Colla et al., 2006a), and watermelon (Colla et al., 2006b). It was
demonstrated that grafting directly affects plant yield (Neilsen and
Kappel, 1996; Rivero et al., 2003) by interactions of the following
processes: increase of water and nutrient uptake resulting from the
vigorous root system of the rootstock (Lee, 1994; Colla et al., 2008;
Rouphael et al., 2008b), enhanced production of endogenous hor-
mones (Zijlstra et al., 1994), or enhancement of scion vigor (Leoni
etal., 1990). The joint action of some or all of these processes could
explain the higher yield in cucumber from grafted plants observed
in the current study.

In general, salinity reduces the yield of vegetable crops but, in
many cases, improves their quality as observed in plants grown in
both soil and soilless culture (Francois and Maas, 1994; Rouphael
et al., 2012b). In the present study, the aspects of grafted and
ungrafted cucumber fruit quality most affected by the three salt
types were also those which are particularly important for con-
sumer satisfaction [i.e. taste (fruit DM, and TSS contents)]. The three
salinity types improved fruit quality by increasing fruit DM and TSS

contents. The increases in fruit DM, and TSS contents observed in
the current work agreed with previous results on cucumber (Huang
et al., 2009a). A similar positive effect of salinity on fruit DM, sugar
and organic acids was also found in tomato (Petersen et al., 1998;
and references cited therein), in pepper (Navarro et al., 2002), in
melon (Colla et al., 2006a), in watermelon (Colla et al., 2006b),
and zucchini squash (Rouphael et al., 2006) grown in soilless cul-
ture. Salt tolerance in plants requires a net increase in the quantity
of osmotically-active solutes in tissues (Gorham et al., 1985). The
increase in TSS contents of cucumber fruits due to salinity may
reflect an osmotic adjustment by enhanced synthesis of sugars in
plant tissues (Greenway and Munns, 1980). Nevertheless, Mitchell
et al. (1991) indicated that salt stress influenced osmotic potential
and solute content in tomato fruit because it reduced water accu-
mulation. There are several conflicting reports on changes in fruit
quality due to grafting and whether grafting effects are advanta-
geous or deleterious (Proietti et al., 2008; Rouphael et al., 2010a,b).
In the present study, the nutritional quality of grafted cucumber
were similar (DM and TSS) or higher (TA) to that of the plants grown
on their own roots. Therefore, the use of grafted cucumber under
saline conditions would be a potential strategy in increasing total
yield and taking advantage of the quality effect of saline water.

4.2. Physiological response

Salinity interferes with several aspects of plant biochemistry,
including photosynthesis, pigment synthesis, antioxidant defense
system and membrane integrity (Colla et al.,, 2010a). Since the
response to CaCl,, NaCl, and their combination depends on the
plant ability to counteract the different effects induced by the
three salt types, the different changes induced by the rootstocks
(‘Affyne’ and ‘P360’) in the shoot growth should be also shown at
physiological level. This was indeed the case, since the main phys-
iological changes induced by the rootstocks were observed in the
leaves of the genotype ‘Ekron’. The lower yield and shoot reduc-
tions in grafted plants treated with both NaCl and CaCl, seems to
be related to the better functioning of the photosynthetic appara-
tus. The reduction of photochemical activity is considered to be one
of the non-stomatal factors that limit photosynthesis (Souza et al.,
2004). Thus the activity of PSIl was investigated in the present study
by using chlorophyll fluorescence technology. F,/Fyn, the maxi-
mum quantum efficiency of PSII, is frequently used as an indicator
of the photoinhibition or of stress damage to the PSII (Calatayud
and Barreno, 2004). In the present study, F,/Fyn was significantly
reduced in the ungrafted plants under 30 mM NacCl and especially
under 20 mM CaCl,, suggesting the occurrence of photoinhibition,
and this could be a consequence of damage to PSII (Demmig-
Adams and Adams, 1992). However, no change was detected in the
rootstock-grafted plants especially with NaCl. This result suggests
that grafted plants can delay photoinhibition under salt stress. Sim-
ilar results were observed in tomatoes under sever rather slight
salt stress (He et al., 2009), and also in cucumber grafted onto C.
moschata rootstock under saline conditions (Liu et al., 2012). In
addition to reduced chlorophyll fluorescence, leaf area decreased
in response to salinity in particular with CaCl, and in ungrafted
rather with grafted plants. Restriction of leaf area may be the result
of the suppressed net photosynthetic rates; since the latter effect
reduces the available assimilates for leaf growth. A reduction in
leaf area with excess of salt in particular NaCl has been reported
for melon (Colla et al., 2006a), watermelon (Colla et al., 2006b), and
zucchini squash (Rouphael et al., 2006). Pérez-Alfocea et al. (2010)
proposed that plants have a genetic capacity to exclude Na* or any
other major toxic ions such as Cl- (depending on salt source and
plant species) from shoots by maintaining energy consuming root
toxic ion efflux. However, when salinity induced growth inhibition
of both vegetative and fruit tissues a decreasing of sink activity
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is observed leading to carbohydrate accumulation and subsequent
metabolic inhibitions of photosynthesis additional to the stomatal
limitations; the inhibitions of photosynthetic apparatus causes pre-
mature senescence and thus compromises assimilate supply to the
roots (and other sink organs) for maintaining the original capacity
for toxic ion efflux. As a consequence, more toxic ion is transported
and accumulated in leaf tissues provoking ion-specific damage with
additional negative effects on leaf senescence, photosynthesis and
growth.

Another common damage under saline conditions is the accu-
mulation of excessive ROS (Asada, 2006), which occurs when the
reduction in photosynthesis is much higher than the extent of the
reduction in effective quantum yield, suggesting electrons flowing
to oxygen molecules rather than being used for carbon assimila-
tion. Multiple antioxidant enzymes systems are believed to play an
important role in the scavenging of ROS, and thus protect cells from
oxidative damage. The antioxidant enzymes respond differently
under saline conditions. The activities of CAT and APX were unaf-
fected by salinity treatment, whereas activity of GPX was enhanced
under salt stress especially with CaCl,, and more considerably
with plants grafted onto Affyne than with ungrafted plants. Sim-
ilar results were observed in grafted tomato and cucumber grown
under saline conditions (He et al., 2009; Zhen et al., 2010). There-
fore, we conclude that salt-tolerant rootstock (e.g. Affyne) play an
important role in alleviating the oxidative damage caused by NaCl
and especially CaCl, by enhancing the antioxidant capacity.

In many crops, cell membrane stability has been widely used as
a criterion to differentiate stress tolerant and susceptible cultivars
and in some cases higher membrane stability could be correlated
with abiotic stress tolerance (Premchandra et al., 1992). The cur-
rent study showed that the salt treatment CaCl, + NaCl reduced the
amount of ion leakage. Calcium is an important factor in the main-
tenance of membrane integrity (Lauchli and Epstein, 1970). It has
been reported that an increase in Ca?* concentration associated
with membranes produced a reduction in their leakiness (Leopold
and Willing, 1984). These findings indicate that if Ca%* protects the
membranes from the adverse effects of Na*, then in cucumber root
membranes a reduction in Ca?* concentration could decrease the
membrane integrity, thus affecting water transport. The present
study also showed that the grafting combination Ekron/Affyne
reduced the amount of ion leakage in salinity stressed cucumber
plants, especially those treated with NaCl and CaCl;, + NaCl indi-
cating that grafting has facilitated the maintenance of membrane
functions (i.e. semi-permeability). Finally, salinity toxicity in partic-
ular with CaCl, resulted in a significant loss in chlorophyll content
(SPAD index) especially with ungrafted plants, since the SPAD index
was significantly higher in grafted than ungrafted cucumber plants.

4.3. Nutrient uptake, translocation and accumulation

High ion concentrations of Na*, and Cl~ in the soil or water
may depress nutrient-ion activities and produce extreme ratios of
Na*/Ca%*,Na*/K*, Ca2*/Mg2*, CI-/NO3~ (Grattan and Grieve, 1999).
As a result, the plant becomes susceptible to specific-ion injury as
well as to nutritional disorders that may result in reduced growth
and yield (Grattan and Grieve, 1999). Using equimolar concentra-
tions of salts allowed us to assess relative sensitivities of cucumber
to Ca2*,Cl- and Na*. When averaged over grafting combination, the
concentration of CI~ was higher in leaves of CaCl, than NaCl-treated
plants. In fact, the cucumber treated with CaCl, exhibited lowest
yield and biomass production compared with plants exposed to
NacCl, suggesting that CI~ contributed to salt toxicity. In some plant
species, ClI~ uptake and transport appeared to be less controlled
than that of Na* (Alaoui-Sosse et al., 1998), this has been observed
in the present study where Cl~ concentration was higher than Na*
concentration in shoot tissues.

In common with previous studies concerning hydroponically
lettuce (Tas et al., 2005) and cucumber (Trajkova et al., 2006) tissue
concentrations of cationic nutrients, were generally reduced in salt
treated plants and often more in NaCl than CaCl,-treated plants. The
reduced tissue concentration of K, and Ca in NaCl rather than CaCl;-
treated plants may be due to interference with their uptake by Na*
(Hu and Schmidhalter, 2005). In addition, the anion level in partic-
ular NO3~ was reduced more by CaCl, than by NaCl supporting the
well known phenomena that anincrease in ClI~ uptake and accumu-
lation is often accompanied by a decrease in shoot-N concentration
in horticultural crops (Grattan and Grieve, 1999). Moreover, mitiga-
tion of Na* toxicity by supplemental Ca2* (CaCl, + NaCl treatment)
was also observed in the current experiment. The mitigating effect
of supplemental Ca2* on the toxicity of Na* is probably due to the
replacement of displaced Ca2*, thus restoring cell wall stability and
plasma membrane integrity, facilating higher K*/Na* selectivity,
and so improving plant salt tolerance (Zhang et al., 2010).

In the present study, the concentration of Na* in the aerial parts
was less in grafted than in ungrafted plants in particular with
Ekron/Affyne combination, suggesting that grafted Ekron/Affyne
plants excluded more Na* than ungrafted plants and, as a result,
limit Na* concentrations in leaves leading to a higher yield and
biomass production. The sodium exclusion hypothesis was sup-
ported by Fernandez-Garcia et al., 2002, Colla et al. (2006a), Colla
et al. (2006b), and Huang et al. (2009a) who observed Na* ion
exclusion is grafted tomato, melon, watermelon, and cucumber,
respectively. The possible exclusion or reduction in the concen-
tration of CI~ was not observed in grafted plants, since chloride
has been found to accumulate to a level much higher into aerial
part especially with CaCl, than with NaCl and had a greater
negative effect on plant development. Based on the nutrient com-
position of plant tissues, grafted and ungrafted plants responded
differently to salinity stress, as has been observed previously
for yield and growth parameters. For ungrafted plants, the pres-
ence of CaCl,, NaCl, CaCl, +NaCl caused significant decrease in
macronutrient leaf concentration compared to grafted plants. The
improved crop performance of grafted plants in particular the
Ekron/Affyne combination treated with salt solution in compari-
son to ungrafted plants was attributed to their strong capacity to
inhibit the Na* (for NaCl and CaCl, + NaCl treatments) accumula-
tion in the aerial parts and to maintain a better plant nutritional
status.

5. Conclusions

In conclusion, our results demonstrate that in both grafted and
ungrafted plants, the reduced yield and biomass production was
due to both osmotic and ion specific effects, with CaCl, being
more phytotoxic than NaCl and CaCl, +NaCl. The present study
reveals substantial differences in the agronomical and physiologi-
cal responses between grafted and ungrafted plants in response to
salt type. The percentage of yield and biomass reduction in com-
parison to control was significantly lower in the plants grafted
onto ‘P360’ and especially ‘Affyne’ than ungrafted plants. Grafted
cucumber plants exposed to NaCl and CaCl, + NaCl were capable of
maintaining higher chlorophyll content (SPAD index), higher pho-
tochemical activity of PSII, increased the capacity of antioxidant
system by enhancing the GPX activity, a better nutritional status
(higher N, K, and Ca, and lower Na) in the shoot tissues and higher
a membrane selectivity in comparison with ungrafted ones. The
concentration of Na* in the aerial parts was less in grafted than
in ungrafted plants in particular with Ekron/Affyne combination.
Finally, the higher crop performance of grafted cucumber plants
recorded with NaCl than with CaCl,, was attributed to the limited
capability of the rootstocks (Affyne and P360) to restrict Cl~ shoot
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uptake, thus Cl~, which continues passing to the leaves, becomes
the more significant toxic component of the saline solution.
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