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Abstract

A hydroponic experiment was conducted to assess whether grafting with citroides rootstocks could improve the salt
tolerance of cucumber. One cucumber cultivar (Mercur F1) was grafted onto six diploid and tetraploid (auto and allo)
citroides genotypes and the commercial rootstocks Argentario and RS841. Plants were grown in hydroponic culture at two
electrical conductivity (EC) levels (control at 1.5dS m™! and salt at 6.0dS m™"). Hydroponic salt stress led to a significant
reduction in biomass growth of both grafted and nongrafted cucumbers. However, the plants least affected by salt stress
were those grafted onto tetraploid citroides rootstocks. The leaf nutrient uptake of cucumber plants was significantly
(»<0.001) affected by salt, graft combination, and the saltx graft interaction. Ion leakage was significantly increased by
salt application, and rootstock genotypic variation was significant. While the highest amount of proline was measured in
plants grafted onto RS841 and N7T, the lowest amount of proline was determined in nongrafted control plants. Antioxidative
enzyme activities were significantly affected by rootstocks under both control and salt-stress conditions. In this study, all
graft combinations showed increased superoxide dismutase, catalase, and peroxidase activities with salt application, which
differed according to rootstock genotypes. Tetraploid citroides cultivars have high rootstock potential for cucumber and
their significant contribution to salt tolerance was closely associated with inducing physiological and biochemical responses
of scions. These traits could be useful for the selection and breeding of salt-tolerant rootstocks for sustainable agriculture
in the future.
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Salinity is one of the most important abiotic stress factors
preventing the expected yield in crop production worldwide.
Salt-affected soil is increasingly exacerbated by agricultural
practices such as improper irrigation and fertilization, es-
pecially in arid and semiarid regions (Villa-Castorena et al.
2003). Continuation of plant growth under salinity stress de-
pends on continued water uptake from the growth medium,
exclusion of toxic ions entering plant organs, transport of
excess ions to the aged leaves, or a combination of these
mechanisms (Berthomieu et al. 2003; Genc et al. 2007,
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Shabala and Cuin 2008; Plett and Mgller 2010; Teakle and
Tyerman 2010). Salt stress in plants affects cell division
and elongation, causing a decrease in the number of cells
in the root and stem and reducing mitotic activity and the
cell division rate. The decrease in the amount of usable wa-
ter in the rhizosphere causes cell expansion to decrease and
shoot growth to slow down. In the ionic stress phase, which
occurs due to prolongation of osmotic stress, nutrient defi-
ciency or nutrient imbalance occurs in plants as Na* and CI-
ions increase in competition with essential nutrients such as
K+, Ca*, and NO; (Hu and Schmidhalter 2005). Salt stress
triggers a change in lipid composition of the cell mem-
brane, causing membrane damage (Huang 2006). Since salt
stress disrupts cellular energy metabolism, it causes pro-
duction of reactive oxygen species (ROS) which are harm-
ful to cell organelles and cell metabolites. ROS in plant
cells are a double-edged sword: they act as a signaling
molecule at lower concentrations while damaging cells at
higher concentrations (Gapper and Dolan 2006). Different
studies have shown that one of the important mechanisms
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involved in salt tolerance is the antioxidant mechanism. To
reduce oxidative damage initiated by ROS, plants have de-
veloped a complex antioxidative defense system including
antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), and peroxidases (POX), as well as low-
molecular-mass antioxidants. SOD is the main O, scav-
enger and its enzymatic action results in the formation of
H,0, and O,. The H,O, produced is then cleared by CAT
and various classes of peroxidases (POX; Noctor and Foyer
2003). The content of malondialdehyde (MDA), a product
of lipid peroxidation, has been accepted as an indicator of
oxidative damage; therefore, it has been widely used for
cell membrane stability assessment and differentiation of
salt-tolerant and salt-sensitive varieties (Hernandez and Al-
mansa 2002; Meloni et al. 2003).

Cucumber (Cucumis sativus L.) is one of the most im-
portant and widely grown vegetable crops in the world and
is considered salt sensitive. It can tolerate an electrical con-
ductivity (EC) of approximately 2.5dS m™ and fruit yield
decreases by 13% with each unit increase in EC (Maas and
Hoffman 1977; Chen et al. 2020). Since improvement of
saline soils is very expensive and difficult, it is necessary to
develop salt-resistant or salt-tolerant varieties and/or root-
stocks for this type of soil. One of the approaches used to
improve the performance of commercial cultivars suscepti-
ble to salinity in plants is the technique of grafting the tar-
geted crop onto other salt-tolerant plants. Today, grafting in
fruit-bearing vegetables is a common procedure to develop
salt-tolerant plants in which both rootstock and scion af-
fect salt tolerance in grafted plants (Etehadnia et al. 2008).
In previous studies, it has been reported that grafting in
cucumber increases plant vigor, provides earliness, and has
positive effects on resistance to stress factors, depending on
the rootstock genotypes used (Lee et al. 2010; Schwarz et al.
2010; Velkov and Pevicharova 2016). It was determined that
the use of rootstock increased the yield of cucumber fruit,
but lower yield values were obtained in plants grafted on
weak rootstocks (Singh and Soltan 2016). It has also been
shown by many researchers that grafting has a significant
positive effect on quality parameters such as fruit dry mat-
ter and water-soluble sugar content under stress conditions
(Zhong and Bie 2007; Junguo Zhou et al. 2010). Cucum-
ber can be grafted onto open pollinated cultivars or intra-
/interspecies hybrids of other species (Cucurbita maxima,
C. moschata, C. ficifolia, Lagenaria spp., Lufta spp.) in the
Cucurbitaceae family (Edelstein et al. 2011).

One way to solve the abovementioned quality, abiotic,
and biotic problems in grafted cucumber production may
be to use rootstocks developed from close genera such as
Citrullus (Edelstein et al. 2014). The citroides group is an
ancient cultivar group originating from southern Africa that
can nowadays be found globally and is generally considered
the ancestor of cultivated sweet watermelons (Paris 2015).
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Citron melons are grown worldwide mainly for animal feed
and fruit preserves. Resistance to nematodes, expressed as
less galling than that of Cucurbita hybrids and bottle gourd
rootstocks (Thies et al. 2016), and Fusarium wilt (Patrick
Wechter et al. 2012) has been reported in some citron melon
accessions, suggesting that this group is a promising al-
ternative source of rootstock for managing root-knot ne-
matodes (RKNs) and Fusarium wilt in watermelon. It has
been reported by different researchers that the use of cit-
ron rootstock in the production of grafted watermelon can
be an interesting alternative to the currently used commer-
cial rootstock (Edelstein et al. 2014; Levi et al. 2014; Fre-
des et al. 2016). In the literature review, no published data
were found on the effects of salt stress (osmotic and ionic
stress) on morphological, physiological, and biochemical
mechanisms at the whole-plant, tissue, and cellular levels
in cucumbers grafted onto citroides group rootstocks. It
was determined that auto- and allotetraploid citroides geno-
types developed in studies by the current authors produced
higher biomass than both cultured watermelon and diploid
citroides genotypes and increased shoot growth when used
as rootstock for watermelon (unpublished data). The results
of these previous studies on watermelon led the present au-
thors to investigate whether citroides rootstocks with dif-
ferent ploidy levels can be used as rootstock for cucumber
under salt-stress conditions.

Materials and Methods

Plant Material, Treatments, and Experimental
Design

A hydroponic experiment was conducted during the
2021-2022 growing season in a Kirgehir Ahi Evran Uni-
versity agricultural research and application greenhouse.
One cucumber cultivar (Mercur F1) was used as scion
and six diploid and tetraploid (auto and allo) Citrullus
lanatus var. citroides genotypes and commercial rootstocks
Argentario (Lagenaria siceraria) and RS841 (C. max-
imax C. moschata) were used as rootstock (Table 1). The
auto- and allotetraploid citroides genotypes were developed
in the authors’ watermelon rootstock development project.
To develop allotetraploid genotypes, citroides genotypes
were crossed with the Calhoun Gray watermelon cultivar
and the hybrid individuals’ genomes were duplicated with
colchicine treatment. The seeds were sown in multipots in
a mixture of peat (pH 6.0-6.5) and perlite in a 2:1 ratio and
appropriate seedlings were then selected for the grafting
process using the procedure of “cleft grafting” described
by Lee and Oda (2010), while nongrafted cucumbers were
used as control plants. Plants were left to heal and ac-
climatize for 1 week in a wide container protected by
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double-layered plastic film and shade cloth in the climate
chamber after grafting (Lee and Oda 2010). To improve
healing, the container was closed for the first 3—4 days of
the healing and acclimatization period to prevent grafted
plants from wilting due to excessive transpiration. Opening
and closing of the container was performed for the next
3—4 days, depending on the conditions of the grafted plants
and the growth space. This was required for acclimatization
of grafted plants to environmental conditions outside the
container. The seedlings were transplanted to 136 L plastic
pots after cleaning off the growth substrate by washing
with tap water. The upper surface of the pots was covered
with Styrofoam and the plants were placed in the holes
drilled on the Styrofoam plate. The cultivation solution
was constantly aerated with a pump. Fourteen plants were
grown in each pot. The experiment was conducted with two
different EC levels (1.5dS m™' and 6dS m™!). The nutrient
solution contained 1125uM Ca(NO3),, 375 uM (NH4)>SOs,
750pM KzSO4, 650“1\/[ MgSO4, SOOMM KH2P04, IOp.M
H3;BOs;, 0.5uM MnSO,, 0.5uM ZnSOs, 0.4pM CuSOs,,
0.4uM MoNa,O4, and 80uM Fe EDDHA (Hoagland and
Arnon 1950). The experiment was designed according to
the randomized plot design with three replications and
three plants in each replication. The study was contin-
ued for 30 days under controlled greenhouse conditions
(22-24°C daytime/16—-18°C nighttime and 60% relative
humidity).

Plant Growth Measurements

After 4 weeks of growing, plants were harvested and sepa-
rated into shoot and roots. Stem length (cm) was measured
using a meter rule. Fresh weight of shoot and roots were
determined (g). In order to determine shoot and root dry
weight, plant materials were dried in a forced-air oven for
48h at 70°C. Root length, volume, and diameter of the
plants were determined using the special software program
WinRHIZO (Win/Mac RHIZO Pro V. 2002¢ Regent Instru-
ments Inc., Quebec, Canada).

Determination of Chlorophyll Index

The FieldScout CM 1000 Chlorophyll Meter (Spectrum
Technologies, Aurora, IL, USA) was used to determine leaf
chlorophyll index. The chlorophyll index was determined
in fully expanded leaves of all plants for each treatment
by measuring twice with the chlorophyll meter during the
growth period.

Determination of lon Leakage

Ion leakage (IL) of three leaves per replication was mea-
sured. Samples were cut into equal-sized pieces (0.5 g per

replication) and placed in a test tube containing 10ml of
distilled water, and then at 45 °C for 30 min in a water bath.
The initial conductance of the solution was measured using
a conductivity meter (model-146, Systronics India Limited,
Mumbai, India). The tubes were kept in a boiling water bath
for 10 min then cooled to room temperature, and their con-
ductivity was measured once again. IL (%) was calculated
by the following formula: IL = (initial EC/final EC)x 100.

Determination of Leaf Relative Water Content

Relative water content (RWC; %) in the leaves was estab-
lished as 100x (FM—-DM)/(SM—-DM), where FM repre-
sents the fresh mass of 10 leaf discs (diameter 10 mm), SM
is the saturated mass of the same discs after their hydration
in the dark for 4h, and DM is the dry mass of these discs
after they had been oven-dried at 105 °C for 48 h. RWC was
determined in five repetitions.

Lipid Peroxidation Analysis

Lipid peroxidation level was determined as the content of
malondialdehyde (MDA) using the thiobarbituric acid re-
action as described by Madhava Rao and Sresty (2000).

Nutrient Analysis

After harvest, fresh plant material was divided into two
parts. One part was frozen in liquid nitrogen and stored
at 80°C for later use. The remaining fresh plant material
was dried at 70°C for 24h. For determination of N, Ca,
Cl, Na, and K concentrations, 100mg dried plant mate-
rial was extracted by 1 h of boiling in S5ml Milli-Q sys-
tem (Millipore®, Berdford, USA). The solution was fil-
tered through 0.2mm filter paper (Whatman, Little Chal-
font, England) and N, Ca, Cl, Na, and K contents in the
filtrate were analyzed using high-performance liquid chro-
matography (HPLC). The HPLC system (Shimadzu, Kyoto,
Japan) was equipped with a ¢ 4.6 mm 6125 mm Shodex IC
YS-50 column (Showa Denko, Tokyo, Japan). As an elu-
ent, 4.0mM methane sulfonic acid was used in HPLC-grade
H,O (J.T. Baker, Thermo Fisher Scientific Inc., Waltham,
MA, USA) with a flowrate of 1 ml min-'. Final ion concen-
trations in the filtrate were calculated according to a cali-
bration curve.

Determination of Proline

Proline concentration was determined according to the
method of Troll and Lindsley (1955). Fresh samples (0.5 g)
were ground and homogenized with one volume of 100 mM
sodium phosphate buffer (pH 6.0). The samples were cen-
trifuged for 10min at 16,000x g. The reaction proceeded
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for 1h in a boiling water bath and the developed dye was
extracted with 1 ml of toluene and measured in the UV-vis
spectrophotometer (CT 200 spectrophotometer, Waltham,
MA, USA) at 515nm.

Antioxidant Enzyme Activity Analysis

CAT activity was determined based on the rate of H,O,
decomposition as described in Abedi and Pakniyat (2010),
POD activity was measured at 436 nm with a UV/VIS spec-
trophotometer (Perkin Elmer Lambda 25, USA) according
to its capability to turn guaiacol into tetraguaiacol, and
SOD activity was measured at 560nm based on inhibi-
tion of the photochemical diminution of nitro blue tetra-
zolium (NBT) as described by Abedi and Pakniyat (2010).
Briefly, for SOD, POD, and CAT activities, frozen cucum-
ber leaves were homogenized in 5SmL of 100mM phos-
phate buffer (pH 7.0) containing 1% (w/v) PVPP at 4°C.
The homogenate was centrifuged at 15,000 g for 15min
and the supernatant was directly examined for enzymatic
activities. CAT activity was determined by the decrease in
absorbance at 240nm that was caused by hydrogen perox-
ide decomposition. The reaction mixture contained 50 mM
phosphate buffer (pH 7.0), 10mM H,O,, and 100uL of
the plant extract. The oxidation extinction coefficient for
H,0, was 39.4mM cm'. Total SOD activity was assayed
by following the super-radical-induced reduction of NBT.
Briefly, 200uL of the reaction mixture (S0mM phosphate
buffer pH 7.8, 0.1mM EDTA, 63uM NBT, 50uM ri-
boflavin,

13 mM methionine, and 50uL of plant extract) was placed
in the wells of a 96-well microplate under a 40-W fluo-
rescent lamp. After 10min, the light was turned off and
the absorbance recorded at 560nm. A non-illuminated re-
action mixture treated in the same manner was used as the
blank. One unit of SOD was used, which produced a 50%
inhibition of NBT reduction.

Statistical Analysis

The data were analyzed with SAS Statistical Software
(SAS 9.0, SAS Institute Inc., Cary, NC, USA). A two-
factorial analysis of variance was performed to study the
effects of salinity (NaCl), rootstock, and saltx rootstock
interactions on the variables. Levels of significance are
represented by *p<0.05, **p<0.01, and ***p<0.001,
and n.s. means not significant. Differences between means
were analyzed using the Duncan multiple test (p<0.05).
Correlation analysis was performed between plant growth
parameters and biochemical data using SPSS software
(version 22.0, IBM Corp., Armonk, NY, USA).

Results and Discussion

Main stem length and leaf number per plant were sig-
nificantly affected by rootstock, salt stress, and the root-
stock x salt interaction, while chlorophyll content was sig-
nificantly affected by rootstock and salt stress (Table 1).
Under control conditions, the longest main stem length was
recorded in the N7T/Mercur graft combination and the plant
grafted onto N5D and Calhoun Gray and nongrafted Mer-
cur (M) had the shortest main stem length. Salt application
caused a decrease in main stem length at different rates
in all graft combinations and nongrafted control plants.
All graft combinations, regardless of rootstock, had taller
plants than the nongrafted control plants under salt-stress
conditions. The longest main stem was measured in plants
grafted on autotetraploid N7T (50.60 cm), while nongrafted
control plants had the shortest stem (16.60cm). The reduc-
tion in stem length due to salt stress ranged from 1.9 to
40%, and the largest decrease was observed in nongrafted
control plants and the plants grafted onto Argentario. The
number of leaves per plant was significantly affected by
rootstock and salt stress and the rootstock x salt interaction.
Under nonsaline conditions, the highest leaf number per
plant was recorded in the N7D/M, N7T/M, and RS841/M
graft combinations, while the N5D/Mercur graft combina-

Table 1 Rootstock, scion list,

Rootstocks and sci t
ploidy level, and genotype codes Q0TS0c s and scion genoype

Ploidy levels Genotype code

W 1832 (Citrullus lanatus var. citroides; rootstock)
W 1832 (Citrullus lanatus var. citroides; rootstock)
W2001 (Citrullus lanatus var. citroides; rootstock)
W2001 (Citrullus lanatus var. citroides; rootstock)
Calhoun Gray xW2001 (rootstock)

Calhoun Gray xW2001 (rootstock)

RS841 (C. maximax C. moschata; rootstock)
Argentario (Lagenaria siceraria; rootstock)

Mercur F1 (Cucumis sativus; scion)

Diploid N5D
Autotetraploid N5T
Diploid N7D
Autotetraploid N7T
Diploid CxN7D
Allotetraploid CxN7T
Diploid RS841
Diploid Argentario
Diploid M
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Table2 Stem length (cm), number of leaves per plant (number), and leaf chlorophyll content (CM 1000) of cucumbers grafted onto citroides
rootstocks with different ploidy levels grown under control (1.5dS m™") and NaCl (6dS m™) stress conditions

Graft combinations Main stem length (cm per plant)

Number of leaves per plant

Leaf chlorophyll content (CM

1000)
R. stock/S Control NaCl %R Control NaCl PR Control NaCl PR
N5D/M 25.60 e 22.00 f —14.06 7.80 f 7.00 e -10.26 45320a  315.20d -30.45
N5T/M 52.20b 41.40b -20.68 14.20 bc 11.80bd  -16.9 460.40a  375.60bc  -18.41
N7D/M 54.20b 39.00 b -28.04 17.20 a 13.20 b -23.26 497.00a  336.00cd -32.39
N7T/M 69.60 a 50.60 a -27.29 17.80 a 16.20 a -8.99 491.40a  486.40 a -1.01
CX7D/M 29.80 de 25.80 de -13.42 10.80 ef 10.00cd  -7.40 386.00b  367.00bd —4.92
CX7T/M 31.40d 30.80 ¢ -1.91 13.00cd  9.80d -24.62 39420b  313.80d -20.39
Argentario/M 4140 c 24.80 ef —40.09 15.40 be 11.60cd  -24.68 398.40b  392.00bc  -1.60
RS841/M 40.80 c 28.60 cd -29.90 16.20 ab 13.60 b -16.05 452.60a  41640b -7.99
M (nongrafted) 27.80 de 16.60 g -40.28 10.80 de 820 e —24.07 295.00 ¢ 184.40 ¢ -37.49
R. S[OCkS sksfesk sk skl
NaCl ek sk sk
R. stock x NaCl o HkE n.s.

Values denoted by different letters are significantly different between graft combination within both columns at P<0.05
R. stock rootstock, S scion, M Mercur, %R percent reduction, 7.s. nonsignificant

***P<0.001

tion had the lowest leaf number, with 7.8 leaves per plant.
With salt application, there was a decrease in the number
of leaves varying between 7% (CX7T/M) and 25% (con-
trol and Argentario/M) in all graft combinations. Under salt
stress, all graft combinations produced more leaves than the
nongrafted control plants except for the NSD/M graft com-
bination. Under saline conditions, the highest leaf number
was determined in the N7T/M graft combination with 16.2
leaves per plant, and the lowest leaf number was determined
in the nongrafted control plants (8.2 leaves per plant) and
the plants grafted on diploid N5D (7 leaves per plant). Leaf
chlorophyll content, which was significantly affected by
rootstock and salt application, was found to be lowest in
nongrafted control plants under both control and salt-stress
conditions. Under control conditions, all graft combinations
had a higher leaf chlorophyll content ranging from 30 to
68%, while grafted plants had a higher leaf chlorophyll
content ranging from 70 to 164% under salt stress. Salt
application caused decreases in leaf chlorophyll content in
all applications and the highest decrease was observed in
nongrafted control plants with 30% (Table 2). In our study,
it was observed that grafting on citroides rootstocks with
different ploidy levels in cucumber reduces the negative
effects of salt stress in terms of plant height, number of
leaves per plant, and chlorophyll content. Chlorophyll in-
dex was positively correlated with main stem length, shoot
and root fresh and dry weight, and root volume (Table 9).
A possible explanation for this may be that grafted plants
are stronger and have strong root systems compared to non-
grafted plants, resulting in higher water and nutrient uptake,
leaf count, plant height, and higher net CO, assimilation rate
(Rouphael et al. 2012; Amaro et al. 2014; Fan et al. 2017,

Ulas et al. 2020). In Bayoumi et al. (2021), plant height
and leaf area were generally higher in grafted plants com-
pared to control plants. While the total chlorophyll content
was 12.51 pymolm™ in the control group in pepper plants
subjected to salt stress, the chlorophyll content decreased
to 5.41 umolm as a result of NaCl application (Tuna et al.
2016).

Shoot fresh weight was significantly affected by root-
stock and salt application in both control and saline con-
ditions (»<0.001). Under control conditions, the rootstock
effect on shoot fresh weight was found to be significant and
five of the graft combinations produced higher shoot fresh
weight than control plants, while three graft combinations
produced lower or equal shoot fresh weight compared to the
control plants. Under control conditions, shoot fresh weight
ranged from 122.4g per plant to 45.2g per plant, and the
highest shoot fresh weight was determined in plants grafted
onto autotetraploid N7T (Table 3). Salt application caused
significant reductions in shoot fresh weight in all graft com-
binations. All grafted plants produced higher shoot fresh
weight than nongrafted control plants, ranging from 39 to
367%. The decrease in shoot fresh weight caused by salt
stress ranged from 61 to 30% in grafted plants, while shoot
fresh weight decreased by 72% in control plants. As for
shoot fresh weight, shoot dry weight was also affected by
the treatments and the rootstock x salt interaction was found
to be significant. The shoot fresh weights of the graft com-
binations with high shoot fresh weight (e.g., N7T/M and
N7D/M) were also high under control conditions. Shoot
dry weight decreased by between 68 and 29% with salt ap-
plication. All grafted plants produced a higher shoot dry
weight (14-294%) than the nongrafted control plants un-
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Table 3 Shoot fresh weight, shoot dry weight, root fresh weight, and root dry weight of cucumbers grafted onto citroides rootstocks with different
ploidy levels grown under control (1.5dS m™) and NaCl (6dS m™") stress conditions

Graft combi- Shoot fresh weight (g per Shoot dry weight (g per Root fresh weight (g per Root dry weight (g per
nations plant) plant) plant) plant)

R. stock/S Control  NaCl %R Control  NaCl %R Control  NaCl %R Control NaCl PR
N5D/M 4521e 2532f 4399 380g 254fg -33.15 36.20ab 15.00ef -58.56 3.74cd 1.64de -56.14
N5T/M 90.40bc 56.00c -38.05 9.32bc 588c 3690 41.40ab 3580c -13.52 430c 3.76b 1255
N7D/M 106.00 ab 74.40b -29.81 11.02ab 7.86b  -28.67 5240ab 40.60b -22.51 538b 420b -21.93
N7T/M 12240a 84.60a -30.88 12.52a 8.74a -30.19 67.60ab 49.20a -27.21 692a S5.10a -26.30
CX7D/M 4520e 2580f 4292 494fg 3.00f -39.27 2020b 19.00e -594 2.14f  2.04d 467
CX7T/M 64.00d 3540e —44.68 o6.60ef 382e 4264 86.40a 2540d -70.60 622a 2.70c  -56.59
Argentario/M  82.80cd 43.00d —48.06 870cd 4.72d 4574 38.60ab 19.00e -50.77 4.00c  2.06d -48.50
RS841/M 93.20bc 36.00e -61.37 9.62bc 3.88e  -59.66 41.80ab 18.00e 5693 4.30c 1.96d -54.41
M (non- 65.00d 18.00g -7230 692de 222g 6791 27.60ab 12.00f -56.52 2.82e 1.32e  -53.19
grafted)

R. StOCk skkok sksk skskok skskok

R. stockxNaCl n.s. HHE * *

Values denoted by different letters are significantly different between graft combination within both columns at P <0.05

R. stock rootstock, S scion, M Mercur, %R reduction, n.s. nonsignificant
*P<0.05, ***P<(0.001

der saline conditions, and the highest shoot dry weight was
determined in the N7T/M graft combination.

Root fresh weight was significantly influenced by salt
application, rootstock, and the salt rootstock x interaction
under both control and saline conditions (Table 3). Under
control conditions, root fresh weight ranged from 86.40g
per plant (CX7T/M) to 20.20 g per plant (CX7D/M), while
all graft combinations produced higher root fresh weight
than control plants except for CX7D/M. The mitigat-
ing effect of rootstocks was more pronounced under salt
stress and all graft combinations produced higher root
fresh weight than control plants. Nongrafted control plants
produced 12g per plant root dry weight in saline condi-
tions, while grafted plants produced between 15 g per plant
(N5SD/M) and 49¢g per plant (N7T/M) root fresh weight.
The reduction in root fresh weight due to salt stress varied
between 71% (CX7T/M) and 6% (CX7D/M) depending
on the graft combinations. Root dry weight was also sig-
nificantly affected by rootstock, salt application, and the
rootstock x interaction. All grafted combinations produced
higher root dry weight than that of the nongrafted control
plants under both control and saline conditions. The high-
est and lowest root dry weight in both control and saline
conditions were determined in the N7T/M graft combina-
tion (control: 6.92¢g per plant; salt: 5.10g per plant) and
nongrafted control plants (control: 2.82g per plant; salt:
1.32 g per plant), respectively. Root dry weight, which was
adversely affected by salt application, decreased by 5 to
57% in saline conditions. It was observed that rootstocks
with a strong root system increased shoot biomass under
both control and salt stress conditions. Significant positive
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correlations (r=0.730 for fresh weight and r=0.855 for
dry weight) were found between shoot biomass and root
biomass. Shoot and root growth were adversely affected
by hydroponic salt stress and, therefore, significant reduc-
tions were found in shoot (49.9%) and root (17.6%) dry
matter and the shoot-root ratio (45.8%; Ulas et al. 2020).
Plant fresh and dry weights decreased in cucumber, melon,
watermelon, tomato, pepper, and eggplant plants grown
under salt-stress conditions (del Amor et al. 1999; Yasar
et al. 2006; Gong et al. 2013; al Rubaye et al. 2020). These
effects of grafting on the development and growth of scions
and rootstocks were probably the result of physiological
relationships existing between the scions and rootstocks
in the different grafting plants. The tetraploid citroides
rootstocks used in the study showed positive effects on the
fresh and dry weights of plants grown in salty conditions.
Root length, root volume, and root diameter of cucum-
bers grafted onto citroides rootstocks with different ploidy
levels grown under control (1.5dS m™') and NaCl (6dS m!)
conditions are presented in Table 4. The variation between
graft combinations was significant for root length under
both control and salt-stress conditions, and the effects of
rootstock, salt, and the rootstock x salt interaction were
found to be significant (P<0.01). In general, grafted plants
had longer roots under both control and salt-stress condi-
tions. While the longest roots were measured in the N7T/M
graft combination (12,198.65cm), the shortest roots were
determined in the nongrafted control plants. Salt treatment
caused root length reductions in all graft combinations
and control plants, ranging from 17 to 63%. The lowest
reduction in root length was determined in the N7T/M graft
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Table4 Root length, root volume, and root diameter of cucumbers grafted onto citroides rootstocks with different ploidy levels grown under

control (1.5dS m™!) and NaCl (6dS m™) stress conditions

Graft combinations Root length (cm per plant)

Root volume (cm?® per plant)

Root diameter (mm per plant)

R. stock/S Control NaCl %R Control NaCl %R Control NaCl %R
N5D/M 7331.26 ¢ 2730.48 d -62.75 3.60b 3.55b -1.33 0.56d 0.54b -2.70
N5T/M 11,321.70b  7818.01 b -30.94 338¢ 3.33d -1.56 0.63 ¢ 0.62a -0.95
N7D/M 11,422.15b 5222.65c¢ -54.27 3.69b 343 ¢ -6.81 0.52¢ 0.50 ¢ -3.84
N7T/M 14,617.81a 12,198.65a -16.54 370b 3.64a -1.62 0.66 b 0.56b -14.39
CX7D/M 7667.82 ¢ 4567.00 ¢ -40.43 471 a 224 h -52.40 0.72a 0.43d -47.19
CX7T/M 8430.93 ¢ 525171 ¢ -37.70 3.15d 2.86f -9.47 0.64b 0.63 a -1.40
Argentario/M 11,803.86 b  4625.54 ¢ -60.81 3.16d 295¢e -6.77 049 f 048 ¢ -2.44
RS841/M 8454.27 ¢ 4704.40 ¢ —-44.35 333 cd 3.32d -0.25 0.55d 0.54b -0.77
M (nongrafted) 6828.61 ¢ 2852.04 d -58.23 2.59d 240 g -7.28 039¢g 035e -10.98
R. StOCk sksksk sksksk ek

NaCl ek sk seskesk

R. stockx NaCl okk otk ok

Values denoted by different letters are significantly different between graft combination within both columns at P <0.05
R. stock rootstock, S scion, M Mercur, %R percent reduction, n.s. nonsignificant

#**P<0.001

combination, while the highest decrease was determined
in the plants grafted onto N5D under salt stress. As in the
control conditions, the longest roots were determined in the
N7T/M graft combination under salt stress, while the short-
est roots were measured in the nongrafted control plants. It
is an important finding that plants grafted on autotetraploid
NST and N7T citroides genotypes produced longer roots
under salt stress than commercial rootstocks (Table 4).
Root volume was significantly affected by salt stress, root-
stock, and the rootstockxsalt stress interaction. Under
control conditions, plants grafted onto citroides genotypes
other than the CX7T/M graft combination had higher root
volumes than nongrafted control plants and plants grafted
onto commercial rootstocks. The root volume was reduced
significantly by salt application and variation between graft
combinations was significant. All grafted plants produced
higher root volume than nongrafted control plants under salt
stress. While the highest root volume was determined with
3.64cm? in the N7T/M graft combination, the lowest root
volume was measured with 2.40cm? in nongrafted control
plants. Under saline conditions, the N7T/M, N5D/M, and
NST/M graft combinations produced higher root volume
than both nongrafted control plants and commercial root-
stocks (Table 4). Variation in root diameter was found to be
significant under both control and salt-stress conditions, and
it was determined that graft combinations produced thicker
roots than nongrafted control plants. Under salt stress,
fine roots were formed regardless of graft combinations.
Root diameter varied between 0.35 and 0.63 mm under salt
stress. N5T/M and CX7T/M graft combinations produced
the thickest (0.62-0.63 mm) roots, while the thinnest roots
(0.35mm) were detected in nongrafted control plants. Salt
stress negatively affects the root morphology of plants in

general (Ulas et al. 2020; Goger et al. 2021). Salt stress
had a negative effect on root morphological parameters in
all graft combinations. However, the plants that are least
affected by salt stress are those grafted onto tetraploid
citroides rootstocks. For root length index, all the above-
mentioned concentrations of NaCl significantly affected all
the cucumber genotypes. Root length index was reduced
with an increased level of salt stress; the genotypes Valley
and then HC-999 achieved a good length of plant root as
compared to the rest (Marium et al. 2019).

The leaf nitrogen (N), potassium (K*), and calcium
(Ca*) uptake of cucumber plants was significantly
(»<0.001) affected by salt, graft combination, and the
saltx graft combination interaction (Table 5). Leaf N con-
tent was significantly affected by rootstock, salt treatment,
and the rootstockxsalt interaction in both control and
saline conditions. It was found that grafting onto different
rootstocks increased leaf N content under control condi-
tions and all graft combinations had higher N content than
control plants. In addition, it was determined that plants
grafted onto citroides genotypes had higher leaf N content
than plants grafted onto commercial rootstocks. There was
a significant decrease (6-60%) in the N content of leaves
under salt stress. Under salt stress, the highest leaf N con-
tent was detected in plants grafted onto autotetraploid N5T
and N7T, while the lowest leaf N content was determined
in nongrafted plants. A significant positive correlation was
found between leaf N content and main stem length, shoot
and root fresh and dry weight, and root length (Table 9).
Leaf K* content was also significantly influenced by the
applications and the interactions between applications.
Grafted plants had higher leaf K content than nongrafted
control plants under both control and salt-stress condi-
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Table5 N, K*, and Ca?* in leaf samples of cucumbers grafted onto citroides genotypes with different ploidy levels grown under control

(1.5dS m™!) and NaCl (6dS m™) stress conditions

Graft combinations N% K*% Ca**%

R. stock/S Control NaCl %R Control NaCl %R Control NaCl %R
N5D/M 3.26 be 1.73 ¢ -46.76 2.39 be 0.49 cd -79.29 1.40 cd 0.33d -76.14
N5T/M 359a 3.04a -15.32 2.64b 0.94 a -64.31 1.55b 0.97b -37.49
N7D/M 3.34 ab 1.37d -58.91 2.45 be 0.39¢ -84.01 1.44 cd 0.27 de -81.60
N7T/M 3.19 bc 30la -5.71 234 c 092 a -60.55 1.38 cd 1.09 a -20.98
CX7D/M 3.34 ab 248D -25.71 357a 0.75b -78.92 2.07a 0.87 ¢ -57.76
CX7T/M 3.26 be 1.41d -56.87 2.54 be 0.47 de -81.51 1.45b 0.26 de -82.09
Argentario/M 3.01c¢ 1.19 dc -60.48 2.38 be 0.37f -84.62 1.34d 024 ¢ -82.29
RS841/M 2.36d 1.75¢ -26.04 1.86¢ 0.57 ¢ -69.18 1.08 ¢ 0.32 de -70.12
M (nongrafted) 2.05f 1.02¢ -50.11 1.62¢ 0.34 f -79.06 0.94 f 0.16 f -83.14
R. StOCk sk sk sksksk

NaCl sk sk sk

seokok seokok

R. stockx NaCl

Values denoted by different letters are significantly different between graft combination within both columns at P <0.05
R. stock rootstock, S scion, M Mercur, %R percent reduction, n.s. nonsignificant

#**P<0.001

tions. Under control conditions, the highest and lowest leaf
K* contents were determined as 3.57 and 1.62% in the
N7T/M graft combination and nongrafted control plants,
respectively. On the other hand, while the highest leaf K*
content under salt stress was determined in the N5ST/M
graft combination as 0.94%, the lowest leaf K* content
was determined in nongrafted control plants as 0.34%.
Under salt stress, plants grafted onto citroides rootstocks
had higher leaf K* content than plants grafted onto com-
mercial rootstocks, except for plants grafted onto N5D and
N7D plants. Leaf K* content was positively correlated with
main stem length, shoot fresh and dry weight, root fresh
weight, and root length (Table 9). As in leaf N and K+, Ca?*
was significantly affected by rootstock, salt, and the root-
stock x salt interaction. Leaf Ca?* content varied between
0.94 and 2.07% under control conditions, the highest and
lowest leaf Ca?* contents were determined in the CX7D/M
graft combination and nongrafted control plants, respec-
tively. Salt stress caused a significant reduction in the leaf
Ca?* content in all graft combinations, and the decrease
in leaf Ca?* content varied from 21% (N7T/M) to 83%
(nongrafted control). Under salt stress, the highest leaf Ca?*
content was determined in plants grafted on autotetraploid
N7T, and the lowest leaf Ca** content was determined in
nongrafted control plants. A significant positive correlation
was determined between leaf Ca?* content and main stem
length, shoot fresh and dry weight, root fresh and dry
weight, and root length (Table 9). N and K* concentrations
in grafted melons’ and cucumbers’ leaves and roots were
significantly affected by salinity, and the highest results
were obtained in plants grown in salt-free environments
compared to plants treated with NaCl. Cucumber plants
grafted onto figleaf gourd and Chaofeng Kangshengwang
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had higher K* contents in the fruits and leaves compared to
self-grafted plants under NaCl stress (Huang et al. 2009).
Parallel to the current results, salt stress has been asso-
ciated with macronutrient deficiencies, such as Ca2?* and
N deficiencies, caused by high NaCl concentrations in
cucumbers and tomatoes. Salinity with a predominance of
Na* salts not only reduces the availability of Ca?*, but also
reduces Ca?" transport and mobility to the growing parts
of the plant, which affects the quality of both vegetative
and reproductive organs (Navarro et al. 2000; Cerda and
Martinez 2015). Salinity can directly affect plant nutrient
intake, such as Na* reducing K* intake or chloride reducing
NO:; intake (Grattan and Grieve 1998).

The leaf chloride (Cl), sodium (Na*), and K/Na con-
tents were significantly affected by salt treatment, root-
stock, and the saltxrootstock interaction (Table 6). Leaf
CI- content, which did not change significantly under con-
trol conditions, increased significantly with salt applica-
tion, and significant differences were found among graft
combinations. Under control conditions, the highest leaf
ClI content was found in the nongrafted control, RS841/M,
N7D/M, and N7T/M graft combinations. When looking at
the ClI- and Na* contents in the plant leaves, the highest
were measured in nongrafted Mercur plants under salt-
stress conditions (76.12mg kg' and 14,382mg kg~!, re-
spectively). The lowest Cl- and Na* contents were mea-
sured in the graft combination CX7T/M (20.99 mg kg™! and
9924.92 mg kg!, respectively). The highest increase in Na
content with salt stress application was measured in non-
grafted Mercur (90,126.87%) plants. The highest K*/Na* ra-
tio was measured in nongrafted mercury plants under con-
trol conditions, but the lowest K*/Na* ratio was measured
in nongrafted plants in saline conditions. With salt appli-
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Table6 CI-, Na*, and K*/Na* in leaf samples of cucumbers grafted onto citroides genotypes with different ploidy levels grown under control

(1.5dS m™!) and NaCl (6dS m™) stress conditions

Graft combinations Cl- (mg kg™) Na* (mg kg™) K*/Na*

R. stock/S Control NaCl %1 Control NaCl %1 Control NaCl
N5D/M 1.97 52.16 ab 2552.25 22.39 b—d 13,204.05 b 49,937.72 4242 a 0.0017 ¢
N5T/M 2.05 26.27 cd 1182.30 2473 b 11,205.27 ¢ 53,289.40 1.598 ¢ 0.0022 a
N7D/M 1.95 49.40 be 2428.98 23.01 b—d 12,385.15b 44,258.88 5.333a 0.0019 b
N7T/M 1.94 60.77 ab 3038.52 23.26 bc 10,205.08 cd 53,136.00 1.266 ¢ 0.0023 a
CX7D/M 2.73 57.86 ab 2016.86 33.00 a 12,520.32 b 29,975.11 2.379b 0.0026 a
CX7T/M 1.86 20.99 e 1026.97 23.18 992492 d 53,919.29 5.577a 0.0023 a
Argentario/M 1.76 49.53 be 2716.21 21.37 cd 10,600.78 cd 49,506.58 5.583 a 0.0020 b
RS841/M 1.68 25.03 cd 1390.90 19.86 d 10,795.26 cd 54,244.54 3375b 0.0018 ¢
M (nongrafted) 3.50 76.12 a 2076.79 1594 e 14,382.00 a 90,126.87 5.875a 0.0011d
NaCl ek sk skeskesk

R. stockx NaCl wkE wkE HkE

Values denoted by different letters are significantly different between graft combination within both columns at P <0.05
R. stock rootstock, S scion, M Mercur, %I percent increase, n.s. nonsignificant

***P<0.001

cation, nongrafted plants accumulated less K* than Na* in
leaf tissues compared to other graft combinations. The graft
combination with the highest K*/Na* ratio in leaf tissues
in saline conditions was CX7D/M (0.0026; Table 6). Leaf
Na* and Cl- concentrations of melon plants increased by
1137.5 and 1392.3%, respectively, under salt stress com-
pared to control conditions, regardless of the graft combi-
nation (Ulas et al. 2020). Plants grafted onto figleaf gourd
and Chaofeng Kangshengwang had higher fruit number as
well as marketable and total fruit yield than those of self-
grafted plants under 0, 30, and 60mM NaCl, which could
be attributed at least in part to the higher K* but lower Na*
and/or CI- contents in the leaves (Huang et al. 2009). It is
well known that the Na* and Cl- uptake of leaves increases
with increasing salinity levels. The concentration of Cl- in
cucumber leaves increased by 300% with salt application,
regardless of genotype (Colla et al. 2013). According to our
study results, the CI- and Na* contents in the leaves of all
grafted plants were lower than those of nongrafted plants.
The relative water content of the leaf was significantly
affected by salt application and rootstock genotype in both
control and salt-stress conditions. Overall, grafting of cu-
cumbers onto citroides rootstocks improved the RWC of
the plants, and all grafted plants had higher RWC than non-
grafted control plants, except for the Argentario/M graft
combination under control conditions. NaCl application re-
duced RWC regardless of graft combination, and the re-
duction in RWC ranged from 0.64 to 25%. Under saline
conditions, all citroides—cucumber graft combinations ex-
cept for CX7T/M and Argentario/M had a higher RCW
than nongrafted control plants (Table 7). There was no sig-
nificant variation in ion leakage (IL) under control con-
ditions among graft combinations. Ion leakage was signifi-

cantly increased by salt application and rootstock genotypic
variation was significant. Ion leakage ranged from 44 to
253% under salt stress (Table 7). Malondialdehyde (MDA),
as a lipid peroxidation marker, was also significantly af-
fected by salt stress, rootstock, and the saltx rootstock in-
teraction. The amount of MDA varying between 3.96 and
7.69 mmol kg-! under control conditions differed depend-
ing on rootstocks. Under control conditions, the highest
amount of MDA was obtained from plants grafted onto Ar-
gentario with 7.69 mmol kg, but nongrafted control plants,
CX7T/M, CX7D/M, and N7T/M graft combinations had the
lowest MDA content. The amount of MDA was increased
in saline conditions. While the highest amount of MDA
was determined in the Argentario/M graft combination un-
der salt stress, the N7T/M and CX7D/M graft combinations
produced the lowest MDA. Plants grafted onto CX7D, N7T,
and N5T outperformed commercial rootstocks in terms of
MDA content. The amount of proline was significantly af-
fected by rootstocks under both salt-stress and control con-
ditions. The amount of proline, varying between 0.04 and
0.06 mmol kg! under control conditions, increased in all
graft combinations with salt application, while it decreased
in nongrafted control plants. While the highest amount of
proline was measured in plants grafted onto RS841 and
N7T, the lowest amount of proline was determined in non-
grafted control plants (Table 7). It is a well-known phe-
nomenon that salt stress causes a reduction in RCW and
increases in ion leakage in plants. Similar to the current
study, decreased RCW and increased IL in cucumbers due
to salt stress have been reported in previous studies (Fur-
tana and Tipirdamaz 2010). Parallel to our results, grafted
plants increased RWC compared to ungrafted plants (EI-
Shraiy and Mostafa 2008).
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Table 7 Relative water content (RWC), ion leakage (IL), malondialdehyde (MDA), and proline in leaf samples of cucumbers grafted onto citroides
genotypes with different ploidy levels grown under control (1.5dS m™") and NaCl (6dS m™") stress conditions

Graft combina- RWC (%) IL (%) MDA content (mmol kg™!) Proline (mmol kg1

tions

R. stock/S Control NaCl %R Control NaCl 9%l Control NaCl %1 Control NaCl 91
N5D/M 72.61a 60.05a -17.31 6.16 21.74ab 252.83 4.28cd 14.93d 24898 0.04c 0.17 ¢ 386.96
N5T/M 63.01b 5390b -14.46 10.47 21.01ab 100.63 5.05bc 6.15¢ 21.58 0.04 c 0.06 de -37.54
N7D/M 75.65a 63.14a -16.54 8.85 1799 bc 10324 6.07b 17.92¢  195.17 0.05b  0.22ab 340.29
N7T/M 6597b 60.00a -9.05 7.50 19.23b 156.54 6.15b  2.74f -55.34 0.05b 021ab 320.57
CX7D/M 7731a 6143a -20.55 7.14 20.16b 18226 542b 4.82ef -1097 0.04c 0.08d  76.23
CX7T/M 59.74c 4500c -24.68 7.81 1645¢ 11053 6.07b 17.92¢ 28829 0.05b 0.17c¢ 227.37
Argentario/M 5290c 43.09c¢ -18.54 9.09 13.09¢c 43.98 7.69 a 26.16a 24026 0.06a 020b  229.85
RS841/M 46.40d 46.10c -0.64 8.13 20.55b 15274 3.96d 17.21cd 335 0.04 c 0.24a  517.19
M (nongrafted) 59.38c 45.00c 2422 7.5 2447a 21566 6.00b 2330b 288 0.06a 0.03f —47.15
R. S[OCk sk sksfesk sksfesk sksfesk

NaCl sk ek sk sk

skokosk skesksk

R. stock x NaCl

skeoksk skoksk

Values denoted by different letters are significantly different between graft combination within both columns at P<0.05
R. stock rootstock, S scion, M Mercur, %R percent reduction, %I percent increase, n.s. nonsignificant

***P<0.001

Electrolyte leakage was enhanced with increasing salin-
ity levels as compared to the control cucumber plants. Sim-
ilarly, Lechno et al. (1997) observed the same increas-
ing trend of electrolyte leakage in salt-sensitive cucum-
ber cultivar as compared to the salt-tolerant cultivar. In
the present study, the MDA content increased significantly
under NaCl stress, indicating that membrane stability had
been destroyed and lipid peroxidation had occurred. Sim-
ilar results were observed in mulberry (Sudhakar et al.
2001), tomato (Alpaslan and Gunes 2001) and Catharan-
thus roseus (Elkahoui et al. 2005). Ulas et al. (2020) re-
ported that regardless of the graft combination, salt stress
caused a significant increase in proline and MDA content
and ion leakage in leaf and root of salt-treated melon plants
compared to controls. The MDA reactive product (lipid per-
oxidation) showed a significant effect of treatments. Com-
pared with the nongrafted plants, salinity increased the
MDA content to a lesser extent in the grafted plants, es-
pecially in the leaf. The proline content in the leaves of
cucumber plants generally increased with salt stress, but
the proline content decreased in nongrafted plants.

The results of CAT, POD, and SOD are presented in
Table 8 and antioxidative enzyme activities were signifi-
cantly affected by rootstocks under both control and salt-
stress conditions. Under control conditions, the highest
CAT activity was determined in the plants grafted onto
N7T and Argentario, while the lowest CAT activity was
measured in RS841/M and N5D/M graft combinations.
A significant increase (25-396%) in CAT activity was
found in all graft combinations, whereas nongrafted con-
trol plants had the lowest CAT activity and CAT activity
in control plants decreased compared to salt-free condi-
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tions. The highest CAT activity was determined in the
graft combination of N7T/M, followed by Argentario/M
and CX7D/M; nongrafted control plants produced the low-
est CAT activity under salt stress. POD enzyme activity
showed significant variation among graft combinations
under control conditions (Table 8). Under the control con-
ditions, the highest POD activity was determined in the
N7T/M and Argentario/M graft combinations, while the
RS41/M and N5D/M graft combinations had the lowest
POD activities with 2207.30 and 2313.32 EU per g leaf tis-
sue, respectively. As for CAT activity, POD activity also
increased significantly in all graft combinations (2.8-9.8-
fold compared to control conditions) with salt applica-
tion. Under salt stress, all plants grafted onto different
rootstocks showed significantly higher POD activities than
nongrafted control plants and the lowest POD activity was
determined in nongrafted control plants, with 12,837EU
per g leaf tissue. SOD activity was significantly affected
by rootstock genotype under both control and salt-stress
conditions. Under control conditions, the highest SOD
activity was obtained from the Argentario/M and N7T/M
graft combinations, while the plants grafted onto RS841
and N5D showed the lowest SOD activity. SOD activity,
which varied from 380.4 to 759.4 EU per g leaf tissue under
control conditions, ranged from 252.6 to 2539.4EU per g
leaf tissue under saline conditions. Under saline conditions,
regardless of rootstock, SOD activity increased at different
rates (1.9- and 3.4-fold compared to control conditions) in
all grafted plants, while a decrease in SOD activity was
detected in nongrafted control plants compared to salt-
free conditions (Table 8). In this study, all graft combi-
nations showed increased SOD, CAT, and POD activities,
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Table 8 Catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) activities in leaf samples of cucumbers grafted onto citroides
rootstocks with different ploidy levels grown under control (1.5dS m™") and NaCl (6dS m™) stress conditions

Graft combinations CAT (EU per g leaf) POD (EU per g leaf) SOD (EU per g leaf)
Rootstock/scion Control NaCl %l Control NaCl %1 Control NaCl %l
N5D/M 99.54 d 395.41d  297.24 2313.32¢ 21,934.30e¢  848.17 402.00de  144991d  260.68
N5T/M 119.72 ¢ 150.49 ¢ 25.71 2735.84 d 27,470.00 ¢ 904.08 483.34cd 585.24¢ 21.08
N7D/M 143.79 b 483.17b  236.02 3230.89 be 26,273.74 ¢ 713.20 580.53 b 1801.64 ¢ 210.34
N7T/M 188.00 a 760.05a  304.28 4155.67 a 15,843.57f  281.25 759.40 a 2230.11b  193.66
CX7D/M 113.00cd 14493 ¢ 28.26 2871.97cd  21,568.65e¢  651.01 508.57 bc  2240.11b 34047
CX7T/M 147.79 b 733.82a  96.53 3105.28 b-d  31,122.59b  902.25 575.16 b 2229.16 b 287.57
Argentario/M 177.51 a 751.05 a 323.09 3988.54 a 34,824.62a  773.12 73539 a 2539.35a 24531
RS841/M 97.88d 440.25¢ 349.81 2207.30 e 23,798.86d  978.19 380.43 ¢ 1646.28 ¢ 332.74
M (nongrafted) 151.37b 7112 f 53.01 3450.22 b 12,834.00 g  271.98 588.55b 252.63 g -57.08
ROOtStOCk sk sksksk sekosk

NaCl skoksk sksksk skoksk

R. stock x NaCl ok ook ok

Values denoted by different letters are significantly different between graft combination within both columns at P <0.05
R. stock rootstock, S scion, M Mercur, %I percent increase, n.s. nonsignificant

***P<0.001

which differed according to rootstock genotype with salt
application. Plants with high levels of antioxidants, either
constitutive or induced, have been reported to have greater
resistance to the oxidative damage caused by stress fac-
tors. In general, tetraploid and diploid citroides genotypes
used as rootstock in this study showed higher antioxidant
enzyme activities than C. maxmax C. moschata hybrid
rootstock RS841, but they showed slightly lower than
or equivalent antioxidant enzyme activity to Lageanaria
rootstock Argentario. It suggests that the mechanism of
protection against oxidative damage due to the stimulated
activity of antioxidant enzymes may be better in citroides
rootstocks than in commercial rootstock RS841. However,
the inability of the Argentario/M graft combination, which
has a high level of antioxidant enzyme activity, to show
high plant growth performance may indicate that the dam-
age caused by salinity stress cannot be prevented by the
antioxidant enzyme system alone. In this study, increases in
catalase activity, which eliminates H,O, by decomposing it
directly into water and oxygen, were determined in plants
grafted onto citroides genotypes. CAT. This result may
suggest that rootstocks have a more effective H,O, dismu-
tation capacity outside of chloroplasts under salinity. Our
results are in agreement with previous studies (v. Madhava
Rao and Sresty 2000; Sudhakar et al. 2001; Sairam et al.
2002). Rout and Shaw (2001) reported that salt-tolerant
plants should have a better antioxidant defense system for
effective removal of ROS, including antioxidant enzymes
such as SOD, POD, and CAT. In our study, under 6dS m™!
salt stress, nongrafted plants had lower SOD, POD, and
CAT activities than grafted plants. Cucumber plants appear
to have a higher antioxidant capacity to remove H,O, when
grafted onto relatively salt-tolerant rootstocks under NaCl

stress than relatively salt-sensitive rootstocks, regardless of
scion genotype. This result is consistent with those found
in tomato (He et al. 2009). The enhanced salt tolerance
could be partially attributed to the improved water status
and POD activity in the leaf.

Correlation Analysis

Stem length showed a positive correlation with chlorophyll
index (0.400) and leaf N, (0.571), K (0.579), and Ca (0.603)
content. Shoot and root fresh and dry weight also showed
a positive correlation with chlorophyll index and leaf N,
K, and Ca content. Root length showed a positive corre-
lation with N (0.694), K (0.697), and Ca (0.732) content.
Root volume positively correlated with chlorophyll index
(0.395), MDH (0.598), proline (0.622), CAT (0.575), POD
(0.500), and SOD (0.598), while leaf CI content was nega-
tively correlated with root volume (-0.586) and root diam-
eter (-0.567; Table 9).

Conclusion

As one of the most prevalent abiotic stress factors, salinity
usually has harmful effects on crop productive capacity by
decreasing yield and quality, particularly in arid and semi-
arid regions of the world. To solve this problem, grafting
with salt-tolerant rootstocks can be an effective manage-
ment strategy for improving the salt tolerance of crop plants.
Cucumber (Cucumis sativus L.) is one of the most impor-
tant and widely grown vegetable crops in the world and is
considered salt sensitive. One way to solve the quality, abi-
otic, and biotic problems in grafted cucumber production
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Table 9 Pearson’s correlation coefficients (r values) between plant growth parameters and biochemical measurement of grafted cucumbers onto
citroides rootstocks with different ploidy levels grown under NaCl (6dS m™) stress conditions

Parameter Chlorophyll N K Ca Cl Na MDA Proline CAT POD SOD
index

Stem length 0.400%* 0.571%%  0.579** 0.603** -0.115 0.137 -0.268 -0.251 -0.249 -0.092 -0.260
Number of leaves 0.289 0.149 0.156 0.193 0.088 0.003 -0.176 -0.037 -0.175 -0.222 -0.167
Shoot fresh weight 0.542%% 0.403*  0.385* 0.428* -0.037 -0.036 -0.064 -0.045 -0.074 0.028 —-0.052
Shoot dry weight 0.463%* 0.563** 0.543** (0.593** —0.038 0.031 -0.239  -0.220 -0.237 -0.050 -0.229
Root fresh weight 0.449%* 0.561*%* 0.540** 0.593** —-0.033 0.027 -0.238  -0.223 -0.236 -0.051 -0.228
Root dry weight 0.551%* 0.393*%  0.374 0.409*  -0.052  -0.048 -0.038 -0.019 -0.058 0.031 -0.026
Root length 0.380 0.694**  0.697** 0.732*%* -0.039 0.086 -0.347 -0378 0342 -0.178 -0.342
Root volume 0.395% -0.110 -0.118 -0.273  -0.586** -0.065 0.598** 0.622** 0.575** 0.500%* (.598**
Root diameter 0.366 0.198 0.184 0.044 -0.567** 0.001 0.364 0.378 0.355 0.379 0.361

MDA malondialdehyde, CAT catalase, POD peroxidase, SOD superoxide dismutase, 7.s. nonsignificant

*P<0.05, ¥**P<0.01

mentioned above may be to use rootstocks developed from
close genera such as Citrullus. In this short-term hydro-
ponic experiment, one cucumber (Cucumis sativus L.) cul-
tivar (Mercur F1) was grafted onto six diploid and tetraploid
(auto and allo) Citrullus lanatus var. citroides genotypes and
the commercial rootstocks Argentario (Lagenaria siceraria)
and RS841 (C. maximax C. moschata). Plants were grown
in hydroponic culture at two electrical conductivity (EC)
levels (control at 1.5dS m™! and salt at 6.0dS m™"). In our
study, it was observed that grafting onto citroides rootstocks
with different ploidy levels in cucumber reduces the nega-
tive effects of salt stress in terms of plant height, number of
leaves per plant, and chlorophyll content. Chlorophyll in-
dex was positively correlated with main stem length, shoot
and root fresh and dry weight, and root volume. It was ob-
served that rootstocks with a strong root system increased
shoot biomass under both control and salt-stress conditions.
Significant positive correlations (r=0.730 for fresh weight
and r=0.855 for dry weight) were found between shoot
biomass and root biomass. The leaf nitrogen, potassium,
calcium, chloride, and sodium uptake of cucumber plants
was significantly (p <0.001) affected by salt, graft combina-
tion, and the saltx graft combination interaction. NaCl ap-
plication reduced RWC regardless of graft combination and
the reduction in RWC ranged from 0.64 to 25%. lon leakage
ranged from 44 to 253% under salt stress. The amount of
MDA was increased in saline conditions. While the highest
amount of MDA was determined in the Argentario/M graft
combination under salt stress, the N7T/M and CX7D/M
graft combinations produced the lowest MDA. While the
highest amount of proline was measured in plants grafted
onto RS841 and N7T, the lowest amount of proline was
determined in nongrafted control plants.

In this study, all graft combinations showed increased
SOD, CAT, and POD activities, which differed according
to rootstock genotypes with salt application. Plants with
high levels of antioxidants, either constitutive or induced,
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have been reported to have greater resistance to the oxida-
tive damage caused by stress factors. In general, tetraploid
and diploid citroides genotypes used as rootstock in this
study showed higher antioxidant enzyme activities than
C. maxma X C. moschata hybrid rootstock RS841.

In this study, it has been shown that tetraploid (auto and
allo) genotypes of the Citrullus genus can increase plant
growth and plant nutrient uptake when used as rootstock.
Therefore, in terms of vegetative growth and nutrient up-
take, tetraploid (allo and auto) rootstocks developed from
the Citrullus genus are expected to become commercially
available for different horticultural crops in the near future.
More detailed studies are needed to determine the effect of
tetraploid rootstocks on fruit yield and quality characteris-
tics, plant nutrient metabolism, and stress tolerance of the
scion when used as rootstocks for cultivated plants.
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