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Rootstock-mediated salinity resilience

in cucumber (Cucumis sativus L.): integrating
physiological traits, genomic stability

and machine learning
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Abstract

Background Salt stress is a major abiotic constraint in cucumber (Cucumis sativus L.), reducing biomass,
photosynthesis, and genomic stability. Grafting onto salt-tolerant Cucurbita rootstocks is a promising strategy to
enhance plant resilience. Recently, machine learning (ML) has provided new opportunities to capture complex trait
interactions and identify key predictors of stress tolerance.

Results We evaluated two cucumber cultivars (Cagla F1, Minimix F1) grafted onto four interspecific Cucurbita
maxima x Cucurbita moschata rootstocks (TZ148, Devrim, Cremna, Kublai) under 0 vs. 100 mM NaCl for 30 days in

a soilless fertigation system. Morphological, physiological, and molecular traits were evaluated, including biomass
accumulation, chlorophyll content (SPAD) and incident photosynthetically active radiation (PAR), and genomic
template stability (GTS) using ISSR markers. Salt stress reduced growth and biomass (leaf FW —56%, root DW — 74%)
and lowered SPAD and relative water content (RWC); grafting—especially with TZ148 (and to a lesser extent Kublai)—
mitigated these losses by maintaining chlorophyll content (SPAD) and biomass under salinity. Grafted combinations,
especially TZ148/Cagla, maintained higher stability (GTS: 88%, GC: 0.07), confirming the protective role of grafting.

ML approaches, including Principal Component Analysis (PCA) and Random Forest (RF), clearly separated control vs.
salinity and, while grafting types showed only partial separation, RF consistently ranked root/stem fresh weight, SPAD,
leaf area, and fruit weight as top predictors.

Conclusion Grafting significantly improved cucumber tolerance to salinity by sustaining biomass, photosynthetic
capacity proxies (SPAD), and genomic integrity. ML-based analyses added predictive power and biological
interpretation, confirming grafting with appropriate rootstocks as a sustainable strategy for cucumber production in
saline nutrient solution conditions.
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Introduction

Global warming intensifies the impact of abiotic stress
factors on plants, significantly threatening agricultural
productivity [1]. Among these stressors, salinity is a
major abiotic factor that negatively affects plant growth,
development, and yield [2]. This issue is particularly
severe in arid and semi-arid regions, where excessive
evaporation and improper irrigation practices lead to
the accumulation of salts in the soil [3, 4]. Currently, it is
estimated that around 6% of the world’s cultivated land
is affected by salinity, making it one of the leading causes
of crop losses [5]. As soil salinity increases, the osmotic
potential of the soil solution decreases, making water and
nutrient uptake more difficult for plants. Consequently,
osmotic stress triggers a series of physiological and bio-
chemical responses, thereby restricting gas exchange and
inhibiting photosynthetic activity [6].

At the cellular level, salt stress leads to an overproduc-
tion of reactive oxygen species (ROS), causing oxidative
stress that damages cellular structures, including mem-
branes, proteins, and nucleic acids [7]. High ROS levels
induce DNA damage, resulting in protein cross-linking
[8], strand breaks [9], and alterations in DNA methylation
patterns [10]. These molecular disruptions compromise
genomiic stability, triggering epigenetic modifications and
genetic variations that may alter plant growth and stress
responses [11]. Understanding these genetic and epi-
genetic changes is crucial for improving plant tolerance
to salinity. In this context, molecular markers play a key
role in detecting salt-induced genetic changes and evalu-
ating genomic stability under stress conditions [12, 13].
Several marker systems have been employed to assess
DNA damage and genetic alterations caused by environ-
mental stressors, providing valuable insights into plant
adaptation mechanisms [14]. While previous studies have
focused on physiological and morphological responses,
the impact of grafting on genetic stability under salt
stress remains largely unexplored.

The severity of salt stress varies depending on soil
conditions, plant species, and genotype [15]. However,
most vegetable crops are highly sensitive to salinity, lead-
ing to substantial reductions in growth, yield, and qual-
ity. The development of salt-tolerant cultivars through
conventional breeding and genetic engineering is a long
and complex process. Therefore, alternative strategies
are required to enhance salt stress tolerance in a shorter
timeframe. One of the most effective approaches is graft-
ing, which involves the use of salt-tolerant rootstocks to
mitigate the adverse effects of salinity [14]. Grafting has
been widely utilized in vegetable production as a means
to enhance stress resilience, improve nutrient and water
uptake efficiency, and promote overall plant vigor. Fur-
thermore, grafting has been shown to enhance fruit
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quality and extend the production period under stressful
conditions [16].

Cucumber (Cucumis sativus L.) is one of the most
economically valuable vegetable crops in the Cucurbita-
ceae family, with a global production of approximately
91,258,272 tons [17]. However, cucumber plants are
highly susceptible to salt stress, which negatively affects
their growth, fruit development, and yield. To overcome
this issue, grafting onto salt-tolerant rootstocks has been
adopted as a promising strategy in cucumber cultivation.
Several studies have demonstrated that grafting cucum-
ber onto different cucurbit species enhances tolerance
to abiotic stresses, including salinity [18, 19]. The effec-
tiveness of grafting depends largely on the selection of
appropriate rootstocks and the compatibility between
the rootstock and the scion [20]. Rootstock-scion inter-
actions influence key physiological and biochemical
processes that determine plant growth, yield, and stress
tolerance [21, 22].

Despite the well-documented physiological benefits
of grafting, limited research has been conducted on its
effects at the genomic level, particularly under salt stress
conditions. This study aims to assess the response of
cucumber cultivars grafted onto interspecific Cucurbita
rootstocks to salt stress and determine whether graft-
ing enhances salt tolerance at both physiological and
molecular levels. By integrating physiological measure-
ments with genomic stability assessments in grafted
cucumber plants under salinity, this research provides
valuable insights into the mechanisms underlying salt
tolerance in horticultural crops. The findings of this
study could contribute to the development of more resil-
ient vegetable production systems in salt-affected areas,
ensuring sustainable agricultural practices in the face of
global climate change. However, the multidimensional
nature of grafting responses requires advanced analyti-
cal tools to fully capture trait interactions. In this con-
text, the integration of machine learning (ML) into plant
physiology and breeding studies has provided powerful
tools to handle complex, multivariate datasets generated
under stress conditions. Unlike conventional statistical
approaches that focus on individual traits, ML algorithms
can simultaneously evaluate numerous morphological
and physiological parameters, identify key predictors,
and generate accurate models of yield and stress toler-
ance. This capacity is particularly valuable in crops such
as cucumber, where grafting, scion-rootstock interac-
tions, and abiotic stress responses involve intricate trait
networks. Previous studies have shown that ML can reli-
ably predict yield components, discriminate stress con-
ditions, and rank trait importance, thereby guiding both
breeding and crop management decisions [23, 24]. Incor-
porating ML approaches into stress physiology research
therefore enhances not only predictive power but also



Coskun et al. BMC Plant Biology (2026) 26:121

biological interpretation, offering a pathway toward data-
driven selection of salt-tolerant genotypes and effective
rootstock—scion combinations. Therefore, the objective
of this study was to evaluate the effectiveness of differ-
ent cucumber rootstocks in mitigating the effects of salt
stress by integrating physiological traits, genomic sta-
bility analyses, and machine learning-based predictive
modeling. The study further aims to identify key traits
and rootstock-scion combinations that contribute to
enhanced salt tolerance in cucumber.

Materials and methods

Plant material

This study evaluated non-grafted, self-grafted, and
Cucurbita rootstock-grafted cucumber plants under salt
stress. The cucumber cultivars Minimix F1 and Cagla F1
(Smyrna Seeds, Izmir, Tiirkiye) were used as scions, while
TZ148 (Tezier, La Ménitré, France), Devrim (Smyrna
Seeds, [zmir, Tiirkiye), Cremna (Seminis, St. Louis, USA),
and Kublai served as rootstocks (Table 1). The root-
stocks were interspecific hybrids of Cucurbita maxima
x Cucurbita moschata, and non-grafted plants were
included as controls. The cucumber cultivar and root-
stocks were obtained as commercially available seeds.
The two cucumber cultivars (Cagla F1 and Minimix F1)
were selected because they are widely used commercial
hybrids in greenhouse cucumber production and are
commonly employed in grafting studies due to their sta-
ble agronomic performance and high compatibility with
Cucurbita rootstocks .

Experimental design and growth conditions

The study was conducted in a controlled greenhouse at
Hatay Mustafa Kemal University, Faculty of Agriculture.
All experimental procedures were carried out during the
2024 growing season. The experiment followed a com-
pletely randomized design (CRD) with pots under green-
house conditions. Greenhouse setpoints were 25+2 °C
day/18+2 °C night, 60-70% RH, ~14 h photoperiod,

Table 1 Experimental treatments and grafting combinations
Treatment type Scion cultivar

Rootstock Abbreviation

Non-grafted Cagla F1 - Non-grafted (Cagla)
Non-grafted Minimix F1 - Non-grafted (Minimix)
Self-grafted CaglaF1 Cagla F1 Cagla-Cagla
Self-grafted Minimix F1 Minimix F1 - Minimix -Minimix
Grafted Cagla F1 12148 TZ148/Cagla
Grafted Cagla F1 Devrim Devrim/Cagla
Grafted Cagla F1 Cremna Cremna/Cagla
Grafted Cagla F1 Kublai Kublai/Cagla
Grafted Minimix F1 TZ148 TZ148/Minimix
Grafted Minimix F1 Devrim Devrim/Minimix
Grafted Minimix F1 Cremna Cremna/Minimix
Grafted Minimix F1 Kublai Kublai/Minimix
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~300-400 umol m™ s incident PAR. Each treatment
was replicated four times, with four plants per replica-
tion, resulting in 16 plants per treatment group. The
experimental setup included three main groups: non-
grafted control plants, self-grafted plants, and grafted
plants with different rootstocks (TZ148, Devrim,
Cremna, and Kublai). Seeds were sown in 2.5 L plastic
pots filled with a peat: perlite (2:1) mixture and grown
until the first true leaf stage. To synchronize the devel-
opmental stages for grafting, cucumber scions were sown
four days earlier than the rootstocks.

Grafting procedure

Seedlings of both cucumber cultivars and all Cucurbita
rootstocks were grafted at the fully expanded cotyledon
stage, when the scion had just initiated the first true leaf.
A single-cotyledon splice grafting method was employed:
the scion hypocotyl was cut at an angle of approximately
45° above one cotyledon and attached to a matching cut
on the rootstock. The graft union was secured with ster-
ilized plastic grafting clips. Immediately after grafting,
the seedlings were placed in a healing chamber at 27 °C
and 90-95% relative humidity under low-light conditions
for seven days. Following the healing period, plants were
gradually acclimated to standard greenhouse conditions
over several days by progressively increasing ventilation
and light exposure. Grafting success was evaluated based
on seedling survival and visible callus formation at the
graft junction.

Salt stress application

Salt stress was applied using a hydroponic irrigation sys-
tem. Throughout the experiment, plants were irrigated
with aerated Hoagland solution. The nutrient solution
contained macronutrients, including 5 mM KNO;, 5 mM
Ca(NO;),, 1 mM MgSO,, and 1 mM KH,PO,, as well as
micronutrients such as Fe-EDTA (0.1 mM), H;BO; (0.05
mM), MnCl, (0.01 mM), ZnSO, (0.001 mM), CuSO,
(0.0005 mM), and Na,MoO, (0.0001 mM). Two treat-
ments were imposed: Control (0 mM NaCl) and Salin-
ity (100 mM NaCl), applied for 30 days beginning at the
two-true-leaf stage, approximately two weeks after graft-
ing (4 reps x 4 plants). A concentration of 100 mM NaCl
was selected because it is widely used in cucumber salin-
ity studies as a moderate-to-severe but non-lethal stress
level that reliably induces physiological and molecular
responses while allowing plants to survive through-
out the 30-day treatment period. Plants were fertigated
to container capacity with aerated Hoagland’s solution
approximately every 2 days, ensuring 10-20% leachate.
Salinity was maintained at 100 mM NaCl for 30 days with
weekly solution renewal and pH 6.5-7.0.
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Morphological and physiological analyses

Morphological and physiological measurements were
performed 30 days after the application of salt stress.
The evaluated parameters included number of leaves
per plant, plant height, and leaf area to assess vegetative
growth. Leaf physiological status was analyzed through
SPAD (chlorophyll content) measurements and PAR.
For SPAD measurements, three fully expanded, healthy
leaves per plant were selected from the mid-canopy
(approximately the 3rd-5th true leaves from the apex)
on day 30 of salt treatment. On each leaf, three readings
(avoiding major veins) were taken with a SPAD-502 m
and averaged to obtain a single value per plant. RWC
was measured to determine water retention capacity
under stress conditions. Biomass-related parameters
such as leaf fresh/dry weight and stem fresh/dry weight
were recorded. Additionally, root fresh weight, root
dry weight, and the root-to-stem ratio were calculated
to evaluate root system responses. Reproductive traits
(fruit weight, length, diameter), fruit flesh firmness and
soluble solids content (SSC) were evaluated on fruits har-
vested at a common endpoint, 30 days after the start of
salt treatment. By this time, fruits of the control plants
had reached marketable maturity (uniform commercial
size with firm, glossy green skin). To ensure a compara-
ble sampling time across treatments, one representative
fruit per plant was collected from all groups on day 30
in the morning (08:00-10:00). In salinity-stressed plants
that did not reach full marketable size, the most devel-
oped fruit present at day 30 was used for measurements
of fruit weight, length, equatorial diameter, flesh firmness
and soluble solids content (SSC). This single terminal
sampling point was selected to capture the integrated and
steady-state effects of prolonged salt exposure on plant
performance, when both osmotic and ionic components
of salinity are expected to be expressed. Although addi-
tional intermediate time points (e.g., 5—-15 days) could
provide further insight into the early dynamics of stress
perception, the present design prioritised a comprehen-
sive end-point comparison across all grafting combi-
nations, including the collection of sufficient tissue for
ISSR-based genomic stability analyses.

Statistical analyses

Statistical analyses were conducted using SPSS v22.0
(IBM, Armonk, NY, USA). The Shapiro-Wilk test was
used to assess data normality, while Levene’s test was
performed to check for variance homogeneity. We used
two-way ANOVA (factors: Grafting, Salinity) and their
interaction followed by Tukey’s HSD (p <0.05).

Machine learning workflow
All statistical and machine learning (ML) analyses were
performed in Python (version 3.11) using the scikit-learn
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package [25]. Data were first checked for missing values
and normalized before analysis. Two complementary
ML approaches were applied: (i) PCA to reduce dimen-
sionality and visualize overall variance patterns, and
(ii) RF algorithms for both classification and regression
tasks. Classification/regression models were evaluated by
5-fold cross-validation (repeated 3x); accuracy and R* are
reported.

To ensure robust model performance and avoid over-
fitting, Random Forest hyperparameters were optimized
using a grid-search strategy combined with repeated
5-fold cross-validation. The tuning procedure explored
a range of candidate values for key parameters, includ-
ing the number of trees (n_estimators, 200—1000), maxi-
mum tree depth (max_depth, 4-20), minimum samples
required for node splitting (min_samples_split, 2—10),
and the splitting criterion (Gini vs. entropy). Final mod-
els were selected based on the lowest cross-validated
mean squared error and stable performance across folds.
In addition to cross-validation, model performance was
evaluated on an independent hold-out test subset (20% of
the dataset), and predictive ability was quantified using
the coefficient of determination (R*), mean absolute error
(MAE), and root mean squared error (RMSE). These pro-
cedures increased the transparency and rigor of the ML
analyses and ensured that the reported prediction accu-
racies reflected genuine biological patterns rather than
model bias.

PCA was used to explore separation among treat-
ments (control vs. salinity), grafting types (non-grafted,
self-grafted, rootstock-grafted), and rootstock—scion
combinations. Random Forest classification models
were applied to identify the traits most responsible for
group discrimination. Model performance was evalu-
ated by cross-validation and overall classification accu-
racy. Random Forest regression was used to predict key
yield- and quality-related traits, including fruit weight,
SPAD, and soluble solids content (SSC). Model accuracy
was assessed using the coefficient of determination (R?)
between observed and predicted values. Feature impor-
tance scores were extracted to determine the most influ-
ential physiological and morphological predictors for
each trait. RF importance rankings were used to identify
the traits most strongly associated with stress tolerance
and productivity. Biological interpretation of predictor
rankings provided insights into biomass allocation, chlo-
rophyll stability, and grafting effects under salinity.

Genomic stability and ISSR-PCR analysis

Cagla F1 was selected as a representative scion due to
its intermediate physiological response and consistent
DNA yield/quality across treatments, enabling robust
ISSR profiles. Genomic DNA extraction was conducted
following the cetyltrimethylammonium bromide (CTAB)
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method. PCR amplification was performed using nine
ISSR primers in a 15 pL reaction mixture containing 50
ng template DNA, 5 U Taq DNA polymerase, 10 nmol
of each dNTP, 10 nmol primer, and 1.5 pL of 10X PCR
buffer. A standard ISSR-PCR protocol was applied [26].
The amplification products were separated on a 1.5% aga-
rose gel using 1X TBE buffer at 110 V for 2 h. DNA bands
were visualized under UV light using a transilluminator,
and gel images were captured using a UV-filtered digital
camera. Molecular data were analyzed using the NTSYS
(Numerical Taxonomy Multivariate Analysis System)
software, which was used to determine similarity coeffi-
cients and construct UPGMA (Unweighted Pair Group
Method with Arithmetic Mean) dendrograms. Addition-
ally, genomic template stability and genetic change rates
[14] were evaluated by analyzing new band formations
and band disappearances in ISSR profiles compared with
the control group.

Results

Morphological and physiological responses

Grafting significantly affected SPAD, PAR, and RWC val-
ues under both control and saline conditions (p < 0.0001).
Salt stress led to a 28.46% reduction in SPAD, a 9.93%
decrease in PAR, and a 15.63% decline in RWC (Table 2).
SPAD values, which indicate chlorophyll content, were
significantly reduced by salt stress across all grafting
combinations. The highest SPAD values under con-
trol conditions were observed in plants grafted onto
Kublai rootstock for both varieties. Under saline con-
ditions, Kublai/Cagla and Cremna/Minimix combina-
tions exhibited the highest SPAD values, indicating their
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better chlorophyll retention under stress. In contrast,
non-grafted and self-grafted plants had the lowest SPAD
values under salinity, confirming their higher suscepti-
bility to chlorophyll degradation (Fig. 1A). PAR values,
representing incident photosynthetically active radia-
tion at the canopy surface, followed a similar trend. The
highest values under control conditions were found in
Devrim/Cagla, Minimix/Minimix, Cremna/Minimix,
and Devrim/Minimix combinations. Under salt stress,
non-grafted plants (Cagla and Minimix) exhibited the
most significant PAR reductions, suggesting a lower effi-
ciency in capturing light for photosynthesis (Fig. 1B).
RWC, which reflects the plant’s ability to retain water,
was also significantly impacted by salinity. Among con-
trol plants, Cremna/Cagla, TZ148/Cagla, and TZ148/
Minimix had the highest RWC values, while Devrim/
Minimix exhibited the lowest. Under salt stress, TZ148/
Cagla maintained the highest RWC, suggesting better
water retention and osmotic regulation, while Devrim/
Minimix had the lowest RWC, indicating greater water
loss and reduced stress tolerance (Fig. 1C).

Grafting significantly affected the number of leaves,
plant height, and leaf area under both control and saline
conditions (p < 0.0001). Salt stress caused a 40.55% reduc-
tion in the number of leaves per plant, a 21.23% decrease
in plant height, and a 37.63% decline in leaf area (Table 2).
Under control conditions, the average number of leaves
per plant was 24.76, which decreased to 14.72 under salt
stress. Similarly, plant height decreased from 183.11 cm
to 144.33 cm, and leaf area was reduced from 200.94 cm?
to 125.33 cm® Salt stress significantly reduced the num-
ber of leaves per plant across all grafting combinations

Table 2 Percentage changes in biomass and fruit characteristics parameters of plants grown in control and saline conditions

Parameters Difference between column means Source of Variation P value
Control Salinity % Change Grafting Salinity GraftingxSalinity

SPAD 53.17 38.03 —2846 <0.0001 <0.0001 <0.0001
PAR 59.60 53.68 —9.93 <0.0001 <0.0001 <0.0001
RWC 79.79 67.32 —15.63 <0.0001 <0.0001 <0.0001
Number of Leaves/Plant 24.76 14.72 —40.55 <0.0001 <0.0001 <0.0001
Plant Height 183.11 144.23 —21.23 <0.0001 <0.0001 <0.0001
Leaf Area 200.94 12533 —37.63 <0.0001 <0.0001 <0.0001
Leaf Fresh Weight 90.81 40.28 —55.65 <0.0001 <0.0001 <0.0001
Leaf Dry Weight 13.86 4.37 —68.49 <0.0001 <0.0001 <0.0001
Stem Fresh Weight 10741 4962 —53.81 <0.0001 <0.0001 <0.0001
Stem Dry Weight 7.32 3.04 —58.44 <0.0001 <0.0001 <0.0001
Root Fresh Weight 80.18 23.79 —70.33 <0.0001 <0.0001 <0.0001
Root Dry Weight 341 0.88 —74.16 <0.0001 <0.0001 <0.0001
Root/Stem Ratio 0.78 048 —38.02 <0.0001 <0.0001 <0.0001
Fruit Weight 80.76 54.76 -32.19 <0.0001 <0.0001 <0.0001
Fruit Length 9.86 8.29 —15.89 <0.0001 <0.0001 <0.0001
Fruit Diameter 348 299 —14.24 <0.0001 <0.0001 <0.0001
Fruit Firmness 0.57 0.68 20.50 <0.0001 <0.0001 <0.0001
SSC 3.37 3.64 8.27 <0.0001 <0.0001 <0.0001
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Fig. 1 Effect of different rootstocks on SPAD, incident PAR at the canopy surface and RWC. Bars=mean + SE (n =4). Different letters indicate Tukey's HSD

(p < 0.05); two-way ANOVA unless stated
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Fig. 2 Effect of different rootstocks on number of leaves/plant, plant height and leaf area). Bars=mean + SE (n =4). Different letters indicate Tukey's HSD

(p < 0.05); two-way ANOVA unless stated

(Fig. 2A). Under control conditions, the TZ148/Minimix
combination exhibited the highest leaf number, while
under salt stress, Cremna/Minimix had the highest leaf
retention. Non-grafted and self-grafted plants showed
the greatest reduction in leaf number, indicating higher

sensitivity to salinity in terms of canopy development.
Plant height was also significantly affected by salt stress,
with non-grafted plants experiencing the most severe
reduction (Fig. 2B). Among the grafting combinations,
Cremna/Cagla maintained the highest plant height under
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saline conditions, followed by Kublai/Cagla and TZ148/
Cagla, suggesting better tolerance to salt-induced growth
inhibition. The significant decline in plant height in non-
grafted and self-grafted plants indicates their reduced
ability to sustain shoot elongation under stress. Leaf area,
a key indicator of photosynthetic capacity, was notably
reduced under salt stress in all treatments (Fig. 2C). The
lowest leaf area values were recorded in non-grafted and
self-grafted plants under stress, emphasizing their inabil-
ity to sustain leaf expansion under salinity. In contrast,
Cremna/Cagla and Kublai/Cagla maintained relatively
higher leaf area, supporting their potential role in reduc-
ing salt-induced growth suppression.

Grafting significantly affected leaf fresh weight, leaf dry
weight, stem fresh weight, and stem dry weight under
both control and saline conditions (p<0.0001). Salt
stress led to a 55.65% reduction in leaf fresh weight, a
68.49% decrease in leaf dry weight, a 53.81% decline in
stem fresh weight, and a 58.44% reduction in stem dry
weight (Table 2). Leaf fresh weight decreased under salin-
ity overall; however, TZ148/Cagla did not differ between
treatments (shared letter ‘b; Tukey HSD, p>0.05),
whereas non-grafted plants declined significantly (dif-
ferent letters). Under control conditions, Cremna/Cagla,
Devrim/Cagla, and TZ148/Minimix exhibited the high-
est leaf fresh weight, while Devrim/Minimix recorded
the lowest values. Under salt stress, Cremna/Cagla and
Kublai/Cagla maintained the highest leaf fresh weight,
whereas non-grafted and self-grafted plants exhibited the
most severe reductions, indicating higher susceptibility
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to salt-induced biomass loss. Leaf dry weight followed
a similar trend, with a significant reduction in all treat-
ments due to salt stress (Fig. 3B). The lowest values were
recorded in non-grafted (Cagla) plants, confirming their
inability to sustain leaf biomass under stress. Cremna/
Cagla and Kublai/Cagla combinations retained relatively
higher dry weight, suggesting better tolerance to osmotic
stress and improved water-use efficiency. Stem fresh
weight was significantly affected by salt stress, with the
lowest values observed in non-grafted and self-grafted
plants (Fig. 3C). This suggests that these plants had a
reduced ability to sustain stem growth under salinity.
Cremna/Cagla and TZ148/Cagla combinations main-
tained higher stem fresh weight, demonstrating better
adaptation to saline environments. The stem dry weight
results mirrored the stem fresh weight data, with non-
grafted and self-grafted plants exhibiting the most sig-
nificant declines (Fig. 3D). This further supports the idea
that salt stress severely impacts structural biomass accu-
mulation in susceptible plants, while Cremna/Cagla and
TZ148/Cagla showed better resilience.

Grafting significantly affected root fresh weight, root
dry weight, and root/stem ratio under both control and
saline conditions (p<0.0001). The average root fresh
weight and dry weight of grafted plants under con-
trol conditions were 80.38 g and 3.41 g, respectively,
whereas under salt stress, these values dropped to 23.79 g
and 0.88 g, indicating a 70.33% and 74.16% reduction,
respectively (Table 2). Root fresh weight was signifi-
cantly reduced in all grafting combinations due to salt
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Fig. 3 Effect of different rootstocks on leaf FW, leaf DW, stem FW and stem DW). Bars=mean + SE (n=4). Different letters indicate Tukey's HSD (p <0.05);

two-way ANOVA unless stated
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stress (Fig. 4A). The highest values under salt stress were
recorded in Cremna/Cagla, Kublai/Cagla, and Kublai/
Minimix, suggesting these combinations retained better
root biomass under saline conditions. In contrast, non-
grafted and self-grafted plants exhibited the most severe
reductions, indicating their reduced ability to sustain
root development under stress. Root dry weight followed
a similar trend, where non-grafted and self-grafted plants
showed the lowest values under salt stress (Fig. 4B). The
data were parallel to root fresh weight, reinforcing that
these plants were less capable of maintaining root bio-
mass in saline environments. Cremna/Cagla and Kublai/
Cagla retained higher dry root biomass, demonstrating
improved tolerance to salt stress in terms of root struc-
ture stability. The root/stem ratio was also significantly
affected by salt stress, with notable variations between
grafting combinations (Fig. 4C). Under control condi-
tions, the highest root/stem ratios were recorded in Kub-
lai/Cagla, TZ148/Cagla, and non-grafted/self-grafted
Minimix plants, suggesting these plants allocated more
biomass to root development in non-stress conditions.
However, under salt stress, the highest root/stem ratio
was observed in Devrim/Cagla, while the lowest was
found in TZ148/Cagla, indicating differential biomass
allocation strategies in response to salinity.

Grafting significantly affected fruit weight (mean
single-fruit weight), fruit length, and fruit diameter
under both control and saline conditions (p<0.0001).
Salt stress led to a 32.19% reduction in fruit weight, an
15.89% decrease in fruit length, and a 14.24% decline in
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fruit diameter (Table 2). The average fruit weight in con-
trol plants was 80.76 g, which dropped to 54.76 g under
salt stress, highlighting the negative impact of salinity
on fruit development. Salt stress significantly reduced
fruit weight across all grafting combinations (Fig. 5A).
The highest fruit weight under salt stress was recorded
in the TZ148/Cagla combination, suggesting better fruit
retention and development under stress conditions. In
contrast, non-grafted and self-grafted (Minimix) plants
exhibited the lowest fruit weight, indicating their higher
susceptibility to salinity-induced fruit biomass loss. Fruit
length was also negatively impacted by salt stress, with
varying degrees of reduction depending on the graft-
ing combination (Fig. 5B). The longest fruits under salt
stress were observed in TZ148/Cagla, Cremna/Mini-
mix, Devrim/Minimix, and Kublai/Minimix, suggesting
that these rootstock combinations helped mitigate salt-
induced reductions in fruit elongation. The shortest fruits
were recorded in non-grafted and self-grafted (Cagla)
plants, reinforcing their limited ability to maintain fruit
size under stress. Fruit diameter exhibited a slight but
significant decline due to salt stress, with some grafting
combinations performing better than others (Fig. 5C).
Interestingly, some grafting combinations (Cremna/
Cagla, TZ148/Cagla, Cremna/Minimix, and Devrim/
Minimix) produced fruit with larger diameters under salt
stress compared to control conditions, suggesting that
these combinations may enhance fruit quality parameters
even under adverse conditions.
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H Control mSalinity

H Control m Salinity

Root fresh weight (g) Root dry weight (g) Root/Stem ratio
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Fig. 4 Effect of different rootstocks on root FW, root DW and root/stem ratio). Bars=mean +SE (n=4). Different letters indicate Tukey's HSD (p <0.05);

two-way ANOVA unless stated
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Fig.5 Effect of different rootstocks on fruit weight, fruit length and fruit diameter. Bars =mean + SE (n=4). Different letters indicate Tukey’s HSD (p < 0.05);

two-way ANOVA unless stated
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Fig. 6 Effect of different rootstocks on fruit flesh firmness and SSC. Bars=mean +SE (n=4). Different letters indicate Tukey's HSD (p <0.05); two-way

ANOVA unless stated

Both fruit flesh firmness and soluble solid content
(SSC) were significantly affected by grafting under both
control and saline conditions (p<0.0001). Salt stress
generally increased fruit firmness in most grafting com-
binations, except for Devrim/Minimix and Kublai/Mini-
mix, where a slight decrease was observed (Fig. 6A).
The firmest fruit flesh under salt stress was recorded in
non-grafted and self-grafted (Cagla) plants, indicating a

more compact fruit texture in these plants under stress
conditions. This increase in firmness under salt stress
may be related to water loss and cell wall modifica-
tions caused by salinity. Salt stress induced a moderate
increase in SSC in most grafted and non-grafted plants;
however, this response was genotype-dependent. The
largest SSC increases under salinity were observed in
non-grafted (Cagla), self-grafted (Cagla), Devrim/Cagla,
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and TZ148/Minimix, whereas TZ148/Cagla showed no
significant change compared to its control, and Cremna/
Minimix and Kublai/Minimix exhibited a slight decrease
in SSC under salt stress (Fig. 6B). These results indicate
that grafting can influence sugar accumulation under
salt stress, but the effect varies with the rootstock-scion
combination.

The results presented in Table 2 demonstrate the per-
centage changes in biomass and fruit characteristics
of plants grown under control and saline conditions.
The statistical analysis revealed that grafting, salinity,
and their interaction significantly affected all measured
parameters (p < 0.0001). Salt stress caused notable reduc-
tions in plant biomass, with the most substantial declines
observed in root dry weight (-74.16%), root fresh weight
(-=70.33%), and leaf dry weight (-68.49%). Similarly, leaf
fresh weight (-55.65%), stem fresh weight (-53.81%),
and stem dry weight (-58.44%) also showed significant
reductions, emphasizing the negative impact of salinity
on overall vegetative growth. Additionally, the root/stem
ratio decreased by 38.02%, indicating a shift in biomass
allocation due to stress. The number of leaves per plant,
plant height, and leaf area were all significantly reduced
under salt stress. The number of leaves decreased by
40.55%, while plant height and leaf area declined by
21.23% and 37.63%, respectively. These reductions sug-
gest that salt stress impairs overall shoot development,
leading to a significant loss in canopy structure. Key
physiological parameters such as SPAD (-28.46%), PAR
(-9.93%), and RWC (-15.63%) also declined under salin-
ity, confirming that chlorophyll content, photosynthetic
capacity, and water retention capacity were negatively
affected. These results further support the conclusion
that salt stress disrupts both biochemical and physiologi-
cal functions in plants. Among fruit-related traits, fruit
weight (-32.19%), fruit length (-15.89%), and fruit diam-
eter (-14.24%) were all reduced under salt stress, sug-
gesting that salinity negatively affects fruit development
and marketable yield. However, fruit firmness (+20.50%)
and SSC (+8.27%) increased under stress, indicating a
possible concentration effect due to water loss or meta-
bolic adjustments enhancing fruit quality traits.

Genomic stability and ISSR-based variation

Molecular markers are widely used to determine genetic
changes caused by stress treatments. In this study, nine
ISSR primers were used to evaluate genomic template
stability (GTS) under salinity stress. A total of 73 bands
were produced, with 31 being polymorphic, indicating a
significant level of genomic variation due to salt stress.
Among the primers, UBC-845 generated the highest
number of bands (11), while UBC-841 produced the low-
est (6). The average number of bands per primer was 8.1,
with an average of 3.4 polymorphic bands, confirming
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the genetic variability introduced by salt stress. Salt stress
significantly altered ISSR banding patterns, leading to
band loss and new band formation. In non-grafted salt-
stressed plants, GTS decreased to 74%, with an average of
0.9 new band formations and 1.0 band losses per primer,
confirming the substantial genetic alterations induced by
salinity. The highest GTS reduction was observed in non-
grafted plants, indicating that these plants were the most
susceptible to salt-induced genetic changes. In contrast,
grafted plants exhibited higher GTS values (ranging from
84% to 88%), suggesting that grafting played a stabilizing
role in maintaining genomic integrity under salt stress.
Among the grafted combinations, TZ148/Cagla (0.88)
and Cremna/Cagla (0.86) exhibited the highest GTS val-
ues, confirming their superior ability to maintain genetic
stability. Similarly, genetic change (GC-relative change in
ISSR banding pattern compared with the control) values
were lowest in TZ148/Cagla (0.07) and Cremna/Cagla
(0.10), indicating that these grafting combinations effec-
tively minimized genetic changes under salt stress. The
visual representations of the ISSR marker data, including
bar plots, line graphs, scatter plots, and heatmaps, pro-
vide a comprehensive analysis of the genetic impact of
salt stress on non-grafted and grafted cucumber plants.
The GTS bar plot highlights that TZ148 and Kublai root-
stocks were the most effective in preserving genomic
stability, while non-grafted plants exhibited the lowest
stability. The line graph of genetic banding (GB) values
further confirms that TZ148/Cagla and Kublai/Cagla had
the highest GB values (0.97), reinforcing their protec-
tive role against genomic instability. The scatter plot of
genetic change (GC) values highlights that non-grafted
salt-stressed plants had the highest GC value (0.19), dem-
onstrating severe genetic alterations, while TZ148/Cagla
and Kublai/Cagla had the lowest GC values (0.07), indi-
cating a reduced rate of genetic changes. The heatmap
provides a holistic representation of GTS, GB, and GC
values, allowing for an easy comparison between treat-
ments. The most stable genetic profiles were observed
in TZ148/Cagla and Kublai/Cagla, while non-grafted
salt-stressed plants exhibited the most severe genetic
changes. Among the ISSR primers, UBC-846 showed no
band differences in any treatment, suggesting that cer-
tain genomic regions remained stable despite salt stress.
However, non-grafted plants exhibited the highest num-
ber of polymorphic bands, particularly with UBC-810,
UBC-815, and UBC-825, indicating greater genetic insta-
bility compared to grafted plants (Fig. 7).

The hierarchical clustering dendrogram and the heat-
map of genetic similarity provide a comprehensive
analysis of the genetic relationships among non-grafted
and grafted cucumber plants under control and saline
conditions based on ISSR marker analysis. The dendro-
gram visually groups treatments according to genetic



Coskun et al. BMC Plant Biology (2026) 26:121

Genomic Template Stability (GTS)
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Fig. 7 Genomic stability and genetic variation in grafted and non-grafted cucumber plants under salt stress: ISSR marker analysis

similarity, while the heatmap quantifies these relation-
ships with numerical values. The dendrogram reveals
that Devrim-Cagla Salt and Cremna-Cagla Salt cluster
together with a similarity coefficient of 0.98, indicat-
ing that these two rootstocks exhibit almost identical
genetic responses under salinity stress. Non-grafted Salt
and Kublai-Cagla Salt cluster closely with a similarity of
0.99, suggesting that Kublai rootstock provides moder-
ate genetic stability but does not fully prevent genetic
alterations under salt stress. TZ148-Cagla Salt and Non-
grafted Control cluster at a similarity of 0.97, confirming
that TZ148 rootstock effectively maintains genetic stabil-
ity under salt stress conditions. The heatmap provides a
detailed breakdown of these relationships. The highest
similarity (0.99) is observed between Non-grafted Salt
and Kublai-Cagla Salt, reinforcing the finding that Kublai
rootstock does not significantly deviate from the genetic
response of non-grafted plants under salt stress. The low-
est similarity (0.88) is observed between Non-grafted
Control and Kublai-Cagla Salt, suggesting that Kublai
rootstock induces a distinct genetic response to salinity
compared to the control group. Additionally, Cremna-
Cagla Salt and Devrim-Cagla Salt exhibit a similarity of
0.98, confirming that these two rootstocks respond to
salinity in a highly comparable manner. The similarity
between TZ148-Cagla Salt and Non-grafted Salt is 0.91,
which is higher than other grafted combinations, further

supporting TZ148 as the most stable rootstock under
salinity stress. The two major clusters in the dendro-
gram reflect the overall pattern observed in the heatmap.
The first cluster, which includes Non-grafted Control
and TZ148-Cagla Salt, represents the most genetically
stable group under salinity conditions. The second clus-
ter, which consists of Non-grafted Salt, Kublai-Cagla
Salt, Cremna-Cagla Salt, and Devrim-Cagla Salt, exhib-
its greater genetic divergence due to salt stress. Overall,
the genomic template stability (GTS) values ranged from
74% to 88%, with the lowest GTS (74%) observed in Non-
grafted Salt plants and the highest GTS (88%) found in
TZ148-Cagla Salt plants (Fig. 8).

Machine learning-based trait modeling

Multivariate machine learning analyses revealed robust
differences between cucumber plants exposed to salin-
ity stress and non-stressed controls. PCA explained more
than 65% of the total variance in the first two principal
components and showed a clear separation of control and
salinity-stressed plants (Fig. 9). This consistent cluster-
ing across scion-rootstock combinations indicates that
salinity triggers systemic physiological changes. Random
Forest classification confirmed these findings with >90%
overall prediction accuracy (Fig. 9). Among the most dis-
criminating traits were root and stem fresh weight and
SPAD, suggesting that alterations in biomass partitioning
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Heatmap of Genetic Similarity Among Grafting Treatment:
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Fig. 8 Genetic relationships among non-grafted and grafted cucumber plants under control and saline conditions: hierarchical clustering and similarity
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Fig.9 Machine learning discrimination of salinity stress in cucumber plants. PCA showing a clear separation between control and salinity-stressed plants,
indicating systemic physiological responses to salt stress. Random Forest feature importance plot highlighting the most influential traits discriminating
control and salinity-stressed plants, with root fresh weight, stem fresh weight and SPAD ranked highest

and photosynthetic capacity are reliable indicators of salt
stress.

Supervised regression models demonstrated strong
predictive power for key yield and quality traits. Fruit
weight was predicted with very high accuracy (R* =
0.94), with root/shoot ratio, fruit firmness, and leaf area
ranked as the strongest predictors (Fig. 10). Similarly,
SPAD achieved excellent prediction (R* = 0.95), primar-
ily explained by correlations with root biomass, leaf dry
weight, and fruit weight (Fig. 11). These results highlight
chlorophyll stability as a central determinant of stress
adaptation. Soluble solids content (SSC, °Brix), an impor-
tant fruit quality parameter, was predicted moderately
well (R* = 0.84). The strongest predictors were fruit firm-
ness, fruit weight, and leaf area (Fig. 12). Collectively,
these models captured the complex interactions among
morphological and physiological traits while providing

biologically interpretable insights into yield stability and
stress tolerance.

Grafting introduced substantial modifications in plant
response profiles. PCA revealed distinct clustering
among non-grafted, self-grafted, and rootstock-grafted
plants, with the first two components explaining over
60% of total variance (Fig. 13). This indicates that graft-
ing triggers systemic physiological reprogramming. Ran-
dom Forest feature importance analysis identified root
fresh weight, stem fresh weight, leaf area, fruit weight,
and SPAD as the strongest traits discriminating grafting
types (Fig. 13). These features underscore the enhanced
root vigor and photosynthetic capacity that are typical
of grafted plants. Compared to non-grafted cucumbers,
rootstock-grafted plants accumulated more biomass and
better maintained chlorophyll content under stress con-
ditions. Self-grafted plants showed intermediate perfor-
mance, clustering closer to non-grafted controls but still
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Fig. 10 Machine learning regression analysis for fruit weight. Scatter plot of observed versus predicted fruit weight values, showing strong model per-
formance (R? = 0.94). Random Forest feature importance plot identifying the traits most responsible for fruit weight prediction, with root/shoot ratio, leaf
area, and fruit firmness emerging as key predictors
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Fig. 11 Machine learning regression analysis for SPAD. Scatter plot of observed versus predicted SPAD values, demonstrating excellent prediction accu-
racy (R? = 0.95). Random Forest feature importance plot, showing root biomass, leaf dry weight, and fruit weight as the most influential predictors of SPAD

benefiting from grafting effects. These findings reinforce
that grafting not only improves salinity tolerance but also
enhances growth and yield potential under non-stress
conditions (Fig. 14).

Discussion

Intensive cultivation, global warming, and greenhouse
production systems contribute to increasing biotic and
abiotic stress factors, leading to plant quality and pro-
ductivity losses. In greenhouse environments, excessive
fertilization and irrigation accelerate soil salinization,
which in turn limits plant growth by inducing osmotic
stress and ion toxicity [27, 28]. Since roots are the first
organ to perceive stress, their configuration can change

as plants adapt to adverse environments [29]. Root sys-
tem architecture plays a crucial role in salt tolerance,
and differences in root structure contribute to varying
degrees of salt resistance among plants [22, 30]. Under
saline conditions, oxygen deficiency and increased eth-
ylene accumulation restrict root elongation [31]. In line
with previous studies [22, 32], this study found that salt
stress negatively affected cucumber root growth, leading
to reduced fresh and dry root weights in both varieties.
The restrictive effect of salinity on root architecture was
evident, further confirming the detrimental impact of salt
stress on root biomass.

Salt stress also significantly affects shoot growth
and biomass accumulation. Studies on Vicia faba [33],
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Top 10 Features for SSC
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Fig. 12 Machine learning regression analysis for soluble solids content (SSC). Scatter plot of observed versus predicted SSC values, showing good predic-
tion accuracy (R? = 0.84). Random Forest feature importance plot identifying fruit firmness, fruit weight, and leaf area as the strongest predictors of SSC

PCA of Cucumber Combinations by Grafting Type
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Fig. 13 Machine learning analysis of grafting types in cucumber. PCA showing distinct clustering among non-grafted, self-grafted, and rootstock-grafted
plants, indicating that grafting alters overall physiological and morphological performance. Random Forest feature importance plot identifying the traits
most responsible for separating grafting types, with root fresh weight, stem fresh weight, leaf area, fruit weight, and SPAD ranked highest

Simmondsia chinensis [34], and cucumber [22] confirm
that high salinity levels cause a decline in shoot length.
Similar to these findings, our study demonstrated that
cucumber plant height and stem diameter were nega-
tively impacted by salt stress [22, 35]. Salinity-induced
osmotic stress disrupts water uptake, leading to growth
inhibition [36]. Non-halophyte species, including cucum-
ber, respond to salinity by reducing shoot and root bio-
mass [37]. This study observed growth suppression in
both non-grafted and self-grafted cucumbers, aligning
with previous research findings. Salt stress is known to
disturb nutrient uptake, particularly reducing nitro-
gen compounds, which is one of the major reasons for
reduced plant growth [22]. Additionally, leaf injury due to

impaired transpiration [38] and a decrease in the number
of leaves [39] were reported under salt stress conditions,
both of which negatively affect plant development. In this
study, stressed plants exhibited a decline in leaf number,
further corroborating these observations. Biomass reduc-
tion under salinity stress has been documented in beans
and cotton [40]. Similarly, our study and previous find-
ings [32] confirm that salt stress causes biomass reduc-
tion in cucumber. Since nutrient interactions primarily
control cucumber growth [41], grafting onto salt-tolerant
rootstocks may enhance growth by establishing a stron-
ger root system. Studies have demonstrated that root-
stocks with vigorous root systems enhance vegetable
growth under stress conditions, a trend that aligns with
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Fig. 14 Machine learning analysis of rootstock-specific responses under salinity. PCA showing partial separation among Cremna-, Devrim-, Kublai-, and
TZ148-grafted plants, with Kublai and TZ148 forming distinct clusters. Random Forest feature importance plot highlighting the traits most responsible for
distinguishing rootstocks, with fruit weight, leaf area, stem fresh weight, root fresh weight, and SPAD as the leading contributors

our results showing improved cucumber growth with
grafting under salinity stress [42, 43].

The negative effects of salinity stress on biomass accu-
mulation are widely reported. In some plants, high salt
concentrations significantly decrease dry weight [34],
while in others, such as Vicia faba, fresh and dry weights
increased under 240 mM salt conditions [33]. Simi-
lar increases in fresh and dry weights under salt stress
have been observed in Andriolo et al. [44] and Dantas
et al. [45]. However, in most studies, including ours, salt
stress resulted in significant reductions in fresh and dry
biomass [38, 46, 47]. This decline in cucumber root and
shoot biomass is primarily attributed to sodium ion accu-
mulation in leaves [22]. Furthermore, salt stress-induced
leaf number reduction negatively affects fresh and dry
weight values [30]. As observed in this study, biomass
reductions corresponded with a decrease in leaf num-
ber, highlighting the cumulative effect of salinity stress.
Salt-induced osmotic stress also affects photosynthesis,
as demonstrated by Munns and Tester [48]. While chlo-
rophyll a and b values increased under high salt condi-
tions in cucumber [49], most research, including ours,
shows that salt stress impairs cucumber growth by limit-
ing photosynthetic capacity [22]. Photosynthetic inhibi-
tion directly affects plant growth, as evidenced by SPAD
and PAR reductions under salt stress in this study. Our
results suggest that salinity stress differentially affected
photosynthetic parameters between the two cucumber
varieties. Previous studies confirm that grafting increases
photosynthetic activity under stress conditions [20], and
similar findings were obtained in our study. Grafting was
also reported to alleviate photoinhibition and improve
photosynthesis in salt-stressed cucumbers [50-52],

supporting our findings that grafting onto suitable root-
stocks enhances photosynthetic capacity under salt
stress.

Salinity stress increases reactive oxygen species (ROS)
production, leading to chlorophyll degradation, DNA
damage, and macromolecule disruption [53, 54]. These
genetic instabilities are detected by genomic template
stability (GTS) analysis, which measures DNA polymor-
phism in response to abiotic stress [14]. Previous studies
confirmed that GTS values fluctuate in different plant
species under abiotic stress conditions, including water-
cress, eggplant, and beans [55-57]. The genotoxic effect
of salinity has been demonstrated in various species
[12, 58-60]. In Andrographis paniculata, ISSR marker
analysis revealed a polymorphism rate of 59.65% under
100 mM salt stress [61]. Similarly, our study found 26%
polymorphism between control and salt-treated cucum-
ber plants. GTS variation in grafted cucumbers under
drought stress was previously reported to depend on the
rootstock-scion combination [14], and similar results
were observed in this study, indicating that salinity stress
alters the DNA profile of cucumbers.

Although transcript-level data were not included in
this study, the higher genomic template stability (GTS)
observed in TZ148-grafted plants aligns well with stress-
response mechanisms already documented in the lit-
erature cited in this manuscript. Salt stress is known to
induce ROS accumulation and oxidative DNA lesions,
including single- and double-strand breaks [8, 11]. These
lesions activate conserved repair pathways, such as
homologous recombination and non-homologous end-
joining [9], while excessive ROS can enhance genotoxicity
and band polymorphism [10]. Previous studies on grafted
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cucurbits have reported reduced ROS accumulation,
stronger antioxidant responses, and improved physio-
logical stability under stress [19, 51]. Together with ISSR-
based genotoxicity studies demonstrating that grafting
can modulate genomic stability [12], these mechanisms
provide a plausible explanation for the high GTS and
low GC values observed in TZ148-grafted plants. Future
studies incorporating qRT-PCR and methylation assays
will help validate these proposed molecular pathways.

The grafting combinations that showed the highest
genomic template stability (GTS), particularly TZ148/
Cagla and Cremna/Cagla, were also those that main-
tained superior physiological performance under salin-
ity, including higher SPAD values, RWC, and root—shoot
biomass. Although ISSR- and physiology-based mea-
surements were obtained from different subsamples and
therefore do not permit direct one-to-one correlation
analysis, the overall pattern across treatments clearly
indicates that higher genomic stability coincides with
improved physiological tolerance. Moreover, the machine
learning models identified SPAD, root and stem fresh
weight as the strongest predictors of salinity responses,
supporting the interpretation that genomic stability and
biomass—photosynthesis traits jointly contribute to graft-
ing-induced resilience.

Taken together, the ISSR and machine-learning results
also clarify rootstock-specific mechanisms for TZ2148 and
Kublai. TZ148-grafted plants, which displayed the high-
est GTS values and the lowest GC under salinity, concur-
rently maintained superior SPAD and RWC, indicating a
tolerance strategy centered on maintenance of genomic
integrity, mitigation of oxidative damage and preserva-
tion of chlorophyll function. By contrast, Kublai-grafted
combinations were consistently associated with greater
root and stem fresh weight under salt stress and with a
stronger contribution of biomass-related traits in the
RF feature-importance rankings, pointing to a growth-
driven mechanism based on enhanced root system vigor,
water uptake and nutrient supply. Thus, while both root-
stocks conferred high salinity tolerance, TZ148 predomi-
nantly stabilizes genomic and physiological processes,
whereas Kublai supports resilience through vigorous root
growth and biomass maintenance.

Ion homeostasis, particularly Na* exclusion and K*
retention, is a central component of plant responses to
salinity and strongly influences growth, photosynthesis
and water relations. In our grafted cucumbers, the combi-
nations that showed the highest tolerance (TZ148/Cagla
and Cremna/Cagla) also maintained superior SPAD val-
ues, RWC and root—shoot biomass under salt stress. Such
physiological patterns are typically observed when plants
limit Na* accumulation in sensitive tissues and sustain K*
supply to the shoot. The strong contribution of SPAD and
root/stem fresh weight to stress discrimination in the ML
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models is also consistent with an underlying improve-
ment in ionic balance. These results therefore suggest
that, in addition to osmotic adjustment and genomic sta-
bility, rootstock-mediated modulation of ion homeosta-
sis likely contributed to the enhanced salinity tolerance
observed in the present study.

A systematic comparison with previous research on
Cucurbita rootstocks further situates the present findings
within established salt-tolerance mechanisms. Numer-
ous studies have shown that Cucurbita maxima x C.
moschata rootstocks enhance salt tolerance in cucum-
bers by restricting Na* and CI” transport to the shoot
and maintaining higher K*/Na* ratios, thereby preserv-
ing photosynthetic capacity and leaf turgor [22, 51]. Oth-
ers have emphasized hormonal regulation—particularly
ABA-mediated stomatal control and cytokinin-mediated
shoot growth maintenance—as a central mechanism
driving grafting-induced resilience [20, 48]. Additional
work has demonstrated rootstock-dependent activation
of antioxidant pathways and ROS-scavenging enzymes,
which stabilize cell membranes and reduce chlorophyll
degradation under salinity [19, 53]. Our results are con-
sistent with these mechanistic patterns, as the most tol-
erant combinations (TZ148/Cagla and Cremna/Cagla)
exhibited superior SPAD, RWC, biomass allocation and
genomic stability under salt stress. However, unlike pre-
vious studies, the present work integrates these classical
physiological responses with ISSR-based genomic stabil-
ity metrics and machine-learning-derived trait prioritiza-
tion. This combined framework reveals that traits such as
root biomass, stem biomass and SPAD not only contrib-
ute to salt tolerance but also serve as the most influential
predictors across grafting combinations. Therefore, our
study extends earlier mechanistic models by providing
a multilevel perspective that links physiological perfor-
mance, genomic integrity and data-driven trait impor-
tance in grafted cucumber under salinity.

To enhance plant stress tolerance, strategies such as
breeding salt-tolerant varieties, soil reclamation, and
advanced agricultural practices like grafting have been
widely explored. Grafting has proven to be a powerful
tool for improving plant adaptation to adverse condi-
tions, as it enhances root vigor, nutrient uptake, water
absorption, and overall biomass production. This study
supports the hypothesis that grafted cucumber plants
can yield more under salinity stress compared to non-
grafted ones. Studies have also reported that interspe-
cific pumpkin hybrid rootstocks improve cucumber salt
tolerance [62]. In grafted cucurbits, Cucurbita maxima
x C. moschata rootstocks have been shown to restrict
Na* and CI" transport to the shoot, maintain higher K*/
Na* ratios, improve plant water status and stimulate anti-
oxidant defences, thereby preserving chlorophyll con-
tent and membrane integrity under salinity [22, 51]. In
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our study, TZ148- and Kublai-grafted combinations that
maintained higher SPAD, RWC and biomass under salt
stress likely benefited from similar mechanisms together
with their higher genomic stability. Our results there-
fore confirm that some rootstock varieties, particularly
interspecific hybrids of Cucurbita maxima x Cucurbita
moschata, are highly suitable for improving cucumber
growth under salinity stress. These findings emphasize
the importance of grafting in stress resilience strate-
gies, confirming that grafting onto suitable rootstocks
enhances cucumber tolerance to salt stress by maintain-
ing biomass production, photosynthetic capacity, and
genomic stability.

Physiological measurements in this study were inten-
tionally restricted to a single terminal time point (30 days
after the onset of 100 mM NaCl) in order to capture the
integrated and steady-state effects of prolonged salinity
on plant performance. This end-point assessment aligns
with the primary objective of the work, which was to
evaluate rootstock-mediated resilience under sustained
stress conditions and to link physiological performance
with ISSR-based genomic stability and machine-learning
models across all grafting combinations. However, this
design does not resolve the temporal dynamics of salt
stress, particularly the transition from the early osmotic
phase to the later ionic phase, and therefore represents
a limitation of the present study. Future experiments
should incorporate time-course measurements of key
traits (e.g., SPAD, RWC, root biomass) at multiple stages
(such as 5, 15 and 30 days) to dissect the progression of
rootstock-mediated responses and to refine the trait-
based and predictive frameworks proposed here.

This study provides novel insights into the contribu-
tion of grafting and rootstock selection to salt tolerance
in cucumber, combining classical physiological measure-
ments with advanced machine learning (ML) approaches.
The integration of PCA and RF enabled us to visualize
complex trait interactions and to identify the most deci-
sive variables contributing to salinity tolerance, grafting
effects, and rootstock-specific responses [63, 64]. Tra-
ditional analyses often emphasize individual traits such
as biomass reduction, chlorophyll content, or fruit yield
under salinity. However, our multivariate ML approach
demonstrated that the stress response is best understood
as an integrated trait complex. PCA clearly separated
control and salinity treatments, while RF highlighted root
fresh weight, stem biomass, and SPAD as the strongest
discriminators, confirming that salinity tolerance is a sys-
temic property with both above- and belowground traits
jointly determining resilience.

From a biological perspective, the high feature impor-
tance of root fresh weight and SPAD reflects a mechanis-
tically coherent pathway linking rootstock identity, root
system performance, canopy function and yield under
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salinity. Rootstocks that promote vigorous root growth
are expected to enhance water and nutrient uptake,
buffer osmotic and ionic stress in the rhizosphere, and
thereby support leaf turgor and metabolic activity. In our
experiment, grafted combinations with greater root bio-
mass under salinity also maintained higher SPAD, RWC
and shoot biomass, indicating that improved root func-
tioning supported sustained photosynthetic capacity and
growth. Thus, the RF rankings are consistent with a trait
sequence in which rootstock-induced enhancement of
root development stabilizes chlorophyll status and, ulti-
mately, fruit production under salt stress.

A major strength of ML-based regression models is
their ability to predict key agronomic outcomes and
reveal the relative importance of underlying traits. In our
study, fruit weight was predicted with high accuracy (R?
= 0.94), with biomass partitioning and leaf area emerg-
ing as dominant predictors. SPAD, a widely used non-
destructive indicator of chlorophyll content, was also
strongly predicted (R* = 0.95), underlining its role as a
physiological proxy for plant performance. SSC predic-
tion (R* = 0.84) highlighted fruit firmness and weight as
decisive quality-related traits. These predictive models
not only validated our experimental observations but also
demonstrated the potential of ML tools in breeding and
crop management by pinpointing trait combinations that
maximize yield and fruit quality under stress [65, 66].

Our findings also highlight the contribution of graft-
ing and ML-based trait prioritization to cucumber per-
formance under salinity. PCA revealed distinct clustering
among non-grafted, self-grafted and rootstock-grafted
plants, and RF consistently ranked root and stem fresh
weight, leaf area, fruit weight and SPAD as the most
influential traits differentiating both grafting types and
salinity responses. These features corroborate previous
reports that grafting with vigorous Cucurbita rootstocks
improves plant vigor, water relations and photosynthetic
stability under abiotic stress [67]. The predominance of
root-related traits in the RF models agrees with physi-
ological evidence that such rootstocks enhance water and
nutrient uptake, ion homeostasis and oxidative-stress
mitigation, while higher SPAD reflects better preserva-
tion of chlorophyll and photosynthetic capacity under
salinity [12, 22]. In line with previous ML-based studies
in cucumbers and other crops [68-70], our integrative
approach therefore confirms SPAD, biomass allocation
and fruit weight as key, biologically meaningful predic-
tors that can guide future rootstock screening and breed-
ing for salt-tolerant cucumber.

Conclusions

This study demonstrated that salt stress severely lim-
ited biomass, morphological growth, and physiological
performance in non-grafted and self-grafted cucumber
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plants. In contrast, grafting onto Cucurbita rootstocks
significantly enhanced tolerance by sustaining biomass
production, improving photosynthetic capacity, and
maintaining fruit quality under salinity. Rootstock-spe-
cific differences confirmed that careful selection is critical
for maximizing stress resilience. Importantly, machine
learning analyses identified SPAD, biomass allocation,
and fruit weight as the most decisive predictors of salin-
ity tolerance, providing an evidence-based framework for
trait prioritization. Overall, grafting with suitable root-
stocks, supported by advanced ML-based trait analysis,
represents a sustainable strategy to improve cucumber
yield and quality in salt-affected agricultural systems.
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