
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Coşkun et al. BMC Plant Biology         (2025) 25:1348 
https://doi.org/10.1186/s12870-025-07287-y

BMC Plant Biology

*Correspondence:
Ömer Faruk Coşkun
omerfaruk.coskun@mku.edu.tr

Full list of author information is available at the end of the article

Abstract
Background  Zinc (Zn) is an essential micronutrient for plant growth and development, yet excessive or deficient 
Zn levels can disrupt physiological processes and reduce yield by impairing photosynthesis, nutrient uptake, and 
antioxidant balance. Grafting has been proposed as a promising strategy to enhance plant resilience against abiotic 
stresses, including heavy metal toxicity, by improving root system efficiency, regulating hormone signaling, and 
enhancing antioxidant defense. This study aimed to investigate the effects of grafting and different rootstocks on 
mineral uptake, biochemical responses, and metabolic adjustments in cucumber (Cucumis sativus L.) plants exposed 
to zinc stress under controlled greenhouse conditions.

Results  Under zinc-deficient conditions, manganese (Mn) content increased to 26.3 mg/kg in plants grafted onto 
the TZ148 rootstock, which was approximately 135% higher than in non-grafted plants (11.2 mg/kg). At 10 ppm Zn, 
catalase (CAT) activity reached 300 units in TZ148-grafted plants (22% higher), while superoxide dismutase (SOD) 
activity peaked at 760 units in Maximus-grafted plants (53% higher), relative to non-grafted controls. Proline content 
peaked under 50 ppm Zn, especially in TZ148-Çağla and non-grafted plants, indicating a strong osmotic adjustment 
response. At 50 ppm Zn, vitamin C content reached 0.12 units in TZ148-grafted plants (50% higher than non-grafted 
plants). Under zinc deficiency, gallic acid content in the Maximus-Çağla combination increased from 1.8 to 2.4 units, 
corresponding to a 33% increase compared to the control. Correlation analysis revealed strong positive associations, 
such as between gallic acid and quercetin (r = 0.91) and between delphinidin-3-glucoside and petunidin-3-glucoside 
(r = 0.98), indicating coordinated regulation of related metabolic pathways.

Conclusions  The results demonstrate that grafting, especially using the TZ148 rootstock, enhances cucumber 
tolerance to zinc stress by improving mineral uptake, boosting antioxidant enzyme activities, and promoting the 
accumulation of stress-related metabolites such as proline, phenolics, and anthocyanins. Rootstock selection, 
especially TZ148 and Maximus, represents an effective strategy for improving cucumber productivity and quality in 
Zn-stressed environments, contributing to sustainable agricultural practices.
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Introduction
Environmental stresses are among the primary limiting 
factors for plant growth and productivity. Among these, 
heavy metal contamination has become increasingly 
concerning because of its widespread presence in agri-
cultural soils, primarily as a result of industrial activities, 
urbanization, and the excessive use of agrochemicals [1]. 
Both essential and non-essential mineral elements may 
accumulate in soils through fertilizers, pesticides, and 
industrial waste, thereby disrupting soil-plant interac-
tions and crop performance [2].

Zinc (Zn) is an essential micronutrient involved in 
numerous physiological and biochemical processes, 
including carbohydrate metabolism and the activation of 
several key enzymes such as dehydrogenases, aldolases, 
and DNA and RNA polymerases [3]. It also contributes 
to maintaining membrane stability and regulating antiox-
idant defenses under stress conditions [4]. However, like 
many other heavy metals, Zn exhibits a narrow optimal 
concentration range; when present in excess, it becomes 
toxic to plants by inducing oxidative stress and a nutrient 
imbalance [5]. High Zn availability in the rhizosphere can 
reduce the uptake of other essential micronutrients such 
as iron (Fe), manganese (Mn), and copper (Cu) by affect-
ing membrane transport processes and modifying the 
soil pH buffering capacity [6]. Zn toxicity can also impair 
photosynthetic capacity, inhibit Fe uptake, and alter chlo-
roplast structure, ultimately resulting in growth inhibi-
tion and physiological dysfunction [6].

The recognition of the adverse effects of heavy metals 
on plant performance and human health has intensified 
efforts to understand their behavior in agroecosystems 
and to develop effective mitigation strategies. Plants nat-
urally possess adaptive mechanisms such as the activa-
tion of antioxidant systems, reinforcement of cell walls, 
and associations with mycorrhizal fungi to limit the 
damage caused by heavy metal toxicity [1, 6]. Additional 
strategies include vacuolar sequestration of metals and 
synthesis of chelating molecules such as phytochelatins 
[7]. Strengthening such defense responses in agricultural 
crops is crucial for maintaining yield stability and ensure 
environmental sustainability. In recent years, grafting has 
emerged as a promising approach for enhancing plant 
tolerance to abiotic stresses, including heavy metal tox-
icity [8, 9]. Grafting involves the union of two different 
plant segments: the rootstock, responsible for water and 
nutrient uptake, and the scion, which contributes to pho-
tosynthesis and fruit production [10]. This technique not 
only improves plant vigor but also enhances resistance 
to environmental stresses through rootstock-mediated 

physiological and biochemical modifications [11]. Recent 
advances show that grafting enhances stress tolerance at 
both physiological and molecular levels, including modu-
lation of antioxidant pathways, hormonal signaling, and 
gene expression associated with stress responses [8, 12, 
13]. Additionally, grafting has been reported to mitigate 
heavy metal translocation in crops while maintaining 
nutrient balance, thereby preserving photosynthetic effi-
ciency under stress [14]. In cucumber (Cucumis sativus 
L.), a major horticultural crop with a global production 
exceeding 97 million tons annually [15], grafting is com-
monly performed using Cucurbita species as rootstocks 
due to their robust root systems and tolerance to various 
soil-borne stresses, including heavy metal contamina-
tion [16]. It has been reported that certain rootstocks can 
restrict the translocation of toxic elements such as Zn 
from roots to shoots, thereby reducing oxidative damage 
and improving plant resilience [10].

Despite the economic importance of cucumber and 
the increasing prevalence of soil Zn contamination, 
there remains a significant knowledge gap regarding the 
physiological responses of grafted cucumber plants to 
Zn stress. Moreover, limited data are available on the 
comparative performance of different rootstocks under 
Zn toxicity. Therefore, this study aims to investigate the 
effects of zinc stress on nutrient uptake, oxidative stress 
responses, and metabolic processes in cucumber plants 
grafted onto different rootstocks. The primary objec-
tive is to evaluate the ability of these rootstocks to alle-
viate zinc-induced nutrient imbalances and oxidative 
damage. The findings are expected to provide valuable 
insights into the use of grafting as a sustainable strategy 
for improving crop performance in Zn-stressed environ-
ments, particularly in regions facing micronutrient toxic-
ity or deficiency in soils.

Materials and methods
This research was conducted during the summer and fall 
of 2023 in a controlled greenhouse at the Faculty of Agri-
culture, Hatay Mustafa Kemal University. The greenhouse 
conditions, including average temperature (25 ± 2 °C) and 
average relative humidity (70 ± 5%), were monitored daily 
and maintained as consistently as possible throughout 
the experiment. The experiment was arranged in a facto-
rial design (4 zinc levels × 5 grafting combinations) using 
a Completely Randomized Design (CRD) with three 
replicates per treatment. Non-grafted cucumber plants 
served as the control group, while grafting was applied 
to both self-grafted and heterologous rootstock combi-
nations. All plant materials used in the experiment were 
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cultivated varieties sourced from certified commercial 
suppliers. The scion cultivar used in this study was Çağla 
(mini cucumber type), selected for its commercial impor-
tance and known graft compatibility, and the rootstocks 
employed were Cremna, Maximus, and TZ148. The scion 
cultivar (Cucumis sativus L. cv. Çağla, mini cucumber 
type) was obtained from Smyrna Seeds (İzmir, Türkiye). 
The rootstocks used in this study were Cremna F1 (pro-
vided by Seminis, a Bayer Crop Science company), TZ148 
(obtained from HM.Clause), and Maximus F1 (provided 
by Syngenta), selected for their strong root systems, resis-
tance to Fusarium spp. and other soil-borne pathogens, 
and adaptability to various abiotic stresses. All three are 
commercially available interspecific hybrids derived from 
Cucurbita maxima × C. moschata.

To ensure optimal graft compatibility, the cucumber 
scion seeds were sown four days earlier than the root-
stock seeds. Grafting was carried out using the single 
cotyledon inclined-cut method, and the grafted seedlings 
underwent an acclimatization phase under high humid-
ity and low light conditions. Following successful healing, 
the seedlings were transferred to 8-liter hydroponic con-
tainers. The plants were subjected to four different zinc 
treatments: control (0.05 ppm Zn, ZnC), zinc deficiency 
(Zn−), and zinc excess (10 ppm and 50 ppm Zn, denoted 
as Zn10 and Zn50, respectively). The nutrient solution, 
prepared according to a modified Hoagland and Arnon 
[17] formulation, contained all essential macro- and 
micronutrients and was adjusted for zinc levels accord-
ing to the treatments. The experimental period lasted for 
four weeks after transplanting.

Mineral Element Profiling
 Plant samples were collected at the end of the 4-week 
zinc treatment period, corresponding to 28 days after 
transplanting, with no intermediate sampling points. Fol-
lowing harvesting, samples were either snap-frozen in 
liquid nitrogen for biochemical analyses or oven-dried at 
65 °C for mineral determination. For the analysis of nitro-
gen (N), phosphorus (P), potassium (K), calcium (Ca), 
manganese (Mn), and copper (Cu), 100 mg of dried plant 
tissue was boiled in 5 mL of Milli-Q water, filtered, and 
analyzed by high-performance liquid chromatography 
(HPLC) as described previously [18].

Analysis of Antioxidant Enzymes and Lipid Peroxidation
 The level of lipid peroxidation was quantified by measur-
ing malondialdehyde (MDA) content using the thiobarbi-
turic acid (TBA) method. Enzyme activities of peroxidase 
(POD), superoxide dismutase (SOD), and catalase (CAT) 
were measured in protein extracts prepared with phos-
phate buffer (pH 7.0). CAT activity was determined based 
on the rate of hydrogen peroxide decomposition, while 
SOD activity was measured via inhibition of nitro-blue 

tetrazolium (NBT) reduction at 560 nm [19]. All spectro-
photometric measurements were carried out using a Shi-
madzu 1208 UV spectrophotometer.

Hormone Analysis
 Plant hormone levels were analyzed following the pro-
tocol of Kuraishi et al., 1991 [20]. Leaf and root tissues 
were homogenized and purified using Sep-Pak C-18 
cartridges. Hormonal compounds were eluted with 80% 
methanol and analyzed by HPLC using a Zorbax Eclipse-
AAA C-18 column. The detection wavelength was set at 
265 nm for quantification of gibberellic acid (GA₃), sali-
cylic acid (SA), indole acetic acid (IAA), and abscisic acid 
(ABA) [21].

Phenolic Compounds Analysis
 Homogenized fruit samples were prepared for the deter-
mination of phenolic compounds including gallic acid, 
vanillic acid, trans-p-coumaric acid, ferulic acid, quer-
cetin, and rutin. Quantification was performed using an 
Agilent 1100 HPLC system following established proto-
cols [22].

Organic Acid Profiling
 Plant samples collected at 28 days after transplanting 
were analyzed for organic acids such as oxalic, propionic, 
tartaric, butyric, malic, and lactic acids. The analysis was 
conducted using an Agilent 1200 HPLC system, with 
detection carried out at a wavelength of 220 nm [23].

Amino Acid Profiling
 One gram of lyophilized plant tissue was dissolved in 
0.1 M hydrochloric acid and sonicated to extract amino 
acids. The resulting supernatant was derivatized with 
o-phthaldialdehyde (OPA) and analyzed by HPLC using 
a C18 reverse-phase column as described in the literature 
[24].

Anthocyanin Profiling
  Anthocyanin content in plant tissues was determined 
using a modified version of the HPLC method described 
by Durst and Wrolstad, 2001 [25]. The analysis was 
conducted with Agilent ChemStation software, and 
anthocyanin concentrations were calculated based on 
comparisons of retention times with known standards.

Statistical Analysis
 Statistical analyses were performed using SAS software 
(version 9.1) and SPSS software (version 17.0). A signifi-
cance level of p < 0.01 and p < 0.001 was applied for all 
tests. Each treatment group consisted of three biological 
replicates (n = 3), with 10 plants per replicate. Data were 
subjected to analysis of variance (ANOVA), and mean 
comparisons were conducted using Duncan’s multiple 
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range test. Correlation analyses were also performed to 
examine relationships among variables.

Results
Effect of zinc levels and grafting status on element 
accumulation
The application of varying zinc (Zn) levels in combina-
tion with different grafting strategies significantly influ-
enced the accumulation of macro- and microelements in 
cucumber plants. Zn deficiency (Zn−) markedly reduced 
the uptake of essential elements, particularly manganese 
(Mn) and copper (Cu), in non-grafted plants. Under 
Zn − conditions, Mn content in non-grafted plants was 
11.2 mg/kg, while Cu decreased to 2.02 mg/kg. In con-
trast, TZ148-grafted plants maintained Mn levels at 
26.3 mg/kg and Ca content at 1.05 g/kg, representing a 
substantial increase compared to non-grafted controls. 
Cremna-grafted plants also showed moderate improve-
ments, especially in Cu (2.83 mg/kg) and N (0.96 g/kg) 
accumulation. Under ZnC (control) conditions, TZ148-
grafted plants exhibited the highest Ca (1.23 g/kg) and 
N (1.18  g/kg) contents among all treatments. When 
exposed to excess Zn (Zn10 and Zn50), the differences 

between grafted and non-grafted plants became more 
pronounced. TZ148-grafted plants reached 59.8  mg/kg 
Mn and 8.65 mg/kg Cu under Zn10, while non-grafted 
plants recorded 52.1  mg/kg Mn and 8.02  mg/kg Cu. P 
content in TZ148-grafted plants peaked at 54.2  mg/kg 
under Zn50, compared to 48.1  mg/kg in non-grafted 
plants. K content was also highest in TZ148 (8.31  mg/
kg) under Zn50. Maximus rootstock performed particu-
larly well in Mn and Cu accumulation under Zn toxicity, 
with Mn reaching 57.6 mg/kg and Cu 9.02 mg/kg under 
Zn10. Cremna’s improvements were less pronounced 
overall but still contributed to higher Cu and N levels 
compared to non-grafted plants under Zn stress. Over-
all, grafted plants—especially TZ148—maintained more 
balanced mineral profiles under both Zn deficiency and 
excess. TZ148 exhibited superior uptake of N, Mn, P, 
and K, indicating strong nutrient acquisition and redis-
tribution capacity under Zn stress. Maximus followed 
closely for Mn and Cu, while Cremna offered moderate 
benefits. These results confirm that rootstock genotype 
plays a critical role in modulating nutrient uptake effi-
ciency and homeostasis in cucumber under zinc stress 
(Fig. 1).

Fig. 1  Effect of grafting on element content in cucumber under zinc stress
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Effect of zinc levels and grafting status on antioxidant 
enzyme activity
Antioxidant enzyme activities varied markedly with 
Zn treatments and grafting status. Under Zn deficiency 
(Zn−), CAT and SOD activities were highest in TZ148-
grafted plants, reaching 320 units and 1250 units, 
respectively, compared to 260 units and 1020 units in 
non-grafted controls. POX activity under Zn − was also 
substantially greater in TZ148-grafted plants (15,800 
units) than in non-grafted plants (2,300 units), indicat-
ing stronger antioxidant capacity. Under Zn10, enzyme 
activities remained relatively high in grafted combina-
tions, particularly TZ148 (300 CAT units, 1200 SOD 
units, 16,200 POX units) and Maximus (290 CAT units, 
1180 SOD units, 14,900 POX units). At Zn50, non-
grafted plants exhibited slightly higher CAT activity (285 
units) than most grafted plants, whereas grafted plants—
especially TZ148—maintained high POX levels (17,500 
units) and elevated SOD activity (1150 units), suggesting 
a shift towards alternative antioxidant pathways. Oxida-
tive stress markers confirmed these trends. H₂O₂ content 
varied little between Zn− (18–21 units) and ZnC treat-
ments (20–22 units), but under Zn50 it was highest in 
non-grafted plants (48 units), while TZ148-grafted plants 

limited accumulation to 30 units. MDA content peaked 
under Zn50 in non-grafted plants (24.5 units) and was 
markedly lower in TZ148-grafted plants (16.2 units), 
indicating reduced lipid peroxidation. Proline accumu-
lation was highest under Zn50 in TZ148-grafted plants 
(0.85 units) and non-grafted plants (0.75 units), cor-
responding to an 13% increase over control, supporting 
enhanced osmoprotective responses in grafted combina-
tions (Fig. 2).

Effect of zinc stress on hormonal changes and the role of 
grafting
Zinc availability markedly influenced the endogenous 
hormone profiles of cucumber plants, with grafting sta-
tus playing a critical role in modulating these responses. 
Under zinc deficiency (Zn−), reductions were observed 
in key phytohormones such as indole-3-acetic acid 
(IAA), abscisic acid (ABA), cytokinins, jasmonic acid 
(JA), vitamin C, and vitamin E across all genotypes. In 
non-grafted plants, IAA levels decreased to 0.10 units, 
whereas TZ148-grafted plants maintained significantly 
higher levels at 0.18 units. ABA concentrations in non-
grafted plants were 5,000 units, while TZ148-grafted 
plants retained slightly higher values (5,500 units). 

Fig. 2  Effect of grafting on antioxidant enzyme content in cucumber under zinc stress
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Cytokinin levels were 0.28 units in non-grafted plants 
compared to 0.35 units in TZ148-grafted plants, indi-
cating a rootstock-mediated stabilization of hormonal 
status under micronutrient stress. As Zn availability 
increased (ZnC, Zn10, Zn50), hormone concentrations 
rose, particularly in grafted plants. Under ZnC, TZ148-
grafted plants reached 0.24 units IAA, 5,200 units ABA, 
and 0.35 units cytokinins. In Zn10 treatments, IAA 
increased to 0.32 units in TZ148-grafted plants, with 
ABA levels of 5,500 units and cytokinins at 0.45 units. 
Under Zn50 conditions, IAA levels peaked at 0.36 units 
in TZ148-grafted plants, representing a 3.6-fold increase 
compared to Zn − in non-grafted controls. Cytokinin 
content reached 1.10 units in TZ148-grafted plants, 
while Maximus-grafted plants exhibited elevated cytoki-
nin concentrations between 0.80 and 1.00 units. Jasmonic 
acid (JA), a hormone linked to stress signaling, rose with 
increasing Zn levels. In non-grafted plants, JA increased 
from 1.15 units under Zn − to 1.50 units under Zn50. In 
contrast, Maximus-grafted plants reached 2.00 units JA 
under Zn50, while TZ148-grafted plants had 1.85 units. 
Vitamin C content was generally stable across treatments 
but showed slight increases under Zn50, with TZ148-
grafted plants reaching 0.135 units compared to 0.125 
units in non-grafted plants. Vitamin E content followed 

a similar trend, with non-grafted plants increasing from 
0.15 units under Zn − to 0.175 units under Zn50, and 
TZ148-grafted plants increasing from 0.15 units to 0.18 
units over the same range. In terms of ABA regulation, 
non-grafted plants maintained values close to 5,000 units 
across Zn treatments, whereas grafted plants—particu-
larly TZ148—showed a moderate increase under high 
Zn, reaching 6,800 units at Zn50. Cremna-grafted plants 
displayed intermediate hormonal profiles, with cytoki-
nin values ranging between 0.50 and 0.70 units across Zn 
treatments (Fig 3).

Effect of zinc levels and grafting status on phenolic 
compound accumulation
Zinc stress markedly affected the accumulation of phe-
nolic compounds, with grafted plants generally main-
taining higher concentrations than non-grafted ones 
under both deficiency and toxicity conditions. Under 
Zn deficiency (Zn−), gallic acid content was 1.8 µg/g in 
TZ148-grafted, 2.0  µg/g in Cremna-grafted, 1.9  µg/g in 
Maximus-grafted, 1.7  µg/g in self-grafted, and 1.8  µg/g 
in non-grafted plants. Vanillic acid ranged from 4.0 µg/g 
in Maximus-grafted to 4.8 µg/g in TZ148-grafted plants. 
Trans-p-coumaric acid content varied between 1.8  µg/g 
(Maximus-grafted) and 2.1  µg/g (TZ148-grafted), while 

Fig. 3  Effect of grafting on hormone content in cucumber under zinc stress
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ferulic acid levels were lowest in Maximus-grafted plants 
(1.8 µg/g) and highest in TZ148-grafted plants (2.2 µg/g). 
Under Zn50 treatment, phenolic compound levels 
increased sharply. Gallic acid reached 4.7 µg/g in TZ148-
grafted plants, 4.4  µg/g in Cremna-grafted, 4.5  µg/g in 
Maximus-grafted, 4.3  µg/g in self-grafted, and 4.1  µg/g 
in non-grafted plants. Vanillic acid peaked at 8.6 µg/g in 
Maximus-grafted plants, followed by TZ148-grafted at 
8.0 µg/g. Trans-p-coumaric acid reached 6.7 µg/g in self-
grafted and 6.6 µg/g in TZ148-grafted plants. Ferulic acid 
content was highest in non-grafted plants (9.1 µg/g) and 
TZ148-grafted plants (8.3 µg/g). Flavonoid accumulation 
was also stimulated under Zn50. Quercetin levels peaked 
at 8.2 µg/g in self-grafted plants, followed by 7.9 µg/g in 
Cremna-grafted and 7.8 µg/g in Maximus-grafted plants. 
Rutin content was highest in self-grafted plants (5.9 µg/g) 
and Cremna-grafted plants (5.8 µg/g) (Fig 4).

Effect of zinc levels and grafting status on organic acid 
contents
Zinc availability significantly affected organic acid 
metabolism in cucumber plants, with distinct responses 
observed among grafted and non-grafted geno-
types. Under Zn deficiency (Zn−), a general reduc-
tion in organic acid accumulation was evident across all 

treatments. In TZ148-grafted plants, oxalic acid levels 
decreased to 18.0 mg/g under Zn − but rose to 30.0 mg/g 
under Zn50, representing a 40% increase with Zn tox-
icity. Similarly, lactic acid content in Maximus-grafted 
plants increased from 15.0 mg/g under Zn − to 24.0 mg/g 
under Zn50, suggesting that elevated Zn levels stimu-
late the biosynthesis or accumulation of key organic 
acids. Butyric acid content showed substantial variation 
among genotypes. Under Zn50, Maximus-grafted plants 
recorded the highest butyric acid levels at 34.0  mg/g, 
indicating a marked increase compared to both Zn − and 
ZnC conditions. Propionic acid concentrations also fol-
lowed an upward trend, rising from 18.0  mg/g under 
Zn − to 31.0 mg/g under Zn50 in Cremna-grafted plants. 
The accumulation of malic acid was notably higher in 
Maximus-grafted plants under Zn10 (19.0  mg/g) com-
pared to non-grafted plants (10.0  mg/g), suggesting an 
enhanced carbon flow toward the tricarboxylic acid 
cycle and related pathways. Additionally, lactic acid con-
tent in TZ148-grafted plants was 5% higher under Zn50 
compared to non-grafted plants, reflecting improved 
metabolic activity under stress (Fig. 5). Overall, the data 
indicate that grafted plants, particularly those grafted 
onto Maximus and TZ148, exhibited superior organic 
acid responses under Zn stress. These organic acids are 

Fig. 4  Effect of grafting on phenol content in cucumber under zinc stress

 



Page 8 of 15Coşkun et al. BMC Plant Biology         (2025) 25:1348 

known to play crucial roles in metal chelation, pH regula-
tion, and cellular redox buffering.

Effect of zinc levels and grafting status on amino acid 
content
Zinc stress markedly altered the amino acid profile of 
cucumber plants, with grafted combinations generally 
maintaining higher concentrations than non-grafted 
controls. Under Zn deficiency (Zn−), aspartate con-
tent in non-grafted plants was 455 µmol L⁻¹, whereas 
TZ148- and Maximus-grafted plants accumulated 560 
µmol L⁻¹ and 540 µmol L⁻¹, respectively. Glutamate levels 
in non-grafted plants were 190 µmol L⁻¹, while TZ148- 
and Maximus-grafted plants reached 255 µmol L⁻¹ and 
250 µmol L⁻¹, respectively. Tryptophan content under 
Zn − was 280 µmol L⁻¹ in non-grafted plants, increas-
ing to 500 µmol L⁻¹ in Cremna-grafted plants and 480 
µmol L⁻¹ in Maximus-grafted plants under Zn50. Phe-
nylalanine content under Zn − was 780 µmol L⁻¹ in Max-
imus-grafted plants and 800 µmol L⁻¹ in Cremna-grafted 
plants, compared to 620 µmol L⁻¹ in non-grafted con-
trols. Under Zn toxicity (Zn50), aspartate levels reached 
680 µmol L⁻¹ in TZ148-grafted plants and 660 µmol L⁻¹ 
in Maximus-grafted plants but remained at 510 µmol L⁻¹ 
in non-grafted plants. Arginine content peaked at 430 

µmol L⁻¹ in Maximus-grafted plants, while non-grafted 
plants contained 370 µmol L⁻¹. Methionine concentra-
tions under Zn50 were 200 µmol L⁻¹ in TZ148-grafted 
plants compared to 170 µmol L⁻¹ in non-grafted plants. 
These results indicate that grafted plants, particularly 
those grafted onto TZ148 and Maximus, are more effec-
tive in sustaining or enhancing amino acid synthesis 
under both Zn deficiency and toxicity, supporting their 
improved metabolic resilience under stress (Fig 6).

Effect of zinc levels and grafting status on anthocyanin 
profile
Zinc stress and grafting significantly affected antho-
cyanin accumulation, with clear genotype-dependent 
differences. Under Zn deficiency (Zn−), anthocyanin 
biosynthesis was reduced in all plants; however, TZ148-
grafted plants maintained comparatively higher delphin-
idin-3-glucoside (1.8%) and cyanidin-3-glucoside (1.2%) 
than non-grafted controls (1.5% and 0.8%, respectively). 
High zinc (Zn50) markedly stimulated anthocyanin accu-
mulation, with delphinidin-3-glucoside reaching 5.2% 
in TZ148-grafted and 5.0% in Maximus-grafted plants 
versus 4.8% in non-grafted plants. Petunidin-3-gluco-
side peaked at 12.0% in TZ148-grafted plants, while 
peonidin-3-glucoside reached 110% relative absorbance 

Fig. 5  Effect of grafting on organic acid content in cucumber under zinc stress
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in self-grafted plants and 105% in non-grafted plants. 
Malvidin-3-glucoside content was highest in non-
grafted plants (88%) under Zn50, followed closely by 
TZ148-grafted (82%) and Maximus-grafted (80%) plants. 
Peonidin-3-glucoside acetyl content peaked at 100% in 
non-grafted plants under Zn50, while TZ148-grafted 
plants reached 92%. Grafting consistently enhanced 
anthocyanin stability and content, with TZ148 show-
ing the strongest response, followed by Maximus and 
Cremna. Self-grafted plants displayed intermediate val-
ues, suggesting a general grafting-induced stimulation of 
flavonoid metabolism (Fig 7).

Correlations among biochemical markers
Correlation analysis was conducted to identify potential 
interactions and co-regulation among key biochemi-
cal traits influenced by zinc stress and grafting. The 
resulting heatmap revealed strong associations between 
several oxidative stress-related parameters, osmopro-
tectants, and secondary metabolites, highlighting the 
integrated nature of the plant’s stress response system 
(Fig.  8). The most pronounced positive correlation was 
observed between malondialdehyde (MDA) and hydro-
gen peroxide (H₂O₂) (r = 0.78), reflecting their common 

role as markers of oxidative damage. Proline content 
also showed a positive correlation with H₂O₂ (r = 0.38), 
suggesting that osmoprotectant accumulation is linked 
to oxidative stress signaling. In contrast, catalase (CAT) 
and superoxide dismutase (SOD) exhibited a weak nega-
tive correlation (r = − 0.22), indicating that their activi-
ties may not be directly co-regulated under zinc stress. 
Negative correlations were also evident. Abscisic acid 
(ABA) and cytokinins displayed an inverse relationship 
(r = − 0.55), consistent with their antagonistic roles in 
stress and growth regulation. A moderate negative cor-
relation was detected between potassium (K⁺) and MDA 
(r = − 0.35), implying that K⁺ homeostasis may mitigate 
oxidative lipid damage. Additionally, calcium (Ca²⁺) and 
proline showed a negative correlation (r = − 0.42), sug-
gesting possible crosstalk between calcium signaling and 
osmotic adjustment mechanisms. Phenolic compounds 
demonstrated highly coordinated behavior. For example, 
gallic acid and quercetin exhibited a correlation coeffi-
cient of r = 0.92, while ferulic acid and vanillic acid were 
strongly correlated (r = 0.85), indicating shared regula-
tory pathways in secondary metabolism. Similarly, rutin 
and quercetin (r = 0.88) also displayed strong co-accu-
mulation trends. Organic acids also showed significant 

Fig. 6  Effect of grafting on amino acid content in cucumber under zinc stress
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associations; tartaric acid and malic acid were positively 
correlated (r = 0.85), reflecting linked roles in energy 
metabolism and pH buffering. Oxalic acid and malic acid 
(r = 0.80) as well as lactic acid and butyric acid (r = 0.77) 
further supported this metabolic connectivity. In con-
trast, several weak correlations pointed to independently 
regulated traits. Tryptophan and H₂O₂ (r = 0.05) and argi-
nine and vitamin C (r = 0.11) had negligible associations, 
suggesting distinct regulation patterns. Similarly, methio-
nine and CAT (r = − 0.08) showed almost no relationship. 
Overall, these findings highlight the complexity of physi-
ological responses under zinc stress and demonstrate the 
value of correlation analysis in revealing potential inter-
action networks among biochemical parameters.

Discussion
Heavy metal pollution, particularly involving elements 
such as zinc, is a major environmental challenge that 
adversely affects plant growth, metabolism, and pro-
ductivity by causing oxidative damage, disrupting nutri-
ent balance, and inhibiting physiological processes [26]. 
In response, plants have evolved a variety of defense 
mechanisms to mitigate the toxic effects of heavy met-
als. One such strategy, grafting, has emerged as a prom-
ising agronomic technique to improve plant resilience, 

productivity, and overall physiological performance 
under stressful conditions [27]. The present study pro-
vides compelling evidence supporting the efficacy of C. 
maxima × C. moschata hybrid rootstocks in mitigat-
ing Zn-induced stress in cucumber plants by enhanc-
ing nutrient uptake, maintaining oxidative balance, and 
regulating stress-related metabolic pathways. These 
rootstocks not only contributed to stress tolerance but 
also positively influenced phytochemical accumulation, 
nutrient uptake, and oxidative balance [28]. The observed 
benefits of grafting in this study are consistent with pre-
vious reports involving other crops, such as watermelon 
[29] and tomato [30], where grafted plants demonstrated 
enhanced resistance to heavy metal-induced stress. For 
instance, the reduction of cadmium accumulation in 
grafted tomato plants highlights the potential of specific 
rootstocks in minimizing heavy metal translocation and 
enhancing plant defense mechanisms [31]. The variability 
in response among different rootstocks emphasizes the 
critical role of genotype selection in tailoring rootstock-
scion combinations for optimal stress adaptation [32].

Nutrient uptake and transport processes in grafted 
plants are modulated by complex interactions between 
rootstock and scion, encompassing long-distance sig-
naling pathways and rootstock-specific ion regulation 

Fig. 7  Effect of grafting on anthocyanin content in cucumber under zinc stress
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mechanisms [33]. Certain rootstocks exhibit the capac-
ity to sequester heavy metals in root tissues, effectively 
reducing their translocation to aerial parts and limit-
ing toxicity [34]. Since Zn is primarily translocated from 
roots to leaves, rootstock selection becomes pivotal in 
managing Zn uptake and distribution [35]. In this context, 
our findings indicate that as Zn stress levels increased, the 
concentrations of Mn, Cu, P, and K generally increased, 
while Ca and N showed variable responses depending on 
rootstock and Zn level, with notable declines observed 
in non-grafted plants, suggesting an ion imbalance asso-
ciated with metal stress. This pattern aligns with earlier 
studies reporting grafting-mediated improvements in 
potassium uptake in cucumbers [36] and enhanced mac-
ronutrient acquisition through specific rootstocks [16]. 
The superior performance of TZ148 and Maximus in 

maintaining mineral homeostasis under high Zn stress 
conditions confirms their potential as effective tools for 
nutrient management. An important component of root-
stock-induced stress tolerance is the enhancement of anti-
oxidant defense systems [37]. Grafted plants activate both 
enzymatic (e.g., APX, CAT, SOD) and non-enzymatic 
(e.g., ascorbate, glutathione, carotenoids, tocopherols) 
antioxidant systems to scavenge reactive oxygen species 
(ROS) and minimize oxidative damage. In our study, the 
rise in oxidative stress markers such as H₂O₂ and MDA 
under Zn deficiency was accompanied by a compensatory 
increase in proline levels which functions as an osmopro-
tectant, stabilizes proteins and membranes, and scavenges 
ROS, particularly in grafted combinations like TZ148-
Cağla. TZ148-grafted plants exhibited higher POX activ-
ity under Zn−, reinforcing the notion that rootstocks 

Fig. 8  Correlation Heatmap of Biochemical Parameters in Stress Response
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bolster ROS detoxification pathways. The increased SOD 
activity observed in this study aligns well with the find-
ings of earlier studies [38], supporting the role of grafting 
in strengthening antioxidant defense. In a similar vein, Liu 
et al. [39] reported elevated SOD and CAT activity as well 
as proline accumulation in grafted tobacco plants under 
abiotic stress. Under Zn deficiency, impaired Zn-depen-
dent enzyme function (e.g., Cu/Zn-SOD) can intensify 
ROS generation, triggering compensatory upregulation 
of antioxidant enzymes like POX and SOD. This aligns 
with findings in grafted cucumber where drought stress 
enhanced both gene expression and enzyme activity of 
antioxidants [40]. In contrast, under Zn excess, displace-
ment of essential cofactors by Zn and disrupted photo-
synthetic electron transport can overwhelm antioxidant 
systems and reduce enzyme efficiency—consistent with 
observations in other abiotic stress contexts where graft-
ing modulates stress-responsive gene expression and anti-
oxidant pathways [8, 41].

The present results also demonstrated that MDA lev-
els, a key indicator of lipid peroxidation, rose under 
Zn stress but were significantly lower in grafted plants 
under both Zn10 and Zn50 treatments, with the stron-
gest reduction observed in TZ148-grafted plants at Zn50. 
This observation is consistent with earlier findings show-
ing a decrease in MDA concentrations in grafted plants 
under moderate metal stress [32]. Enhanced CAT activ-
ity under Zn10, particularly in TZ148-grafted plants, 
underscores the importance of catalase in ROS detoxifi-
cation and stress tolerance—a function well-documented 
in prior research [42]. In contrast, under excessive Zn 
(Zn50), displacement of essential cations such as Mg²⁺, 
Fe²⁺, and Mn²⁺ from active sites of antioxidant enzymes 
can lead to partial enzyme inactivation. High Zn levels 
may also inhibit chlorophyll biosynthesis and photosyn-
thetic electron transport, promoting photo-oxidative 
stress and overwhelming the plant’s antioxidant capac-
ity, which explains the reduced POX and SOD activities 
and elevated oxidative stress markers observed in this 
study. Hormonal regulation plays a crucial role in plant 
adaptation to stress. Rootstocks can influence hormonal 
crosstalk and metabolic pathways, including stomatal 
conductance (via ABA) and leaf senescence (via cyto-
kinins) [43]. The role of IAA in sustaining meristematic 
activity and ABA in promoting antioxidant enzyme syn-
thesis and stress-responsive gene expression has been 
widely established. Our findings confirm that under Zn 
stress, grafted plants, particularly those with TZ148 root-
stock, maintained elevated ABA levels which is known to 
trigger antioxidant enzyme synthesis, regulate stomatal 
closure, and activate stress-responsive genes. Elevated 
ABA levels in these plants likely contributed to improved 
osmotic adjustment and stress tolerance. Hormone syn-
thesis and precursor allocation, which are regulated at 

the rootstock level, influence the plant’s capacity to with-
stand metal stress. Grafting has been shown to modulate 
hormonal crosstalk, including interactions among auxin, 
cytokinin, and ethylene, at early stages of graft union for-
mation [44]. Such complex hormonal signaling suggests 
that ABA regulation under Zn stress may similarly be 
influenced by rootstock-mediated modulation of hor-
mone activity. Declining ABA under high Zn could result 
from inhibition of biosynthetic pathways or disruption 
of signaling networks, which warrants further targeted 
research.

In non-grafted plants, increased Zn stress was associ-
ated with inconsistent trends in hormone levels, includ-
ing elevated IAA and cytokinins but reduced ABA under 
certain conditions [45]. The decline in ABA under high 
Zn stress may be due to Zn-induced inhibition of key 
enzymes in the ABA biosynthetic pathway, such as 9-cis-
epoxycarotenoid dioxygenase (NCED), or altered carot-
enoid metabolism. Additionally, membrane damage and 
disrupted water relations under Zn toxicity can impair 
root-to-shoot ABA transport, leading to suboptimal sto-
matal regulation and greater oxidative stress. In contrast, 
TZ148-grafted plants displayed more stable hormonal 
responses, particularly with respect to ABA, whose lev-
els remained high across Zn stress gradients. ABA is 
known to regulate stress-responsive genes that mitigate 
the osmotic and oxidative damage caused by abiotic 
stressors [46], and previous studies have shown that ABA 
concentrations increase in cucumber leaves exposed to 
environmental stress [47]. Our results corroborate this, 
as grafted plants exhibited significantly higher ABA lev-
els under Zn50, supporting the role of ABA biosynthe-
sis in graft-mediated stress amelioration. Hormonal 
stability and flexibility in grafted plants under Zn stress 
were markedly higher compared to non-grafted con-
trols. TZ148 consistently maintained or increased levels 
of stress-responsive hormones such as ABA, IAA, and 
cytokinins, reflecting superior hormonal homeostasis. 
Maximus rootstock also demonstrated effective modula-
tion of stress-associated hormones, especially jasmonic 
acid (JA), which peaked under high Zn conditions. This 
suggests that JA-mediated pathways contribute to the 
enhanced defense capacity conferred by Maximus.

The synthesis and accumulation of phenolic com-
pounds are also crucial for plant defense under metal 
stress. The type and abundance of phenolics are deter-
mined by genotype, grafting strategy, and environmental 
stress intensity. In our study, grafted plants maintained 
higher levels of total phenolic compounds than non-
grafted ones under Zn stress. Notably, flavonoids and 
related polyphenols, including gallic acid, quercetin, feru-
lic acid, and rutin, were elevated in TZ148- and Maxi-
mus-grafted plants, even at Zn50. These molecules play 
a non-enzymatic antioxidant role by neutralizing ROS 
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and inhibiting lipid peroxidation. Flavonoids contribute 
to stress mitigation by chelating heavy metals, regulating 
stomatal function, and enhancing water retention [48]. 
Their antioxidant activity involves suppression of ROS 
generation and stabilization of cell membranes. While 
heavy metal toxicity may inhibit flavonoid biosynthesis 
at extreme concentrations [49], our findings show that 
grafted plants were capable of sustaining high flavonoid 
levels even under elevated Zn stress. In contrast, non-
grafted plants showed increased phenolic accumula-
tion under Zn10, but this increase was less pronounced 
than in grafted plants and did not extend to Zn50, except 
for ferulic acid, which remained elevated. In support of 
these findings, a previous study on squash reported a 
29.54% reduction in flavonoid content following expo-
sure to 50  mg/kg cadmium [50]. The contrasting trend 
observed in this study, wherein grafted cucumber plants 
maintained or even increased flavonoid and anthocyanin 
content under high Zn stress, underscores the protective 
effect of robust rootstocks. The activation of the phen-
ylpropanoid pathway under metal stress enhances bio-
synthesis of key phenolic acids, including caffeic, gallic, 
ferulic, cinnamic, malic, and vanillic acids [51]. Anthocy-
anins—such as cyanidin, petunidin, and delphinidin—are 
known to chelate metals via hydroxyl groups, contribut-
ing further to the antioxidant system [52]. Their synthesis 
is often regulated at the transcriptional level by stress-
induced expression of biosynthetic genes, providing an 
additional layer of defense under metal toxicity [53]. For 
example, anthocyanin accumulation has been reported 
to alleviate cadmium stress in wheat [54] and peaked in 
tomato leaves treated with 100 µM Cr [55]. In our study, 
although anthocyanin levels declined in non-grafted 
plants under Zn50, grafted plants—especially those 
grafted onto TZ148—maintained elevated concentra-
tions of key anthocyanins, including delphinidin-3-glu-
coside, petunidin-3-glucoside, and cyanidin-3-glucoside, 
even under Zn50 stress. These findings clearly indicate 
that grafting improves anthocyanin accumulation by 
stimulating the phenylpropanoid pathway and increasing 
the activity of key biosynthetic enzymes and enhances 
zinc stress tolerance in cucumbers [56]. Thus, the selec-
tion of appropriate rootstocks such as TZ148 and Maxi-
mus plays a critical role in optimizing physiological and 
biochemical traits to improve cucumber productivity 
under heavy metal stress. The integrative effects on min-
eral uptake, antioxidative capacity, hormonal balance, 
and secondary metabolite biosynthesis confirm the util-
ity of grafting as a sustainable agronomic strategy for 
managing heavy metal contamination in agricultural sys-
tems. These integrative effects align with recent findings 
demonstrating that grafting enhances stress tolerance 

in cucumbers and other crops via coordinated improve-
ments in nutrient uptake, antioxidant defense, hormonal 
homeostasis, and secondary metabolite biosynthesis [40, 
57, 58].

Conclusion
This study demonstrates that grafting is an effective 
strategy to mitigate zinc stress in cucumber by enhanc-
ing nutrient acquisition, maintaining metabolic and hor-
monal balance, and strengthening antioxidative defense 
mechanisms, thereby supporting its potential as a sus-
tainable approach to manage heavy metal contamina-
tion. Among the tested rootstocks, Cucurbita maxima 
× C. moschata hybrids TZ148 and Maximus significantly 
improved physiological and biochemical resilience under 
both zinc-deficient and zinc-toxic conditions, confirm-
ing their potential for commercial use in stress-prone 
production systems. In particular, TZ148 consistently 
exhibited superior performance by maintaining mineral 
homeostasis, reducing oxidative damage, and promoting 
the accumulation of protective compounds such as pro-
line, phenolics, and anthocyanins. These findings high-
light the pivotal role of rootstock selection in conferring 
stress resilience, offering a practical approach for opti-
mizing cucumber production in areas affected by heavy 
metal exposure. Grafting onto stress-tolerant rootstocks 
not only contributes to crop productivity but also offers 
a sustainable agronomic practice for reducing the nega-
tive impacts of soil contamination in intensive agricul-
tural systems. Future research should focus on evaluating 
the long-term efficacy of such grafting strategies under 
field conditions, and on identifying specific molecular 
and genetic markers linked to rootstock-mediated zinc 
stress tolerance, which could guide breeding programs 
for stress-resilient cucurbits. Such insights will be instru-
mental in breeding and deploying elite rootstocks tailored 
to specific environmental constraints. Overall, the take-
home message is that selecting stress-tolerant rootstocks 
such as TZ148 and Maximus can substantially improve 
cucumber productivity and quality in zinc-stressed envi-
ronments, contributing to sustainable agriculture.
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