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ABSTRACT

The present study evaluates the effects of zinc oxide nanoparticles (ZnO-NPs) on growth in vitro, rooting induced and antioxidant status
using two cultivars of grapevine (Halwani and Kamali). The nodal explants (1.0-1.5 cm) were cultured on Murashige and Skoog (MS)
media with different concentrations of ZnO-NPs (0, 25, 50 and 100 mg L™'). Vegetative growth metrics, root system features (root length
and fresh weight for both shoot as well as root portions), leaf chlorophyll content, and antioxidant enzyme activities were assessed Six
weeks after planting. Interpretation of the results through MPN indicated that ZnO-NPs affected growth and physiological parameters in a
concentration dependent manner. Among the two cultivars ZnO-NP concentration (50 mg L™!) produced maximum shoot multiplication
rate, shoot length, number of leaves/plants, chlorophyll content, rooting efficiency as well as root formation and biomass accumulation. In
Halwani, the shoot multiplication rate was particularly high at 119% compared to untreated controls. In response to the two cultivars,
Halwani consistently yielded higher than Kamali in the same treatment. This suggests that higher concentration (100 mg L™ ZnO-NPs)
exposure significantly increased the activities of catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD), revealing oxidative
stress. Above results indicate that moderate levels of ZnO-NPs significantly improve the efficiency of micropropagation and vigor in
plants, while a relatively high concentration may cause phytotoxic effects. This led to identifying 50 mg L' ZnO-NPs as the most suitable
concentration for in vitro propagation of grapevine cultivars evaluated. As far as we are aware, this is the first research on how nano-ZnO

affects grapevine genotypes in Irag. The data also shows the experimental feasibility of ZnO-NPs and their application in grapevine
micropropagation systems.
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INTRODUCTION

Because grapevines (Vitis vinifera L.) may be used in a variety of industries, including fresh consumption, raisin
production, juice, and wine processing, they are one of the most commercially significant fruit crops in the world. In Irag and
other Middle Eastern countries, grapevine is one of the prominent agricultural products due to its adaptability and economic
return (Cakmak, 2008). Grapevine production is one of the vital parts of the horticultural industry in Iraq, especially in the
northern and central provinces with many traditional cultivars such as Halwani and Kamali because this fruit has economic
and nutritional value. One of the most significant fruit crops is the grape (V. vinifera L.), which is cultivated nearby for fresh
consumption as well as traditional goods, juice processing, and raisins (dried fruits).

Although grape is an important agricultural crop, the production of grapes in Iraq is constrained by some challenges such
as low productivity, stressful environment, and poor adoption of modern propagation technologies and decreased vineyard
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performance (Hussein and Zail, 2025). There is an urgent need to create creative strategies that concentrate on sustainable
techniques to boost grapevine propagation efficiency as well as plant vigor because recent studies have highlighted variations
and reductions in grape output and cultivated areas in Iraq (FAO, 2021). Propagation of crops using conventional means is
constrained due to factors such as poor multiplication rates, season dependency or transmission of pathogens. It has been
accepted that plant tissue culture techniques offer an effective method, and micropropagation is a fastest way of multiplying
large numbers in a short time period with considerable increase per unit (less than 6 months) along with production of
pathogen free as well genetically Uniform Planting Material which could be used for further Studies (Murashige and Skoog,
1962). Zinc (Zn) is an essential element required for many physiological and biochemical processes in plants, such as auxin
metabolism, protein synthesis, activator of enzymes, and chlorophyll formation (Sharma et al. Chlorosis and stunt growth,
impaired root development occur due to zinc deficiency (Broadley et al., 2007).

ZnO-NPs have been considered as a distinctive microelement that can be used to enhance plants through several
advancements in nanotechnology due mostly to their increased reactivity, elevated bioavailability and large surface area
relative conventional fertilizers (Raliya et al., 2018). According to the majority of research, applying ZnO-NPs at the right
doses might improve plant growth, nutrient uptake, and stress tolerance (Dimkpa et al., 2019). But the concentration of
nanoparticles is too critical for their effects. Lower concentrations can promote plant growth by stimulation through hermetic
responses, but at high concentrations they lead to phytotoxicity and oxidative stress also harmful effects such as damage of
cells (lavicoli et al., 2014). In addition to causing an excess of reactive oxygen species (ROS), nanoparticle-induced stress
also activates antioxidant defense mechanisms such as peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD)
(Gill and Tuteja, 2010). Although there is a considerable interest in these applications in plant systems, little information is
available on their effects on grapevines, especially those under in vitro conditions. In addition, the genotype specific response
to ZnO-NPs is still exposed. ZnO-NPs' impact on lIragi grapevine varieties in vitro has not yet been documented, though
(Kang et al., 2024). The agricultural use of ZnO-NPs in herbaceous plant species has been the subject of several researches,
but there is far less data available for woody fruit crops like grapevine, especially when cultivated in vitro.

Additionally, the responses of Iraqi grapevine cultivars to ZnO-NPs along with their genotypes is still unknown. As a
result, there is still a significant study gap regarding the concentration-dependent effects of ZnO-NPs on morphogenesis,
rooting behavior, and antioxidant responses in vitro grapes (Rossi et al., 2018). We have therefore hypothesized that
moderate concentrations of nanoparticles would accelerate shoot proliferation, rooting performance and physiological
efficiency by enhancing uptake, transfer, translocation and utilization capability for micros-nutrients along with the content
regulation of antioxidants to the limit at low levels because high concentration will cause oxidative stress to suppress growth
(Liu et al., 2022). So, this research studied the impacts of concentration-dependent additives by ZnO-NPs on in vitro
morphogenesis, rooting characteristics, chlorophyll accumulation, and antioxidant defense systems in two Iragi grapevine

cultivars (Halwani and Kamali) to find an optimal nanoparticle concentration for effective micropropagation.

MATERIALS AND METHODS

Plant Material and Explant Preparation

During the active vegetative growth season (Spring, March—April 2025), explants from young, actively growing shoots
exhibiting homogenous vigor and physiological performance were collected from one-year-old, healthy, disease-free mother
plants of V. vinifera L. cultivars Halwani & Kamali that were maintained at the experimental vineyard at the College of

Agriculture, University of Kirkuk, Irag. The collected able nodal segments (1.0-1.5 cm in length). Mother plants were grown
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under standard horticultural practices and selected for visual deficiency, pathogen infection, or abiotic stress symptoms to
guarantee physiological uniformity among the explant source and acceptable morphogenic response potential. To get rid of
dust and surface debris, the explants were rinsed three times under running water for thirty minutes. Using explants, a 30-
seconds aseptic excision and surface sterilization with 70% (v/v) ethanol for 30 second and finally by 1.5% (w/v) sodium
hypochlorite solution with Tween-20 (2—-3 drops per 100 mL) for a time that varied from 15 minutes for nodal segments. Prior

to culture, all explants were washed five times with sterile distilled water to remove any remaining sterilizing agent.

Culture Medium and Nanoparticle Treatment

The culture medium consisted of Murashige and Skoog (MS) basal medium (Murashige and Skoog, 1962). This was
supplemented with 30 g L! sucrose and 7 g L' agar as a gelling agent. The mixture was autoclaved for 20 min at 1.04 kg
cm? and 121°C after adjusting pH to 5.8. To enhance the shoot multiplication and rooting, 1.0 mg of L' 6-
benzylaminopurine (BAP) and indole-3-butyric acid (IBA), were added separately to the media for multiplication and rooting

respectively

ZnO Nanoparticle Characterization

Commercial zinc oxide nanoparticles (ZnO-NPs) were obtained from Sigma-Aldrich. According to the manufacturer's
specifications, the nanoparticles had a nominal particle size of <50 nm and a purity of 99.9%. These specifications were used
as provided by the manufacturer, and no independent physicochemical characterization of the nanoparticles was performed in
the present study.

Culture Conditions
Aseptically cultured in glass test tubes (25 mmx150 mm) 15 ml of Medium Cultures were grown under fluorescent tubes
with cool white bulbs at a controlled growth room, 25 + 2 °C and photoperiod: (16/8 h light/dark) approximately3000 Ix.

Experimental Design and Statistical Analysis

ZnO-NPs concentration (0, 25, 50, and 100 mg L) and grapevine cultivar (Halwani and Kamali) were the experimental
components in a two-factor factorial experiment set up in fully randomized design (CRD) for analysis of variance. The
experiments were composed of three biological replicates, each containing ten explants.
Data measured were subjected to two-way analysis of variance (ANOVA) for primary and interaction effects of cultivar and
ZnO-NPs concentration, using SPSS software version 26.0 (IBM Corp., Armonk, NY, USA). The homogeneity of variance
and normality assumptions were met prior to performing an ANOVA, by using the arcsine square-root transform on % data.
Multiple comparisons: Duncan's multiple range test P < 0.05 between treatment means. All tables show mean £ SE data.

Growth and Morphological Parameters

After six weeks, post-culture measurements were made. These comprised chlorophyll content (SPAD-502 chlorophyll
meter; soil plant analysis development), shoot length (cm), number of leaves per explant, and shoot dry weight (g) after oven-
drying the samples at 70 °C for 48 hours.

Rooting Parameters
Data on the rooting percentage (%), number of roots per explant, longest root length (cm) and dry weight (g) of roots.
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Antioxidant Enzyme Assays

Fresh leaf tissues (0.5 g) were homogenized in 50% (v/v) phosphate buffer (50 mM, pH 7.0; containing ammonium
sulfate), and then centrifuged at 12,000 rpm for 15 min at 4 °C before used for the enzyme tests. The SOD activity and its
specific activity were determined by the method of Beauchamp and Fridovich (1971); CAT activity was measured using the
Aebi (1984), according to Chance and Maehly (1955). Enzyme assays were conducted on each sample, and specific activities

were reported as U mg™! of protein.

RESULTS AND DISCUSSION

Vegetative Growth Responses

To evaluate this, Table 1's results demonstrate that ZnO-NPs concentration, cultivar type, and their interaction had a
substantial (P < 0.05) impact on all of the evaluated in vitro growth and physiological parameters. A clear dose-dependent
response trend was found in both cultivars, where low to moderate concentrations of ZnO-NPs (25 and 50 mg L)
significantly improved micropropagation efficiency, compared with the control (0 mg L), and declined at high
concentration (100 mg L™). The multiplication rate, shoot length (cm), number of leaves per plant, shoot dry weight, and
chlorophyll content (SPAD units) of both cultivars were all raised by 50 mg L' ZnO-NPs. In Halwani, the highest responses
at this concentration were 4.6 (manipulation rate), 7.2 cm (shoot length), 11.4 leaves per plant, 0.42 g (shoot dry weight), and
in addition to that recorded value of SPAD readings is represented by number of values equal to 44.9.

On the other hand, using higher concentrations of 100 mg L™ reduced all active traits, however they still had higher
values than control for all traits compared to that determined for optimum treatment. Untreated control (0 mg L) always
showed the lower performance in both cultivars.

At the cultivar level, relative to Kamali under all ZnO-NPs treatments Halwani recorded significantly higher values
indicating its superior genotypic response on growth vigor, biomass accumulation and chlorophyll content. Conclusions The
results indicated that there was a highly significant cultivar x ZnO-NPs interaction and 50 mg L' concentration was

determined as the best for in vitro growth and physiological performance of both cultivars.

Table (1) Interactive Effect of ZnO Nanoparticles and Cultivar on in vitro Shoot Proliferation and Physiological Traits of Grapevine

Cultivar ZnO-Il?[ E))S (mg Multiplication Rate Shoo(tcrl;gngth Lea;)\llgztp er 3\23;?& Ch(lsogz%h)yll
0 2.1d 3.4d 52d 0.18d 28.4d
. 25 38b 59b 8.6b 031b 36.7b
Halwani 50 46a 72a 114a 042a 449a
100 32¢ 48¢ 73¢ 027¢ 341c
0 19d 3.1d 48d 0.16d 276d
Kamali 25 34b 5.4b 8.1b 0.29b 35.8b
50 41a 6.8a 106a 039a 423a
100 29¢ 45¢ 69¢c 0.25¢ 334c¢

Duncan's Multiple Range Test indicates that means denoted by different letters within each column are substantially different a P < 0.05.

Rooting Characteristics
Table 2 illustrates that all the rooting parameters examined such as rooting percentage, root number, root length and root
dry weight were significantly influenced by ZnO-NPs concentration and cultivar type. In both cultivars showed a clear dose-
dependent response, where root performance for the two ZnO-NPs low —moderate and higher levels (25-50 mg L) was
significantly better than the control (0 mg L™'). On the other hand, the highest concentration (100 mgL™) tends to be
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decrease. At 50 mg L' ZnO-NPs, the rooting efficiency was highest in both cultivars (Halwani: 94%, Kamali: 89%), where
Halwani performed better than Kamali with a higher number of roots per explant (Halwani: 8.4, Kamali: 7.6), longest root
(Halwani; 6.9 cm, Kamali 6.2 cm) and root dry weight (0.27 g for Halwani;0.24 g for Kamali). These results suggest that 50
mg L' was the optimum concentration to promote root induction and development in vitro.

However, further increasing ZnO-NPs concentration to 100 mg L™ exhibited clear decreases in all rooting parameters in
comparison with the optimal treatment (50 mg L") for both cultivars, but still higher than control. The untreated control (0
mg L) showed the lowest rooting performance, confirming the beneficial effect of ZnO-NPs at sufficient doses.

On the genotypic level, Halwani showed better rooting performance than Kamali for all treatments (higher rooting
percentage, number and length of roots produced and root biomass). This suggests a cultivar- and ZnO-NPs-dependent
response which is likely an indication of inherent genetic differences in rooting potential and physiological responsiveness.

A highly significant cultivar x ZnO-NPs interaction was detected, demonstrating genotype-dependent responses to

nanoparticle application. The concentration of 50 mg L™ ZnO-NPs was consistently produced superior rooting responses,

confirming its suitability as the optimum dose for in vitro root induction and development in both grapevine cultivars.

Table (2) ZnO nanoparticles and cultivar interaction on grapevine rooting and root development traits in vitro

Cultivar ZnO-NPs (mg L) Rooting (%) Number of Roots  Longest Root (cm) ng%[h?g)
0 62d 3.1d 2.4d 0.09d
) 25 81lb 58b 46b 0.18b
Halwani 50 % a 8.4 2 6.92 0.27a
100 73¢c 49c 3.8¢ 0.15c
0 58d 2.8d 2.1d 0.08d
. 25 77b 51b 4.2b 0.16 b
Kamall 50 89a 76a 62a 0.24a
100 69 c 44c 34c 0.13c

Duncan's Multiple Range Test indicates that means denoted by different letters within each column are substantially different at P < 0.05.

Compared with 0 mg L7, the addition of ZnO-NPs improved the in vitro growth, rooting and physiological performance
of the two Iragi grapevine varieties more significantly at 50 mg L™. The stimulatory effects at 50 mg L' ZnO-NPs might be
linked to the important responsibility of zinc biosynthesis of chlorophyll, metabolism of auxin, activation of enzymes and cell
division which together drive shoot proliferation and biomass accumulation (Broadley et al., 2007; Marschner, 2012).
Moderate concentrations of ZnO-NP lead to similar beneficial effects on plant growth and morphogenesis in several
horticultural and tissue culture studies (Dimkpa et al., 2019; Raliya et al., 2018; Zulfigar et al., 2019).

The increase in chlorophyll content and vegetative growth at 50 mg L' presented a significant improvement, which
indicates enhanced photosynthetic efficiency and nutrient absorption under ideal nanoparticle exposure. The high surface area
and enhanced reactivity of ZnO-NPs entail a greater bioavailability and stimulate metabolic processes (Singh et al., 2021).
Moreover, the enhanced rooting responses noticed in this follow may be caused by some links between zinc and tryptophan
biosynthesis or auxin biosynthetic pathways, which are associated with root initiation and elongation course of Tripathi et al.
(2017).
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Antioxidant Enzyme Activities

SOD, CAT, and POD activities were significantly (P < 0.05) impacted by ZnO-NP concentration and cultivar type, as
Table 3 illustrates. As ZnO-NPs concentrations rose during treatment, all enzymatic activities in both kinds showed a
consistently increasing trend, indicating dose-dependent activation of the antioxidant defense system.

In both cultivars, the enzyme activity peaked at 100 mg L™ ZnO-NPs. According to Table 2, Halwani's SOD, CAT, and
POD activities were 89 U mg™' protein, 38 U mg™" protein, and 30 U mg™' protein, respectively. Kamali's SOD, CAT, and
POD activities were lower but comparable to Halwani's, measuring 84 U mg™* protein, 35 U mg™, and 27 U mg*. The
findings therefore imply that ZnO-NP causes a redox imbalance because, at greater doses, antioxidant defense systems are
strongly activated. Conversely, the control treatment (0 mg L) resulted in significantly reduced enzymatic activities, where
Halwani had SOD, CAT, and POD of 45,18,12 U mg™! protein respectively and Kamali produced slightly lower values of
these enzymes (42,16, and 11Umg 'protein). All antioxidant enzyme activity gradually increased at intermediate ZnO-NP
doses (25 and 50 mg L), indicating a progressive physiological response to nanoparticle stress.

Results revealed that Halwani exhibited generally higher antioxidant enzyme activities than Kamali for all the applied
ZnO-NPs treatments. The findings show a clear concentration-dependent response of antioxidant enzyme activity in the two
genotypes used, as well as a significant cultivar x treatment interaction indicating that physiological differences exist

between the two grape genotypes due to NPs-induced oxidative stress response.

Table (3) Effect of ZnO nanoparticles on antioxidant enzyme activities of two grapevine cultivars under in vitro conditions

Cultivar ZnO-NPs (mg L) SOD (U mg™ protein) CAT (U mg* protein) POD (U mg* protein)
0 45d 18d 12d
. 25 6lc 24c 17¢
Halwani 50 72b 29b 21b
100 89a 38a 30a
0 42d 16d 11d
) 25 58 ¢ 22¢ 16 ¢
Kamali 50 69 b 27b 19b
100 84a 35a 27a

Duncan's Multiple Range Test indicates that means denoted by different letters within each column are substantially different ar P < 0.05.

On the other hand, larger doses of ZnO-NPs (100 mg L) significantly increased SOD, CAT, and POD activities while
decreasing growth and rooting characteristics, indicating that the nanoparticles caused oxidative stress. Reactive oxygen
species (ROS) overproduction brought on by nanoparticle overload might damage membranes and exacerbate metabolic
disorders (Gill and Tuteja, 2010; lavicoli et al., 2014). Recent reports have demonstrated comparable concentration-
dependent phytotoxic responses of ZnO-NPs on grapevine and other woody species grown under in vitro conditions (Faizan
et al., 2021; Latef et al., 2023). The gradual increment in antioxidant enzyme activities with rising ZnO-NP concentrations
shows that plant defence system has been activated to combat oxidative stress. Evidences of better SOD, CAT and POD
activities against nanoparticles are ubiquitous as markers of toxicity mitigation mechanisms in cells primarily via the
scavenging of ROS further assisting adaptation to stress (Hasan et al., 2021; Khan et al., 2022). However, we show that too
high numbers of nanoparticles in the system trigger growth inhibition through excessive activation of antioxidant systems,
thereby which supports the hermetic nature of nanoparticle responses.

In result, it was discovered that ZnO-NPs were more effective in stimulating growth in Halwani than Kamali, most likely

as a result of the genetic diversity inherent in ZnO-NPs responsiveness between cultivars. Comparative physiological
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adjustments and cultivar-specific tolerance of nanoparticle application are previously reported for other fruit crops and tissue
culture systems (Rajput et al., 2022). In general, the current results support the idea that moderate concentrations of ZnO-NP
can serve as efficient nano-biostimulators in grapevine micropropagation, while at higher concentrations they become
phytotoxic and induce oxidative stress. Hence, the accurate dosage optimization of nanoparticles is vital for safe and efficient
usage in plant tissue culture systems.

CONCLUSIONS

The present study demonstrated that ZnO-NP supplementation significantly influenced grapevine growth, rooting
capacity, and antioxidant responses under in vitro conditions, with the magnitude of the response varying according to
nanoparticle concentration and cultivar. Among the concentrations evaluated, 50 mg L™ ZnO-NPs produced the most
favorable overall response, significantly enhancing shoot proliferation, shoot elongation, chlorophyll accumulation, rooting
efficiency, and biomass production in both grapevine cultivars. In contrast, exposure to 100 mg L™ ZnO-NPs appeared to
impose oxidative stress, as indicated by the enhanced activities of antioxidant enzymes, including superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD), suggesting a stress-induced defensive response at the higher concentration.
The results further revealed that the Halwani cultivar exhibited a greater response to ZnO-NPs than Kamali, indicating that
the physiological response and tolerance to nanoparticle exposure may be influenced by the genetic background of the
cultivar. Overall, these findings suggest that ZnO-NPs have potential as nano-enabled biostimulants for improving grapevine
micropropagation when applied at appropriate concentrations. In particular, the beneficial effects observed at 50 mg L™
highlight the importance of optimizing nanoparticle concentration to maximize morphogenic responses while minimizing
potential phytotoxic effects. To the best of our knowledge, this study provides initial evidence regarding the application of
ZnO-NPs to Iragi grapevine cultivars under in vitro conditions and may contribute to the development of nanotechnology-

assisted strategies for more efficient and sustainable grapevine micropropagation.
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