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Abstract

Germination ability and seedling development of grape (Vitis vinifera L.) seeds show
significant differences depending on cultivar characteristics and germination conditions,
and this situation is known to create significant difficulties in grape breeding programs and
vegetative propagation. In this study, we explored the effects of different concentrations of
sodium nitroprusside (SNP; 500–3000 ppm) and gibberellic acid (GA3) on seed germination
and seedling growth in several grape cultivars. Our findings show that cultivar, treatment
type, and their interaction had significant effects on both germination and growth. The
5 BB rootstock stood out with consistently high germination rates, reaching up to 95%
with 1500 ppm SNP. Overall, SNP treatments outperformed both the control and GA3

applications, although the most effective concentration differed by cultivar. The most
beneficial SNP doses ranged between 1000 and 3000 ppm, with 1500 ppm yielding the
highest improvement, up to a 21.6% increase compared to the control. Notably, the ‘Çeliksu’
cultivar responded strongly to SNP, while ‘Rizpem’ showed weak germination, regardless
of treatment. Seedling growth, as measured by plant height and node number, was also
influenced by both treatment and cultivar, with 5 BB again showing the most robust
development. Multivariate analyses revealed strong correlations across germination dates
and growth traits. Higher SNP concentrations (1500–3000 ppm) consistently promoted
better germination and seedling vigor than GA3 and untreated controls. These results
highlight the importance of considering cultivar-specific responses and suggest that well-
calibrated SNP applications could be a valuable tool for improving seed-based propagation
in grape breeding programs.

Keywords: Vitis vinifera; Vitis labrusca; SNP dose; GA3 effect; seedling growth

1. Introduction
More than 90% of the grape cultivars grown in Turkey belong to Vitis vinifera L. and

its hybrids, which dominate national viticulture due to their historical, commercial, and
agronomic significance [1]. However, V. vinifera cultivars exhibit pronounced susceptibility
to foliar diseases such as downy and powdery mildew, especially under the humid summer
conditions prevalent in the Black Sea region [2,3]. This vulnerability restricts their culti-
vation in these ecological zones, necessitating the exploration and adoption of alternative
grapevine species better adapted to the climatic conditions of this region. Among these
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alternatives, Vitis labrusca L. has gained significant attention due to its superior adaptability
to humid environments, robust disease resistance, and desirable fruit traits [4]. The species
is characterized by thick-skinned berries, a pronounced “foxy” aroma, high seed content,
and elevated antioxidant capacity, which make it suitable for both fresh consumption and
processing industries [5,6]. Furthermore, its inherent resistance to fungal pathogens like
Plasmopara viticola and Uncinula necator provides a distinct advantage in reducing reliance
on chemical plant protection agents [7]. As a result of local selection programs, five V. labr-
usca cultivars (‘Rizessi’, ‘Rizpem’, ‘Ülkemiz’, ‘Çeliksu’, and ‘Rizellim’) have been officially
registered in the province of Rize, Turkey [8]. These cultivars represent a valuable genetic
pool for future breeding strategies aimed at improving grapevine resilience and fruit qual-
ity in challenging climatic regions. Given the importance of these traits for adaptation to
various environmental stresses, the ability to propagate these cultivars effectively becomes
critical. To utilize this genetic potential effectively in breeding programs, appropriate
propagation techniques are essential.

One of these techniques, seed propagation, remains a foundational method in
grapevine breeding, particularly for the generation of segregating populations in inter-
specific hybridization programs [8,9]. However, the success of such breeding efforts is
highly dependent on the viability and germinability of seeds, which are often limited by
strong physiological dormancy in grapevine seeds [10]. This dormancy is defined as the
failure of a viable seed to germinate under optimal environmental conditions, primarily
due to seed-coat impermeability, underdeveloped embryos, or imbalances in endogenous
hormone levels [11]. To overcome seed dormancy, several physical, chemical, and hor-
monal pre-treatments have been employed, such as cold stratification, scarification, and
the application of plant growth regulators like GA3 [12,13]. GA3, in particular, is widely
used for its proven ability to stimulate germination by promoting enzymatic degradation
of seed endosperm and enhancing embryo elongation [14,15]. Nevertheless, excessive
doses of GA3 may lead to undesirable outcomes, such as abnormal seedling growth or
suppressed root development, thereby compromising overall plant quality [16]. In recent
years, on the other hand, the role of signaling molecules such as nitric oxide (NO) in
plant developmental and stress response mechanisms has garnered increasing interest.
NO, a reactive free radical gas, functions as a critical regulator in various physiological
processes, including seed dormancy release, germination, root development, and flower-
ing [17,18]. Sodium nitroprusside (SNP), a commonly used NO donor, has been shown
to effectively alleviate seed dormancy in several plant species by modulating hormonal
balance (e.g., enhancing GA/ABA ratio), weakening seed-coat barriers, and stimulating
ethylene biosynthesis [19,20]. Studies also indicate that NO interacts with reactive oxygen
species (ROS), enhancing antioxidant responses that further facilitate successful germina-
tion [6]. These multifaceted roles of NO underscore its potential application in viticulture
to improve seed germination rates and seedling vigor, especially in cultivars exhibiting
strong dormancy traits.

Thus, evaluating the effects of SNP at various concentrations on grape seed germina-
tion and seedling development can provide essential insights for breeding programs. Such
research not only contributes to our understanding of dormancy regulation in grape seeds
but also offers practical implications for improving propagation efficiency in Vitis labrusca
cultivars selected under the agroecological conditions of the Black Sea region. Given the
challenges posed by seed dormancy in grapevine breeding programs, especially under
humid, temperate climates, tailored approaches are essential. Therefore, comparative
assessments of seed germination across different cultivars and treatments can provide valu-
able insights for the optimization of propagation strategies. In this regard, the present study
aims to evaluate the germination performance of seeds from five Vitis labrusca cultivars
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(‘Rizessi’, ‘Rizpem’, ‘Ülkemiz’, ‘Çeliksu’, and ‘Rizellim’), Vitis vinifera L. cultivar ‘Alphonse
Lavallée’, and the 5 BB rootstock. This study compares the effects of different concentra-
tions of sodium nitroprusside (SNP) on grape seed germination with two conventional
methods: 60-day cold stratification and 1000 ppm GA3 application. Our objectives were
(I) to evaluate how SNP doses affect the germination rate, viability, emergence, seedling
length, and node number; (II) to compare SNP treatments with standard stratification
and GA3 application; and (III) to identify cultivar-specific responses to SNP and support
selection in breeding efforts.

2. Materials and Methods
Plant Material
This study employed seeds from five Vitis labrusca L. cultivars (‘Rizessi’, ‘Rizpem’,

‘Ülkemiz’, ‘Çeliksu’, and ‘Rizellim’) registered in 2016 [7], one Vitis vinifera L. cultivar
(‘Alphonse Lavallèe’), and the 5 BB rootstock (V. berlandieri × V. riparia) (Figure 1).

 
Figure 1. Images of the grape cultivars selected for use in the seed germination trial and the processes
of manually removing and drying the seeds from the berries, preparing the solution, and applying it
to the seeds.

This study employed seeds from five V. labrusca L. cultivars (‘Rizessi’, ‘Rizpem’,
‘Ülkemiz’, ‘Rizellim’, and ‘Çeliksu’), one V. vinifera L. cultivar (‘Alphonse Lavallèe’), and
one rootstock (5 BB). The V. labrusca cultivars were harvested from the foundation vineyard
of the Department of Horticulture at Ondokuz Mayıs University (OMU), while ‘Alphonse
Lavallèe’ and 5 BB rootstock were obtained from the vineyards of the Tokat Gaziosmanpaşa
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University (TOGU) Application and Research Center. Seeds from all V. labrusca cultivars
were harvested simultaneously in the final week of September 2020, while ‘Alphonse
Lavallèe’ and 5 BB rootstock were collected in October 2020. The time between harvest-
ing and germination trial initiation was approximately 4 months for V. labrusca cultivars
and 3 months for ‘Alphonse Lavallèe’ and 5 BB rootstock. Seed characteristics varied
among genotypes: V. labrusca cultivars typically contained 2–3 seeds per berry, ‘Alphonse
Lavallèe’ contained 3–4 seeds per berry (with an average berry weight of 6 g), and 5 BB
rootstock produced smaller fruits with 1–2 seeds per berry. Seeds were extracted manually
from berries, washed thoroughly with tap water, dried at room temperature (22 ± 2 ◦C)
for 48 h, and stored in sealed glass jars at +4 ◦C until stratification began in January
2021. The ‘Rizessi’ cultivar produces dark bluish–black berries with an average produc-
tivity of 10.69 kg per vine. ‘Rizpem’ yields medium-sized, pink to dark-reddish–purple
berries at 5.51 kg per vine. ‘Ülkemiz’ features large bluish–black berries with average
vine productivity of 4.93 kg. ‘Rizellim’ exhibits a high average yield of 11.43 kg per vine,
while ‘Çeliksu’ yields 7.95 kg per vine [7]. The V. vinifera cultivar ‘Alphonse Lavallèe’
forms large (400–600 g), conical clusters with purplish–black berries, typically yielding
1400–1600 kg/ha, with maturity occurring between late August and early September [7].
The 5 BB rootstock (V. berlandieri × V. riparia) is known for vigorous growth, nematode
resistance, and tolerance to 20% active lime [7].

Methods
Seed Stratification
The seeds were stored dry at +4 ◦C in sealed jars immediately after harvest in October

2020. However, the actual stratification process began later, on 25 January 2021, to ensure
a defined cold, moist stratification period necessary to break seed dormancy effectively.
Moist stratification simulates natural winter conditions by maintaining seeds in a moist
medium at low temperature, which enhances germination. Thus, dry cold storage served
as temporary preservation, while moist stratification was conducted separately for 60 days
at +4 ◦C, with moisture levels checked and replenished every 15 days as needed [21].

Seed Viability Test
After completing the 60-day moist stratification period on 25 March 2021, seeds were

carefully separated from the perlite using a sieve and thoroughly rinsed with tap water.
The viability of seeds was then assessed using the flotation method, in which seeds were
placed in water and observed for buoyancy: sinking seeds were considered viable, while
floating seeds were regarded as non-viable, following the protocol described in [22]. Seeds
were immersed in water for 30 min to ensure accurate differentiation between viable and
non-viable seeds. This viability test was conducted after stratification to evaluate the
proportion of seeds that remained viable following the cold, moist treatment, which is
known to affect dormancy release and seed condition. This approach followed protocols
established in seed physiology studies, where viability is best assessed post stratification to
reflect potential germination capacity. The viability percentage was calculated using the
following formula:

Viability (%) = 100 × (Total seeds–Floating seeds)/Total seeds.
This test was conducted using a completely randomized design with three replicates

of 200 seeds.
Chemical Treatments
Gibberellic acid (GA3; commercial name: LENAGIBB; 20 g/L GA3) and sodium ni-

troprusside (SNP) were obtained from the TOGU Horticulture Laboratory and used for
treatments. Seven treatment groups were established: a control group with 60-day moist
stratification but no chemical treatment, 1000 ppm GA3, and five SNP concentrations (500,
1000, 1500, 2000, and 3000 ppm) [23]. In addition, an unstratified control (no stratification,
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no chemical treatment) was included in preliminary trials to evaluate the effects of stratifi-
cation itself; however, it showed negligible germination and was therefore excluded from
the main experiment. Stratified seeds were soaked in the respective chemical solutions at
room temperature (22 ± 2 ◦C) for 48 h. Following soaking, seeds were rinsed with distilled
water before sowing [23,24]. During soaking the temperature was continuously monitored
and maintained at room temperature. For all cultivars, germination was defined as the
emergence of a radicle exceeding 2 mm in length, a threshold commonly used in seed
germination studies [23,24].

Germination Experiment
Germination was carried out in Petri dishes lined with moistened filter paper placed in

a growth chamber maintained at 24 ◦C and 70% relative humidity, beginning on 31 March
2021. Each treatment included three replicates of 50 seeds, totaling 1050 seeds per cultivar.
Fungicide was applied weekly to prevent contamination. Germination was assessed every
5 days for 60 days. The germination rate was calculated as follows:

Germination (%) = 100 × (Germinated seeds/Total seeds)
Emergence Rate, Seedling Height, and Number of Nodes
To evaluate seedling emergence, height, and node count, seeds were sown in 70-cell

trays filled with a 1:1 peat–perlite mixture (note corrected spelling: perlite) and covered with
vermiculite. Each treatment had three replicates of 70 seeds and was sown on 31 March 2021
in an unheated greenhouse at the TOGU Research Center. The greenhouse temperature was
monitored throughout the experiment using data loggers, with average daily temperatures
ranging between 18 and 24 ◦C. Emergence was recorded once shoot tips appeared above
the substrate, starting 12 April 2021. The emergence rate was calculated as follows:

Emergence (%) = 100 × (Emerged seeds/Total seeds).
After two months, 15 seedlings from each replicate were randomly selected for

measurement of seedling height and node count, using a ruler and manual counting,
respectively [21].

Statistical Analysis
Statistical analyses were performed using JMP Pro 13 software (SAS Version 9.4, SAS

Institute, Cary, NC, USA). All results are presented as mean ± standard deviation. To
better understand the relationships between SNP treatments and measured parameters,
correlation analyses were conducted using the SRPLOT online platform (https://www.
bioinformatics.com.cn/en, accessed 21 October 2024). A hierarchical clustering heat map
was generated to visualize the associations and intensity of responses across treatments
and parameters. Additionally, Principal Component Analysis (PCA) was carried out using
GraphPad Prism version 9.3.1 (GraphPad Software, LLC, San Diego, CA, USA), and results
were interpreted through biplot analysis according to the method described by Evgenidis
et al. [25].

3. Results
3.1. Germination Performance in Petri Dishes

Statistical analysis of germination data revealed highly significant effects of cultivar
(p < 0.05), treatment (p < 0.05), and cultivar × treatment interaction (p < 0.05) across all mea-
surement dates (Supplementary Material Table S1). The consistently significant interaction
effect confirmed that grape cultivars responded differentially to the applied treatments. Ini-
tial, on 20 April, the 1500 ppm SNP treatment achieved the highest average germination rate
(19.09%), followed by 1000 ppm SNP (16.49%), 2000 ppm SNP (11.74%), and 500 ppm SNP
(10.81%). The 3000 ppm SNP treatment resulted in 8.44% germination, while the control
group averaged 6.41%. The lowest germination rate was observed under the 1000 ppm GA3

treatment (4.14%). Among cultivars, the highest average germination was observed in ‘5 BB’

https://www.bioinformatics.com.cn/en
https://www.bioinformatics.com.cn/en
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(27.57%), followed by ‘Rizellim’ (21.43%) and ‘Çeliksu’ (13.89%). Lower germination rates
were recorded for ‘Rizessi’ (8.43%), ‘Ülkemiz’ (7.50%), and ‘Alphonse Lavallée’ (5.50%),
while ‘Rizpem’ exhibited the lowest performance (2.21%). Progressive increases in germi-
nation rates were observed throughout the experimental period. By 30 April, the highest
germination was recorded in 5 BB under 1000 ppm SNP (94.00%), followed by 5 BB under
1500 ppm SNP (90.00%) and 2000 ppm SNP (85.00%). Among the treatments, 1000 ppm
SNP (42.26%) was the most effective, while the control (19.73%) showed the lowest perfor-
mance. The final germination assessment on May 20 demonstrated that the highest rates
were achieved in ‘Çeliksu’ and 5 BB under 1000 ppm SNP (92.67%), followed by ‘Rizessi’
under 3000 ppm SNP (92.67%) and ‘Rizellim’ under 1500 ppm SNP (90.33%). The lowest
germination was observed in Rizpem with 1500 ppm SNP (16.00%) and 3000 ppm SNP
(13.33%). On average, ‘Çeliksu’ (76.67%) achieved the highest final germination rate among
varieties, followed by 5 BB (78.67%) and ‘Rizellim’ (66.14%), while ‘Rizpem’ exhibited the
lowest performance (22.57%). Among treatments, 3000 ppm SNP (61.00%) and 2000 ppm
SNP (58.24%) were most effective, while the control (38.00%) remained least effective
(Table 1).

3.2. Emergence Performance in Seedling Trays

Statistical analysis indicated that the cultivar × treatment interaction was statistically
significant (p < 0.05) at all measurement points. Initial emergence rates were substan-
tially lower than those observed in Petri dish conditions, reflecting the more challeng-
ing nursery environment. Early assessment showed that SNP treatments yielded the
highest emergence rates, with 1500 ppm SNP producing the maximum average emer-
gence (8.78 ± 14.51%), followed by 1000 ppm SNP (7.35 ± 14.15%) and 2000 ppm SNP
(5.61 ± 10.40%). Among grape varieties, 5 BB demonstrated significantly superior emer-
gence performance (28.37 ± 14.71%) compared to all other varieties, with the highest
individual emergence rate (52.86 ± 2.86%) observed under the 1500 ppm SNP treatment.
Progressive improvement in emergence rates was observed throughout the experimental
period. By April 30, the 1500 ppm SNP treatment produced the highest average emer-
gence rate (20.51 ± 21.02%), followed by 2000 ppm SNP (19.39 ± 18.34%) and 1000 ppm
SNP (19.14 ± 21.73%). Among grape varieties, 5 BB demonstrated substantially superior
emergence (53.37 ± 11.27%), with peak performance (65.71 ± 1.43%) under the 1500 ppm
SNP treatment. Substantial emergence improvement was observed by May 10, with the
3000 ppm SNP treatment yielding the highest average emergence rate (48.88 ± 24.23%),
closely followed by 2000 ppm SNP (47.75 ± 24.81%) and 1500 ppm SNP (45.48 ± 25.10%).

Among varieties, 5 BB exhibited exceptional performance (75.37 ± 8.78%), achieving
its highest rate (82.14 ± 7.86%) under the 2000 ppm SNP treatment. The final emergence
assessment on June 10 showed that the 1500 ppm SNP treatment achieved the highest
average emergence rate (68.33 ± 20.48%), followed by 3000 ppm SNP (67.69 ± 20.40%) and
2000 ppm SNP (67.23 ± 20.03%). These higher SNP concentrations consistently outper-
formed both the control (61.44 ± 21.02%) and 1000 ppm GA3 (60.99 ± 17.96%) treatments.

Among grape varieties, 5 BB maintained superior emergence performance (85.00 ± 6.62%),
reaching its maximum under 2000 ppm SNP (91.43 ± 1.43%). ‘Rizellim’ demonstrated excel-
lent emergence capacity (79.14 ± 4.30%), particularly with 1000 ppm GA3 (84.95 ± 3.33%),
while ‘Rizpem’ exhibited the lowest overall emergence (32.89 ± 6.17%) despite showing
improvement relative to earlier measurements (Table 2).



Horticulturae 2025, 11, 754 7 of 22

Table 1. Effects of different SNP and GA3 concentrations on germination rate in various grapevine cultivars in petri dishes.

Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz
Alphonse
Lavallée 5 BB Average of

Variety

Control 7.50 ± 2.50 Bcd 15.00 ± 5.00 Aa 1.50 ± 0.50 Cc 5.00 ± 0.00 BCcd 5.00 ± 0.00 BCab 3.40 ± 1.40 BCab 7.50 ± 1.50 Bcd 6.41 ± 4.54 d

1000 ppm GA3 3.50 ± 1.50 B-Cd 4.50 ± 1.50 A-Cc 1.50 ± 0.50 Cc 2.00 ± 1.00 Cd 7.50 ± 2.50 Aa 4.00 ± 1.00 A-Cab 6.00 ± 4.00 ABd 4.14 ± 2.63 e

500 ppm SNP 9.00 ± 1.00 BCa-c 22.50 ± 12.50 Aab 2.00 ± 0.00 Cbc 12.50 ± 2.50 A-Ca 5.00 ± 0.00 BCab 8.70 ± 6.30 BCa 16.00 ± 10.00 ABc 10.81 ± 8.55 c

1000 ppm SNP 15.00 ± 5.00 Ca 35.00 ± 5.00 Bab 2.50 ± 0.50 Db 12.50 ± 2.50 Ca 5.00 ± 0.00 Dab 2.90 ± 1.90 Db 42.50 ± 2.50 Ab 16.49 ± 15.46 b

1500 ppm SNP 7.00 ± 3.00 CDcd 42.00 ± 2.00 Ba 2.50 ± 0.50 Eb 10.00 ± 0.00 Cab 7.50 ± 2.50 CDa 4.60 ± 2.60 DEab 60.00 ± 0.00 Aa 19.09 ± 21.44 a

2000 ppm SNP 4.00 ± 0.00 CDd 15.00 ± 0.00 Bab 5.00 ± 0.00 CDa 7.50 ± 2.50 Cbc 3.00 ± 1.00 Db 2.70 ± 0.30 Db 45.00 ± 5.00 Ab 11.74 ± 14.59 c

3000 ppm SNP 13.00 ± 7.00 Aab 16.00 ± 1.00 Aab 0.50 ± 0.50 Bd 3.00 ± 2.00 Bd 5.50 ± 4.50 Bab 5.10 ± 2.10 Bab 16.00 ± 4.00 Ac 8.44 ± 6.83 d

Average of
Treatments 8.43 ± 5.09 C 21.43 ± 13.13 B 2.21 ± 1.38 F 7.50 ± 4.40 CD 5.50 ± 2.37 DE 4.49 ± 3.09 E 27.57 ± 20.58 A

30 April Germination Rate in Petri (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 15.00 ± 0.00 Ccd 30.00 ± 5.00 Bb 5.50 ± 1.50 Cbc 10.00 ± 5.00 Cd 9.00 ± 1.00 Cc 27.60 ± 3.60 B 41.00 ± 11.00 Ac 19.73 ± 13.30 c

1000 ppm GA3 11.50 ± 3.50 Cd 30.00 ± 10.00 Bb 6.00 ± 2.00 Ca-c 19.00 ± 16.00 BCcd 10.00 ± 0.00 Cc 19.20 ± 12.00 BC 49.00 ± 9.00 Ac 20.67 ± 16.00 c

500 ppm SNP 21.00 ± 4.00 DEcd 42.50 ± 12.50 BCb 9.00 ± 1.00 Ea 50.00 ± 0.00 Bab 27.50 ± 2.50 CDab 26.40 ± 4.80 CD 73.00 ± 19.00 Ab 35.63 ± 21.57 b

1000 ppm SNP 45.00 ± 15.00 BCb 45.00 ± 15.00 BCb 6.50 ± 1.50 Da-c 65.00 ± 25.00 Ba 17.50 ± 2.50 Dbc 22.80 ± 13.20 CD 94.00 ± 0.00 Aa 42.26 ± 30.79 a

1500 ppm SNP 32.50 ± 12.50 Dbc 70.00 ± 10.00 Ba 7.50 ± 2.50 Eab 50.00 ± 5.00 Cab 30.00 ± 5.00 Da 25.20 ± 10.80 D 90.00 ± 0.00 Aab 43.60 ± 27.73 a

2000 ppm SNP 27.50 ± 7.50 Ccd 68.00 ± 12.00 Ba 6.00 ± 1.00 Da-c 37.50 ± 17.50 Cbc 22.50 ± 2.50 CDab 26.40 ± 9.60 C 85.00 ± 5.00 Aab 38.99 ± 27.47 ab

3000 ppm SNP 72.50 ± 12.50 Ba 27.50 ± 2.50 Cb 4.00 ± 1.00 Dc 22.50 ± 2.50 Ccd 20.00 ± 15.00 Ca-c 30.40 ± 10.40 C 88.00 ± 2.00 Aab 37.84 ± 29.79 ab

Average of
Treatments 32.14 ± 21.48 C 44.71 ± 19.05 B 6.36 ± 2.00 F 36.29 ± 21.95 C 19.50 ± 9.23 E 25.43 ± 8.87 D 74.29 ± 21.50 A

10 May Germination Rate in Petri (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 27.50 ± 2.50 Bc 30.00 ± 5.00 Be 10.50 ± 1.50 Cb 32.50 ± 12.50 Bc 13.50 ± 1.50 Cc 39.60 ± 3.60 ABab 45.50 ± 10.50 Ad 28.44 ± 13.36 d

1000 ppm GA3 30.00 ± 5.00 BCbc 60.00 ± 15.00 Abc 20.00 ± 5.00 Ca 50.00 ± 25.00 ABbc 14.00 ± 4.00 Cc 42.00 ± 1.20 ABa 58.00 ± 4.00 Ac 39.14 ± 19.83 c

500 ppm SNP 29.00 ± 6.00 Cbc 50.00 ± 5.00 Bcd 12.00 ± 2.00 Db 77.50 ± 12.50 Aab 32.50 ± 2.50 Ca 30.00 ± 6.00 Cb 83.00 ± 9.00 Ab 44.86 ± 25.93 b

1000 ppm SNP 45.00 ± 15.00 BCb 52.50 ± 12.50 Bcd 12.50 ± 2.50 Db 85.00 ± 5.00 Aa 17.50 ± 2.50 Dc 33.60 ± 9.60 Cab 94.00 ± 0.00 Aab 48.59 ± 30.62 ab

1500 ppm SNP 32.50 ± 12.50 Ebc 84.00 ± 0.00 Ba 12.50 ± 2.50 Fb 67.50 ± 2.50 Cab 30.00 ± 5.00 Eab 43.20 ± 2.40 Da 95.00 ± 5.00 Aa 52.10 ± 29.41 a

2000 ppm SNP 45.00 ± 5.00 Bb 74.00 ± 10.00 Aab 10.00 ± 0.00 Db 50.00 ± 30.00 Bbc 22.50 ± 2.50 CDbc 37.20 ± 1.20 BCab 92.50 ± 2.50 Aab 47.31 ± 28.90 ab

3000 ppm SNP 80.00 ± 5.00 Aa 40.00 ± 5.00 BCde 8.50 ± 3.50 Db 50.00 ± 10.00 Bbc 30.00 ± 10.00 Cab 41.50 ± 6.50 BCa 91.00 ± 1.00 Aab 48.71 ± 27.57 ab

Average of
Treatments 41.29 ± 18.99 C 55.79 ± 19.27 B 12.29 ± 4.24 E 58.93 ± 22.41 B 22.86 ± 8.64 D 38.16 ± 6.36 C 79.86 ± 19.52 A
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Table 1. Cont.

Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz
Alphonse
Lavallée 5 BB Average of

Variety

20 May Germination Rate in Petri (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 45.67 ± 4.04 ABd 37.00 ± 7.55 Bd 19.67 ± 3.51 Cb-d 57.33 ± 15.53 Ab 20.33 ± 5.51 Cd 42.67 ± 7.02 AB 43.33 ± 11.15 ABc 38.00 ± 14.93 c

1000 ppm GA3 56.00 ± 5.29 Bcd 71.00 ± 10.15 Ab 40.33 ± 5.03 Ca 73.67 ± 14.15 Aab 18.00 ± 3.00 Dd 43.67 ± 2.52 BC 57.33 ± 4.16 Bb 51.43 ± 19.34 b

500 ppm SNP 46.00 ± 5.29 BCd 56.00 ± 5.29 Bc 23.67 ± 3.21 Dbc 86.67 ± 7.64 Aa 32.67 ± 2.52 Dbc 36.00 ± 12.00 CD 82.67 ± 9.02 Aa 51.95 ± 24.08 b

1000 ppm SNP 76.00 ± 5.29 Bb 65.67 ± 5.13 Cbc 27.00 ± 6.08 Eb 92.67 ± 2.52 Aa 24.33 ± 4.04 Ecd 38.00 ± 10.00 D 92.67 ± 2.31 Aa 59.48 ± 28.49 a

1500 ppm SNP 60.67 ± 10.07 Cc 90.33 ± 2.08 Aa 16.00 ± 5.29 Fcd 72.00 ± 2.65 Bab 30.00 ± 5.00 Ebc 48.33 ± 6.43 D 93.33 ± 5.77 Aa 58.67 ± 28.18 a

2000 ppm SNP 62.00 ± 12.53 Bc 77.00 ± 6.24 ABb 18.00 ± 2.65 Dcd 81.67 ± 20.21 Aa 34.33 ± 1.15 CDb 43.33 ± 1.15 C 91.33 ± 3.21 Aa 58.24 ± 26.94 a

3000 ppm SNP 92.67 ± 2.52 Aa 66.00 ± 5.29 Bbc 13.33 ± 3.06 Dd 72.67 ± 11.02 Bab 46.67 ± 7.64 Ca 45.67 ± 2.52 C 90.00 ± 2.00 Aa 61.00 ± 27.04 a

Average of
Treatments 62.71 ± 17.04 B 66.14 ± 16.75 B 22.57 ± 9.33 E 76.67 ± 14.98 A 29.48 ± 10.02 D 42.52 ± 7.15 C 78.67 ± 19.76 A

According to Duncan’s multiple range test based on the variety × treatment interaction, means followed by different lowercase letters within a column indicate statistically significant
differences among treatments, while means followed by different uppercase letters within a row indicate statistically significant differences among varieties at the p < 0.05 level. Values
are presented as mean ± standard deviation.

Table 2. Effects of different SNP and GA3 concentrations on the germination rate in various grapevine cultivars in trays.

20 April Germination Rate in Seed Tray (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 0.00 ± 0.00 B 2.14 ± 0.72 Bbc 0.00 ± 0.00 B 0.00 ± 0.00 Bc 0.71 ± 0.72 Bc 0.71 ± 0.72 Bb 28.57 ± 4.29 Acd 4.59 ± 10.16 cd

1000 ppm GA3 0.00 ± 0.00 C 1.43 ± 0.00 BCc 0.00 ± 0.00 C 2.86 ± 1.43 Bab 1.43 ± 0.00 BCbc 3.57 ± 2.14 Ba 17.14 ± 2.86 Ae 3.78 ± 5.86 e

500 ppm SNP 0.00 ± 0.00 B 2.14 ± 0.72 Bbc 0.00 ± 0.00 B 4.29 ± 1.43 Bab 2.14 ± 0.72 Bb 0.71 ± 0.72 Bb 20.71 ± 9.29 Ade 4.29 ± 7.63 d

1000 ppm SNP 0.00 ± 0.00 C 2.86 ± 0.00 BCab 0.00 ± 0.00 C 5.00 ± 0.71 Ba 0.71 ± 0.72 Cc 2.14 ± 0.72 BCab 40.71 ± 5.00 Ab 7.35 ± 14.15 b

1500 ppm SNP 0.00 ± 0.00 C 2.14 ± 0.72 BCbc 0.00 ± 0.00 C 2.14 ± 0.72 BCbc 3.57 ± 0.72 Ba 0.71 ± 0.72 Cb 52.86 ± 2.86 Aa 8.78 ± 18.51 a

2000 ppm SNP 0.00 ± 0.00 B 2.14 ± 0.72 Bbc 0.00 ± 0.00 B 2.14 ± 2.15 Bbc 3.57 ± 0.72 Ba 1.43 ± 1.43 Bb 30.00 ± 4.29 Ac 5.61 ± 10.40 c

3000 ppm SNP 0.00 ± 0.00 D 3.57 ± 0.72 Ba 0.00 ± 0.00 D 2.14 ± 0.72 Cbc 2.14 ± 0.72 Cb 0.71 ± 0.72 Db 8.57 ± 1.43 Af 2.45 ± 2.92 f

Average of
Treatments 0.00 ± 0.00 C 2.35 ± 0.82 B 0.00 ± 0.00 C 2.65 ± 1.85 B 2.04 ± 1.26 B 1.43 ± 1.41 B 28.37 ± 14.71 A
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Table 2. Cont.

30 April Germination Rate in Seed Tray (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 3.57 ± 0.72 Dbc 18.57 ± 1.43 Bbc 0.00 ± 0.00 Eb 3.57 ± 0.72 Dd 10.71 ± 3.58 Cc 16.43 ± 0.72 Bb 55.71 ± 2.86 Abc 15.51 ± 18.13 c

1000 ppm GA3 4.29 ± 0.00 Eab 31.43 ± 1.43 Ba 0.71 ± 0.72 Eb 14.29 ± 1.43 Dc 10.00 ± 0.00 Dc 25.00 ± 7.86 Ca 42.14 ± 0.72 Ad 18.27 ± 14.60 b

500 ppm SNP 5.71 ± 1.43 DEa 15.00 ± 6.43 CDbc 0.00 ± 0.00 Eb 34.29 ± 7.15 Ba 20.76 ± 2.50 Cab 8.57 ± 5.72 DEb 47.14 ± 11.43 Acd 18.78 ± 16.73 b

1000 ppm SNP 2.14 ± 0.72 Ecd 22.86 ± 5.72 Cb 0.71 ± 0.72 Eb 32.14 ± 3.57 Ba 13.57 ± 2.14 Dbc 16.43 ± 0.72 Db 67.14 ± 5.72 Aa 22.14 ± 21.73 a

1500 ppm SNP 3.57 ± 0.72 DEbc 16.43 ± 5.00 Cbc 0.71 ± 0.72 Eb 22.14 ± 3.57 BCb 25.71 ± 5.72 Ba 9.29 ± 2.15 Db 65.71 ± 1.43 Aab 20.51 ± 21.02 ab

2000 ppm SNP 1.43 ± 1.43 Dd 13.57 ± 6.43 Cc 0.00 ± 0.00 Db 27.86 ± 0.72 Bab 23.57 ± 3.57 Ba 13.57 ± 3.57 Cb 55.71 ± 5.72 Abc 19.39 ± 18.34 b

3000 ppm SNP 5.71 ± 1.43 DEa 22.14 ± 0.72 BCbc 2.14 ± 0.72 Ea 27.86 ± 2.15 Bab 20.71 ± 6.43 Cab 10.00 ± 5.71 Db 40.00 ± 4.29 Ad 18.37 ± 13.06 b

Average of
Treatments 3.78 ± 1.78 E 20.00 ± 6.94 C 0.61 ± 0.85 F 23.16 ± 10.73 B 17.86 ± 6.88 C 14.18 ± 6.68 D 53.37 ± 11.27 A

10 May Germination Rate in Seed Tray (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 30.71 ± 5.00 Cc 56.43 ± 2.14 Bb 9.29 ± 3.58 Dab 45.71 ± 1.43 Bd 32.86 ± 14.29 C 26.43 ± 0.72 C 79.52 ± 10.91 Aa 40.14 ± 22.50 d

1000 ppm GA3 37.14 ± 0.00 Cbc 69.29 ± 2.15 Aa 11.43 ± 2.86 Da 56.43 ± 0.72 Bc 33.57 ± 6.43 C 35.71 ± 4.29 C 62.38 ± 5.41 Bb 43.71 ± 19.30 b-d

500 ppm SNP 32.86 ± 5.72 Bc 60.00 ± 8.57 Aab 3.57 ± 0.72 Ccd 70.00 ± 2.86 Aab 31.48 ± 11.29 B 27.14 ± 7.15 B 71.43 ± 7.14 Aab 42.35 ± 24.78 cd

1000 ppm SNP 32.14 ± 5.00 Cc 62.86 ± 4.29 Bab 2.86 ± 1.43 Dd 65.71 ± 2.86 ABbc 32.95 ± 14.85 C 28.57 ± 5.72 C 77.14 ± 6.23 Aa 43.18 ± 25.53 cd

1500 ppm SNP 30.00 ± 1.43 Dc 55.00 ± 7.86 Cb 4.29 ± 0.00 Ecd 68.57 ± 11.43 Bab 49.76 ± 4.19 C 30.00 ± 0.00 D 80.71 ± 0.72 Aa 45.48 ± 25.10 a-c

2000 ppm SNP 41.43 ± 5.72 Dab 58.57 ± 10.00 BCab 7.14 ± 1.43 Fbc 69.29 ± 7.86 ABab 47.86 ± 7.86 CD 27.86 ± 7.86 E 82.14 ± 7.86 Aa 47.75 ± 24.81 ab

3000 ppm SNP 45.71 ± 1.43 Ca 60.71 ± 0.72 Bab 6.43 ± 0.72 Eb-d 77.14 ± 0.00 Aa 47.86 ± 13.57 C 30.00 ± 0.00 D 74.29 ± 7.15 Aab 48.88 ± 24.23 a

Average of
Treatments 35.71 ± 6.63 D 60.41 ± 6.81 C 6.43 ± 3.39 F 64.69 ± 10.88 B 39.48 ± 12.26 D 29.39 ± 5.01 E 75.37 ± 8.78 A

20 May Germination Rate in Seed Tray (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 53.57 ± 5.00 Bab 72.86 ± 2.86 A 16.43 ± 5.00 Dab 60.00 ± 1.43 Bd 39.29 ± 13.58 Cb 30.00 ± 0.00 C 82.14 ± 8.42 Aab 50.61 ± 22.97 b

1000 ppm GA3 47.14 ± 0.00 Db 77.14 ± 2.86 A 21.43 ± 2.86 Fa 63.57 ± 0.72 Cd 45.00 ± 5.00 Dab 37.14 ± 4.29 E 70.43 ± 4.64 Bc 51.69 ± 18.92 b

500 ppm SNP 52.14 ± 10.72 Bab 72.14 ± 5.00 A 12.86 ± 1.43 Dbc 79.29 ± 0.72 Abc 39.38 ± 11.79 BCb 29.29 ± 7.86 C 77.62 ± 8.13 Abc 51.82 ± 25.36 b

1000 ppm SNP 47.14 ± 10.00 Bb 76.43 ± 2.14 A 8.57 ± 2.86 Cc 76.43 ± 3.57 Ac 39.28 ± 14.76 Bb 37.86 ± 0.72 B 83.81 ± 3.30 Aab 52.79 ± 26.58 b

1500 ppm SNP 55.00 ± 6.43 Cab 75.00 ± 0.71 B 16.43 ± 2.14 Eab 80.00 ± 4.29 Bbc 60.05 ± 6.15 Cab 37.86 ± 0.72 D 88.52 ± 1.50 Aa 58.98 ± 24.23 a

2000 ppm SNP 59.29 ± 0.72 Cab 70.00 ± 7.14 B 15.71 ± 2.86 Eb 81.43 ± 1.43 Ab 62.14 ± 7.86 BCa 33.57 ± 9.29 D 87.14 ± 4.29 Aab 58.47 ± 24.79 a

3000 ppm SNP 62.14 ± 5.00 CDa 72.14 ± 2.15 BC 12.14 ± 0.72 Fbc 86.43 ± 2.14 Aa 57.86 ± 13.57 Dab 36.43 ± 0.72 E 80.47 ± 5.02 ABa-c 58.23 ± 25.28 a

Average of
Treatments 53.77 ± 7.72 C 73.67 ± 4.03 B 14.80 ± 4.54 F 75.31 ± 9.48 B 49.00 ± 13.62 D 34.59 ± 5.39 E 81.45 ± 7.44 A
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Table 2. Cont.

30 May Germination Rate in Seed Tray (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 74.29 ± 1.43 Ab 70.00 ± 2.86 ABcd 35.71 ± 1.43 Ba 57.38 ± 2.51 ABb 37.14 ± 14.92 Bc 37.86 ± 2.15 B 60.29 ± 45.56 AB 53.24 ± 21.71 b

1000 ppm GA3 66.43 ± 5.00 Bc 79.29 ± 3.58 Aa 30.71 ± 5.00 Dab 58.57 ± 2.86 Bb 45.00 ± 2.14 Cbc 44.29 ± 2.86 C 75.24 ± 7.87 A 57.07 ± 17.38 b

500 ppm SNP 72.14 ± 0.72 Ab 73.57 ± 3.57 Abc 27.86 ± 2.58 Cb 71.00 ± 7.25 Aa 39.14 ± 9.68 Bc 38.57 ± 8.57 B 81.90 ± 3.30 A 57.74 ± 21.18 b

1000 ppm SNP 70.71 ± 0.72 Bbc 75.71 ± 1.43 ABab 20.00 ± 2.86 Dc 72.14 ± 3.57 Ba 40.48 ± 13.58 Cc 45.95 ± 2.29 C 85.71 ± 4.95 A 58.67 ± 22.90 b

1500 ppm SNP 76.43 ± 3.57 Bb 72.86 ± 1.43 BCb-d 28.00 ± 6.68 Eb 75.00 ± 2.14 Ba 67.38 ± 3.53 Ca 45.00 ± 0.71 D 88.52 ± 1.50 A 64.74 ± 20.02 a

2000 ppm SNP 75.00 ± 2.14 Bb 73.57 ± 2.14 Bbc 33.57 ± 3.57 Dab 75.00 ± 3.57 Ba 61.43 ± 7.14 Cab 40.95 ± 8.61 D 91.43 ± 1.43 A 64.42 ± 19.96 a

3000 ppm SNP 82.67 ± 4.57 Aa 68.57 ± 1.43 Bd 31.72 ± 3.30 Eab 78.43 ± 6.47 ABa 56.43 ± 12.14 Ca-c 45.48 ± 1.48 D 84.76 ± 4.36 A 64.01 ± 19.80 a

Average of
Treatments 73.95 ± 5.45 B 73.37 ± 3.97 B 29.65 ± 5.87 E 69.65 ± 8.73 B 49.57 ± 14.22 C 42.59 ± 5.22 D 81.12 ± 17.87 A

10 June Germination Rate in Seed Tray (%)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 83.19 ± 2.37 Aab 77.43 ± 4.31 Ab 38.38 ± 1.47 Ca 63.33 ± 4.59 Bc 40.57 ± 14.82 Cc 40.95 ± 0.83 C 86.19 ± 7.33 Aa 61.44 ± 21.02 b

1000 ppm GA3 73.05 ± 3.68 BCc 84.95 ± 3.33 Aa 33.43 ± 8.16 Ea 64.00 ± 2.75 Cc 48.90 ± 2.81 Dbc 47.38 ± 4.76 D 75.24 ± 7.87 Bb 60.99 ± 17.96 b

500 ppm SNP 79.52 ± 2.18 Ab 79.05 ± 5.77 Aab 30.95 ± 1.65 Cab 76.19 ± 5.41 Ab 42.38 ± 9.51 BBc 40.48 ± 7.87 BC 82.86 ± 4.95 Aab 61.63 ± 21.94 b

1000 ppm SNP 81.91 ± 2.18 Ab 80.29 ± 1.98 Aab 23.90 ± 3.38 Cb 75.95 ± 3.66 Ab 42.38 ± 13.73 Bc 47.86 ± 2.58 B 85.71 ± 4.95 Aa 62.57 ± 23.53 b

1500 ppm SNP 82.57 ± 2.90 ABab 79.05 ± 4.36 Bab 30.76 ± 6.86 Eab 80.00 ± 4.29 Bab 69.29 ± 4.69 Ca 47.86 ± 2.58 D 88.81 ± 3.94 Aa 68.33 ± 20.48 a

2000 ppm SNP 80.95 ± 1.65 Bb 75.33 ± 2.22 Bb 36.43 ± 4.46 Da 80.29 ± 2.44 Bab 62.86 ± 7.56 Cab 43.33 ± 9.73 D 91.43 ± 1.43 Aa 67.23 ± 20.03 a

3000 ppm SNP 87.38 ± 3.53 Aa 77.91 ± 3.57 Aab 36.38 ± 3.79 Ca 84.29 ± 4.29 Aa 56.19 ± 13.28 Ba-c 46.90 ± 1.80 BC 84.76 ± 4.36 Aab 67.69 ± 20.40 a

Average of
Treatments 81.22 ± 4.72 B 79.14 ± 4.30 B 32.89 ± 6.17 F 74.86 ± 8.44 C 51.80 ± 13.79 D 44.97 ± 5.42 E 85.00 ± 6.62 A

According to Duncan’s multiple range test based on the variety × treatment interaction, means followed by different lowercase letters within a column indicate statistically significant
differences among treatments, while means followed by different uppercase letters within a row indicate statistically significant differences among varieties at the p < 0.05 level. Values
are presented as mean ± standard deviation.
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3.3. Seedling Growth Parameters

Analysis of seedling growth parameters demonstrated significant effects of the cultivar,
treatment, and their interaction on both plant length and the number of nodes (p < 0.05). The
3000 ppm SNP treatment produced the tallest plants overall (4.85 ± 1.33 cm), significantly
outperforming all other treatments. Among varieties, 5 BB demonstrated superior growth
(6.93 ± 1.29 cm) across all treatments, reaching maximum height (9.20 ± 1.17 cm) under
control conditions. Treatment-specific responses varied considerably among cultivars. The
1000 ppm GA3 treatment showed the second-best performance (4.52 ± 1.59 cm), followed by
1500 ppm SNP (4.44 ± 1.04 cm) and 2000 ppm SNP (4.33 ± 1.23 cm). Notable variety-specific
responses included ‘Rizellim’ displaying excellent growth (4.33 ± 0.66 cm), particularly
under 3000 ppm SNP (5.23 ± 1.27 cm), and ‘Alphonse Lavallée’ responding exceptionally
well to 1500 ppm SNP (5.28 ± 0.30 cm). ‘Rizpem’ consistently showed the lowest growth
potential (2.42 ± 0.25 cm) across all varieties. Node development patterns reflected similar
treatment and cultivar effects. The highest node number was observed in 5 BB under
control conditions (3.62 ± 0.04), while the lowest was recorded in ‘Rizpem’ with 1000 ppm
SNP application (1.30 ± 0.10). Among treatments, 3000 ppm SNP produced relatively
high node numbers in most varieties, particularly in ‘Alphonse Lavallée’ (3.96 ± 0.27)
and ‘Ülkemiz’ (2.35 ± 0.04). Average node numbers were highest in Alphonse Lavallée
(3.26 ± 0.62) and 5 BB (3.10 ± 0.37), while ‘Rizpem’ exhibited the lowest values (1.43 ± 0.16)
across all treatment combinations (Table 3).

3.4. General Evaluation

When the presented PCA graph is analyzed, significant insights are obtained regarding
the relationships between various cultivars and measured parameters. PC1 explains 68.95%
of the variance, while PC2 accounts for 10.48%, together representing approximately 79.43%
of the total variance. A strong positive correlation was observed between the parameters
of plant length and the number of nodes. These two parameters also showed a positive
relationship with the 5BB rootstock. Notably, the 5BB_CNT sample exhibited the strongest
positive correlation with the number of nodes. Regarding germination rates, positive
correlations were identified between the germination rates measured at different dates
in Petri dishes and seed trays. Germination rates from seed trays on 20 April, 30 April,
and 10 May were positively correlated with each other. Similarly, germination rates in
Petri dishes on 20 April, 30 April, and 10 May also showed positive intercorrelations. The
RZL cultivars, particularly RZL_1500S and RZL_2000S, were positively associated with
late-stage germination parameters (20 May and 30 May). In contrast, the RZP cultivars
clustered on the negative side of PC1 and showed weak associations with germination
parameters. ALP cultivars, especially ALP_3500S and ALP_1000G, were located on the
positive side of PC2 but did not exhibit a distinct relationship with germination parameters.
ULK cultivars were generally distributed near the center of the plot.
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Table 3. Effects of SNP and GA3 treatments on plant length and node number in different grapevine cultivars.

Plant Length (cm)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 5.13 ± 0.42 Ba 4.32 ± 0.28 BCab 2.29 ± 0.34 Eab 3.47 ± 0.50 CDd 3.73 ± 0.46 CDab 3.12 ± 0.14 DEd 9.20 ± 1.17 Aa 4.47 ± 2.21 bc

1000 ppm GA3 5.38 ± 0.34 Ba 4.27 ± 0.24 Cab 2.70 ± 0.46 Da 3.99 ± 0.09 Ccd 3.66 ± 0.15 Cab 3.84 ± 0.17 Cbc 7.78 ± 0.77 Ab 4.52 ± 1.59 b

500 ppm SNP 4.93 ± 0.06 Bab 4.54 ± 0.41 BCab 2.50 ± 0.13 Eab 4.25 ± 0.24 Cb-d 3.28 ± 0.35 Db 3.49 ± 0.50 Dcd 6.20 ± 0.53 Ac 4.17 ± 1.19 cd

1000 ppm SNP 4.84 ± 0.58 Bab 3.63 ± 0.55 Bb 2.07 ± 0.43 Cb 4.08 ± 0.72 Bb-d 4.11 ± 0.64 Bab 3.60 ± 0.35 Bcd 6.27 ± 1.15 Ac 4.09 ± 1.34 d

1500 ppm SNP 4.12 ± 0.18 Cb 4.21 ± 0.19 Cab 2.52 ± 0.07 Dab 4.92 ± 0.42 Bab 4.23 ± 0.56 Ca 5.28 ± 0.30 ABa 5.80 ± 0.41 Ac 4.44 ± 1.04 bc

2000 ppm SNP 4.85 ± 0.61 Bab 4.08 ± 0.09 BCb 2.33 ± 0.34 Dab 4.61 ± 0.72 BCa-c 3.77 ± 0.43 Cab 4.23 ± 0.22 BCb 6.42 ± 0.52 Abc 4.33 ± 1.23 b-d

3000 ppm SNP 4.62 ± 0.83 Bab 5.23 ± 1.27 Ba 2.55 ± 0.11 Cab 5.20 ± 0.26 Ba 4.28 ± 0.35 Ba 5.18 ± 0.16 Ba 6.87 ± 0.23 Abc 4.85 ± 1.33 a

Average of
Treatments 4.84 ± 0.56 B 4.33 ± 0.66 C 2.42 ± 0.32 E 4.36 ± 0.69 C 3.87 ± 0.51 D 4.11 ± 0.83 CD 6.93 ± 1.29 A

Number of Nodes (Number)
Treatment Rizessi Rizellim Rizpem Çeliksu Ülkemiz Alphonse Lavallée 5 BB Average of Variety

Control 2.82 ± 0.25 Ba 2.22 ± 0.17 Cb 1.53 ± 0.07 D 2.31 ± 0.10 Cb 2.33 ± 0.23 Cab 2.82 ± 0.38 Bcd 3.62 ± 0.04 Aa 2.52 ± 0.64 a

1000 ppm GA3 2.59 ± 0.10 Bab 2.28 ± 0.07 CDab 1.42 ± 0.17 E 2.10 ± 0.10 Dc 2.38 ± 0.20 BCab 3.51 ± 0.08 Aab 3.43 ± 0.09 Aab 2.53 ± 0.71 a

500 ppm SNP 2.46 ± 0.05 Ba-c 2.43 ± 0.14 Ba 1.42 ± 0.10 C 2.31 ± 0.14 Bb 2.31 ± 0.08 Bab 2.53 ± 0.52 Bd 3.07 ± 0.12 Abc 2.36 ± 0.50 bc

1000 ppm SNP 2.34 ± 0.30 BCbc 1.92 ± 0.07 Dc 1.30 ± 0.10 BC 2.37 ± 0.09 BCb 2.27 ± 0.17 BCab 2.71 ± 0.16 ABd 3.04 ± 0.54 Abc 2.28 ± 0.57 c

1500 ppm SNP 2.23 ± 0.09 CDbc 2.12 ± 0.14 Dbc 1.59 ± 0.28 E 2.33 ± 0.07 CDb 2.48 ± 0.20 BCa 3.97 ± 0.09 Aa 2.67 ± 0.24 Bc 2.48 ± 0.71 ab

2000 ppm SNP 2.11 ± 0.32 Cc 2.20 ± 0.07 Cb 1.35 ± 0.11 D 2.54 ± 0.05 Ba 2.13 ± 0.07 Cb 3.35 ± 0.37 Abc 2.82 ± 0.10 Bc 2.36 ± 0.62 bc

3000 ppm SNP 2.33 ± 0.31 CDbc 2.11 ± 0.10 Dbc 1.40 ± 0.13 E 2.59 ± 0.12 Ca 2.35 ± 0.04 CDab 3.96 ± 0.27 Aa 3.04 ± 0.14 Bbc 2.54 ± 0.77 a

Average of
Treatments 2.41 ± 0.29 C 2.18 ± 0.18 D 1.43 ± 0.16 E 2.37 ± 0.18 C 2.32 ± 0.17 C 3.26 ± 0.62 A 3.10 ± 0.37 B

According to Duncan’s multiple range test based on the variety × treatment interaction, means followed by different lowercase letters within a column indicate statistically significant
differences among treatments, while means followed by different uppercase letters within a row indicate statistically significant differences among varieties at the p < 0.05 level. Values
are presented as mean ± standard deviation.



Horticulturae 2025, 11, 754 13 of 22

CLK cultivars were mostly clustered on the negative side of PC2 and were moderately
associated with germination parameters. Similarly, RZS cultivars were positioned in the
negative region of PC2. The strong positive relationship of 5BB cultivars with plant growth
parameters (plant length and number of nodes) indicates their superior performance in
terms of vegetative development. Overall, the PCA analysis effectively differentiated the
cultivars and treatments based on their germination and seedling growth characteristics,
revealing distinct grouping patterns. This multivariate approach provided a comprehensive
evaluation of the interaction between rootstocks and performance traits, highlighting key
genotypic responses across measured variables (Figure 2). Additionally, significant positive
correlations were found among germination rates across different dates and conditions.
The highest correlation was observed between 20 May and 30 May germination rates in
seed trays (r = 0.94), followed by 10 May and 20 May germination rates in Petri dishes
(r = 0.93) and 20 May and 30 April germination rates in Petri dishes (r = 0.83). Germination
rates in seed trays showed strong correlations with each other (r = 0.73–0.94). Plant length
was positively correlated with germination rates, ranging from r = 0.36 (20 April in Petri
dishes) to r = 0.76 (10 June in seed trays).

Figure 2. Biplot analysis of the effects of SNP and GA3 treatments on germination rates.

The number of nodes was moderately correlated with germination parameters
(r = 0.12–0.48) and showed the strongest correlation with plant length (r = 0.72) (Figure 3).
The heatmap analysis revealed distinct clustering patterns among SNP concentrations,
cultivars, and measured parameters. Higher SNP concentrations (3000S) showed negative
correlations with germination rates in RZP and ALP cultivars under seed-tray conditions
(20–30 May), while moderate concentrations (1500S, 2000S) demonstrated positive associ-
ations with plant length and node numbers in ULK and 5BB cultivars. The 5BB samples
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exhibited consistently high germination performance across all dates and growing media,
particularly 5BB_1000S, 5BB_1500S, and 5BB_2000S variants. Conversely, RZP samples
displayed generally poor germination rates. ALP variants presented mixed results, with
notable strength in 1500S and 3000S concentrations. Temporal patterns revealed that May
germination rates were typically higher than April rates, with seed-tray germination out-
performing Petri dish results. The 1000G treatments clustered with improved late-stage
germination (30 May seed tray) in the ALP and RZP groups. Control groups formed a
separate cluster, correlating with lower germination rates and reduced growth metrics.
Cultivar-specific responses were observed, with ULK and 5BB demonstrating greater
resilience to higher SNP levels than RZP or ALP (Figure 4).

Figure 3. Correlation matrix of germination rates in response to SNP and GA3 treatments. The
intensity and size of circles represent correlation strength, while colors indicate correlation direction
(blue for positive and red for negative correlations). Numbers show correlation coefficients (r) ranging
from −1.00 to 1.00. Asterisks indicate statistical significance levels: p < 0.05.
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Figure 4. Hierarchical clustering analysis of germination rates and their responses to SNP and GA3
treatments. The color scale represents parameter values (red for high values and blue for low values).
Dendrogram clustering on both axes reveals parameter associations and treatment similarities.

4. Discussion
4.1. Germination Performance in Petri Dishes Across Dates and Treatments

The statistical analysis of germination data across the four measurement periods re-
vealed significant differences among cultivars, treatments, and their interactions (p < 0.05).
These findings highlight the complex interplay between genetic factors and exogenous
applications of sodium nitroprusside (SNP) and gibberellic acid (GA3) in breaking seed
dormancy and promoting germination in grape cultivars. Our results demonstrate a
progressive increase in germination rates across all treatments over time, with the most
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dramatic improvements observed between the first and final measurements. This temporal
pattern suggests that all treatments enhance overall germination percentages and accel-
erate the germination process. Our data reveals particularly striking responses in certain
cultivars, with ‘5 BB’ rootstock demonstrating exceptional sensitivity to SNP applications,
achieving 90.00% germination with 1500 ppm SNP by 4 weeks after treatment, compared
to much lower rates in control conditions. This dramatic response parallels findings from
Kara et al. [26], who reported significant germination enhancement in ‘Ekşi Kara’ and ‘Gök
Üzüm’ grape cultivars following SNP treatment. The significant cultivar × treatment inter-
action confirms that grape cultivars respond differentially to exogenous NO application.
This genotypic variation in NO response aligns with findings from Bibi et al. [27], who doc-
umented similar cultivar-dependent responses in wheat. Our results reveal that the optimal
SNP concentration varies considerably among grape cultivars, with 1000–1500 ppm gener-
ally proving most effective in the early stages, while higher concentrations (2000–3000 ppm)
showed increased effectiveness by the final measurement date. This shift in optimal con-
centration over time suggests a complex relationship between NO concentration, exposure
duration, and dormancy-breaking mechanisms. The concentration dependence we ob-
served parallels findings by Esmail et al. [28], who reported that while lower concentrations
of SNP stimulated maximum germination in Lupinus termis, higher concentrations had
inhibitory effects. Interestingly, our data showed that ‘Rizessi’ responded exceptionally
well to 3000 ppm SNP (92.67% by 6 weeks after treatment), while other cultivars showed
optimal responses at lower concentrations, underscoring the cultivar-specific nature of
NO signaling pathways. ‘Çeliksu’ showed remarkable improvement, reaching 92.67%
germination with 1000 ppm SNP by 6 weeks after treatment, emerging as the cultivar with
the highest average germination rate (76.67%) by the end of the experiment. In contrast,
‘Rizpem’ consistently showed minimal responsiveness across all treatments (maximum
22.57% by 6 weeks after treatment), suggesting that this cultivar possesses stronger dor-
mancy mechanisms that may require alternative or combined dormancy-breaking strategies.
These findings are consistent with the diverse responses observed in plant species subjected
to different dormancy-breaking treatments [11].

A particularly noteworthy finding from our study is the superior performance of SNP
treatments compared to traditional GA3 application. By 6 weeks after treatment, SNP
treatments at 3000 ppm (61.00%) and 2000 ppm (58.24%) significantly outperformed both
GA3 and control treatments, with control conditions consistently yielding the lowest germi-
nation rates (38.00% by the final measurement). This suggests that NO-mediated signaling
pathways may play a more critical role in dormancy breaking and germination stimulation
in some grape cultivars than traditional plant growth regulators, as indicated by Ren
et al. [29] in their study on Brassica rapa subsp. chinensis seeds under salt stress conditions.
The delayed peak in germination rates suggests that NO likely initiates signaling cascades
that gradually overcome dormancy constraints, consistent with observations by Nabaei and
Amooaghaie [30] in their work with Catharanthus roseus seeds. The remarkable response
of the ‘Çeliksu’ cultivar to SNP application demonstrates the potential of NO-based treat-
ments to overcome dormancy in challenging grape cultivars, similar to findings by Faraji
and Sepehri [31], who reported that SNP application significantly improved wheat seed
germination under drought stress conditions. The differential response of cultivars to SNP
also has important implications for grape breeding programs. As noted by Atak et al. [32],
viticulture breeding increasingly focuses on developing seedless cultivars with improved
traits, making efficient germination of hybrid seeds crucial. Our findings suggest that SNP
treatments could be valuable tools in grape breeding programs to enhance germination
rates of valuable hybrid seeds, particularly for crosses involving cultivars with strong
dormancy. It is worth noting that the optimal SNP concentration for enhancing germi-
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nation in grape cultivars is relatively high compared to concentrations reported effective
in other species, such as the 150 µM SNP reported by Sepehri and Rouhi [33] for peanut
seed germination under drought stress, suggesting that grape seeds may require higher
NO concentrations to overcome dormancy, possibly due to their more robust dormancy
mechanisms or thicker seed coats that limit NO penetration. The inhibitory effect of higher
SNP concentrations observed in some cultivars may be attributed to nitrosative stress, as
excessive NO can react with reactive oxygen species to form peroxynitrite, a highly reactive
molecule that can damage cellular components [34]. The poor response of the ‘Rizpem’
cultivar across all treatments suggests that this cultivar may possess complex dormancy
mechanisms that require additional dormancy-breaking strategies, potentially involving
combined approaches, as reported by Bayrak [35] for Hypericum adenotrichum seeds or by
Odabaş et al. [36] for Sambucus nigra seeds.

4.2. Germination Performance in Seedling Trays Across Dates and Treatments

The statistical analysis of germination data across all observation dates revealed
significant effects of both cultivar and treatment on germination rates, with particularly
strong varietal influences, as evidenced by the consistently significant cultivar × treat-
ment interaction (p < 0.05). This interaction underscores the cultivar-dependent nature
of responses to SNP treatments, a phenomenon that has been documented in various
plant species [27]. Our results demonstrate a progressive increase in germination rates
across all treatments from the first observation to the final measurement 12 weeks after
treatment, indicating that grape seed dormancy release is a gradual process continuing
well after initial treatment application. It should be noted that experiments were conducted
in an unheated greenhouse where seasonal environmental changes from April to June,
including increasing temperatures and improved light conditions, may have contributed to
the temporal improvement in germination rates. This temporal pattern suggests that while
SNP can accelerate dormancy breaking, complete release from dormancy in grape seeds
occurs over an extended period, similar to the progressive dormancy release reported by
Esmail et al. [28] in Lupines termis L. plants. The superior performance of the 5 BB rootstock
across all treatments and observation dates (reaching a mean germination rate of 85.00%
by 12 weeks after treatment) aligns with findings from Yıldız [37], who similarly reported
varietal differences in grape seed germination, with certain cultivars demonstrating inher-
ently higher germination potential than others. The exceptional response of 5 BB to SNP
treatments, particularly at 1500–2000 ppm concentrations, reinforces observations by Kara
et al. [26], who documented significant improvements in germination rates when grape
seeds were treated with SNP. Conversely, the consistently poor performance of the ‘Rizpem’
cultivar (reaching only 32.89% average germination by 12 weeks after treatment) despite
all treatments suggests that this cultivar possesses stronger dormancy mechanisms that
may require alternative or more aggressive dormancy-breaking strategies. This observation
is consistent with Bayrak [35], who found that some seeds with strong dormancy require
combination treatments to effectively break dormancy. The concentration-dependent ef-
fects of SNP were clearly demonstrated in our results, with germination rates generally
increasing with SNP concentrations up to 1500–2000 ppm across most observation dates.
By 12 weeks after treatment, the 1500 ppm SNP treatment had achieved the highest average
germination rate (68.33%), followed closely by 3000 ppm SNP (67.69%) and 2000 ppm SNP
(67.23%). This pattern of response is consistent with the findings of Esmail et al. [28], who
reported that moderate concentrations of SNP stimulated maximum germination in Lupi-
nus termis. Similarly, Nabaei and Amooaghaie [30] found that moderate concentrations
of SNP enhanced seed germination in Catharanthus roseus under stress conditions, while
higher concentrations reduced germination rates. This dose-dependent response pattern
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suggests the existence of an optimal NO concentration window for effective dormancy
breaking and germination stimulation.

The superior performance of SNP treatments over GA3 application across most ob-
servation dates and cultivars is particularly noteworthy. By 12 weeks after treatment, all
SNP treatments at concentrations between 1500–3000 ppm had consistently produced supe-
rior results (67.23–68.33%) compared to GA3 treatment (60.99%). This finding challenges
the traditional reliance on GA3 for dormancy breaking in grape seeds, as documented
by Uzun et al. [13], who reported 78% germination with GA3 application in ‘Alphonse
Lavallèe’ × ‘Regent’ hybrid grape seeds. Our results suggest that SNP may represent a
more effective alternative for certain grape cultivars, particularly those that show limited
response to conventional GA3 treatment. The mechanism underlying this superior perfor-
mance may involve NO’s multifaceted roles in cellular signaling, enzyme activation, and
oxidative stress regulation, as opposed to GA3’s more specific effects on embryo growth
and endosperm weakening [29]. The varietal differences in optimal SNP concentration
were clearly evident in our study. While 5 BB rootstock responded optimally to 2000 ppm
SNP (91.43% by 12 weeks after treatment), ‘Çeliksu’ demonstrated peak performance at
3000 ppm SNP (84.29%), and ‘Rizesui’ showed the strongest response to 3000 ppm SNP
(87.38%). This variability in optimal concentration suggests that different grape cultivars
may possess varying sensitivities to NO signaling, possibly due to differences in seed-
coat structure, endogenous NO levels, or downstream signaling components. Similar
cultivar-dependent optimal concentrations have been reported by Kara et al. [26], who
found differential responses to identical SNP treatments between ‘Ekşi Kara’ and ‘Gök
Üzüm’ grape cultivars. The remarkable improvement observed in certain cultivars, such as
‘Çeliksu’, reaching 86.43% germination with 3000 ppm SNP by 8 weeks after treatment (rep-
resenting a substantial improvement from control), demonstrates the potential of NO-based
treatments to significantly enhance propagation efficiency in viticulture. This magnitude of
improvement exceeds that reported by Kara et al. [26] for their grape cultivars (55–67% ger-
mination with SNP treatment) and approaches the levels achieved by Uzun et al. [13] with
GA3 treatment under highly controlled humidity conditions. The practical implications of
such improvements for grape breeding programs are substantial, as enhanced germination
rates can accelerate the development and selection of new cultivars with desired traits, as
noted by Atak et al. [32] in their work on grape breeding programs.

The observation that higher SNP concentrations (1500–3000 ppm) consistently outper-
formed lower concentrations across most cultivars suggests that grape seeds may require
relatively high NO levels to overcome dormancy compared to other plant species. This
finding contrasts with reports by Ren et al. [29], who found that much lower SNP concen-
trations (10 µM) were optimal for enhancing Brassica rapa subsp. chinensis seed germination
under salt stress. The requirement for higher SNP concentrations in grape seeds may be
attributed to their thicker seed coats, more complex dormancy mechanisms, or differences
in NO metabolism and signaling pathways compared to herbaceous species [34]. The
gradual increase in germination rates for ‘Rizpem’ (from near-zero in early measurements
to 32.89% by 12 weeks after treatment) suggests that some cultivars with strong dormancy
may require extended periods for dormancy release, even with SNP treatment. This ob-
servation parallels findings by Fawzi et al. [38], who reported that some seeds with strong
dormancy require multiple treatment combinations to achieve satisfactory germination.
Future research might explore combination treatments involving SNP alongside other
dormancy-breaking agents for such cultivars with strong dormancy, as suggested by the
successful combination approaches reported by Bayrak [35] for Hypericum adenotrichum
seeds and by Odabaş et al. [36] for Sambucus nigra seeds.
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4.3. Impact of Treatments on Seedling Growth Parameters

The results of our study demonstrated significant effects of cultivar, treatment, and
their interaction on seedling growth parameters, namely plant length and the number of
nodes (p < 0.05). The clear varietal differences underscore the genetic variability in seedling
vigor and growth potential. Notably, the 5 BB rootstock exhibited superior performance,
with the highest average plant length (6.93 ± 1.29 cm) and node number (3.10 ± 0.37),
whereas ‘Rizpem’ consistently displayed the lowest values for both traits. These results
indicate that genetic factors play a crucial role in early seedling development, as previously
observed by Wang et al. [39] in V. amurensis cultivars. GA3 treatments also enhanced
seedling development, particularly at 1000 ppm, which resulted in an average plant length
of 4.52 ± 1.59 cm. ‘Alphonse Lavallée’ showed notable responsiveness to this treatment,
consistent with earlier reports of GA3’s efficacy in other species, such as Vaccinium [40]
and wheat [41]. However, our findings contrast with those of Çelik [42], who found no
significant GA3 effect on germination in ‘Alphonse Lavallée’. This discrepancy may stem
from differences in experimental focus, germination vs. post-germination growth. Among
the treatments, 3000 ppm SNP resulted in the tallest plants, on average (4.85 ± 1.33 cm),
suggesting a strong dose-dependent effect of NO donor application. While 1500 and
2000 ppm SNP also promoted growth in certain cultivars, the responses varied significantly.
This aligns with findings by Hayat et al. [43,44], who reported that SNP application at
low concentrations improved germination and seedling growth in tomato, but higher
doses were less effective or inhibitory. Similar dose-dependent trends were observed in
rapeseed by Silva et al. [45]. Additional studies by Sung and Hong [46] in Chinese cabbage
further support the beneficial effects of SNP on seedling development. These findings
are also consistent with research by Conner [47], who demonstrated the effectiveness of
growth regulators in muscadine grape seed germination. Importantly, cultivar × treatment
interactions were significant. For example, 5 BB rootstock achieved maximum plant length
(9.20 ± 1.17 cm), even under control conditions, suggesting low dormancy or inherent
vigor. In contrast, the weak response of ‘Rizpem’ to both SNP and GA3 indicates the
need for alternative dormancy-breaking strategies, such as calcium oxide treatment, as
suggested by Sabır and Kara [48]. Node development followed similar trends. ‘Alphonse
Lavallée’ had the highest node count (3.26 ± 0.62), particularly under 3000 ppm SNP
(3.96 ± 0.27), followed by 5 BB and ‘Ülkemiz’. These differences further support the notion
of cultivar-specific responses to exogenous regulators. Nayanakantha et al. [49] similarly
emphasized the need for species- and cultivar-specific optimization of SNP treatments in
rubber seedlings. Overall, our findings highlight that while growth regulators such as
GA3 and SNP can enhance seedling development, their effectiveness is highly dependent
on cultivar characteristics. For nursery practices, tailoring treatments to each cultivar’s
inherent potential will be essential for optimizing propagation efficiency. Cultivars with
high intrinsic vigor like 5 BB may not require growth regulators, whereas less responsive
types like ‘Rizpem’ may benefit more from alternative or combined approaches.

4.4. General Evaluation

The multivariate analysis revealed complex interactions between cultivars and treat-
ments, with PC1 and PC2 explaining 79.43% of total variance. The strong correlation be-
tween plant length and node number confirmed the consistent performance patterns across
growth parameters. The 5BB rootstock’s superior performance was validated through
positive correlations with growth parameters, particularly for 5BB_CNT, supporting Wang
et al.’s [39] observations on inherent vigor in certain grape cultivars. Significant positive
relationships between germination measurements across dates and media were identified,
with the strongest correlation (r = 0.94) between late-season seed tray measurements, sug-
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gesting progressive enhancement of SNP effects similar to findings reported by Nabaei and
Amooaghaie [30]. The heatmap analysis highlighted cultivar-specific responses, with 5BB
showing consistently high performance at moderate SNP concentrations (1000–2000 ppm),
while ‘Rizpem’ remained unresponsive, regardless of treatment. This cultivar-dependent
pattern aligns with the findings of Kara et al. [26] and Bibi et al. [27], who documented
variable SNP responsiveness among different grape and wheat cultivars. Higher SNP
concentrations (3000 ppm) negatively affected germination in some cultivars, while mod-
erate concentrations benefited responsive cultivars, consistent with Esmail et al.’s [28]
findings on concentration-dependent inhibitory effects. Growth media significantly influ-
enced treatment effectiveness, with seed trays outperforming Petri dishes, emphasizing the
importance of the physical environment in SNP application efficacy for viticulture.

5. Conclusions
This study demonstrates that grapevine seed germination and seedling development

are significantly affected by both genetic background and SNP treatment concentrations,
with consistent cultivar × treatment interactions across measurement dates. SNP appli-
cations at 1500–3000 ppm notably enhanced germination rates in both Petri dishes and
seedling trays compared to control and GA3 treatments. The 5 BB rootstock showed the
highest germination potential, exceeding 90% in several treatments, while Rizpem con-
sistently exhibited poor germination, regardless of treatment. Germination performance
generally improved over time, reaching peak values by late assessment dates under higher
SNP concentrations. Cultivars such as ‘Çeliksu’, ‘Rizellim’, and ‘Rizesui’ responded well,
whereas ‘Ülkemiz’ and ‘Alphonse Lavallée’ showed moderate and treatment-specific im-
provements. Despite enhanced germination, the effects of SNP on seedling growth were
variable. While the 3000 ppm SNP treatment yielded the tallest seedlings overall, the
5 BB rootstock reached its maximum height under control conditions, indicating that high
germination rates do not always correlate with vigorous growth. Variability in plant height
and node number across genotypes emphasizes the differential responses to SNP. Overall,
the findings highlight the potential of SNP as an effective tool for improving grapevine ger-
mination, often outperforming GA3, while also emphasizing the need for cultivar-specific
optimization to achieve consistent seedling development.
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37. Yıldız, V. Bazi Hormon Uygulamalarinin Asma Tohumunda Çïmlenme ve Bïtkï Gelïşïmï Üzerïne Etkïlerï. Master’s Thesis, Bingöl
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