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ABSTRACT: The reproduction of grapevine genotypes, one of the most important species in the world, while
preserving their genetic characteristics, is practically done by rooting cuttings. Adventive rooting of cutting studies
for seedling production in nursery conditions often remain below the expected productivity level due to biotic and
abiotic stress-related reasons. Studies to increase nursery yields are still on the agenda of grapevine researchers. In this
study, the effects of silver nanoparticles (AgNPs) produced by the green synthesis method using grape seed extract and
AgNO; on rooting and vegetative growth of the standard (TS 4027) cuttings taken during the dormancy period of Vitis
vinifera L. cvs Eksi Kara and Gok Uziim were investigated under greenhouse conditions. Cuttings treated by keeping in
0.1, 0.2 gL' AgNPs, 0.1, 0.2 gL' IBA aqueous solutions for 24 h were planted in black, 1 L volume seedling bags
filled with 1:1 peat: perlite in the greenhouse, while the control was kept in pure water for 24 h and planted. Changes
in sprouting rate, plant transformation rate, shoot length, shoot diameter, number of nodes, stomatal conductance,
leaf temperature, photosynthetic efficiency, leaf fresh and dry weight, SPAD, root number, root length, root fresh and
root weight were examined in developing seedlings. In evaluating the effects of AgNPs and Indole-3-butyric acid
(IBA) treatments on cutting rooting and vegetative development, ANOVA, post hoc analysis with the Tukey test,
and Principal Component Analyses (PCAs) were used to better understand and depict the correlations between the
examined variables. This analysis method was performed using ggplot2 in the R Studio program. The heatmap generated
by the pheatmap package was used to visualize the correlation and variation. As a result of this study, AgNPs applications
were found to be more effective than IBA treatments in the rooting of grapevine cuttings and the vegetative development
of young plants. In conclusion, 0.1 g¢-L™' AgNPs can be tested as a support and/or economical alternative to IBA for the
promotion of rooting of cuttings and vegetative development of young plants for subsequent clonal propagation.
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1 Introduction

Since grapevine (Vitis vinifera L.) is one of the most important species in the world in terms of
vineyard area and the economic and nutritional value of grapes [1], for fresh consumption or as an industrial
product [2], the propagation of grapevine genotypes is essential. Viticulture has historically been dependent
on clonal propagation of grape and grapevine rootstock varieties. Consumers’ preference for traditional
varieties necessitates the preservation of varieties with known characteristics. This is achieved through clonal
propagation. Adventitious root formation (ARF) is the key component of clonal propagation success [3]. Cut-
tings are used as a traditional material in ARF research. However, the phenotypic heterogeneity caused by the
complex background has affected its use in investigating the molecular mechanism of ARF in grapevine [4].
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Although propagation by cuttings is widely used in production practice as an important technique of asexual
reproduction, the low ARF rate of some superior plants still restricts the rapid development of propagation
by cuttings technology, and the key to improving the cutting rooting rate of plants is to find the regulation
mechanism [5]. ARF is the postembryonic formation of new roots from non-root tissue cells. ARF plays an
important role in clonal propagation and maintenance of elite germplasm [6,7]. However, successful clonal
propagation remains a challenge in many cases where ARF is either very weak or completely unsuccessful [8].
ARF occurs in three consecutive and interconnected phases, namely induction, initiation, and expression
phases. The rhizogenic effect of auxin begins in the induction phase [9]. Enzyme peroxidases catalyze the
lignification process of the cell wall in the induction phase [10]. A higher auxin is required at this stage.
However, phytohormones become inhibitory at the formation stage. In the late stimulation phase, ethylene
and cytokinin showed inhibitory effects [11]. During the induction phase, dedifferentiation also occurs. In
this step, the cell acquires the competence for proliferation and organ differentiation. Previously activated
cells become committed to the formation of root primordia by the rhizomic action of auxins during the
induction phase process. The first step in the cutting propagation process is the establishment of a new
viable root connection through the initiation and growth of the ARF [12]. Auxin is the main stimulatory
hormone for initiating ARE. Natural IAA supports ARE maintains homeostasis, and is associated with
various developmental stages of the rooting process [13,14]. In different plant species, increased auxin levels
are substantially higher for ARF in the early developmental stages than in the later stages. Generally, IBA and
NAA are recommended to promote ARF in the propagation of many species by shoot cuttings [15]. Clonal
propagation by cuttings guarantees the characteristics of the species or new varieties. In asexual propagation,
AREF is the precursor to successful propagation [16]. However, ARF is difficult in many important grapevine
genotypes [3,17-20]. In studies on ARF in grapevines, generally, dormant hardwood cuttings with buds and
cuttings with fresh leaves are used [21-24]. However, cuttings are a rather complex system where endogenous
hormone levels, transport, dormancy, storage, inhibitory compounds, bud burst, and the time of taking
the cuttings affect the ARF and the growth of the developing plants, all of which depend on pretreatment
and can affect rooting [3,25]. These factors make it difficult to investigate the function and molecular
regulatory mechanism of factors affecting ARF in grapevine cuttings [4]. Auxin is one of the most important
hormones used in shoot cuttings to accelerate the development of adventitious roots [26]. Auxin affects
root development and increases the rooting percentage of cuttings [27]. Young shoots and leaves on plants
produce natural auxin, but successful rooting of cuttings requires the application of synthetic auxins [28].
Young shoots and leaves on plants produce natural auxin, but successful rooting of cuttings requires the
application of synthetic auxins [29]. Despite the apparent difficulties associated with the use of auxins, there
are numerous reports that auxins improve the rooting of grapevine cuttings, as evidenced by their successful
use in in vitro rooting of non-dormant material [14,19,28], but in some cases, no effects of IBA have been
reported [30], and there are enough inconsistencies to make these reports questionable. Finally, several
rootstocks and their hybrids show improved rooting when treated with IBA [30-32]. It should be kept in
mind that IBA is rapidly converted to IAA in grapevines [33] and other woody taxa [34]. Nanoparticles (NPs)
are matrix systems prepared with natural or synthetic polymers, with dimensions ranging from 1 to 100 nm,
called nanospheres or nanocapsules depending on the preparation method, and in which the active substance
is dissolved, trapped, and/or absorbed or bound to the surface within the particle. The green method of NPs
synthesis is an alternative to chemical and physical methods as it provides an environmentally friendly way
of synthesizing NPs. Also, green synthesis does not require expensive, harmful, and toxic chemicals. Metallic
NPs with various shapes, sizes, contents, and physicochemical properties can be synthesized. In recent years,
green synthesis has been done using biological organisms such as fungi, bacteria, actinobacteria, yeasts,
molds, and algae, as well as plants and their products. Molecules and pigments in plants or microorganisms,
such as proteins, enzymes, phenolic compounds, amines, and alkaloids, are used as reducing agents in NPs
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synthesis [35]. AgNPs were synthesized using various non-toxic and biodegradable plant extracts [36-38],
and AgNO; as green reductants, and their activities were tested. Filippi et al. [39] showed that silver could
induce programmed cell death in grapevine suspension cell cultures mediated by caspase-3-like activity and
oxidative stress. In sustainable agriculture, NPs provide a safeguard for better management and protection
of crop production inputs. The potential of NPs promotes a new green revolution that reduces agricultural
risks. However, there are still large gaps in our knowledge about the various activities, allowable limits, and
ecotoxicity of different NPs [40,41]. AgNPs are easy to synthesize and environmentally friendly. Therefore,
there is a need to determine the production, behavior, and interactions of nano agricultural inputs, especially
those produced by green synthesis, in living systems and environments. AgNPs (size range 10-20 nm)
consist of silver ions as their major components. These particles have high activity and effectiveness in
living systems [42]. These can be produced by various methods such as physical, chemical, and biological
methods etc. The areas of use of AgNPs include breaking seed dormancy, increasing seed viability index,
improving seedling fresh weight [43,44], and cutting rooting [37]. AgNPs of various sizes and shapes are
being developed. They have a core-shell structure consisting of a metallic silver core and typically a coating
that helps control the size of the AgNPs during synthesis and provides a surface charge to stabilize the
AgNPs in solution [45]. AgNPs improved the vegetative growth and yield in (Borago officinalis) plants [46]
and basil (Ocimum basilicum L.) [47], maximized the number of shoots in vitro propagation of node
explants of African and French marigolds Pusa Basanti garuda and Pusa Arpita [48], accelerated root growth
in Asian rice (Oryza sativa) [49], seed germination [50], promoted crop productivity [51], significantly
stimulated plant metabolism, gene expression, and antioxidant enzyme activity [52]. It improved growth in
cowpea, tuber development, and shoot growth in Brassica [53] and growth in Fenugreek ( Trigonella foenum-
graecum) [54]. Liquorice (Glycyrrhiza glabra L.) in vitro culture provided a significant increase in shoot
growth and a decrease in the number of stomata and hairy structures, its effects on the anatomical structures
of organs, increased cell division in root and shoot tips and increased intercellular spaces in the mesophyll,
decreased vascular tissues and sclerenchyma fiber (lignified cell walls), increased Casparian strip thickness
and cell walls of the endodermis, and decreased thickness of the epidermis were detected. These effects were
attributed to the inhibitory effect of AgNO; on ethylene production and function and increased tolerance to
silver metal [55]. By applying AgNPs to explants, microbial contaminants were successfully controlled, callus
formation, organogenesis, and shoot growth in vitro olive (Olea europaea) culture [56], and their positive
role in somatic embryogenesis, somaclonal variation, genetic transformation, and secondary metabolite
production was proven [57].

In this study, the effects of AgNPs produced by the green synthesis method using grape seed extract and
AgNO; on the rooting and vegetative development of standard cuttings taken during the dormancy period
of Vitis vinifera L. cvs Eksi Kara and Gok Uziim were investigated under greenhouse conditions.

2 Materials and Methods
2.1 Material
2.1.1 Plant Resources and Research Location

Two grape varieties (Vitis vinifera L. cv; Eksi Kara, variety number VIVC; 3852 and cv Gok Uziim,
variety number VIVC; 4847) were used in the study conducted in the 2022-2023 period. Dormant cuttings
were taken from the clone vineyard of Selcuk University, Konya, at an altitude of 1200 m above sea level.
The cuttings taken for this experiment were 8-year-old vines planted with 2.0 m within the row and 3.0 m
between the rows, with a density of approximately 1600 vines per hectare. Viticulture procedures, including
fertilization, pruning management, agricultural pesticides for control of grapevine diseases and pests, and
irrigation, were routinely applied to both selected varieties. Fertilization was applied to the vineyards
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according to the soil analysis results, and each vineyard’s soil was plowed four times, and weed growth was
suppressed by tillage. The common feature of the two grape varieties selected in the study is that they are
well adapted to vineyard areas at the highest altitude (1000-1700 m above sea level), where climate extremes
are experienced very frequently.

2.1.2 Chemical Material

Silver nanoparticles (AgNPs) were produced from Eksi Kara grape seeds extract and AgNO; (Sigma,
CAS No. 7761-88-8) by the Green synthesis method and used in the experiment at doses of 1 gL' AgNPs
and 2 gL' AgNPs. In the FTIR (Fourier transforms infrared spectroscopy) analysis of AgNPs, it was
confirmed that the AgNPs loaded into the solution were successfully incorporated into the nanoparticle
(NP) skeletal structure with the adsorbed grape seed extracts, and that different functional groups emerged
with surface interaction. In the XRD analysis (D8 Advance brand diffractometer), it was observed that
the AgNPs formed crystal structures and spectra. The peaks were attributed to the tetragonal crystal
structure and were evaluated as strong evidence of the complex formation between the grape seed extract
component and AgNPs. The determination of the morphological structures of the nanoparticles was also
characterized by TEM (Transmission electron microscopy, JEOL JEM 2100 UHR-TEM). In the TEM analysis,
it was determined that the NPs were spherical or close to spherical and their sizes were in the range of
10-20 nm [58].

Indole butyric acid (IBA) used in the experiment was supplied by Merck (CAS No. 133-32-4). IBA doses
were 0.1 g'L™! and 0.2 gL, and both chemicals were applied by soaking in water for 24 h.

2.2 Method
Analytical Techniques for Evaluating the Rooting and Vegetative Development

This study was conducted in a randomized complete block design with three replications. In the study,
standard dormant cuttings of two grape varieties were used in each experimental plot as 10 pieces. Two
IBA (0.1 gL' and 0.2 g'L™"), two AgNPs (1 gL and 2 g'L™"), and one control (soaking in distilled water
for 24 h) treatments were evaluated, totaling 300 cuttings. Grapevine cuttings were prepared according to
the rootstock cutting standard (TS 4027). AgNPs and IBA applications were applied to dormant cuttings
approximately 5 cm from the cutting base in the form of 24-h soaking at the beginning of February 2023.
Then, the cuttings were planted in a 1 L volume (25 x 12 cm) medium containing 1:1 peat perlite, and
their development was followed in a heated polycarbonate greenhouse. Routine irrigation, fertilization, and
pesticide applications were made for protection purposes. The trial was a randomized plot design with three
replications, and each replication had ten cuttings. The effects of the applications on rooting and vegetative
development of the cuttings were recorded as shoot rate, plant transformation rate, shoot diameter at the
end of vegetation, shoot length, and number of nodes. Stomatal conductance and leaf temperature were
measured with a leaf porometer (Meter SC-I Leaf Porometer) between 10:00 and 13:00 on healthy and sun-
exposed leaves that had just reached full size. Stomatal conductance and leaf temperature values of three
healthy leaves were measured on each seedling, and the average of the measurements made on 10 seedlings
was recorded. Leaf area (cm?®) was determined by scanning 10 leaves from each replication with a scanner
connected to a computer in the WinFolia program, and the average leaf area was determined. Photosynthetic
activity (PhiPSII) was measured with a LI-COR brand LI-600 fluorometer device between 09.30 and 10.30
in the morning on cloudless days, on leaves that had just reached full size. PhiPSII values were determined
by taking the average of the measurements. Leaf fresh and dry weights were determined by weighing the
fresh and dry weights of ten healthy and mature leaves from the middle 1/3 of the shoots developed from
the cuttings at the end of vegetation with a precision scale, and the average leaf weights were determined.
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Leaf chlorophyll density (SPAD value) was measured in the middle 1/3 of the shoots, mature, sun-exposed,
and healthy leaves (10 leaves from each replication), and the greenness index was measured with a Minolta
SPAD meter (model 520). Root number and root thickness (root numbers thicker than 2 mm and longer
than 10 cm were taken as a basis) were calculated as the averages of the determinations made on 10 seedlings
for each replication. Total root lengths were measured with a tape measure from the root beginning of the
shoots at the end of the vegetation period, and average values were determined. Root fresh and dry weights
were determined (Mettler Toledo LA84) by removing the roots of the seedlings from the soil at the end of
vegetation, cutting them from the root beginning, and weighing them with a precision scale. Root dry weights
were recorded by weighing the roots after they were dried in the oven (Labor brand Test 420St model) at
72°C for 48 h.

2.3 Statistical Analysis

In this study, statistical packages available in R Studio were used for all descriptive analyses. A
comprehensive analysis of variance (ANOVA) was conducted using the capabilities of the statistical package
in R Studio. The effects of two grape varieties (two levels) and two rooting chemical treatments (five
levels) on rooting and vegetative growth traits (sixteen levels) were comprehensively evaluated at the
p-value is 0.05 significance level. The effects were included in the statistical model, and then the data were
checked for compliance with normality assumptions. Two separate models were carefully constructed to
evaluate the main effects of rooting-promoting treatments on rooting and vegetative growth levels. When an
ANOVA revealed statistical significance, post hoc analysis was performed with the Tukey test, an accepted
technique for comprehensively investigating differences between various groups. Principal Component
Analyses (PCAs) were used to better understand and depict correlations between different variables. This
analysis method was performed using the ggplot2 package in R Studio. The pheatmap package in R Studio was
used to create the heatmap, which shows the relationships and differences in the datasets under analysis [59].

3 Results

Budburst rate, shoot diameter, leaf fresh weight, leaf dry weight, and SPAD were statistically different
in the two cultivars. Cv Eksi Kara cuttings had a higher bud burst rate, shoot diameter, leaf fresh weight, leaf
dry weight, and SPAD than cv Gok Uziim cuttings. However, there are no statistically significant differences
in the transformation rate to plant, shoot length, and number of nodes for the cultivars Eksi Kara and Gok
Uziim. While the treatments of 1 gL' AgNPs were statistically the best application on the bud burst rate,
transformation rate to plant, leaf fresh weight, leaf dry weight, and SPAD values, 2 g-L”! AgNPs treatments
had great shoot length and number of nodes (Table 1). There are statistically significant differences in the
number of roots, root length, root fresh weight, root dry weight, stomatal conductance, photosynthetic
efficiency, and leaf area, except leaf temperature, among the cultivars. Cv Eksi Kara saplings had a greater
number of roots, root fresh weight, root dry weight, stomatal conductance, photosynthetic efficiency, and
leaf area values than cv Gok Uziim saplings. While the treatments of 1 gL.™! AgNPs were statistically the
best application on the number of roots, root fresh weight, root dry weight, stomatal conductance, and
photosynthetic efficiency, 2 gL' AgNPs treatment had great root length. Control had a greater value than
the other treatments in the leaf temperature (Table 2 and Fig. la-e).
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Table 1: Budburst rate, transformation rate to plant, shoot length, shoot diameter, number of nodes, leaf fresh weight,
leaf dry weight, and SPAD values of cultivars (Eksi Kara and Gok Uziim)

Cultivars®  Budburst Transformation Shoot Shoot Number of  Leaf fresh Leaf dry SPAD
(©) rate rate to plant length diameter nodes weight weight
Eksi Kara 70.66 + 58.83 + 1.51 15316 £1.93 635+ 0.05a 2570+ 0.35 124 +0.04a 035+ 34.71
1.45a 0.00a 0.17a
Gok Uziim 64.00 + 59.33 +£1.63 151.56 £1.86 597 +0.02b 2493 +£0.28 116 + 0.02b 0.32 33.10 £
1.30b 0.00b 0.12b
Applications’
(4)
Control 45.00 + 45.00 + 2.39¢ 134.66 + 545+ 0.00e 21.41+0.34c 1.06 £ 0.02c 0.29 + 3139 £
2.29¢ 2.90c 0.00c 0.10d
1gl™! 80.00 + 70.93 + 3.45a 160.08 + 6.47 £0.04b 26.25+0.47b 130+ 0.03a 0.37 £ 35.83 £
AgNPs 3.34a 4.89b 0.00a 0.39a
2gL7! 7333 + 61.73 + 3.00ab 176.16 + 6.80 +£0.08a 28.83 +£0.55a 1.32 + 0.05a 0.36 + 34.94 +
AgNPs 2.45ab 4.00a 0.00a 0.25b
01gL™! 7333 + 61.40 + 154.25 + 6.18 £0.09c 2691+ 0.50b 1.21+0.03b 0.34 + 33.88 +
IBA 2.60ab 2.90ab 4.55b 0.00ab 0.20c
02gL™! 65.00 + 56.34 + 2.67b 136.66 + 591+0.03d 23.16 + 0.44c 113 + 0.02bc 031+ 33.49 +
IBA 2.65b 3.36¢ 0.00bc 0.21c
Significance
C 0.00406** 0.820 0.551 3.09e—07*** 0.0688 0.00017*** 0.00165**  8.34e—09***
A 9.32e—09"**  5.98e—06"*  113e—08"**  4.14e-12***  1.03e—09"**  4.98e—08*""*  72e—07*""* 6.95e—12***
CxA 0.54562 0.807 0.175 0.025* 0.1843 0.32433 0.20651 0.00104**

Note: x, Mean separation in Cultivars; y, Mean separation in Applications;

C, Cultivars; A, Applications; C x

A, interactions; For a given factor different letters within a column represent significant differences (Tukey test,
*Significant at p-value < 0.05; **Significant at p-value < 0.01; ***Significant at p-value < 0.001). Data are stated as
averages of the data and their standard deviations.

Table 2: Number of roots, root length, root fresh weight, root dry weight, stomatal conductance, leaf temperature,
photosynthetic efficiency, and leaf area values of cultivars (Eksi Kara and Gok Uziim)

Cultivars* Number of Rootlength Root fresh  Root dry Stomatal Leaf Photosynthetic Leaf area
(©) roots weight weight conductance  temperature efficiency
Eksi Kara 20.83 + 33.13 £ 0.32b 21.80 + 10.07 + 144.86 + 21.94 + 0.15 0.62 + 75.00 +
0.25a 0.50a 0.55a 1.82a 0.00a 0.65a
Gok Uziim 18.90 + 34.73 £ 0.45a 16.44 + 735 + 138.46 + 21.81 + 0.10 0.59 + 71.94 +
0.10b 0.25b 0.20b 1.50b 0.00b 0.60b
Applications’(A)
Control 12.50 + 25.75 + 0.30d 6.51 + 236 £0.15¢c  109.50 + 23.11 + 0.51 + 63.33 +
0.25¢ 0.25d 2.33c 0.25a 0.00c 2.32d
1gL! 2350 + 36.91 + 0.50b 2783 + 13.81 + 169.50 + 21.35 + 0.68 + 75.87 £
AgNPs 0.40a 0.60a 0.45a 5.80a 0.16b 0.00a 3.30b
2gL7! 24.66 + 41.08 + 0.66a 29.68 + 13.39 + 171.16 + 21.48 + 0.65 + 80.40 +
AgNPs 0.55a 0.66a 0.30a 790a 0.13b 0.00a 2.56a
01gL™! 19.83 + 33.08 + 0.45¢ 1716 + 7.3 + 0.20b 133.33 + 21.97 + 0.58 + 70.88 +
IBA 0.35b 0.55b 3.30b 0.15b 0.00b 3.45¢
02gL7! 18.83 + 32.83 + 0.33c 14.41 + 6.67 + 124.83 + 21.51 + 0.59 + 75.89 +
IBA 0.33b 0.36¢ 0.10b 2.46b 0.21b 0.00b 1.25ab
Significance
C 1.10e—-06*** 0.00156** 3.96e—11"**  1.94e—-07*** 0.0222* 0.35585 0.00110** 0.00195**
A <2e-16***  3.6le—14** < 2e-16"* 1I12e—14%* 1.53e—12*** 6.47e—07%*  2.12e-1I"** 6.03e—-10***
CxA 2.74e—07***  4.25e—09**  1.25e—10*** 3.30e—09***  0.0239* 0.00734** 0.00709** 1.18e—07***

Note: x, Mean separation in Cultivars; y, Mean separation in Applications; C, Cultivars; A, Applications; C x
A, interactions; For a given factor different letters within a column represent significant differences (Tukey test,
*Significant at p-value <0.05; **Significant at p-value < 0.01; ***Significant at p-value < 0.001). Data are stated as
averages of the data and their standard deviations.
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Figure 1: AgNPs and IBA effects on rooting of grapevine dormant cuttings. The images in the upper row belong to cv
Eksi Kara, and those in the lower row belong to cv Gék Uziim. (a), control, (b), 1 gL~ AgNPs, (c), 2 gL} AgNPs, (d),
0.1g-L™' IBA, (e), 0.2 g-L™! IBA applications are presented as representatives

When the eigenvalues and their orders were examined, the first eigenvalue (PCl) accounted for
74.4% of the variance, and the second eigenvalue (PC2) accounted for 6.2% of the variance (Fig. 2a).
Grapevine genotypes differed in their effects across treatments, with the greatest differences occurring
in leaf temperature. PCA biplots were colored by grapevine genotypes (Fig. 2a) and cultivars (Fig. 2b).
In the individual factor grouping map, it was separated from the control AgNPs and IBA applications.
AgNPs applications were positively separated from IBA applications. In other words, AgNPs treatments
significantly increased the rooting and vegetative development properties of grapevine saplings compared
to IBA treatments. The coordinates of the investigated features showed accumulation in the range of —4--7
and —4-2. IBA applications were separated depending on the dose. 0.2 g-L.”! IBA treatments were positively
separated from 0.1 g-L ™! IBA treatments. In AgNPs treatments, while the effects of application doses on some
features overlapped, there were also non-overlapping features (Fig. 2c). A heat map analysis was created
and presented, examining the individual effect components of the treatments. The individual factors, in
decreasing order, bud burst, plant transformation rate, shoot length, shoot diameter, node number, leaf fresh
weight, leaf dry weight, and SPAD values, were positively correlated with the other traits studied. Again, in
decreasing order, root number, root length, root fresh weight, root dry weight, stomatal conductance, leaf
temperature, photosynthetic activity, and leaf area were negatively correlated (Fig. 2d).



1834 Phyton-Int ] Exp Bot. 2025;94(6)

Variables - PCA

Eksi_Kara

PC2(62%)

Oim2 (6.2%)

Gok_Uzum

PC1 (74.4%)

i | !
Om1 (74.4%) Cuttivars [[] exsxara [] Gok uzum

(a) (b)

0.2g_I1BA

19_AgNPs

000000000000000
00 0000000
oo

PC2(62%)

0.1g_IBA

PC1 (74.4%)

rvptcations [ ora 08 [T o20.08 [0] 10 e [0 2 poven [ oot

(c)

Figure 2: PCA biplot of colored via cultivars and applications. Budburst rate, transformation rate to plant, shoot length,
shoot diameter, number of nodes, leaf fresh weight, leaf dry weight, SPAD, number of roots, root length, root fresh
weight, root dry weight, stomatal conductance, leaf temperature, photosynthetic efficiency, and leaf area variables (a),
cultivars (b), applications (c), and correlation of all variables (d) were demonstrated

In the divisive hierarchical clustering analysis, cv Gok Uziim 0.1 gL' AgNPs and Eksi Kara 0.1 gL~
IBA treatments formed a main column with leaf fresh and leaf dry weight and photosynthetic activity values,
while all other characteristics were in the second column. Shoot length, stomatal conductance, leaf area, bud
burst rate, and plant conversion rate were a subgroup of the traits in the second column, and other traits were
also in the second sub-column. The effects of cv Gk Uziim 0.1 g-L™! AgNPs and cv Eksi Kara 0.1g-L"! AgNPs
treatments were largely similar. The results were largely similar in the cvs Gok Uziim and Eksi Kara control.
Since rooting and vegetative development values were obtained from cv Eksi Kara 0.1 gL' and 0.2 g-L!
IBA treatments, and cv Gok Uziim 0.1 gL ™! and 0.2 g-L"! IBA treatments were quite similar, the 0.1 g-L™!
IBA treatment was prioritized in the following studies. The fact that the application results of cv Eksi Kara
0.1 gL' AgNPs and cv Gék Uziim 0.1 gL' AgNPs were in the same group limited the effect of genotypic
difference at this dose to a great extent. In other words, the genotypic difference was not found to be very
effective in 0.1 gL' AgNPs treatments. However, the effect of grapevine genotype was very significant in
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0.2 gL' AgNPs treatments. It was suggested that genotype differences should be considered in subsequent
studies in 0.2 gL' AgNPs dose trials (Fig. 3).
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Figure 3: Performed a heatmap analysis of the components of budburst rate, transformation rate to plant, shoot length,
shoot diameter, number of nodes, leaf fresh weight, leaf dry weight, SPAD, number of roots, root length, root fresh
weight, root dry weight, stomatal conductance, leaf temperature, photosynthetic efficiency, and leaf area values of Eksi
Kara and Gok Uziim cultivars were illustrated

4 Discussion

In a previous study, high doses of AgNPs (25 and 50 ppm) inhibited spontaneous mycorrhizal root
colonization in pot-grown Scots pine seedlings, while the 5 ppm dose was recommended as a stimulant
for this species, as it increased mycorrhizal colonization and root length and root dry weight [60]. In
another study, it was documented that AgNPs increased root growth threefold in in vitro tobacco (Nicotiana
tabacum) and ex vitro Hibiscus rosa sinensis cuttings compared to controls and increased their rooting
ability against phytopathogens that inhibit root growth [58]. With the application of 1, 2, 5, 10, 20, and
50 mg dm~> AgNPs, the growth and development of in vitro propagated lavender (Lavandula angustifolia
cv Munstead) were positively affected, shoot growth was stimulated, plant weight increased, and roots were
more elongated than the control. While 11.8% of the cuttings were rooted in the control, the rooting rate in
AgNPs treatments was determined between 39.1% and 88.9%, depending on the dose [61]. It was determined
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that AgNPs were absorbed by Arabidopsis roots, mostly located in the cell wall and intercellular spaces,
and affected root growth dose-dependently. 50 mg-L™' AgNPs increased root elongation, while 100 mg-L™!
and above concentrations decreased it. Moreover, 50 mg-L™! AgNPs increased root apical meristem cell
number and cell cycle-related gene expression (CYCBIL1), while 100 mg-L™! and above doses decreased
it. These results were shown as evidence that AgNPs regulate root growth by affecting cell division [62].
In the in vitro culture of the Picual olive variety, AgNPs (0, 5, 10, and 20 mg~L_1) gave the highest shoot
growth values, and the addition of very low concentrations of AgNPs to the in vitro olive culture medium
supplemented with 4 mg-L™" Zeatin was recommended [63]. 1 mg-L™' AgNPs treatments promoted rooting
and vegetative growth in 41 B grapevine rootstock cuttings, increased shoot length, shoot diameter, number
of nodes, and fresh and dry weights of roots and shoots. The highest leaf area and SPAD values were recorded
in 1 gL' IBA application [64]. In guava semi-hardwood cuttings, auxin-AgNPs (IBA-AgNPs and NAA-
AgNPs) and double-dipping treatments increased rooting efficiency compared to auxin-only treatments,
and all root parameters were found to be higher in IBA-AgNPs treatments [65]. In micropropagation of
Limonium sinuatum (L.) Mill. ‘White, rooting time was found to be 3 days shorter in 0.4 mg-L™' AgNP
supplemented medium compared to the control. AgNPs stimulated shoot proliferation and rooting by
changing endogenous hormones, and the obtained seedlings were better adapted to greenhouse conditions
than the control [66]. In wood cuttings of Dalbergia sissoo Roxb, 50 and 100 mg-L~! IBA treatments increased
the root length (30.53 cm and 25.50 cm, respectively) compared to the control (21.3 cm), while 30 and
60 mg:L™! AgNPs treatments decreased it (11.5 and 11.56 cm, respectively). IBA and AgNPs treatments
increased the shoot’s fresh and dry weight [67]. In adventitious root formation from Quercus robur L. shoot
cuttings, the combination of 0.3 mg-L™! 6-Benzylaminopurine and 100 mg-L™! cefotaxime was found to be
the most suitable for shoot multiplication, while 0.1 mg-L! NAA and 1/2MS medium were found to be the
most effective for root induction [68]. Thomas et al. [22] reported that VWPRP1 and VvPRP2 genes, which are
induced during rooting in grapevine shoot cuttings, are rapidly induced in cuttings within 6 h after explant
preparation. Furthermore, the transcripts of each gene are most concentrated in the basal part of the cuttings
in the region of new root formation. The induction of these genes is not significantly increased by IAA
application, and the expression of the VVPRPI1 gene can be induced by wounding. VVPRP genes may play an
important role in the initiation of new roots in grapevine shoot cuttings, probably by altering the mechanical
properties of the cell wall to promote root formation. Grape seed extracts contain varying amounts of
monomers, oligomers, and catechin polymers with a flavan-3-ol molecule. These bioactive components are
reducing agents and hydrogen-donating antioxidants. Their intrinsic properties are due to the nature of the
polyphenol. AgNPs produced from grape seed extract and AgNOs by the green synthesis method stimulated
the rooting of grapevine rootstock cuttings [37].

5 Conclusion

In this comprehensive study, the effects of IBA and AgNPs treatments on cuttings of cvs Eksi Kara and
Gok Uziim were carefully monitored. Sixteen rooting and vegetative development parameters were analyzed,
which helped to elucidate the complex interactions involved in promoting the rooting and vegetative
development of grapevine cultivars. The study found that both grape cultivar cuttings were significantly
affected by IBA and AgNPs treatments, with significant variations observed in the studied traits. In addition
to IBA, which is well known for its contribution to the rooting and development value of grapevine cuttings,
AgNPs treatments, tested for the first time in this study, were determined to have a more stimulating effect on
the rooting and vegetative development of grapevine cuttings than IBA. Differences were determined among
grapevine cultivars in terms of the effects of the treatments. It was pointed out that dose trials are necessary
in grapevine genotypes for fine-tuning of AgNPs treatments. This study mainly emphasized the complex
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interactions between external stimulant and dose selection, rooting, and vegetative development traits to
promote the rooting and vegetative development of grapevine cuttings. Although ecological conditions and
the characteristics of grapevine cuttings were not considered in this study, future studies will provide more
specific results for comparing both cuttings of grapevine genotypes with standard but different rooting
characteristics and the ecologies in which the cuttings were produced. Researchers, grapevine nurseries, and
other species cuttings rooting nursery producers can greatly benefit from these results to maximize seedling
yield and quality in grapevine propagation and to deepen their understanding of the effectiveness of chemical
applications for cuttings rooting, which will further advance the continuous progress of the agricultural and
viticultural sectors.
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