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Abstract: Drought is one of the leading abiotic factors limiting morphological and physiological
activities in blackberry cultivation. In this study, the effects of silver nanoparticles (AgNPs) on some
morphological and biochemical processes in boysenberry (Rubus ursinus Chamisso and Schlenhtendal)
under drought stress were investigated. The experiment was performed with three drought stress
levels simulated with Polyethylene Glycol (PEG) (0, 4, 8%) and three AgNP treatments (0, 0.1,
0.2 mg L−1) in vitro conditions. Drought stress reduced root and shoot development of boysenberry
plants grown in vitro. The addition of AgNPs significantly alleviated the adverse effect of drought
stress and increased the plant growth parameters. Antioxidant activity of superoxide dismutase
(SOD) and catalase (CAT) enzymes increased in boysenberry leaves when treated with AgNPs under
drought conditions, while the amount of malondialdehyde (MDA) decreased. As a result of the
study, 0.1 mg L−1 AgNPs is recommended as the most effective dose to promote the growth and
development of in vitro boysenberry plants under drought stress.
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1. Introduction

The cultivation of berries is the subject of wide-ranging studies due to the fact that they
have very tasty fruits and that they are recommended to be consumed at increasing rates
in the daily diet [1,2]. Rubus fructorious, in the genus Rubus, is widely grown in temperate
climatic regions of the world due to increasing consumer demand [3,4] and is one of the
most popular horticultural berry fruit species. Blackberries are used in many sectors such
as food, cosmetics, and health, and can be consumed fresh and processed. Therefore,
due to the high antioxidant properties and valuable nutritional content of the fruits, it is
recommended by the authorities as a healthy food [1,4,5]. Blackberries are also described
as functional food in connection with their organoleptic properties and high content of
polyphenol compounds [2,4,6]. Compared to many other fruit species, blackberry has
advantages such as ease of cultivation and marketing, providing raw materials to the indus-
try, being suitable for family business, high income from small areas, and low production
costs [1–3,6]. Boysenberry is described as hybrid Rubus berry of Rubus baileyanus and Rubus
loganobaccus [7]. This fruit is especially effective in reducing oxidative stress and is rich in
anthocyanins, ellagic acid and ellagitannins, which are important for human health [8,9].
The cultivation of Boysenberry, which is also preferred by the food industry, is increasing
rapidly all over the world due to its suitability for fresh consumption and processing and
its higher fruit quality compared to other blackberry varieties [10,11]. Unfortunately, the
production of ‘Boysenberry’, whose large fruit, resistance to many diseases and pests, and
thornless varieties have been bred, has not yet reached the level it deserves [12,13]. The
reasons for this situation include problems such as decreasing agricultural areas, loss of
production due to diseases and pests, climate change and changing soil conditions [10,14].
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This plant, which can be propagated by vegetative methods by hard or softwood
cuttings, one-year-old suckers, and layering or root cuttings, can also be propagated under
in vitro conditions quickly and highly efficiently in a relatively short time with limited
space and without seasonal variation [3]. One of the most important problems in the
cultivation of this plant is the increasing drought day by day.

Considering the stress-affected rates of usable areas around the world, drought has
the highest rate [15,16]. Drought stress causes physiological, biochemical and molecular
responses in plants and negatively affects growth and yield [17–20]. Drought stress occurs
when the amount of water lost by the plant through transpiration is more than it takes.
Under these conditions, competition begins between plant organs for water, the water
potential gradient between different parts of the plant is disrupted, and the plant is under
water stress [17,19,20]. The thornless cultivars of Rubus L. species have soft and juicy fruits
and a root system that does not reach the deep soil profile [21,22]. For this reason, the plant
needs frequent watering and the vegetative growth and development of this plant are signif-
icantly affected by drought [23–25]. Water stress, which has the negative effects mentioned
in all plants, is one of the factors limiting the production in blackberry cultivation and re-
stricting the morphological, enzymatic and physiological activities of the plant. Researchers
report that drought stress can decrease shoot, leaf and root development, and leaf number
and disrupt water use efficiency, thus causing physiological and biochemical problems
in blackberry plants [25–27]. In addition, under drought stress conditions, the total leaf
area, leaf relative water content (RWC) and thus the photosynthesis rate decreases [28].
The loss of intracellular water causes dehydration due to the increase in concentration, and
in this case, the collapse of the plasma membrane leads to ruptures and autolysis of the
cytoplasm [26–28]. Protein structure and membrane stability in the plant may be adversely
affected by this situation. Photosynthetic ability is determined by the total leaf area in that
plant and the photosynthetic activity of each leaf. With drought stress, the total leaf area
decreases, and therefore, photosynthesis decreases [25,27–29]. In this case, changes in the
rate of photosynthesis can reduce vegetative growth and severely delay the development
of boysenberry [23] and blackberry [27,29]. The first response of plants to drought stress is
stomatal closure, which causes oxidative stress. In order to protect against oxidative stress
in plant cells, there is a highly efficient antioxidant defense system including superoxide
dismutase (SOD), peroxidase (POD) and catalase (CAT) enzymes [24,30].

Changing climatic conditions have increased the pressure of abiotic stress factors on
agricultural production. More studies are needed to increase the drought tolerance of the
plant for economical and sustainable blackberry cultivation. The development of new
varieties resistant to stress conditions takes a long time and costs are high, especially in fruit
growing. Nanoparticles (NPs) can be used in many different ways due to their physico-
chemical properties such as high surface area, high reactivity, variable pore size and particle
morphology. In recent years, NPs, which are environmentally friendly, have been used to
alleviate the effects of abiotic stresses, including drought [31–35]. Metallic nanoparticles
have an extremely large surface area/volume ratio and the ability to regulate electron
exchange [36]. Silver nanoparticles, a metallic, antimicrobial/antibacterial nanomaterial,
increase the chlorophyll content and photosynthesis rate, thereby promoting plant growth
and development [36–41]. Researchers have reported that NP application contributes to
the regulation of antioxidant enzyme activity and cellular water balance [31]. Also, some
researchers stated that AgNPs have the potential to develop resistance against drought
stress in different plants such as wheat [42,43], eggplant [44], thymus [45], lettuce [46]
and lentil [47].

In light of all this information, it is clearly seen that the sustainability of agricultural
production is at the mercy of the climate system [48]. However, in order to overcome
this situation, it is necessary to carry out research to combat agricultural drought. When
previous reports on drought are examined, it is thought that NP applications can be an
effective alternative to alleviate the negative effects of drought. As a matter of fact, different
NP applications have shown positive results in reducing the effects of drought in various
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plants [31,32,42–44,46,47], but no research reporting the effects of AgNPs on boysenberry
has been found. Research to reduce yield loss due to drought is important for the future
of this plant, which has important benefits for human health and high economic value.
Therefore, this research aimed to determine the effects of different concentrations of AgNP
treatments on drought tolerance of blackberries grown in vitro.

2. Materials and Methods
2.1. Plant Material

In the study, Boysenberry (Rubus ursinus Chamisso and Schlenhtendal) is used as plant
material which is a hybrid Rubus berry derived from a cross between loganberry (Rubus
loganobaccus Bailey) and trailing blackberry (Rubus fruticosus L.) [10]. Stock plant materi-
als, used for micropropagation were obtained from plants grown in Akdeniz University
Research and Application Area, Turkey.

2.2. AgNPs Suspension Preparation

AgNPs with an average particle size of <30 nm, surface area > 15 m2 g−1 and pu-
rity > 99% were used as nanoparticles (Nanografi Chemical Company, Ankara, Turkey).
The morphological study of AgNPs was conducted by a scanning electron microscope
(SEM) (ZEİSS-LEO 1430 ZEİSS, Oberkochen, Germany) (Figure 1). PVP-coated AgNPs
were purchased as a dry powder and suspended in deionized water to prepare solutions
at a ratio of 0.1 and 0.2 mg L−1 AgNPs (resistance > 18 MΩ cm; suspension pH = 5.8).
The stock suspension was dissolved by sonicating for 30 min using a probe-type sonicator
(JL-360, Shanghai, USA at 40 kHz) [49]. These stock solutions were used for preparing the
MS culture media at the multiplication stage.
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Figure 1. Scanning electron microscopy (SEM) image of AgNPs. Figure 1. Scanning electron microscopy (SEM) image of AgNPs.

2.3. İn Vitro Establishment of Cultures

Shoot tips and nodal cuttings (3–4 cm) of 3-year-old Boysenberry plants were washed
thoroughly under running tap water for 2 h, then surface sterilized with 70% for 30 s and
further sterilized by 30% bleach solution (5.25~NaOCl) with 0.2 mL L−1 of Tween 20 for
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20 min followed by explants were washed three times with sterile distilled water under a
laminar airflow cabinet [12].

Murashige and Skoog (MS) [50] culture medium containing 3% sucrose and 0.7% agar
and 0.44% Gelrite was prepared by dissolving in distilled water and pH was adjusted to 5.8
before autoclaving at 121 ◦C for 20 min. Single bud explants were cut into
0.7–1 cm species and cultured two in each baby jar (330 mL). Explants were incubated at
24± 1 ◦C temperature, 16 h photoperiod, 40 µmol m−2 s−1 irradiance intensity and 70–80%
relative humidity in the growth room [12]. After 5 weeks young shoots were used as an
explant experiment.

The treatments consisted of drought stress at three levels (0, 4, 8%) of polyethylene glycol
(PEG 6000) and three levels (0, 0.1, 0.2 mg L−1) AgNPs. Mixtures containing AgNPs were
added to the media prepared for the subculturing of plants. The addition of PEG 6000 was
added to the medium before pH measurement; 135 young shoots [3 repetition× (5 explants×
3 PEG doses× 3 AgNPs doses)] were transferred to the MS media supplemented with 0.5 mL
BAP + 0.5 mL IBA and 30 g L−1 sucrose and cultured in the growth room same conditions as
described above [12]. Shoot response was recorded 50 days after cultivation.

2.4. Growth Parameters

In order to determine the effect of applications on the vegetative development of
plantlets, at the end of the experiment, shoot fresh weight (SFW) (g), shoot dry weight
(SDW) (g), shoot length (SL) (mm), stem diameter (SD) (mm), root fresh weight (RFW)
(g), root dry weight (RDW) (g), root length (RL) (mm), number of leaves (LN) (per plant),
leaf width (LW) (mm), leaf length (LL) (mm) were determined. After measuring the fresh
weights of the shoots and roots, they were placed in paper bags and kept in an oven at
70 ◦C for 48 h. Dry weight was determined by weighing the dried shoots.

2.5. Physiological Parameters

Measurement of the relative water contents (RWC%) was performed according to
Sanchez et al. [51]. FW, TW and DW in the equation represent the fresh, turgid and dry
weights of the sample, respectively. After the FW of the leaves was measured on a precision
scale, the leaves were placed in Petri dishes containing distilled water and kept in the dark
at 4 ◦C for 24 h to measure the TW value. The DW value was determined after the leaves
were dried in the oven at 70 ◦C for 4 days.

RWC was calculated using the following equation:

RWC = [(FW − DW)/(TW − DW)] × 100

The SPAD index was measured using a chlorophyll content meter (SPAD-502, Konica
Minolta Sensing, Inc., Tokyo, Japan).

2.6. Biochemical Parameters

Fresh leaves (0.5 g) were homogenized in 5 mL of 50 mM potassium phosphate
buffer (pH 7.6 + 0.1 mM EDTA + 2% insoluble polyvinylpolypyrrolidone) in an ice bath
to perform SOD, CAT and MDA analyses for each treatment. The supernatant formed
by centrifuging the homogenate at 15,000× g for 15 min at 4 ◦C was stored at −20 ◦C for
enzyme measurements.

Leaf superoxide dismutase (SOD) activity was measured according to the method of
reduction of NBT (nitro blue tetrazolium chloride) by O2-under light [52]. The absorbance
of leaf extract was spectrophotometrically measured at 560 nm wavelength. Catalase
(CAT) activity is determined by following the consumption of H2O2 (E = 39.4 mM cm−1)
at 240 nm [52]. Heath and Packer’s [53] method was used to measure the content of
Malondialdehyde (MDA). The absorbance of the leaf extracts was read at 532 and 600 nm
by spectrophotometer.
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All photochemical quantifications were conducted on a Thermo Scientific Multiskan
GO spectrophotometer (Multiskan™ GO Microplate Spectrophotometer; Thermo Fisher
Scientific, Waltham, MA, USA) at a temperature of 4 ◦C.

2.7. Statistical Analysis

All measurements in this work were replicated three times. Data of morphological
and physiological indices were subjected to an analysis of variance (ANOVA) using the
software SPSS 22.0. Duncan’s multiple range test (p < 0.05) was used to determine the
significance among all means between different treatments. Error bars in graphs repre-
sent ± standard error.

3. Results
3.1. Growth Parameters

The results showed that PEG-induced water stress and AgNPs had a significant effect
on growth parameters. As seen in Table 1 addition of AgNPs significantly alleviated the
adverse effect of drought stress and increased the SFW, SDW, SL, SD, RFW, RDW and RL.
SFW in the presence of 0.1 mg L−1 (0.72 g) and 0.2 mg L−1 (0.74 g) AgNPs was significantly
higher compared to the control (0.39 g) (Table 1). In addition, the SWF value increased
approximately twice with the addition of 0.1 mg and 0.2 mg L−1 AgNPs in plants where
4% and 8% PEG were applied to induce drought stress. The highest SDW (0.126 g) was
determined in the control group in the application of 0.1 mg L−1 AgNPs. SDW values
of in vitro plants decreased at 4% and 8% PEG levels, where drought stress conditions
were created. However, with the addition of 0.1 and 0.2 mg L−1 AgNPs in 4% PEG
application, the negative effects of drought on SDW were eliminated. As a matter of fact,
Table 1 shows that SDW values obtained from 4% PEG + 0.1 mg L−1 AgNPs (0.056 g) and
4% PEG + 0.2 mg L−1 AgNPs (0.058 g) applications are in the same statistical group as 0%
PEG + 0 mg L−1 AgNPs (0.078 g) application without drought stress. The mean SL values of
the in vitro plants obtained from different applications are also similar to the SDW results.
In Table 1, where the effects of PEG applied at different doses are shown, it is seen that the
highest mean SL values were obtained from 0.1 mg L−1 AgNPs applications. As with all
other vegetative growth criteria, SD values were higher in the control group, where PEG
was not applied. Unlike SFW, SDW and SL criteria, it is seen that the average highest SD
value in 4% PEG application is obtained with the addition of 0.2 mg L−1 AgNPs (2.13 mm).
The effect of AgNPs on root growth of plants grown in vitro under drought stress was
investigated in the study. Similar results in shoot growth of plants were also recorded for
root growth (Table 1). It was determined that the highest RFW values were obtained with
the addition of 0.1 mg L−1 AgNPs in all applications. The best RDW value was seen in
the control group (0% PEG + 0.1 mg L−1 AgNPS; 0.227 g). Meanwhile, the highest RL
(29.43 mm) was achieved on 0% PEG + 0.2 mg L−1 AgNPs which differed significantly
from the control treatment (15.93 mm). In short, if we evaluate the effect of the applications
on the growth criteria in Table 1, we can say the following; drought stress induced by
PEG, reduced root and shoot development of boysenberry plants grown in vitro. AgNP
application was successful in eliminating the negative effects of drought. In 0%, 4% and
8% PEG applications, better results were obtained with the addition of 0.1 mg L−1 AgNPs
compared to the addition of 0.2 mg L−1 AgNPs.

The effect of PEG and AgNPs applied at different doses on the leaf growth of plants is
given in Figure 2. It is clearly seen in Figure 1a–c that the addition of AgNPs under drought
or normal conditions has a positive effect on the leaf growth of in vitro boysenberry plants.
In 4% and 8% PEG applications, with the addition of 0.1 or 0.2 mg L−1 AgNPs, similar
values were obtained with the control conditions in terms of LN, LW and LL. These results
show that the use of AgNPs is successful in preventing the effects of drought stress in terms
of leaf growth.
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Table 1. The effect of different AgNP doses on in vitro shoot growth of boysenberry under drought
conditions.

Applications SFW (g) SDW (g) SL (mm) SD (mm) RFW (g) RDW (g) RL (mm)

0% PEG + 0 mg L−1 AgNP 0.39 bc 0.074 ab 27.25 bcd 1.23 cd 0.053 b 0.051 b 15.93 bcd
0% PEG + 0.1 mg L−1 AgNP 0.72 ab 0.126 a 44.53 a 2.43 a 0.285 a 0.227 a 26.78 ab
0% PEG + 0.2 mg L−1 AgNP 0.74 a 0.078 ab 34.13 ab 2.13 ab 0.194 ab 0.070 b 29.43 a

4% PEG + 0 mg L−1 AgNP 0.30 c 0.027 b 18.50 d 1.40 bcd 0.070 b 0.029 b 13.35 cd
4% PEG + 0.1 mg L−1 AgNP 0.65 ab 0.056 ab 34.08 ab 1.48 bcd 0.129 ab 0.045 b 14.53 cd
4% PEG + 0.2 mg L−1 AgNP 0.56 abc 0.058 ab 26.65 bcd 2.05 abc 0.076 b 0.058 b 15.90 bcd

8% PEG + 0 mg L−1 AgNP 0.29 c 0.035 b 20.93 cd 1.08 b 0.050 b 0.035 b 11.93 d
8% PEG + 0.1 mg L−1 AgNP 0.70 ab 0.051 b 31.28 bc 1.83 abcd 0.138 ab 0.027 b 25.13 abc
8% PEG + 0.2 mg L−1 AgNP 0.56 abc 0.045 b 24.63 bcd 1.78 abcd 0.027 b 0.030 b 16.58 bcd

SFW: shoot fresh weight, SDW: shoot dry weight, SL: shoot length, SD: stem diameter, RFW: root fresh weight,
RDW: root dry weight, RL: root length. Different lettering in the same column shows statistically significant
differences (p ≤ 0.05).
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3.2. Physiological Parameters

According to the results of the study, the effect of PEG and AgNPs application on SPAD
index and RWC values of boysenberry leaves grown in vitro was found to be statistically
significant (p < 0.05) (Figure 3). The highest SPAD index values were recorded in the control
group plants. The mean value obtained from the application of 4% PEG + 0.1 mg L−1

AgNPs (64.28) was found to be statistically similar to the control group. The lowest
SPAD index averages were observed in the 8% PEG group in which the highest dose was
applied. Among the different treatments, the highest RWC values were reached in plants
without drought stress and without AgNPs application (61.59%), and also in plants where
4% PEG + 0.1 mg L−1 AgNPs (62.51%) were applied. In this case, it can be said that the
addition of AgNPs under 4% PEG-induced drought stress is effective in maintaining the
SPAD index and RWC content of in vitro plants. However, in the 8% PEG application,
the RWC content and SPAD index values of the plants were lower than the control group
plants, despite the addition of AgNPs (Figure 3).
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Figure 3. Effect of PEG and AgNPs treatment on SPAD index (a) and RWC (b) in vitro boysenberry
leaves. Values are the mean ± S.D. of three replicates (n = 3). Common letters are not significant
(p < 0.05).

3.3. Biochemical Parameters

As seen in Figure 4a–c, in vitro plants showed an increasing trend in SOD and CAT
activities due to drought stress caused by PEG and AgNPs application. The highest SOD
(281 U g−1 fw) and CAT (14.74 U mg−1 fw) activity values were determined in the group
in which 8% PEG + 0.2 mg L−1 AgNPs were administered. MDA content decreased with
the addition of AgNPs in all treatments. While the maximum MDA contents were found in
the presence of 8% PEG (4.36 nmol g−1 FW), the lowest value was found in the application
of 0% PEG + 0.2 mg L−1 AgNPs (1.87 nmol g−1 FW).
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Figure 4. Effect of PEG and AgNPs treatment on SOD activities (a), CAT activities (b) and MDA
content (c) of boysenberry leaves under in vitro conditions. Values are the mean ± S.D. of three
replicates (n = 3). Common letters are not significant (p < 0.05).

4. Discussion

The negative effects of drought stress on the growth of plants in vitro and ex vitro are
known [54–58].

According to the data obtained from our study, shoot and root development decreased in
in vitro boysenberry plants under drought-stress conditions. Many researchers have reported
similar results in berries under drought conditions in vitro [32,58–60]. Sharma et al. [61]
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similarly reported that drought stress caused by PEG application at different doses (5%, 10%
and 15%) significantly decreased the germination percentage and shoot-root lengths at the
seedling stage of fifteen wheat genotypes. Due to the physical and chemical properties of
different nanoparticles, their positive effects on plant growth and their ability to eliminate
abiotic stress factors are among the current research topics [62–66]. According to the re-
sults obtained, it can be said that AgNPs, whose effectiveness against drought stress was
evaluated within the scope of this study, were effective in the production of boysenberry
under in vitro conditions. Silver nanoparticles are one of the materials that have become
widespread in agricultural production in recent years and have attracted attention due to
their positive effects on plant growth and development [66–69]. There is also a report on the
effect of AgNPs on shoot and root growth promotion in strawberries by Tung et al. [70]. It is
thought that this effect of AgNPs, especially on root growth, may be related to their ability
to block ethylene signals [68,71]. Ethylene production, which disrupts auxin translocation,
causes hyperhydricity and causes tissue death, can be inhibited by low concentrations of
AgNO3 [72,73]. Ag+ interferes with the binding of the ethylene receptor site and helps reduce
ethylene production with the promotion of polyamine biosynthesis [74]. Salama et al. reported
that small concentrations of silver nanoparticles had a stimulating effect on the growth of
common bean and corn plantlets, while increased concentrations had an inhibitory effect [38].
In addition, it is known that silver particles, one of the most used materials after carbon
nanotubes among different nanoparticles, are a wonderful plant-growth stimulator [75,76].
Additionally, many researchers have reported that silver nitrate is effective for enhancing
plant growth and development under in vitro conditions [68,72,77–79].

Although, in a large number of studies, it is mentioned that AgNPs have a posi-
tive effect on plant growth and development [37,38,70,71,75,80–82], also stated that these
particles can cause toxicity in some studies [83–85]. It has been reported that nanosilver
preparations can affect the metabolism, respiration and reproduction of microorganisms,
and therefore, may cause toxicity [86]. In our study, no inhibitory effect of this material
was found. The effect of nanosilver particles, which have more surface area in contact
with outer space due to their small size, and thus increase the amount and efficiency of
adhesion to the cell surface [87], may vary according to the dose of use and the growing
medium. Some researchers have stated that when metallic ions such as silver or heavy
metals accumulate in high concentrations in plant tissue, they cause the polymerization
of phenol with the peroxidase enzyme that chelates heavy metals, and this leads to toxic-
ity [81,88,89]. As a result of the study, it was determined that AgNPs had a significant effect
on the RWC and SPAD index of boysenberry plants under drought stress in vitro growing
conditions. The effects of AgNPs on RWC and SPAD index are similar to the reports that
Fenugreek seeds had higher shoot and root growth with the addition of AgNPs under
in vitro conditions [69,75]. This may be related to the increased water and nutrient uptake
of seeds treated with AgNPs. Mubashir et al. [90] investigating the efficacy of nano-nutrient
solutions (NNS) on growth and biochemical attributes of tomatoes under drought stress,
reported that NNS administration resulted in more osmolyte production such as sugars and
free amino acids, which may have contributed significantly to the maintenance of tissue
water content. Osmolites, which have the ability to maintain the water potential gradient,
have a significant effect on plant growth and productivity and have a protective effect in
drought conditions [91,92]. Some researchers state that AgNPs play an important role in
photosynthetic activity and improve plant growth and development criteria by promoting
the production of Indole acetic acid (IAA) [93,94]. Also, the increase in the SPAD index is
thought to be related to the inhibition of ethylene. As a matter of fact, it is reported that
ethylene causes tissue death and reduces chlorophyll content [73].

Antioxidant activity of SOD and CAT enzymes increased in boysenberry leaves when
treated with AgNPs under drought conditions. Some researchers similarly report that
AgNP application increases SOD and CAT enzymes [95,96]. Drought stress causes an
increase in ROS accumulation and causes significant oxidative damage through lipid
peroxidation [97]. Reactive oxygen species (ROS) accumulated in leaves due to stress
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cause oxidative damage to cell organelles and membrane elements [98]. ROS causes
lipid peroxidation by interacting with phospholipids and fatty acids, thereby increasing
the amount of MDA. For this reason, lipid peroxidation is usually measured by MDA
content [99,100]. The results obtained from the study revealed that AgNP application
decreased the amount of MDA, and therefore, had a protective effect against oxidative
stress. It is stated that there may be increases in the secondary metabolite content of plants
exposed to nanoparticles [101–103]. It has been reported that AgNPs increase oxidative
stress and increase phenolic and flavonoid levels in rice [95] and potato [104]. Phenols and
flavonoids are known to have the ability to protrude into the lipid bilayer, preventing ROS-
mediated lipid peroxidation and maintaining membrane fluidity and function [105,106].
Increased phenol and flavonoid synthesis in plant tissues can improve the antioxidant
system under control and drought conditions [107–109].

5. Conclusions

The shoot and root development of plants decreased gradually with increasing PEG
dose applications; however, the addition of AgNPs managed to prevent this decrease.
Especially, the 0.1 mg L−1 AgNPs dose added to the medium, even in 4% and 8% PEG
applications, was instrumental in obtaining results close to the shoot and root growth values
obtained under normal (non-stress) conditions. When the results obtained at the end of the
study were evaluated, it was determined that the antioxidant system of boysenberry plants
in which AgNPs applied in vitro improved further under control and drought conditions.
These results show that AgNP addition at appropriate doses is an active ingredient to be
applied to in vitro boysenberry plants under drought stress.
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Berry Fruit Symposium, İstanbul, Turkey, 12–16 August 2018.

29. Yang, H.; Zhang, C.; Wu, W.; Li, W.; Wei, Y.; Dong, S. Physiological responses of blackberry cultivar ‘Ningzhi 1′ to drought stress.
Russ. J. Plant Physiol. 2015, 62, 472–479. [CrossRef]

30. Chen, X.; Qiu, L.; Guo, H.; Wang, Y.; Yuan, H.; Yan, D.; Zheng, B. Spermidine induces physiological and biochemical changes in
southern highbush blueberry under drought stress. Braz. J. Bot. 2017, 40, 841–851. [CrossRef]

31. Zahedi, S.M.; Hosseini, M.S.; Daneshvar Hakimi Meybodi, N.; Peijnenburg, W. Mitigation of the Effect of Drought on Growth and
Yield of Pomegranates by Foliar Spraying of Different Sizes of Selenium Nanoparticles. J. Sci. Food Agric. 2021, 101, 5202–5213.
[CrossRef] [PubMed]

32. Mozafari, A.A.; Havas, F.; Ghaderi, N. Application of iron nanoparticles and salicylic acid in in vitro culture of strawberries
(Fragaria × ananassa Duch.) to cope with drought stress. Plant. Cell Tissue Organ. Cult. (PCTOC) 2018, 132, 511–523. [CrossRef]

33. Kohan-Baghkheirati, E.; Geisler-Lee, J. Gene expression, protein function and pathways of Arabidopsis thaliana responding to silver
nanoparticles in comparison to silver ions, cold, salt, drought, and heat. Nanomaterials 2015, 5, 436–467. [CrossRef] [PubMed]

34. Li, J.; Zafar, S.; Javaid, A.; Perveen, S.; Hasnain, Z.; Ihtisham, M.; Abbas, A.; Usman, M.; El-Sappah, A.H.; Abbas, M. Zinc
Nanoparticles (ZnNPs): High-Fidelity Amelioration in Turnip (Brassica rapa L.) Production under Drought Stress. Sustainability
2023, 15, 6512. [CrossRef]

https://doi.org/10.3177/jnsv.61.306
https://doi.org/10.9787/PBB.2017.5.3.228
https://doi.org/10.1080/01140671.1999.9514108
https://doi.org/10.17660/ActaHortic.2008.777.12
https://doi.org/10.1016/j.cropro.2003.09.003
https://doi.org/10.3390/physiologia2040015
https://doi.org/10.1080/07388551.2021.1874280
https://www.ncbi.nlm.nih.gov/pubmed/33525946
https://doi.org/10.3390/ijms21218258
https://doi.org/10.3390/ijms222212519
https://doi.org/10.21273/HORTTECH.9.1.13
https://doi.org/10.17660/ActaHortic.2002.585.79
https://doi.org/10.17582/journal.pjar/2020/33.3.643.651
https://doi.org/10.17660/ActaHortic.2009.839.43
https://doi.org/10.1007/s40415-017-0377-0
https://doi.org/10.1134/S1021443715040184
https://doi.org/10.1007/s40415-017-0401-4
https://doi.org/10.1002/jsfa.11167
https://www.ncbi.nlm.nih.gov/pubmed/33608893
https://doi.org/10.1007/s11240-017-1347-8
https://doi.org/10.3390/nano5020436
https://www.ncbi.nlm.nih.gov/pubmed/28347022
https://doi.org/10.3390/su15086512


Horticulturae 2023, 9, 1177 12 of 14

35. Abbas, M.; Yan, K.; Li, J.; Zafar, S.; Hasnain, Z.; Aslam, N.; Iqbal, N.; Hussain, S.S.; Usman, M.; Abbas, M.; et al. Agri-
Nanotechnology and Tree Nanobionics: Augmentation in Crop Yield, Biosafety, and Biomass Accumulation. Front. Bioeng.
Biotechnol. 2022, 10, 853045. [CrossRef]

36. Sharma, P.; Bhatt, D.; Zaidi, M.G.H.; Saradhi, P.P.; Khanna, P.K.; Arora, S. Silver nanoparticle-mediated enhancement in growth
and antioxidant status of Brassica juncea. Appl. Biochem. Biotech. 2012, 167, 2225–2233. [CrossRef] [PubMed]

37. Sengottaiyan, A.; Mythili, R.; Selvankumar, T.; Aravinthan, A.; Kamala-Kannan, S.; Manoharan, K.; Thiyagarajan, P.; Govarthanan,
M.; Kim, J.-H. Green synthesis of silver nanoparticles using Solanum indicum L. and their antibacterial, splenocyte cytotoxic
potentials. Res. Chem. Intermed. 2016, 42, 3095–3103. [CrossRef]

38. Salama, H.M. Effects of silver nanoparticles in some crop plants, common bean (Phaseolus vulgaris L.) and corn (Zea mays L.). Int.
Res. J. Biotechnol. 2012, 3, 190–197.

39. Kaveh, R.; Li, Y.-S.; Ranjbar, S.; Tehrani, R.; Brueck, C.L.; Van Aken, B. Changes in Arabidopsis thaliana Gene Expression in
Response to Silver Nanoparticles and Silver Ions. Environ. Sci. Technol. 2013, 47, 10637–10644. [CrossRef]

40. Vannini, C.; Domingo, G.; Onelli, E.; Prinsi, B.; Marsoni, M.; Espen, L.; Bracale, M. Morphological and proteomic responses of
Eruca sativa exposed to silver nanoparticles or silver nitrate. PLoS ONE 2013, 8, 68–75. [CrossRef]

41. Hatami, M.; Naghdi Badi, H.; Ghorbanpour, M. Nano-elicitation of secondary pharmaceutical metabolites in plant cells: A review.
J. Med. Plants 2019, 18, 6–36. [CrossRef]

42. Ahmed, F.; Javed, B.; Razzaq, A.; Mashwani, Z.U.R. Applications of copper and silver nanoparticles on wheat plants to induce
drought tolerance and increase yield. IET Nanobiotechnol. 2021, 15, 68–78. [CrossRef]

43. Sarwar, M.; Saleem, M.F.; Ullah, N.; Khan, M.J.; Maqsood, H.; Ahmad, H.; Tanveer, A.; Shahid, M. Silver nanoparticles protect
tillering in drought-stressed wheat by improving leaf water relations and physiological functioning. Funct. Plant Biol. 2023.
[CrossRef]

44. Alabdallah, N.M.; Hasan, M.M.; Salih, A.M.; Roushdy, S.S.; Al-Shammari, A.S.; Alsanie, S.I.; El-Zaidy, M. Silver nanoparticles
improve growth and protect against oxidative damage in eggplant seedlings under drought stress. Plant Soil Environ. 2021, 67,
617–624. [CrossRef]

45. Ghavam, M. Effect of silver nanoparticles on tolerance to drought stress in Thymus daenensis Celak and Thymus vulgaris L. in
germination and early growth stages. Environ. Stress. Crop Sci. 2019, 12, 555–566.

46. Akhoundnejad, Y.; Karakas, O.; Demirci, O. Response of Lettuce to Silver Nanoparticles Under Drought Conditions. Iran. J. Sci.
Technol. Trans. A Sci. 2022, 46, 111–120. [CrossRef]

47. Hojjat, S.S.; Ganjali, A. The effect of silver nanoparticle on lentil seed germination under drought stress. Int. J. Farm. Allied Sci.
2016, 5, 208–212.

48. Grayson, M. Agriculture and drought. Nat. Outlook 2013, 501, S1. [CrossRef] [PubMed]
49. Yin, L.; Colman, B.P.; McGill, B.M.; Wright, J.P.; Bernhardt, E.S. Effects of silver nanoparticle exposure on germination and early

growth of eleven wetland plants. PLoS ONE 2012, 7, e47674. [CrossRef]
50. Murashige, T.; Skoog, F. A revised medium for rapid growth and bioassays with tobacco tissue cultures. Physiol. Plant. 1962, 15,

473–497. [CrossRef]
51. Sanchez, F.J.; de Andrés, E.F.; Tenorio, J.L.; Ayerbe, L. Growth of epicotyls, turgor maintenance and osmotic adjustment in pea

plants (Pisum sativum L.) subjected to water stress. Field Crops Res. 2004, 86, 81–90. [CrossRef]
52. Cakmak, I. Activity of ascorbate-dependent H2O2-scavenging enzymes and leaf chlorosis are enhanced in magnesium-and

potassium-deficient leaves, but not in phosphorus-deficient leaves. J. Exp. Bot. 1994, 45, 1259–1266. [CrossRef]
53. Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts. Arch. Biochem. Biophys. 1968, 125, 189–198. [CrossRef]
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