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Abstract
The present study aimed to investigate the effect of silver nanoparticles (Ag-NPs) as an anti-ethylene
agent on in vitro microtuberization in potato cv. Spunta. The concentrations; 0, 0.5, 1, 2, 4, 8, and 16 mg/l
of Ag-NPs or silver thiosulfate (STS) were used to determine their influence on microtuberization. The
results of Ag-NPs treatments showed that, the average number of microtubers/jar was elevated and
reached the highest level (14.9 microtubers/jar) which represents about 83.95% over the control treatment
(8.1 microtubers/jar) using the medium containing (1 mg/l) Ag-NPs. While the highest level (10.9
microtubers/jar) was recorded using (8 mg/l) STS, which is about 34.56% over the control treatment.
Thus, these results confirmed that the low level of Ag-NPs (1 mg/l) was the most effective for inhibiting
ethylene action on microtuberization in potato cv. Spunta. In addition, these findings complement and
agree with those obtained in our previous study using the cv. Desirѐe (Ibrahim et al. 2018a). Therefore, we
report here that an efficient genotype-independent protocol for microtuberization in potato has been
established. In addition, this developed protocol using Ag-NPs is important for enhancing potato
microtuberization technology at the mass-production level in Egypt. Furthermore, these results are of
great importance in plant physiology and nanobiotechnology research.

Key Message
The results showed that the use of Ag-NPs led to a remarkable increase in the average number of
microtubers/jar (83.95%) in comparison with STS, which recorded only about 34.56%.

Highlights
1. Ethylene immensely inhibits in vitro microtuberization in potato.

2. Silver ions as silver thiosulfate (STS) or silver nanoparticles (Ag-NPs) potently inhibit the action of
ethylene and promote microtuberization in potato.

3. Ag-NPs treatment (1 mg/l) led to a remarkable increase in the average number of microtubers/jar
(14.9) which about 83.95% over the control treatment (8.1). Meanwhile, silver thiosulfate (STS) at
high level (8 mg/l) recorded a moderate increase in the average number of microtubers/jar (10.9)
which about 34.56% over the control treatment.

4. These results revealed that the crystalline form of silver as silver nanoparticles (Ag-NPs) at the low
level (1 mg/l) was superior than the ionic form as silver thiosulfate (STS) at high level (8 mg/l) for
inhibiting the action of ethylene and promoting microtuberization in potato cv. Spunta.

5. In addition, these findings complement and agree with those obtained in our previous study using the
cv. Desirѐe (Ibrahim et al. 2018a). Therefore, we report here that an efficient genotype-independent
protocol for microtuberization in potato has been established. In addition, this developed protocol
using Ag-NPs is important for enhancing potato microtuberization technology at the mass-
production level in Egypt.
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Introduction
Potato (Solanum tuberosum L.), which belongs to the family Solanaceae, is an important vegetable crop
for local food consumption or for exportation to the world market because of its nutritional value for
humans as a source of energy, starch, minerals, vitamins, and organic acids (Koch et al. 2020). Globally,
potato is ranked as the fourth most essential food crop after wheat, rice, and maize (FAO, 2022a). Further,
the total cultivated area of potato in 2022 reached 20.7 million hectares with an estimated productivity of
about 437 million tons (FAO, 2022b). In Egypt, potato is an indispensable crop for food and industry and
is ranked as the fourth most essential food crop, and its production is followed by the three major crops,
wheat, rice, and maize (Ali et al. 2020). Thus, the production of potato in 2020 was approximately
5 million tons produced from about 175,161 hectares (FAO, 2022b). Potato is a favorable cash crop for
producers in Egypt, although there are several problems related to viral diseases, pests, and the
availability of virus-free seed tubers for the cultivation of potato plants. The majority of potato production
in Egypt is locally consumed, although potato is an important vegetable crop for exportation; hence,
approximately 350 thousand tons of potato were exported in 2017 (El-Anany et al. 2019).

In vitro microtuberization in potato using stem segments as explants has been utilized for the rapid
mass-production of disease-free potato seed tubers. Potato microtubers are important plant materials
used for the production of minitubers and for direct cultivation in the field, in addition to their high storage
capacity and easy transport. The development of efficient protocols for microtuberization in potato is of
great importance for achieving the mass-production technology of potato seed tubers as well as for
sustaining the progress in potato breeding. In addition to increasing the potential for microtuber
exchange and commercialization (Levy et al. 1993; Akita and Takayama 1994; Donnelly et al. 2003;
Zhang et al. 2005; Badoni and Chauhan 2009; Wang et al. 2011; Halterman et al. 2012; Radouani and
Lauer 2015; De Morais et al. 2018).

Ethylene is an important plant hormone that has a wide range of influences on plant growth and
development (Abeles 1973; Lieberman 1979; Yang and Hoffman 1984; Yang 1985; Mattoo and Suttle
1991). The inhibition of growth and in vitro morphogenesis in response to the presence of ethylene has
been documented in various plant species (Kumar et al. 1998). Ethylene is produced by plant cells during
in vitro culture (Biddington 1992). Some plants such as potato are very sensitive to ethylene, and the
accumulation of ethylene inside the culture vessel can extremely retard shoot growth and leaf expansion,
thus, the plantlets have slim stems and small leaves. Also, for in vitro potato plantlets, minimal
concentrations of ethylene about 0.1 µl l-1 or less can cause abnormal growth (Jackson et al. 1987).
Several studies have confirmed the negative effects of ethylene on in vitro culture of different plants and
have indicated that ethylene is a potent inhibitor of callus growth and morphogenesis, either through
organogenesis (shoots and roots) or somatic embryogenesis (Purnhauser et al. 1987; Songstad et al.
1988; Roustan et al. 1989; Roustan et al. 1990; Pua and Chi 1993). Thus, the growth and development of
in vitro plants can be improved by regulating the biosynthesis or action of ethylene in plant tissues (Beyer
1976b; Davies 1987; Purnhauser et al. 1987; Songstad et al. 1988; Bais et al. 2000; Giridhar et al. 2003).
The biosynthesis of ethylene in plant tissues is inhibited by cobaltous ions (Lau and Yang 1976). Silver
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ions have been shown to inhibit the action of ethylene (Beyer 1976a). Silver ions are thought to disturb
the binding sites (receptors) of ethylene in the plasma membrane (Rodriguez et al. 1999). The ethylene
receptor (ETR1) includes one binding site per homodimer and contains a single copper ion (Cu) as a co-
factor, which mediates the binding of one ethylene molecule to the binding site. The presence of one
silver ion in the ethylene-binding site instead of copper can lock the ethylene receptor into a dysfunctional
conformation, thus suppressing ethylene responses (Zhao et al. 2002). Therefore, several studies have
demonstrated the impact of silver ions as an inhibitor of ethylene action on plant regeneration (Beyer
1976b; Duncan et al. 1985; Davies 1987; Purnhauser et al. 1987; Songstad et al. 1988; Bais et al. 2000;
Giridhar et al. 2003). Furthermore, silver nitrate (AgNO3) enhanced the growth and shoot regeneration of
different plants; potato (Adly et al. 2022), sweet potato plant (Gong et al. 2005), canola (Khan et al. 2003),
sesame (Al-Shafeay et al. 2011 & 2018) and jojoba (Ibrahim et al. 2018b). In addition, the use of AgNO3

led to improved regeneration capacity of buffalograss shoots (Fei et al. 2000), faba bean (Khalafalla and
Hattori 2000). Also, AgNO3 enhanced somatic embryogenesis in different plants; safflower (Mandal et al.
2001), rice (Ibrahim and El Shihy 2012a&b), wheat (Hassan and Shahinul Islam 2021), and olive (Bashir
et al. 2022).

The impact of ethylene on microtuberization in potato was detected, Mingo-Castel et al. (1976) pointed
out that ethylene markedly inhibits the formation of microtubers in potato. Perl et al. (1988) reported that
during in vitro culture of potato plants, the ethylene was produced from potato shoots, accumulated in
the closed vessels, and led to slim stems and small leaves. Accordingly, the addition of silver thiosulfate
to the culture medium resulted in a remarkable increase in the development of shoots with large leaves
compared with the control treatment. Vreugdenhil and Van Dijk (1989) also reported retardation effects of
ethylene on shoot elongation and radial growth, as well as on microtuberization in potato using ethephon
and ACC (ACC; 1 -aminocyclopropane- 1-carboxylic acid, the precursor of ethylene), whereas silver ions,
such as silver thiosulfate (STS), reversed these effects. In addition, Zobayed et al. (2001) reported that
the elimination of ethylene by a forced ventilation system enhanced the growth of in vitro potato plants,
and this treatment improved the production of microtubers in vitro and the size of the produced
microtubers in comparison with the closed system. In addition, the inclusion of AgNO3 in the medium of
the diffusive ventilation system led to an increase in the number of microtubers compared to the control
treatment and the closed system. The differences in the number of microtubers produced between the
forced ventilation system and the diffusive ventilation system with AgNO3 were non-significant, while a
remarkable increase in the fresh weight of microtubers was recorded in the forced ventilation system.
Furthermore, the results of our previous study on microtuberization in potato plant cv. Desirée (Ibrahim et
al. 2018a) revealed that the use of silver ions as silver thiosulfate (STS) 0, 0.5, 1, 2, 4, 8, and 16 mg/l in
the culture medium led to a remarkable increase in the average number of microtubers/jar in comparison
to the control treatment (9.60 microtubers/jar), and this increase reached a significant level at 2, 4, 8, and
16 mg/l. While the highest average number of microtubers/jar (14.60) was recorded using 8 mg/l (STS),
this increase was about 51.3% over the control treatment. In addition, the average weight of microtuber
and the average diameter of microtuber were increased and reached the highest levels (238.22 mg) and
(8.12 mm) using 8 mg/l (STS) compared to the control treatment (123.11 mg) and (5.37 mm). El-Sayed
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et al. (2021) reported that, the in vitro culture of potato shoots of three cultivars; Herms, Santana, and
Spunta on MS medium supplemented with silver thiosulfate at different concentrations (0, 0.4, 0.8, 1.2,
1.6, or 2 mM of STS) resulted in the highest percentage of microtuberization under dark conditions using
STS at 0.4 mM compared to 2 mM of STS under light conditions in comparison with the control
treatments. While, the highest number of microtubers/plantlet was recorded with a 2.9-fold increase for
Spunta under light with the treatment (0.4 mM STS) compared with that in the dark. Also, the same was
recorded for Herms and Santana with the treatment of STS under light conditions. In addition, the
treatments; 0, 1.2, 1.6, and 2 mM STS, in Spunta resulted in higher values of microtubers fresh weight
under light conditions than in the dark.

The emergence of the nano-science era using engineered nano-materials has immensely increased the
potentialities of scientific research in different fields. The properties of these engineered nanoparticles
vary depending on their size and shape, and they exhibit a wide range of novel properties and
effectiveness. Therefore, they provide a new horizon for finding innovative solutions for complex
problems. However, to achieve actual progress in the field of plant nanobiotechnology, intensive research
is needed to integrate nanomaterials into experiments on plant physiology and plant tissue culture
protocols (Ibrahim et al. 2018a, 2019). The use of engineered nanoparticles in agriculture has been
successful in producing high yields, while reducing the amount of fertilizers and pesticides used for plant
protection (Chen et al. 2013). Nevertheless, the use of engineered nano-materials affects plant growth
and development, and consequently, the yield and quality of plant products (Gardea-Torresdey et al.
2014).

In the last decade, several studies reported the various effects of silver nanoparticles (Ag-NPs) including
the stimulatory or toxic effects in different plants; Zea mays and Phaseolus vulgaris (Salama 2012),
Eruca sativa (Vannini et al. 2013), Tecomella undulate (Aghdaei et al. 2012; Sarmast et al. 2015),
Solanum nigrum (Ewais et al. 2015), Arabidopsis thaliana (Kaveh et al. 2013; Syu et al. 2014; Sun et al.
2017), vanilla (Spinoso-Castillo et al. 2017), peanut (Rui et al. 2017), Linum usitatissimum (Anjum et al.
2017; Zahir et al. 2019), rice (Gupta et al. 2018), Swertia chirata (Saha and Gupta 2018), Campomanesia
rufa (Timoteo et al. 2019), Lavandula angustifolia (Jadczak et al 2019), Echinacea purpurea
(Ramezannezhad et al. 2019), stevia (Castro-González et al. 2019; Ramirez‑Mosqueda et al. 2020), Rosa
hybrida L. ‘Baby Love’ (Ha et al. 2020), Chrysanthemum × grandiflorum (Tymoszuk and Kulus 2020),
strawberry (Tung, et al. 2021), Panax vietnamensis (Cuong et al. 2021), grape (Elatafi and Fang 2022),
potato (Tahmasbi et al. 2011; Ehsanpour and Nejati 2013; Baltazar Bernal et al. 2023), Gaillardia
pulchella (Manokari et al. 2023), in vitro cultured seedlings of sugar beet, red clover alfalfa, rapeseed and
white mustard (Tomaszewska‑Sowa et al. 2023).

For instance, Tahmasbi et al. (2011) reported that, the application of silver nanoparticles (Ag-NPs) in a
field experiment at a concentration (50 ppm) in combination with half amount of mineral nitrogen plus
the Nitroxin biofertilizer led to a significant increase in the weight and yield of potato seed tubers
produced from minitubers derived from virus-free in vitro cultured plantlets of cv. Sante. In addition, they
suggested that this increase in tuber yield might be due to the antimicrobial effect of Ag-NPs which might
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sustained growth of vigorous plants and healthy tubers for longer time in the soil. In addition, the in vitro
use of nanoparticles has emerged, and some reports have studied the effect of nanoparticles used in
culture media and indicated that nanoparticles could be useful if used at a suitable concentration (Kim et
al. 2017). The addition of 8 mg/l of Ag-NPs (30–90 nm), 5 mg/l of BA, and 3 mg/l of NAA in the culture
medium (MS) of Solanum nigrum plant increased the percentage of callus formation and the fresh
weight of callus/explant (Ewais et al. 2015). Also, the inclusion of Ag-NPs (10 mg/l) in the culture
medium of Tecomella undulata plant resulted in increased callus formation and the number of
regenerated shoots (Aghdaei et al. 2012).

Moreover, several studies indicated that Ag-NPs caused some physiological effects, such as increasing
the activity of the antioxidant enzymes in rice (Gupta et al. 2018) and peanut (Rui et al. 2017). In addition,
it has been detected a remarkable downregulation in some genes of the ethylene signaling pathway in
Arabidopsis thaliana plants (Kaveh et al. 2013) and Tecomella undulata plants (Sarmast et al. 2015;
Sarmast and Salehi 2022). Furthermore, downregulation of auxin receptor-related genes in roots of A.
thaliana exposed to Ag-NPs led to disturbance of the normal gravitropism of the roots (Sun et al. 2017).

Furthermore, Tung, et al (2021) reported that, the inclusion of AgNPs in culture media of strawberry
(Fragaria × ananassa) for shoot multiplication and rooting led to a remarkable decrease of accumulated
ethylene gas (0.66 ppm and 0.66 ppm) in the culture’s vessels of shoots and plants compared to controls
(1.77 ppm and 0.15 ppm), respectively. Thus, shoot multiplication reached to the highest level (12.67)
using (0.2 mg/l) after 30 days. Meanwhile, AgNPs (0.5 mg/l) for 10 days in root formation medium was
the best treatment for increasing the number of roots, root length, leaf length and leaf width. Therefore,
the plantlets after 15 days showed higher survival rate (93.33%), as well as runner formation/plant (8.00
runners) after 60 days than those in control during the acclimatization in the greenhouse.

For potato in vitro culture, the use of Ag-NPs at concentrations; 0.5, 1, 1.5, and 2 ppm in the culture
medium of potato plants cv. White Desirée led to an increase in leaf area and a dramatic decrease in the
shoot and root length of in vitro plantlets (Ehsanpour and Nejati 2013). Baltazar Bernal et al (2023)
reported that, the use of the gibberellin inhibitor paclobutrazol (PAC) 2 mg/l in combination with 50 mg/l
of silver nanoparticles (AgNPs) as an anti-ethylene agent was the best treatment for in vitro conservation
of potato plantlets for six months. Whereas after conservation the best combinations for in vitro
multiplication of potato shoots were the treatments of AgNPs 50 mg/l with 1 or 2 mg/l of PAC.

Until recently, there were no reports on the effect of silver nanoparticles on microtuberization in potato
plants. Thus, our previous study (Ibrahim et al. 2018a) was the first report performed to investigate the
effect of silver nanoparticles or silver thiosulfate as anti-ethylene treatments on microtuberization in
potato plant cv. Desirée. The results exhibited that, the use of Ag-NPs (1 mg/l) led to an increase in the
average number of microtubers/jar to the highest level (18.95 microtubers/jar) which represents an
increase of about 97.40% compared to the control treatment (9.60 microtubers/jar), while silver
thiosulfate (STS) produced the highest level of increase (51.30%) for the average number of
microtubers/jar (14.60 microtubers/jar) using 8 mg/l (STS) compared to the control.



Page 7/28

Therefore, these results encouraged us to investigate the effect of silver nanoparticles on the formation
of microtubers in another genotype of potato to determine whether this developed protocol is genotype-
independent or not. Thus, the present study was conducted to investigate the influence of different
concentrations of silver nanoparticles or silver thiosulfate as an anti-ethylene on the formation of
microtubers in potato cv. Spunta. Also, in this study, we used the developed medium (microtubers
formation medium; MFM), which was developed in our previous study (Ibrahim et al. 2018a), in addition
to the concentrations of plant growth regulators (6 mg/l BAP and 1 mg/l TDZ) used recently in our last
report on the effect of different concentrations of the plant growth regulators BAP and TDZ on
microtuberization of potato cv. Spunta (Soliman et al. 2022) for establishing an efficient protocol for in
vitro microtubers production in potato cv. Spunta, which is one of the important cultivars growing in
Egypt, to sustain its cultivation by providing a stock of virus-free seed tubers from the in vitro seed tuber
protocol. Moreover, this developed protocol using Ag-NPs is important for enhancing potato
microtuberization technology at the mass-production level in Egypt.

Materials and Methods

Synthesis of silver nanoparticles:
The synthesis of silver nanoparticles 2–5 nm in size was performed according to Van Dong et al. (2012)
with modifications as previously described in the previous report (Ibrahim et al. 2018a). In brief, sodium
borohydride (NaBH4) was used to reduce silver nitrate (AgNO3) in the presence of polyvinylpyrrolidone
(PVP; Mw = 40,0000) and trisodium citrate dihydrate (C6H5O7Na3.2H2O) as stabilizing and capping
agents. Accordingly, AgNO3 (one ml of a 5 mM solution) was added to (47.5 ml of deionized H2O) in a
100-ml flask on a magnetic stirrer at room temperature with vigorous stirring for 5 minutes. Then, 0.5 ml
of (30 mM trisodium citrate dihydrate solution) and 0.5 ml of (5 mg/ml PVP) were added. After 5 minutes,
0.5 ml of a cold sodium borohydride solution (50 mM NaBH4) was added, and the color immediately
changed to a light-yellow color of silver nanoparticles solution (Ag-NPs).

Characterization of the synthesized silver nanoparticles:
The chemically synthesized silver nanoparticles (Ag-NPs) were carefully characterized first by the surface
plasmon peak using the spectrophotometer (UV/VIS - JASCO Model-V530). Afterward, to determine the
size of the particles; the suspension of Ag-NPs (in 70% ethanol) was sonicated (15 minutes) for full
dispersion before being uploaded to the Transmission Electron Microscope (JEM 1400-JEOL-Japan).

Plant material and preparation of the explants:
In this study, we used virus-free seed tubers of potato (Solanum tuberosum L.) cv. Spunta, which were
obtained from (Agricultural Research Centre), Ministry of Agriculture and Land Reclamation, Giza, Egypt.
Potato tubers were prepared for breaking the dormancy: (a) the tubers were washed for 30 minutes with
tap water followed by 20% sodium hypochlorite with a drop of Tween-20 for 15 minutes, then rinsed three
times with sterile distilled water and kept in plastic bags for two months at 4°C and 80% humidity in
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darkness; (b) the tubers were kept in paper bags for one month at 24°C for shoot sprouts. Thereafter, the
produced shoots were isolated and surface sterilized by ethanol (70%) for 1 minute, followed by 20%
sodium hypochlorite with one drop of Tween-20, then rinsed three times with sterile distilled water. Finally,
the sterile shoots were cultured on MS medium (Murashige and Skoog 1962) for shoot multiplication and
sub-cultured every 4 weeks on fresh medium.

Media composition for potato microtuberization
The work in this study contained two stages, as follows:

1. The first stage was to establish a stock culture of potato shoots to provide the explants for
microtuberization experiments.

2. The second stage was to evaluate the impact of the anti-ethylene treatments on microtuberization
using different concentrations; 0, 0.5, 1, 2, 4, 8, and 16 mg/l of silver nanoparticles (Ag-NPs) or silver
thiosulfate (STS).

The composition of the culture medium for establishing the stock culture of potato shoots was the
original MS medium containing (3 mg/l) 6-Benzylaminopurine (BAP), 10 mg/l (AgNO3) as silver
thiosulfate, and 3% sucrose in 400 ml glass jars (50 ml/jar), thus, the nodal explants (three
nodes/explant) were cultured (6 explants/jar) for 4 weeks under (16h/8h) dark/light at 22°C ± 2.

The medium for the second stage was the developed medium used in the previous work (Ibrahim et al.
2018a; Soliman et al. 2022), the microtubers formation medium (MFM), which contained 60 mM of total
nitrogen with a ratio of 5:1 between nitrate and ammonium; 50 mM nitrate: 10 mM ammonium, in
addition to a high concentration of phosphorus (3.75 mM), which about 3 times of the original MS
medium, and a high concentration of potassium (43.79 mM), which represents 2.18 times of the original
MS medium, as shown in (Table 1). The concentration of sucrose was 8%, and the plant growth
regulators BAP (6 mg/l) and TDZ (1 mg/l) were used. The culture media were prepared as double
concentrated solutions (2x), and then 500 ml (2X) of each culture medium containing Ag-NPs or AgNO3

as silver thiosulfate was filter-sterilized using a sterile filter (0.22 µm; Millipore-GVWP04700). Silver
thiosulfate (STS; containing 2 mg/ml AgNO3) was freshly prepared according to Perl et al. (1988).

Then, the 500 ml (2X) filter-sterilized solution of each culture medium was mixed with the 500 ml (2X)
gelrite (which was sterilized by the autoclave for 20 min) and divided into sterile jars of 400-ml in volume
(50 ml/jar). Thus, the nodal explants (five nodes/explant) were cultured (6 explants/jar) and kept for 10
weeks in full darkness at 17°C ± 0.5. The experiment was repeated twice, with twenty replicates per
treatment. Finally, the jars of each treatment were photographed, and the number of microtubers/jar, the
diameter, and the weight of the microtubers were recorded.

Statistical analysis
Analyses of variance (ANOVA) of the completely randomized design (CRD) were performed on the
collected data using SPSS software. The least significant difference test; L.S.D. was utilized at the level
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(p ≤ 0.05) to compare the mean values of the treatments; mean ± SE of 20 replicates; n = 20, (Snedecor
and Cochran 1980).

Table 1
Composition of the original MS medium (a), the modified MS medium containing a low level of

ammonium (b), and the improved medium (c) the microtubers formation medium; MFM, for
microtuberization in potato.

Substances (a) MS (b) Modified
MS

(c) the improved media
MFM

mg/l mg/l mg/l

MS salts without (NH4NO3, KNO3 and
KH2PO4)

913.36 913.36 913.36

KNO3 1900 1900 4044

NH4NO3 1650 165 825

KH2PO4 170 170 510

Casein hydrolysate -   1000

Glycine 2 2 -

Sucrose 30,000 30,000 80,000

Myo-inositol 100 100 250

Thiamine.HCl 0.1 0.1 10

Pyridoxine.HCl 0.5 0.5 1

Nicotinic acid 0.5 0.5 1

Pantothenate - - 0.5

Biotin - - 0.01

Riboflavin - - 0.01

Folic acid - - 0.01

6-Benzylaminopurine (BAP)     6

Thidiazuron (TDZ)     1

Gelrite     2,000

pH     5.8

Results and Discussion
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Characterization of the synthesized silver nanoparticles
(Ag-NPs):
The aqueous solution of the synthesized silver nanoparticles (Ag-NPs) was prepared according to Van
Dong et al. (2012) with modifications as previously described in the previous report (Ibrahim et al.
2018a). Thereafter, the aqueous solution of Ag-NPs was scanned spectrophotometrically using (JASCO -
UV/VIS -Model: V530) and a single peak of the Ag-NPs surface plasmon resonance was detected at 400
nm as shown in (Fig. 1), which confirmed the presence of the synthesized Ag-NPs. This result of the Ag-
NPs surface plasmon resonance peak agrees with the results of Ibrahim et al. (2018a) and Van Dong et
al. (2012).

The use of the spectrophotometer UV/VIS absorbance analysis is frequently used as a useful technique
for the characterization of Ag-NPs. Therefore, several reports confirmed that the scan of the solutions of
nanoparticles by the spectrophotometer UV/VIS absorbance is practical and produces a distinct single
peak correlated to the size and the shape of the prepared nanoparticles (Xiong et al. 2011, Van Dong et al.
2012, and Ibrahim et al. 2018a).

The results of the Transmission Electron Microscope (TEM) analysis confirmed that the synthesized
silver nanoparticles (Ag-NPs) were spherical in shape and mono-dispersed, with a size ranging between 1
and 8 nm as shown in (Fig. 2). In addition, the distribution percentage of the Ag-NPs sizes revealed that
the majority of Ag-NPs were in a size range (2–6 nm) and represented about 90% of the dispersed silver
nanoparticles in the micrograph, as shown in (Fig. 3). These results are in accordance with our previous
study (Ibrahim et al. 2018a), as well as with (Van Dong et al. 2012) who reported that the size of the
synthesized Ag-NPs ranged between 1 and 8 nm with an average diameter of 4 nm.

The influence of (Ag-NPs) or (STS) on microtuberization in
potato cv. Spunta:
To overcome the retardation effect of ethylene and improve microtuberization in potato cv. Spunta, we
used the developed medium of our previous report (Ibrahim et al. 2018a) as shown in (Table 1), in
addition to the plant growth regulators (6 mg/l BAP and 1 mg/l TDZ) used recently in our last report
(Soliman et al. 2022). Also, in this study, experiments were conducted to evaluate the impact of the anti-
ethylene treatments (different concentrations; 0, 0.5, 1, 2, 4, 8, and 16 mg/l of silver nanoparticles; Ag-NPs
or silver thiosulfate; STS) on microtuberization in potato cv. Spunta. The results of the inclusion of Ag-
NPs or STS in culture media at different concentrations resulted in an increase in the average number of
produced microtubers/jar and this increase reached a significant level in all Ag-NPs treatments, while this
increase was significant only at 8 mg/l of STS, as shown in (Table 2 and Fig. 4&5). The Ag-NPs treatment
(1 mg/l) recorded the highest average number of microtubers/jar (14.9 microtubers/jar), while (10.9
microtubers/jar) were recorded using (8 mg/l) of STS. These increments were about (83.95%) using (1
mg/l) of Ag-NPs and about (34.56%) using (8 mg/l) of STS compared to the control treatments (8.1
microtubers/jar), as shown in (Table 2).
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Table 2
Effect of silver nanoparticles (Ag-NPs) or AgNO3 (STS) on the average number of

microtubers/jar.
Treatments

concentration mg/l

Average No. of microtubers/jar

STS % of Difference Ag-NPs % of Difference

0 8.1 ± 0.10 0 8.1 ± 0.11 0

0.5 8.2 ± 0.11 + 1.23 10.3 ± 0.15 + 27.16

1 8.5 ± 0.12 + 4.93 14.9 ± 0.24 + 83.95

2 9.1 ± 0.14 + 12.34 14.3 ± 0.21 + 76.54

4 9.5 ± .015 + 17.28 12.7 ± 0.19 + 56.79

8 10.9 ± 0.18 + 34.56 11.5 ± 0.18 + 41.97

16 9.7 ± 0.16 + 19.75 11.1 ± 0.16 + 37.03

L.S.D at 0.05 1.68

The mean (± SE) of twenty replicates

 
Table 3

Effect of silver nanoparticles (Ag-NPs) or AgNO3 (STS) on the average weight of microtuber
(mg).

Treatments

concentration mg/l

Average weight of microtuber (mg)

STS % of Difference Ag-NPs % of Difference

0 118.15 ± 1.81 0 120.33 ± 1.97 0

0.5 122.12 ± 1.96 + 3.36 154.35 ± 3.02 + 28.27

1 135.25 ± 2.11 + 14.47 203.51 ± 4.18 + 69.12

2 149.61 ± 2.91 + 26.62 188.69 ± 4.07 + 56.81

4 153.83 ± 3.14 + 30.19 181.17 ± 3.58 + 50.56

8 176.27 ± 3.27 + 49.19 178.28 ± 3.24 + 48.15

16 164.94 ± 3.19 + 39.60 172.73 ± 3.02 + 43.54

L.S.D at 0.05 33.84

The mean (± SE) of twenty replicates
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Table 4
Effect of silver nanoparticles (Ag-NPs) or AgNO3 (STS) on the average diameter of

microtuber (mm).
Treatments

concentration mg/l

Average diameter of microtuber (mm)

STS % of Difference Ag-NPs % of Difference

0 4.3 ± 0.04 0 4.3 ± 0.04 0

0.5 4.6 ± 0.05 + 6.97 6.2 ± 0.06 + 44.18

1 5.5 ± 0.05 + 27.90 8.3 ± 0.09 + 93.02

2 5.6 ± 0.6 + 30.23 7.6 ± 0.08 + 76.74

4 6.3 ± 0.06 + 46.51 7.3 ± 0.07 + 69.76

8 6.5 ± 0.06 + 51.16 6.6 ± 0.06 + 53.48

16 6.3 ± 0.06 + 46.51 6.3 ± 0.06 + 46.51

L.S.D at 0.05 0.54

The mean (± SE) of twenty replicates

In addition, the highest average weight of microtuber (203.51 mg) was recorded using (1 mg/l) of Ag-NPs
compared to (176.27 mg) using (8 mg/l) of STS which represents an increase of about 69.12% and
49.19% in comparison to the control treatments, respectively, as shown in (Table 3). As well, the highest
average diameter of microtuber (8.3 mm) was recorded using (1 mg/l) of Ag-NPs compared to (6.5 mm)
using (8 mg/l) of STS, and these increments were about 93.02% and 51.16% in comparison to the control
treatments, respectively, as shown in (Table 4). Thus, these results confirm the positive impact of the
inclusion of silver in culture media as an anti-ethylene agent either in the ionic form Ag+ as STS or in the
crystalline form as Ag-NPs and proved the superiority of the use of Ag-NPs at the low level (1 mg/l) over
the use of STS (8 mg/l), Fig. 6.

The results of this study are consistent with those obtained in the previous study (Ibrahim et al. 2018a)
using the genotype cv. Desirѐe. Therefore, these results of two different genotypes of potato (Spunta and
Desirѐe) strongly lead us to conclude that the use of silver nanoparticles (Ag-NPs) proved to be more
effective than silver thiosulfate (STS) to alleviate the inhibition effect of ethylene on the formation of
microtubers in potato.

In addition to the known effect of silver ions on inhibiting ethylene action, there is another effect on the
activation of polyamine biosynthesis in plants that was confirmed in different plant species. Accordingly,
Kumar et al. (2009) mentioned that silver nitrate (AgNO3) was widely used in vitro due to its potent
inhibition of ethylene action on plant growth and development, and consequently enhancing growth and
morphogenesis in plant tissue culture through increasing the regeneration capacity of shoots or somatic
embryogenesis. Furthermore, S-adenosyl-L-methionine is the precursor of both ethylene and polyamines
(Evans and Malmberg 1989; Bais and Ravishankar 2002). The role of ethylene in inhibiting the activities
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of both methionine decarboxylase and arginine decarboxylase S-adenosyl led to a decrease in the
synthesis of polyamines in pea seedlings (Apelbaum et al. 1985; Smith1985).

Therefore, the promotive effect of AgNO3 as a potent ethylene inhibitor on organogenesis could be more
likely attributed to the activation of polyamine biosynthesis than the reduction of ethylene biosynthesis
(Kumar et al. 2009). Furthermore, Kim et al. (2016), reported that the addition of AgNO3 and putrescine to
the regeneration medium of Polygonum tinctorium improved the regeneration of shoots. More recently,
Adly et al. (2022), reported that the addition of different concentrations of AgNO3 (0, 2, 4, 6, 8, and 10
mg/l) to MS medium resulted in a remarkable increase in shoot regeneration from callus derived from
internodal explants of potato which recorded the highest increase in number of shoot/explant using 4
mg/l AgNO3 (2.3 fold compared to the control treatment), followed by the treatment of 6 mg/l AgNO3 (1.6

fold). These results were attributed to the positive role of Ag+ ions on inhibition of ethylene action in
addition to increasing the accumulation of polyamines in the regenerated shoots, which recorded the
highest level of a 3.6-fold increase over the control using 8 mg/l AgNO3 without increasing the content of
H2O2, lipid peroxidation, or damage of DNA. This finding may explain the substantial success of the use
of silver ions in experiments of in vitro culture for different plants; potato (Zobayed et al. 2001; Ibrahim et
al. 2018a; El-Sayed et al. 2021; Adly et al. 2022), sweet potato (Gong et al. 2005), canola (Khan et al.
2003), sesame (Al-Shafeay et al. 2011 & 2018), jojoba (Ibrahim et al. 2018b), buffalograss (Fei et al.
2000), faba bean (Khalafalla and Hattori 2000), safflower (Mandal et al. 2001), rice (Ibrahim and El Shihy
2012a&b), wheat (Hassan and Shahinul Islam 2021) and olive plant (Bashir et al. 2022).

Although, many reports confirm the positive effect of silver ions (AgNO3 or silver thiosulfate; STS) as anti-
ethylene on the growth of in vitro shoots (Perl et al. 1988) and on the formation of microtubers in potato
plants (Vreugdenhil and Van Dijk 1989; Zobayed et al. 2001; El-Sayed et al. 2021). Up to the present, there
are only two reports on the effect of (Ag-NPs) on the growth of in vitro cultured potato plants (Ehsanpour
and Nejati 2013; Baltazar Bernal et al. 2023). Thus, Ehsanpour and Nejati (2013) reported that Ag-NPs at
(0.5, 1, 1.5, and 2 ppm) led to an increase in the leaf area of in vitro potato plants cv. White Desirée, but
the length of shoots and roots dramatically decreased. In addition, Baltazar Bernal et al (2023) disclosed
that, the use of the gibberellin inhibitor paclobutrazol (PAC) 2 mg/l in combination with 50 mg/l of AgNPs
as an anti-ethylene agent was the best treatment for in vitro conservation of potato plantlets for six
months. Whereas after conservation the best combinations for in vitro multiplication of potato shoots
were the treatments 50 mg/l of AgNPs with 1 or 2 mg/l of PAC.

Moreover, Syu et al. (2014) reported that silver nanoparticles AgNPs inhibit ethylene action and retard
ethylene biosynthesis in A. thaliana. Sarmast et al. (2015), studied the effect of silver nanoparticles at
concentrations; 0, 30, 60, or 120 mg/l (AgNPs) on gene expression of (ACS gene) of the key enzyme ACC
synthase; 1-aminocyclopropane-1-carboxylate synthase (ACS) for the production of ethylene in leaf
tissues of regenerated (Tecomella undulata) shoots. The results revealed that the expression of the
TuACS gene was reduced in the leaves of in vitro-treated shoots with (AgNPs), which exhibited a
remarkable delay in the senescence of explants. More recently, Sarmast and Salehi (2022), reported that



Page 14/28

the addition of AgNPs ( 50 or 150 mg/l) to MS medium of in vitro seedlings of tobacco, resulted in a
remarkable increase in leaf fresh weight, the height of plants, and root length for tobacco seedlings
cultured on MS medium containing 50 mg/l of AgNPs compared to the control without AgNPs. Further,
this treatment (50 mg/l of AgNPs) led to a decrease in the production of ethylene in closed vessels of in
vitro tobacco seedlings, according to gas chromatography analysis. In addition, qRT-PCR analysis
confirmed that the tissues of tobacco treated with (50 mg/l AgNPs) exhibited a downregulation of the key
ethylene signaling genes ETR1, ERS1, and CTR1 as well as a downregulation of the ethylene-synthesizing
gene ACS2. Thus, these results provide evidence that AgNPs cause inhibition of ethylene action in
addition to downregulation of ethylene production.

Finally, so far, we did not find any other reports on the effect of silver nanoparticles (Ag-NPs) on potato
microtuberization, and this study is the second report after our previous report (Ibrahim et al. 2018a)
using Ag-NPs for enhancing microtuberization in potato plants. Hence, these results confirmed the
superiority of the use of Ag-NPs at the low level (1 mg/l) over the use of STS (8 mg/l) to alleviate the
inhibition effect of ethylene on the formation of microtubers in potato. Therefore, the obtained results in
this study on the genotype cv. Spunta, together with the results of the previous report (Ibrahim et al.
2018a) on cv. Desirée, proved that an efficient genotype-independent protocol for microtuberization in
potato has been established using Ag-NPs. Accordingly, further molecular and physiological studies for
enhancing potato microtuberization are in progress. In addition, these results are important for enhancing
potato microtuberization technology at the mass-production level in Egypt.

Conclusions
The results of the current study substantially proved the positive effect of the inclusion of silver in culture
media for promoting microtuberization in potato cv. Spunta, as an anti-ethylene agent either in the ionic
form Ag + as STS or in the crystalline form as Ag-NPs. These results confirmed the superiority of the use
of Ag-NPs at the low level (1 mg/l) over the use of STS (8 mg/l) to alleviate the inhibition effect of
ethylene on the formation of potato microtubers. Thus, these findings complement and agree with those
obtained in our previous study using the cv. Desirѐe (Ibrahim et al. 2018a). Therefore, we report here that
an efficient genotype-independent protocol for microtuberization in potato has been established. In
addition, this developed protocol using Ag-NPs is important for enhancing potato microtuberization
technology at the mass-production level in Egypt. Furthermore, these results are of great importance in
plant physiology and nanobiotechnology research. As well as, these results strongly confirm the
usefulness of using engineered nanomaterials to solve existing in vitro culture problems that hinder the
progress in plant biotechnology and genetic engineering research. Thus, it could increase the progress of
plant genetic improvement for achieving sustainable agriculture by producing novel high-yield plants
capable of withstanding and tolerating the dangerous climate and environmental changes that threaten
life on Earth.
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Figure 1

Photograph of the scanned solution of the engineered Ag-NPs using the spectrophotometer UV/VIS
absorbance; the peak appeared near 400 nm
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Figure 2

The engineered Ag-NPs with illustrated particle sizes. The monodispersed Ag-NPs are ultrafine and
spherical in shape, with a size range (1–7 nm). The TEM micrograph scale bar is 20 nm
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Figure 3

The percentage of the engineered silver nanoparticles Ag-NPs distributed in the TEM micrograph. The
majority of the dispersed Ag-NPs were in the size range of (2–6 nm) and represented about 90% of silver
nanoparticles in the micrograph
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Figure 4

Promotion of microtubers formation in potato cv. Spunta using silver nanoparticles (Ag-NPs). (A) Potato
shoots were used for microtubers production. (B) Shoot explants of potato cultured on microtubers
formation medium (MFM) + Ag-NPs. (C) Initiation of microtubers after two weeks on MFM + Ag-NPs. (D)
Production of microtubers after 10 weeks on MFM + Ag-NPs. (E) Harvest of microtubers after 10 weeks of
culture on MFM + Ag-NPs
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Figure 5

The effect of silver nanoparticles (Ag-NPs) on microtubers formation in potato cv. Spunta in comparison
with silver thiosulfate (STS), the treatments of STS (concentrations A1 – A7; 0, 0.5, 1, 2, 4, 8, and 16
mg/l), the treatments of Ag-NPs (concentrations B1 – B7; 0, 0.5, 1, 2, 4, 8, and 16 mg/l)
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Figure 6

The inclusion of silver thiosulfate or silver nanoparticles in culture media alleviates the inhibitory impact
of ethylene on microtuberization in potato. The use of the crystalline form of silver as silver nanoparticles
(Ag-NPs) at the low level (1 mg/l) was superior to the ionic form as silver thiosulfate (STS) at a high level
(8 mg/l) for inhibiting the action of ethylene and led to increasing the average number of microtubers/jar
(14.9 and 10.9) which about 83.95% and 34.56% respectively, over the control treatment (8.1)


