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Abstract

The application of nanomaterials is a promising tool to achieve more efficient in vitro propagation. This study evaluated
the effectiveness of rice husk derived biogenic silica nanoparticles (SiO, NPs) and zinc oxide nanoparticles (ZnO NPs)
on the growth and proliferation of in vitro cultures of quince rootstock ‘QA’. In vitro cultures were exposed to six levels
of SiO, NPs (0, 1, 5, 25, 50, 100 mg L‘l) and seven levels of ZnO NPs (0, 0.5, 1, 2.5, 5, 25, 50 mg L‘l). Proliferation
and growth rate were determined in plantlets recovered from ZnO NPs and SiO, NPs-treatments and controls that were
grown under in vitro conditions for 35 days. The results showed in vitro shoots of quince rootstock QA treated with SiO,
NPs at a concentration of 1 mgL~! had the highest number of axillary shoots (2.46). Also quince rootstock QA plantlets
regenerated from ZnO NPs-treatments showed the highest shoot length and the number of leaves at a concentration of
2.5 mg L™! (6.86 and 14.26, respectively). This research demonstrated the use of 1 mg L™! of SiO, NPs and 2.5 mg L™!
of ZnO NPs in the tissue culture medium may improve proliferation and growth rate in quince rootstock ‘QA’ explants.
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Abbreviations Mt Megatonne

AFM Atomic force microscopy MS Murashige and Skoog medium
BAP 6-Benzylaminopurine ROS Reactive oxygen species
CLSM Confocal laser scanning microscopy SEM Scanning electron microscopy
DLS Dynamic light scattering SiO, NPs  Silica nanoparticles

GA, Gibberellic acid XRD X-Ray diffraction

Glm General linear model ZnO NPs Zinc oxide nanoparticles
IBI Indole-3-butyric acid
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Introduction

Quince (Cydonia oblonga Mill.) is one of the most impor-
tant members of pome fruit species belonging to Rosaceae
family. Globally, in 2019, the total quince-harvesting area
was estimated at 93,699 ha and 666,589 Mt of fruit were
produced (FAO 2020). Iran with 12.24% of the global pro-
duction (81,594 t), is the fourth largest quince producer in
the world after Turkey, China, and Uzbekistan (FAO 2020).
Quince fruit is used to make jams, juices, liquors, and is also
used in traditional medicine (Aliasl et al. 2016; Morelli et al.
2017; Postman 2009). Additionally, some quince genotypes
serve as common dwarf rootstock for pear (Bell and Leitao
2011; Hummer and Janick 2009). The conventional method
of propagation of quince involves rooting of cutting or lay-
ering which is a cumbersome, season dependent, and time-
consuming process. The traditional propagation methods
are proving insufficient to meet the increasing demand for
planting materials of desired genotype. Micropropagation
stands as the sole alternative technique for increasing the
supply of high-quality planting material (Basu et al. 2017).
The success and failure of micropropagation protocols
depends on the rate of shoot proliferated. Various factors
such as genotype, culture medium composition, environ-
mental factors, etc., can influence axillary bud proliferation
under in vitro conditions (Aygun and Dumanoglu 2015;
Hajisadeghian Najafabadi and Roohollahi 2019; Karimpour
et al. 2020; Sadeghi et al. 2015; Vinoth and Ravindhran
2018; Dobranszki and Teixeira da Silva 2010). Proliferated
shoot rate depends on the stimulation and activation of lat-
eral meristems controlled by hormones, primarily cytoki-
nins. However, cytokinins interact with auxins, even if the
effect of auxin is indirect. This interplay between cytokinins
and auxins contributes to the overall control and regulation
of the process (Ward and Leyser 2004).

Recently, nanotechnology has gained recognition as
a critical technology for improving the management and
conservation of agricultural inputs. It has shown promis-
ing results for sustainable agriculture by providing various
options, such as nanofertilizers, nanopesticides, nanosen-
sors, and agri-food agents (Chandrika et al. 2018; Chhipa
2019; Elizabath et al. 2019; Joshi et al. 2019; Usman et al.
2020). There are many reports on agricultural nanotech-
nology including the using of various types of metal/metal
oxide nanoparticles, polymer-based nanomaterials, and dif-
ferent nanoformulation-based agrochemicals which affect
plant growth or pathogen control (Mittal et al. 2020; Chhipa
2019; El-Shetehy et al. 2021).

Factors such as the particle size and shape, plant species,
dosage, method of application, and the time and duration of
exposure are important factors that determine the effect of
NPs on plants. The size, surface area, and reactivity of NPs
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are different compared to their bulk counterparts (Yadav
2013). Application of nanoparticles can enhance plant ger-
mination, improve plant resistance to abiotic and biotic
stresses, and stimulate plant growth with reduction environ-
mental stress compared to the traditional methods (Alharby
et al. 2016; Alshehddi and Bokhari 2020; Garcia-Goémez
and Fernandez 2019; Nejatzadeh 2021; Prasad et al. 2012).

Zinc (Zn) is regularly the second most abundant transi-
tion metal in organisms following iron (Bhattacharya et al.
2016). Zn is an essential microelement for plant growth and
development. Some metal oxide nanoparticles, especially
zinc oxide nanoparticles (ZnO NPs) as a nanoparticle-sig-
naling molecule, seems to actively participate in regulating
various mechanisms related to the recognition and response
to abiotic stresses in plants (Sheykh et al. 2009). It has been
discovered that zinc has a vital role in managing reactive
oxygen species (ROS) and the protecting plant cells against
oxidative stresses (Sheykh et al. 2009). There are reports
on the effect of zinc oxide on plants under salinity stress
(Alharby et al. 2016). Studies have shown the effect of ZnO
NPs on germination, growth, and yield in plants (Prasad
et al. 2012; Thunugunta et al. 2018). ZnO NPs have been
found to significantly affect the in vitro growth of plants
(El-Mahdy and Elazab 2020; Javed et al. 2017).

Silicon (Si) is one of the most abundant elements on
the earth’s surface. Although silicon is not considered an
essential element for plants but is necessary for some of the
metabolic and physiological activities in plants (Yan et al.
2018). Studies have shown that the addition of silicon to
the nutrient solution or soil may leads to stimulate the plant
growth, improve its resistance to biotic and abiotic stresses,
and enhance photosynthesis (Artyszak 2018; Debona et al.
2017; Deshmukh et al. 2017; Gong et al. 2003; Ranjan et al.
2021; Song et al. 2014). The absorption of silicon by plants
may vary between 0.1 and 10% of dry weight depending on
the plant species (Cherif and Belanger 1992).

Recently, due to the unique properties such as large
volume, good stability, high surface area, acceptable bio-
compatibility, and ease of surface functionalization, silica
nanoparticles (SiO, NPs) has been recognized as promis-
ing and capable nanoparticles for agricultural applications
(Khafri et al. 2022; Alizadeh et al. 2022; Dashtestani et
al. 2021; Salekdeh et al. 2021). SiO, NPs can deposit on
cell walls and acts as a barrier to prevent the penetration of
pathogens and pesticides (Bao-Shan et al. 2004; Ma 2004;
Reynolds et al. 2009).

Notably, SiO, NPs can reduce the plant transpiration,
increases resistance to various abiotic stresses such as
drought, salinity, high temperature, cold, and heavy met-
als (Behboudi et al. 2018; Sabaghnia and Janmohammadi
2015; Siddiqui et al. 2014; Yassen et al. 2017). Furthermore,
SiO, NPs affect growth, germination, and photosynthesis in
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plants (Yan et al. 2018; Wei et al. 2010). Previous studies
have shown that using of SiO, NPs in in vitro conditions
have effective on the proliferation and growth of apple and
banana cultures (Avestan et al. 2016, 2017; EL-Kady et al.
2017).

The objective of this study was to evaluate the effects
of different concentrations of SiO, NPs and ZnO NPs on
the proliferation and the growth of quince explants in vitro
cultures. Due to the importance of nanoparticles in agri-
culture, most of the studies that have been reported are on
herbaceous plants. There is limited research on horticul-
tural plants, especially quince. In this study, we present
the application of two nanoparticles to establish an in vitro
micropropagation protocol for the quince rootstock ‘QA’
(Cydonia oblonga Mill).

Materials and methods
Materials and characterization methods

Sodium silicate from Sigma-Aldrich and the other required
materials such as sucrose, MS culture medium and hor-
mones from Duchefa were purchased. The necessary solu-
tions were prepared using deionized water (DW). The
FTIR spectrum of the NPs was obtained using Attenuated
Total Reflectance-Fourier Transform Infrared Spectros-
copy (Thermo, AVATAR). The morphological character-
istics of the NPs were studied by SEM (scanning electron
microscopy, Hitachi S-4800 II). X-Ray diffraction (XRD)
technique was done with a diffractometer (Philips X pert
1710, with CuKa (a=1.54056 A). The size distribution of
NPs was determined using dynamic light scattering (DLS,
PARTICLMETERIX STABILIZER 200). A confocal laser
microscope (CLSM, LSM 710, CarlZeiss, Oberlochen) was
applied to image the cellular uptake of the NPs.

Methods
Synthesis of rice husk and straw derived silica NPs

Rice-derived husk and straw wastes were burned and cal-
cined to obtain rice-ash. The resulting ash was refluxed in of
NaOH solution (6.0 M) under vigorous stirring overnight.
The supernatant containing Na,SiO; was separated and uti-
lized as the silica precursor for the synthesis of SiO, NPs.
In order to prepare SiO, NPs, 44.7 g of Na,SiO; (previously
derived from rice biomasses) was added to 100 mL of HCI
solution (1.0 M). The reaction mixture was continuously
stirred at 35 °C for 24 h. Finally, the solid residue was dried
under vacuum to give SiO, NPs following centrifugation at
16,000 for 10 min.

Synthesis of zinc oxide NPs

Zinc acetate solution was prepared by dissolution of zinc
acetate (Zn(CH;C0OO0),.2H,0, 2.0 g) into 15 mL distilled
water at 35 °C. An aqueous solution of 8.0 g NaOH in 8§ mL
distilled water at 35 °C, and then poured to the as-synthe-
sized zinc acetate solution. Afterward, 100 mL EtOH was
added into the latter mixture in a drop-wise manner accom-
panied by vigorous stirring for 90 min until obtaining a gel-
like product. Then the gel was washed and dried at 80 °C
for 24 h and then calcined in an oven at 250 °C for 4 h, ZnO
NPs were finally prepared as a fine white powder.

Plant materials and culture conditions

Quince dwarfing rootstock ‘QA’ was used to establish a pro-
liferation procedure. Plant material was collected from the
Kamal-Abad collection in Karaj, Iran and used as a source of
plant material sources for in vitro initiation. Shoots (2-3 cm
in length) containing 3 nodes were excised from four-week-
old stock plants and plated in jars (five jars per each treat-
ment) on MS1 medium. The MS1 medium consisted of
Murashige and Skoog (1962) basal medium (MS), supple-
mented with 30 g L™! sucrose, 2 uM 6-benzylaminopurine
(BAP), 2.9 uM gibberellic acid (GA;), 0.1 4M indole-3-
butyric acid (IBA), and 7 g L™ ! agar. Total media treatments
in jars were prepared containing six different concentrations
of 0, 1, 5,25, 50, 100 mg L™! of Si0, NPs or 0, 0.5, 1, 2.5,
5,25,50 mg L™ of ZnO NPs. For all experiments, the pH of
culture media was adjusted to 5.8 using either NaOH or HCl
before autoclaving at 121 °C for 15 min. The cultures were
grown at 24 +2 °C under a photoperiod of 16-h of daylight
photoperiod with an intensity of 2000 1x. Subculture was
performed after five weeks.

Growth parameters

Each experiment included five replicates (five jars per each
treatment) where each jar contains three shoot tips. After
five weeks, growth parameters were recorded including a
mean number of axillary shoots, mean number of leaves,
and mean length of shoot produced in vitro. The length of
shoot was measured by using a digital caliper.

Statistical analysis

The experimental design followed a randomized block
design in a factorial arrangement with five levels of SiO,
NPs (1, 5, 25, 50, 100 mg L_l) and six levels of ZnO NPs
(0.5,1,2.5,5,25,50mg L~ 1). The results were evaluated by
the analysis of variance (ANOVA) according to the general
linear model (GLM) procedure using statistical software
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SPSS (Version 22). Mean comparisons among treatments
were measured using Duncan’s test.

Results

Nanomaterials: synthesis and characterization

The synthesized biogenic silica NPs and Zinc oxide nanopar-
ticles were characterized by using XRD (X-ray powder dif-
fraction), AFM (atomic force microscopy), DLS (dynamic

Light Scattering), and SEM (scanning electron microscopy).
The XRD pattern of the synthesized SiO, NPs showed a

Si0, NPs

broad band centered at 20 = 22° confirmed the characteris-
tic peak of the amorphous SiO, solid and it also showed no
peaks related to impurity phases. Also the XRD pattern of
ZnO NPs showed the intense peaks at the crystal faces (100),
(002), (101), (102), (110) indicate the hexagonal structure
which belongs to the space group of P63mc (JCPDS card
no. 36-1451), and also showed no impurity phases in the
synthesized sample (Vijayaprasath et al. 2016). To further
characterization the size determination of the prepared NPs
using SEM indicated that all particles have an average size
of about 100 nm (Fig. 1a-d). These results were supported
by the results of measuring the hydrodynamic diameter and
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Fig. 1 SEM (a, d), DLS (b, e), AFM (¢, f) images of SiO,, and ZnO NPs, respectively
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topological view of NPs using DLS and AFM, respectively.
These images are shown in Fig. 1b-e and c-f, respectively.

Effects of treatments of SiO, NPs and ZnO NPs on in
vitro growth

Number of axillary shoots

The number of axillary shoots of ‘QA’ in vitro cultures was
influenced by different concentrations of SiO, NPs and ZnO
NPs (Fig. 2). The low concentrations showed better effects
on the number of axillary shoots. The highest number of axil-
lary shoots 2.46 and 2.13 were observed at concentrations
of 1 and 2.5 mg L™! SiO, NPs and ZnO NPs, respectively

(Fig. 2a-b). NPs at concentration of 1 mg L™! had the great-
est effect on the number of axillary shoots (Fig. 2a). Higher
amounts of SiO, NPs and ZnO NPs at concentration of 100
and 50 mg L™ !, respectively didn’t show significant changes
compared with the control, (Fig. 2a-b).

Length of shoot

Different concentrations of SiO, NPs and ZnO NPs have
been influenced the length of shoot in ‘QA’ in vitro cul-
tures (Fig. 3). The highest shoots length 6.23 and 6.86 cm
were observed at concentrations of 1 and 2.5 mg L™! of
SiO, NPs and ZnO NPs, respectively (Fig. 3a-b). ZnO NPs
at concentration 2.5 mg L™! had the greatest effect on the
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Fig. 5 Quince in vitro rootstock
‘QA’ cultures with (a) SiO, NPs
(0,1, and 100 mg L") and (b)
ZnO NPs (0, 2.5, and 50 mg L)

Si0, NPs

ZnO NPs

length of shoots (Fig. 3b).SiO, NPs at concentrations of 25
and 100 mg L' showed a decrease in shoot length com-
pared with the control (3.46, 3.96, and 4.69), respectively
(Fig. 3a). While ZnO NPs at concentrations 1 (5.76), 5
(5.03), and 50 (4.96) mg L~ ' showed better results than the
control (4.33) (Fig. 3b).

Number of leaves

The number of leaves of ‘QA’ in vitro cultures was influ-
enced by different concentrations of SiO, NPs and ZnO NPs
(Fig. 4). Concentrations 1 and 2.5 mg L~! SiO, NPs and
ZnO NPs showed the highest number of leaves 12.06 and
14.26, respectively (Fig. 4a-b). ZnO NPs at a concentration
of 2.5 mg L™ had a better effect on the number of leaves
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(14.26) (Fig. 4b). SiO, NPs at the higher concentrations of
5 mg L™! showed a decrease in the number of leaves com-
pared to the control (Fig. 4a). Also, ZnO NPs in higher con-
centrations of 2.5 mg L™! didn’t show significant changes
compared with the control (Fig. 4b). The effects of the low-
est and highest concentrations of SiO, NPs and ZnO NPs on
growth parameters are shown in Fig. 5.

Discussion

The present study tested the effectiveness of the applica-
tion of SiO, NPs and ZnO NPs on growth and proliferation
from in vitro cultures of quince rootstock” QA’. These two
nanoparticles resulted increasing in growth and proliferation
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from in vitro cultures of quince. The highest efficiency of
proliferation was obtained at lower concentrations in both
nanoparticles. We found 1.26-2.46 number of axillary
shoots, 3.46—6.86 cm shoot length, and 7.73—14.26 number
of leaves in shoots regenerated from quince rootstock QA
subjected to nanoparticles.

It was found that proliferation of QA cultures signifi-
cantly increased as ZnO NPs concentration increased from
0 to 2.5 mg L™!, wherein higher from 2.5 mg L™! of ZnO
NPs treatment none of the cultures showed an increase in
proliferation. These observations were in line with previ-
ous reports in other plants such as Pomegranate El-Mahdy
and Elazab (2020). Our results showed that in vitro quince
rootstock ‘QA’ when exposed to higher concentrations of
2.5 had low number of axillary shoots, shoot length, and
the number of leaves. ‘QA’ in vitro cultures at concentration
2.5 mg L™! produced higher number of shoots (2.13), shoot
length (6.86), and the number of leaves (14.26). Previous
reports showed ZnO NPs were also affected on growth in in
vitro pomegranate, tomato, stevia, and peanut cultures (EI-
Mahdy and Elazab 2020; Javed et al. 2017).

Si0, NPs which have been used in in vitro cultures had a
beneficial effect on the proliferation and the growth (Aves-
tan et al. 2016, 2017). In this study, the shoots submitted to
different concentrations of SiO, NPs showed a significant
reduction of the number of shoots, shoot length, and the
number of leaves at concentrations higher from 1 mg L™".
All quince rootstock ‘QA’ cultures showed the highest num-
ber of shoots (2.46), shoot length (6.23), and the number of
leaves (12.06) at concentration 1 mg L™".

In our study, the frequency of the number of axillary
shoots with SiO, NPs was higher than ZnO NPs. While con-
centration 1 mg L™! of SiO, NPs provided 2.46 number of
shoots, ZnO NPs provided 2.13 number of shoots at concen-
tration 2.5 mg L™!. Also, the highest shoot length and num-
ber of leaves obtained at concentration 2.5 mg L™! (6.86
and 14.26, respectively) than those of SiO, NPs at concen-
tration 1 mg L™! (6.23 and 12.06, respectively). Due to the
potential of nanoparticles, the in vitro plants were also sub-
jected to ZnO NPs and SiO, NPs at different concentrations,
and it is known that plants had different responses. These
responses may be due to differences in the type and size
of particles and plant species (Avestan et al. 2017; Avestan
et al. 2016; Javed et al. 2017). Some results have shown
that nanoparticles can have toxic effects on plants in higher
concentrations. (Lee et al. 2009) investigated the effects of
toxicity nanoparticles of silicon dioxide, aluminum dioxide,
iron dioxide, and zinc oxide on in vitro Arabidopsis (4ra-
bidopsis thaliana Heynh). They have shown SiO, NPs and
ZnO NPs in high levels can harm health from the plants.

To the best of our knowledge, the present study is the first
report of the application nanoparticles in quince. Besides,

it has been shown that SiO, NPs and ZnO NPs at low con-
centration were effective in increasing growth parameters
in quince. Due to the high cost of using nanoparticles in
tissue culture medium and their toxic effects at high con-
centrations on plants, the effect of nanoparticles in improv-
ing growth at low concentrations can decrease the harmful
effects on health of plants and reduce experiment costs.

Conclusion

In summary, SiO, NPs and ZnO NPs resulted high prolifera-
tion and growth in in vitro cultures of quince. The results
showed in vitro shoots of quince rootstock QA regenerated
following SiO, NPs-treatment at a concentration of 1 mg
L~! had the highest number of axillary shoots (2.46). Also
quince rootstock QA plantlets regenerated following ZnO
NPs-treatment showed the highest shoot length and the
number of leaves at a concentration of 2.5 mg L™! ZnO NPs
(6.86 and 14.26, respectively). This research showed the use
of 1 mg L™! of SiO, NPs and 2.5 mg L™! of ZnO NPs in
the tissue culture medium may improve proliferation and
growth rate in quince rootstock ‘QA’ explants. In the follow-
ing the effects of using combined SiO, NPs and ZnO NPs as
nano-additive fore in vitro quince Rootstock Propagation is
ongoing in our research group.

Acknowledgements The authors wish to thank Dr. Hamid Abdollahi
for supplying quince rootstock. We also express gratitude to Ms. Zahra
Saadat Hosseini for providing some of the in vitro plantlets.

Authors Contribution AG, LM, and MJK conceived of the presented
idea and planned the experiments. SF developed the theory conducted
the research experiments and wrote the manuscript with the support of
all co-authors. VM synthesized NPs, AG and LM supervised the proj-
ect with the support of MZ and AMN. All authors discussed the results
and contributed to the final manuscript.

Funding This work was funded by the Agricultural Biotechnology
Research Institute of Iran (Project no.47-05-05-002-960073 and 12-
05-05-027-95027-950753).

Data Availability Data is available.

Code Availability Not applicable.

Declarations

Conflicts of interest/Competing interests The authors declare that they
no conflict of interests.

Ethics approval Not applicable.
Consent to participate Not applicable.
Consent for publication Informed written consent was obtained from

all participants.

@ Springer



Plant Cell, Tissue and Organ Culture (PCTOC)

References

Alharby HF, Metwali EM, Fuller MP, Aldhebiani AY (2016) Impact of
application of zinc oxide nanoparticles on callus induction, plant
regeneration, element content and antioxidant enzyme activity in
tomato (1 Solanum lycopersicum Mill.) Under salt stress. Arch
Biol Sci 68:723—735. https://doi.org/10.2298/ABS151105017A

Aliasl F, Toliyat T, Mohammadi A, Minaee B, Samadi N, Aliasl J,
Sadeghpour O (2016) Medicinal Properties of Cydonia oblonga
Mill Fruit (Pulp and Peel) in iranian Traditional Medicine and
Modern Phytothrapy. Trad and Integr Med 1:122—128

Alizadeh M, Sheikhi-Garjan A, Ma’mani L et al (2022) Ethology of
Sunn-pest oviposition in interaction with deltamethrin loaded on
mesoporous silica nanoparticles as a nanopesticide. Chem Biol
Technol Agric 9:30. https://doi.org/10.1186/s40538-022-00296-1

Alshehddi LAA, Bokhari N (2020) Influence of gold and silver
nanoparticles on the germination and growth of Mimusops lau-
rifolia seeds in the South-Western regions in Saudi Arabia Saudi.
J Bio Sci 27:574-580. https://doi.org/10.1016/j.sjbs.2019.11.013

Artyszak A (2018) Effect of silicon fertilization on crop yield quantity
and quality—A literature review in Europe. Plants 7:54. https://
doi.org/10.3390/plants7030054

Avestan S, Naseri LA, Hassanzade A, Sokri SM, Barker AV (2016)
Effects of nanosilicon dioxide application on in vitro proliferation
of apple rootstock. J Plant Nutr 39:850—855. https://doi.org/10.10
80/01904167.2015.1061550

Avestan S, Naseri L, Barker AV (2017) Evaluation of nanosilicon
dioxide and chitosan on tissue culture of apple under agar-
induced osmotic stress. J Plant Nutr 40:2797-2807. https://doi.
org/10.1080/01904167.2017

Aygun A, Dumanoglu H (2015) In vitro shoot proliferation and in vitro
and ex vitro root formation of Pyrus elaeagrifolia Pallas. Front
Plant Sci 6:225. https://doi.org/10.3389/fpls.2015.00225

Bao-Shan L, Chun-Hui L, Li-Jun F, Shu-Chun Q, Min Y (2004) Effect
of TMS (nanostructured silicon dioxide) on growth of Changbai
larch seedlings. J For Res 15:138-140. https://doi.org/10.1007/
bf02856749

Basu YA, Mir M, Bhatt K, Mir B (2017) In vitro propagation of
Cydonia oblonga cv. SKAU-016. Int J Curr Microbiol App Sci
6:1865—-1873. https://doi.org/10.20546/ijcmas.2017.609.230

Behboudi F, Tahmasebi Sarvestani Z, Kassace MZ, Modares Sanavi
S, Sorooshzadeh A (2018) Improving growth and yield of wheat
under drought stress via application of SiO, nanoparticles. J
Agric Sci Technol 20:1479-1492

BellRL, LeitdoJM (2011) Cydonia. In C. kole (Ed), Wild Crop Relatives:
Genomic and Breeding Resources: the temperate fruits (pp 1-16)
Berlin:Springer. https://doi.org/10.1007/978-3-642-16057-8 1

Bhattacharya PT, Misra SR, Hussain M (2016) Nutritional Aspects of
Essential Trace Elements in Oral Health and Disease: An Exten-
sive Review. Scientifica (Cairo). ; 2016: 5464373. doi:https://doi.
org/10.1155/2016/5464373

Chandrika KP, Singh A, Tumma MK, Yadav P (2018) Nanotechnology
prospects and constraints in agriculture. Environmental nanotech-
nology. Springer, pp 159-186

Cherif M, Belanger R (1992) Use of potassium silicate amendments
in recirculating nutrient solutions to suppress Pythium ultimum
on long English cucumber. Plant Dis. https://doi.org/10.1094/
PD-76-1008

Chhipa H (2019) Applications of nanotechnology in agriculture.
Methods  Microbiol — 46:115-142.  https://doi.org/10.1016/
bs.mim.2019.01.002

Dashtestani F, Ma’mani L, Jokar F et al (2021) Zeolite-based nano-
composite as a smart pH-sensitive nanovehicle for release of
xylanase as poultry feed supplement. Sci Rep 11:21386. https://
doi.org/10.1038/s41598-021-00688-7

@ Springer

Debona D, Rodrigues FA, Datnoff LE (2017) Silicon’s role in abi-
otic and biotic plant stresses. Annu Rev Phytopathol 55:85-107.
https://doi.org/10.1146/annurev-phyto-080516-035312

Deshmukh RK, Ma JF, Bélanger RR (2017) Role of silicon in plants.
Front Plant Sci 8:1858. https://doi.org/10.3389/fpls.2017.01858

Dobranszki J, Teixeira da Silva JA (2010) Micropropagation of apple-
areview. Biotechnoi Adv 28:462—488

EL-Kady M, El-Boray M, Shalan A, Mohamed LM (2017) Effect of
silicon dioxide nanoparticles on growth improvement of banana
shoots in vitro within rooting stage. J Plant Prod 8:913-916.
https://doi.org/10.21608/JPP.2017.40900

El-Mahdy M, Elazab D (2020) Impact of Zinc Oxide Nanopar-
ticles on Pomegranate Growth under in Vitro Conditions.
Russ J Plant Physiol 67:162-167. https://doi.org/10.1134/
S1021443720010045

El-Shetehy M, Moradi A, Maceroni M, Reinhardt D, Petri-Fink
A, Rothen- Rutishauser B, Mauch F, Schwab F (2021) Silica
nanoparticles enhance disease resistance in Arabidopsis plants.
Nat Nanotechnol 16:344-353. https://doi.org/10.1038/s41565-
020-00812-0-Epub 2020 Dec14

Elizabath A, Babychan M, Mathew AM, Syriac GM (2019) Appli-
cation of nanotechnology in agriculture. Int J Pure Appl Biosci
7:131-139. https://doi.org/10.18782/2320-7051-6493

FAO (Food and Agriculture Organization of the United Nations)
(2020) FAOSTAT production database, Crops statistics, Quinces.
http://www.fao.org/faostat/en/#data/QC/visualiz Accessed 28
May 2021

Garcia-Gomez C, Fernandez MD (2019) Impacts of metal oxide
nanoparticles on seed germination, plant growth and develop-
ment. Comprehensive Analytical Chemistry. Elsevier, pp 75-124.
https://doi.org/10.1016/BS.COAC.2019.04.007.

Gong Hj C, Km C, Sm GW, Zhang Cl (2003) Effects of silicon on
growth of wheat under drought. J Plant Nutr 26:1055-1063.
https://doi.org/10.1081/PLN-120020075

Hajisadeghian Najafabadi A, Roohollahi I (2019) In vitro proliferation,
rooting and acclimatization of Natanzi Pear Seedlings (Pyrus
communis cv. Natanzi) with mycorrhiza Fungi infection. J Hortic
Sci 32:655-664. https://doi.org/10.3389/fpls.2015.00225

Hummer KE, Janick J (2009) Rosaceae: taxonomy, economic impor-
tance, genomics. Genetics and genomics of Rosaceae. Springer,
pp 1-17. https://doi.org/10.1007/978-0-387-77491-6 1.

Javed R, Usman M, Yiicesan B, Zia M, Giirel E (2017) Effect of zinc
oxide (ZnO) nanoparticles on physiology and steviol glycosides
production in micropropagated shoots of Stevia rebaudiana Ber-
toni. Plant Physiol Biochem 110:94-99. https://doi.org/10.1016/j.
plaphy.2016.05.032

Joshi H, Choudhary P, Mundra S (2019) Future prospects of nanotech-
nology in agriculture. Int J Chem Stud 7:957-963

Karimpour S, Davarynejad G, ZakiAghl M, Safarnejad MR (2020)
Optimization of plant growth regulators for in vitro shoot pro-
liferation of apple cv. ‘Abbasi’ using response surface method.
J Plant Physiol Breed 10:111-125. https://doi.org/10.22034/
JPPB.2020.12563

Khafri AZ, Zarghami R, Ma’mani L, Ahmadi B (2022) Enhanced
Efficiency of In vitro Rootstock Micro-propagation Using Silica-
Based Nanoparticles and Plant Growth Regulators in Myrobalan
29 C (Prunus cerasifera L). https://doi.org/10.1007/s00344-022-
10631-3. J Plant Growth Regul

Lee CW, Mahendra S, Zodrow K, Li D, Tsai YC, Braam B, Pedro
J, Alvarez J (2009) Developmental phytotoxicity of metal oxide
nanoparticles to Arabidopsis thaliana. Environ Toxicol Chem
29(3):669-675

Ma JF (2004) Role of silicon in enhancing the resistance of plants to
biotic and abiotic stresses. Soil Sci Plant Nutr 50:11-18. https://
doi.org/10.1080/00380768.2004.10408447


https://doi.org/10.1146/annurev-phyto-080516-035312
https://doi.org/10.3389/fpls.2017.01858
https://doi.org/10.21608/JPP.2017.40900
https://doi.org/10.1134/S1021443720010045
https://doi.org/10.1134/S1021443720010045
https://doi.org/10.1038/s41565-020-00812-0
https://doi.org/10.1038/s41565-020-00812-0
https://doi.org/10.18782/2320-7051-6493
http://www.fao.org/faostat/en/#data/QC/visualiz
https://doi.org/10.1016/BS.COAC.2019.04.007
https://doi.org/10.1081/PLN-120020075
https://doi.org/10.3389/fpls.2015.00225
https://doi.org/10.1007/978-0-387-77491-6_1
https://doi.org/10.1016/j.plaphy.2016.05.032
https://doi.org/10.1016/j.plaphy.2016.05.032
https://doi.org/10.22034/JPPB.2020.12563
https://doi.org/10.22034/JPPB.2020.12563
https://doi.org/10.1007/s00344-022-10631-3
https://doi.org/10.1007/s00344-022-10631-3
https://doi.org/10.1080/00380768.2004.10408447
https://doi.org/10.1080/00380768.2004.10408447
https://doi.org/10.2298/ABS151105017A
https://doi.org/10.1186/s40538-022-00296-1
https://doi.org/10.1016/j.sjbs.2019.11.013
https://doi.org/10.3390/plants7030054
https://doi.org/10.3390/plants7030054
https://doi.org/10.1080/01904167.2015.1061550
https://doi.org/10.1080/01904167.2015.1061550
https://doi.org/10.1080/01904167.2017
https://doi.org/10.1080/01904167.2017
https://doi.org/10.3389/fpls.2015.00225
https://doi.org/10.1007/bf02856749
https://doi.org/10.1007/bf02856749
https://doi.org/10.20546/ijcmas.2017.609.230
https://doi.org/10.1007/978-3-642-16057-8_1
https://doi.org/10.1155/2016/5464373
https://doi.org/10.1155/2016/5464373
https://doi.org/10.1094/PD-76-1008
https://doi.org/10.1094/PD-76-1008
https://doi.org/10.1016/bs.mim.2019.01.002
https://doi.org/10.1016/bs.mim.2019.01.002
https://doi.org/10.1038/s41598-021-00688-7
https://doi.org/10.1038/s41598-021-00688-7

Plant Cell, Tissue and Organ Culture (PCTOC)

Mittal D, Kaur G, Singh P, Yadav K, Ali SA (2020) Nanoparticle-
based sustainable agriculture and Food Science: recent advances
and future Outlook. Front Nanotechnol 2:579954. https://doi.
org/10.3389/fhano.2020.579954

Morelli M, Giampetruzzi A, Laghezza L, Catalano L, Savino VN,
Saldarelli P (2017) Identification and characterization of an iso-
late of apple green crinkle associated virus involved in a severe
disease of quince (Cydonia oblonga Mill). ArchVirol 162:299—
306. https://doi.org/10.1007/s00705-016-3074-6

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bio assays with tobacco tissue cultures. Physiol Plant 15:473—
497. https://doi.org/10.1111/j.1399-3054.1962.tb08052.x

Nejatzadeh F (2021) Effect of silver nanoparticles on salt tolerance of
Satureja hortensis L. during in vitro and in vivo germination tests.
Heliyon 7:¢05981. https://doi.org/10.1016/j.heliyon.2021.e05981

Postman J (2009) Cydonia oblonga: the unappreciated quince.
Arnoldia 67:2-9

Prasad T, Sudhakar P, Sreenivasulu Y, Latha P, Munaswamy V, Raja-
Reddy K (2012) Effect of nanoscale zinc oxide particles on the
germination, growth and yield of peanut. J Plant Nutr 35:905—
927. https://doi.org/10.1080/01904167.2012.663443

Ranjan A, Sinha R, Bala M, Pareek A, Singla-Pareek SL, Singh AK
(2021) Silicon-mediated Abiotic and biotic stress mitigation in
plants: underlying mechanisms and potential for stress resil-
ient agriculture. Plant Physiol Biochem 163:15-25. https://doi.
org/10.1016/j.plaphy.2021.03.044

Reynolds OL, Keeping MG, Meyer JH (2009) Silicon-augmented
resistance of plants to herbivorous insects: a review. Ann appl biol
155:171-186. https://doi.org/10.1111/j.1744-7348.2009.00348.x

Sabaghnia N, Janmohammadi M (2015) Effect of nano-silicon par-
ticles application on salinity tolerance in early growth of some
lentil genotypes/Wptyw nanoczastek krzemionki na tolerancje
zasolenia we wczesnym rozwoju niektérych genotypow soc-
zewicy. Ann Univ Mariae Curie-Skiodowska C Biol 69:39-55.
https://doi.org/10.1515/umesbio-2015-0004

Sadeghi F, Yadollahi A, Kermani MJ, Eftekhari M (2015) Optimiz-
ing culture media for in vitro proliferation and rooting of Tetra
Prunus empyrean3) rootstock. J Genet Eng and Biotechnol
13:19-23. https://doi.org/10.1016/j.jgeb.2014.12.006

Salekdeh PR, Ma'mani L, Tavakkoly-Bazzaz J, Mousavi H, Modar-
ressi MH, Salekdeh GH (2021) Bi-functionalized aminoguani-
dine-PEGylated periodic mesoporous organosilica nanoparticles:
a promising nanocarrier for delivery of Cas9-sgRNA Ribonucleo-
proteine. Journal of Nanobiotechnology, 2021, 19, 1-16. https://
doi.org/10.1186/s12951-021-00838-z

Sheykh BN, Hasanzadeh GTA, Baghestani MM, Zand B (2009) Study
the effect of zinc foliar application on the quantitative and quali-
tative yield of grain corn under water stress. Elec J Crop Prod
2:59-73

Siddiqui MH, Al-Whaibi MH, Faisal M, Al Sahli AA (2014) Nano-sili-
con dioxide mitigates the adverse effects of salt stress on Cucur-
bita pepo L. Environ toxicol chem 33:2429-2437. https://doi.
org/10.1002/etc.2697

Song A, Li P, Fan F, Li Z, Liang Y (2014) The effect of silicon on
photosynthesis and expression of its relevant genes in rice (Oryza
sativa L.) under high-zinc stress. PLoS ONE 9:e113782. https://
doi.org/10.1371/journal.pone.0113782

Thunugunta T, Reddy AC, Seetharamaiah SK, Hunashikatti LR, Chan-
drappa SG, Kalathil NC, Reddy LRDC (2018) Impact of zinc
oxide nanoparticles on eggplant (Solanum melongena): studies on
growth and the accumulation of nanoparticles. IET nanobiotech-
nol 12:706-713. https://doi.org/10.1049/iet-nbt.2017.0237

Usman M, Farooq M, Wakeel A, Nawaz A, Cheema SA, Rehman H,
Ashraf1, Sanaullah M (2020) Nanotechnology in agriculture: cur-
rent status, challenges and future opportunities. Sci Total Environ
721:137778. https://doi.org/10.1016/j.scitotenv.2020.137778

Vijayaprasath G, Murugan R, Asaithambi S, Sakthivel P, Mahalingam
T, Hayakawa Y, Ravi G (2016) Structural and magnetic behavior
of Ni/Mn co-doped ZnO nanoparticles prepared by co-precipita-
tion method. Ceram Int 42:2836-2845. https://doi.org/10.1016/j.
ceramint.2015.11.019

Vinoth A, Ravindhran R (2018) In vitro morphogenesis of woody
plants using thidiazuron. Thidiazuron: from urea derivative
to plant growth regulator. Springer, pp 211-229. https://doi.
org/10.1007/978-981-10-8004-3 10.

Ward SP, Leyser O (2004) Shoot branching. Curr Opin Plant Biol
7:73-78. https://doi.org/10.1016/j.pbi.2003.10.002

Wei C, Zhang Y, Guo J, Han B, Yang X, Yuan J (2010) Effects of silica
nanoparticles on growth and photosynthetic pigment contents
ofScenedesmus obliquus. J Environ Sci 22:155-160. https://doi.
org/10.1016/51001-0742(09)60087-5

Yadav V (2013) Nanotechnology, big things from a tiny world: a
review. Aee 3:771-778

Yan GC, Nikolic M, Ye MJ, Xiao ZX, Liang YC (2018) Silicon acqui-
sition and accumulation in plant and its significance for agricul-
ture. J Integr Agric 17:10: 2138-2150. https://doi.org/10.1016/
S2095-3119(18)62037-4

Yassen A, Abdallah E, Gaballah M, Zaghloul S (2017) Role of silicon
dioxide nano fertilizer in mitigating salt stress on growth, yield
and chemical composition of cucumber (Cucumis sativus L). Int J
Agric Res 12:130-135. https://doi.org/10.3923/ijar.2017.130.135

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/etc.2697
https://doi.org/10.1002/etc.2697
https://doi.org/10.1371/journal.pone.0113782
https://doi.org/10.1371/journal.pone.0113782
https://doi.org/10.1049/iet-nbt.2017.0237
https://doi.org/10.1016/j.scitotenv.2020.137778
https://doi.org/10.1016/j.ceramint.2015.11.019
https://doi.org/10.1016/j.ceramint.2015.11.019
https://doi.org/10.1007/978-981-10-8004-3_10
https://doi.org/10.1007/978-981-10-8004-3_10
https://doi.org/10.1016/j.pbi.2003.10.002
https://doi.org/10.1016/51001-0742(09)60087-5
https://doi.org/10.1016/51001-0742(09)60087-5
https://doi.org/10.1016/S2095-3119(18)62037-4
https://doi.org/10.1016/S2095-3119(18)62037-4
https://doi.org/10.3923/ijar.2017.130.135
https://doi.org/10.3389/fnano.2020.579954
https://doi.org/10.3389/fnano.2020.579954
https://doi.org/10.1007/s00705-016-3074-6
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1016/j.heliyon.2021.e05981
https://doi.org/10.1080/01904167.2012.663443
https://doi.org/10.1016/j.plaphy.2021.03.044
https://doi.org/10.1016/j.plaphy.2021.03.044
https://doi.org/10.1111/j.1744-7348.2009.00348.x
https://doi.org/10.1515/umcsbio-2015-0004
https://doi.org/10.1016/j.jgeb.2014.12.006
https://doi.org/10.1186/s12951-021-00838-z
https://doi.org/10.1186/s12951-021-00838-z

	﻿Rice husk-derived biogenic silica nanoparticles and zinc oxide nanoparticles as nano-additives for improving in vitro quince rootstock propagation
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Materials and characterization methods
	﻿Methods
	﻿Synthesis of rice husk and straw derived silica NPs
	﻿Synthesis of zinc oxide NPs
	﻿Plant materials and culture conditions
	﻿Growth parameters
	﻿Statistical analysis


	﻿Results
	﻿Nanomaterials: synthesis and characterization
	﻿Effects of treatments of SiO﻿2﻿ NPs and ZnO NPs on in vitro growth
	﻿Number of axillary shoots
	﻿Length of shoot
	﻿Number of leaves


	﻿Discussion
	﻿Conclusion
	﻿References


