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Abstract: Recently, metal oxide nanoparticles (NPs) have attracted attention as promising components
for the protection and stimulation of plant microclones in tissue culture in vitro. However, the effect
of NPs on the genetic mechanisms underlying plant adaptive responses remains poorly understood.
We studied the effect of column-shaped CuO NPs 50 nm in diameter and 70-100 nm in length at
a concentration of 0.1-10 mg/L on the development of phytopathogenic fungi Alternaria alternata,
Fusarium oxysporum, and Fusarium avenaceum in culture, as well as on the infection of downy birch
micro-clones with phytopathogens and the level of genes expression associated with the formation of
plant responses to stress induced by microorganisms. CuO NPs effectively suppressed the develop-
ment of colonies of phytopathogenic fungi A. alternata and F. avenaceum (up to 68.42% inhibition at
10 mg/L CuO NPs) but not the development of a colony of F. oxysporum. Exposure to the NPs caused
multidirectional responses at the level of plant genes transcription: 5 mg/L CuO NPs significantly
increased the expression level of the LEA8 and MYB46 genes and decreased the expression of DREB2
and PAL. Infection with A. alternata significantly increased the level of MYB46, LEAS, PAL, PR-1,
and PR-10 transcripts in birch micro-clones; however, upon exposure to a medium with NPs and
simultaneous exposure to a phytopathogen, the expression of the MYB46, PR-1, and PR-10 genes
decreased by 5.4 times, which is associated with a decrease in the pathogenic load caused by the
effect of NPs and the simultaneous stimulation of clones in vitro. The results obtained can be used in
the development of preparations based on copper oxide NPs for disinfection and stimulation of plant
phytoimmunity during clonal micropropagation of tree crops.

Keywords: CuO nanoparticles; birch; clonal micropropagation; phytopathogens; Fusarium oxysporum;
Fusarium avenaceum; Alternaria alternata; sterilization; stress adaptation; gene expression

1. Introduction

Obtaining planting material for woody plants by clonal micropropagation is a modern
intensive method of mass asexual reproduction in tissue and cell culture, in which the
resulting plants are genetically identical to the original specimen. Since the culture media
provide ideal conditions for the growth of microorganisms, plant tissue cultures must be
created and maintained under aseptic conditions. Antibiotics are increasingly being used
to reduce the risk of contamination in plants propagated in vitro. However, along with a
bactericidal effect, antibiotics can have a toxic effect on plant tissues and inhibit the growth
and development of explants [1,2]. In addition, it is known that microorganisms can adapt
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to biocidal drugs by mutations, which leads to the resistance of phytopathogens [3,4]. A
promising alternative can be the use of nanoparticles (NPs) as sterilizing agents [5-11].

Copper-based NPs are particularly promising as antimicrobial agents against a wide
spectrum of pathogens [12-14]. As plant protection agents, Cu-based NPs showed greater
fungicidal efficacy than a commercial preparation based on Cu(OH); and ionic forms of
copper [15].

It is known that copper-based NPs can have a positive effect on plant development
both during traditional seed germination [16] and in tissue culture [17,18]. NPs are used
as elicitors for the synthesis of bioactive compounds, since they can affect the secondary
metabolism in plants, as well as in culture systems [19]. Metal NPs can reduce stress
by increasing photosynthetic activity [20], the formation of phenolates, which can act as
antioxidants in cases of excessive production of ROS [21] and by the up-regulation of stress-
response genes encoding pathogenesis-related (PR) proteins and antioxidant enzymes [22],
transcription factors (TFs) [23], associated with water stress late embryogenesis abundant
(LEA) proteins, dehydrins, and aquaporins [24]. Iron, copper, cobalt, and zinc oxide
nanoparticles improved relative water content, drought tolerance index, biomass reduction
rate, and positively regulated resistance gene expression in drought-exposed soybean
leaves and roots [25]. The combined use of elevated CO,_ and Ni-based NPs improved
growth and photosynthesis and mitigated nickel-induced oxidative stress in wheat [26].

However, there are still not enough works comprehensively explaining the genetic
mechanisms of plant biosynthesis regulation in connection with the effect of NPs [27], al-
though such studies were carried out on, e.g., pumpkin [28], barley [29,30], alfalfa [31], wa-
termelon [32], bean [33], Indian mustard [34], thale cress [35-37], rice [38,39], soybean [40],
lettuce [41], and wheat [42].

Previously, we revealed the positive effects of 50 nm thick copper oxide nanoplates
on poplar microshoots during in vitro cultivation. However, the mechanisms of the plant
responses formation at the genes expression level in woody plants remained unclear [43].

The aim of the study was to assess the effects of copper oxide NPs on the growth
of Alternaria alternata, Fusarium oxysporum, and Fusarium avenaceum colonies, as well as
on the expression of stress resistance genes in birch clones in vitro upon invasion with
phytopathogen.

2. Materials and Methods
2.1. Nanoparticles and Nanoparticles Suspensions

We used copper oxide NPs (CuO NPs) by Sigma-Aldrich (St. Louis, MO, USA). The
sample was an ultrafine black powder with a manufacturer’s declared particle size of
<50 nm and a surface area of 29 m?/ g.

The morphology and size of particles before the experiment were determined by
scanning electron microscopy (SEM) on a Tescan Vega 3 microscope (Czech Republic).
Elemental analysis of the powder was performed by energy-dispersive X-ray spectroscopy
(EDX) using a 10 mm? SDD Detector, namely X-Act energy dispersive analyzer (Oxford
Instruments, Abingdon, UK).

The colloidal solution of NPs was prepared on the basis of sterile distilled water
(pH 7.1 &£ 0.2), containing 1 g/L CuO NPs. The portions of nanopowder were weighed
using an analytical balance (OHAUS Corporation, Parsippany, NJ, USA) and poured into a
previously prepared dispersion medium and stirred with a glass rod. After stirring, the
suspension was treated in an Elmasonic S30H ultrasonic bath (Elma, Singen, Germany) for
15 min (with a break to cool the dispersions every 5 min).

The measurements of particle/aggregate size distribution in the prepared suspensions
were taken at the temperature of 25 °C using the dynamic light scattering technique by
means of the Malvern ZetaSizer Nano device (Westborough, MA, USA). To assess the
stability of the NPs colloidal system, the zeta potential of the solution was also analyzed on
the ZetaSizer Nano device.
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2.2. Determination of Antifungal Activity

To confirm the ability of CuO NPs to suppress the growth of epiphytic microflora on
the birch explants, which prevents the successful introduction of plants into tissue culture,
a study of their antimicrobial activity against the phytopathogenic fungi F. oxysporum,
F. avenaceum, and A. alternata was tested. To determine the antifungal activity, CuO NPs
at concentrations of 0.1, 1, 5, and 10 mg/L were added to Czapek agar medium (Sigma-
Aldrich, St. Louis, MO, USA). For the analysis, a disc of active mycelial growth with a
diameter of 0.5 cm was cut out from a 7-day fungi culture, which was placed on Czapek’s
medium containing NPs. As a control, inoculations of fungal strains on the NPs-free
nutrient medium were used. The seeded plates were then incubated at 28 °C for 7 days.
After 3, 5, and 7 days of observation, the fungal colonies’ diameters were assessed. The
experiment was carried out in triplicate.

The antifungal effect of CuO NPs was calculated using Formula (1):

Inhibition rate (%) = [(D — d)/D] x 100, €))

e  where D is the diameter of the fungus colony in the control variant;
e  dis the diameter of the NPs-treated fungus colony.

2.3. Cultivation and Artificial Infection

The apical shoots of Betula pubescens Ehrh. hybrid 15-1 selected by PhD Isakov L.
Yu., associate professor at Voronezh State University of Forestry and Technologies, were
obtained from the Unified genetic selection complex in the Voronezh region. The apical and
axillary meristems from the experimental plants were introduced into the tissue culture and
clonally propagated using the traditional technology [44,45]. CuO NPs were added to the
nutrient medium at concentrations of 0.1, 1, 5, and 10 mg/L. The plants were maintained
in a Binder KBW 400 (E5.1) climatic chamber (Binder, Tuttlingen, Germany) with the
following climatic conditions: a 16-h photoperiod at an illumination of 30 pm/m~2-s~!
and a temperature of 24 + 2 °C. Artificial infection of the microclones was carried out
according to the method presented earlier [43]. The fungus culture at a concentration of
2 x 10° spores/mL was sprayed onto the birch clones and simultaneously introduced into
the cultivation media with and without NPs. The control samples were not infected. The
microclones were taken after 2 days of the experiment, fixed at —80 °C, and used for further
research.

2.4. Evaluation of the Influence of A. alternata and CuO NPs on the Expression of Stress Resistance
Genes in Regenerants of Downy Birch

In the work, the influence of A. alternata, CuO NPs, and the synergistic action of the
fungus and NPs on the expression of stress-resistance genes in regenerants of downy birch
was assessed.

2.4.1. RNA Extraction and Evaluation

RNA was extracted by the CTAB method using a modified protocol proposed by
Rubio-Pina [46]. The extracted RNA was analyzed by electrophoresis in 1% agarose gel
stained with the SYBR Green I intercalation dye (Lumiprobe, Cockeysville, MD, USA); the
result was visualized using the Infinity VX2 1126MX X-Press gel documentation system
(Vilber Lourmat, Collégien, France).

The RNA concentration was determined using a Qubit 2.0 fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.

2.4.2. cDNA Synthesis and Primers Picking

cDNA synthesis was performed using a standard kit with MMLV-RH (Dia-M, Russia)
using 0.5-1 pg of total RNA.
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The primers for resistance genes [43,47-50] were selected based on sequences from
the NCBI database using the Primer3 program (Table 1).

Table 1. Primer sequences for the stress resistance genes.

Gene Sequence (5'—3')
F: AGGCAGAGAACATGGGGAAA

DREB2 R: GAAAGTTGAGGCGAGCGTAA
F: GATGTCGCTAGAAATGCCGG
MYB46 R: GTTGTCTGTACGCCCTGG
F: AATGACTTTGACATGGGCGT
LEAS F: AATGACTTTGACATGGGCGT
F: CTGTGGCTGCAACGGTTT
PAL R: TCAATTTGAGGTCCGAGCCA
F: CCTCAAAGCCCACAATGACG
PR-1 R: TCTCGTCCACCCATAGCTTC
F: GGCCCGGAACCATTAAGAAG
PR-10 R: CCACCCTCGATCAAGCTGTA
CAPDH F: CAGCCGAAGATGTCAATGCA

R: GGCCACTTGTTTGCTACCAA

2.4.3. PCR Analysis and Assessment of the Stress Genes Expression

After optimizing the conditions for annealing the primers, the PCR protocol was used:
3 min at 95 °C, then 45 cycles of the following stages: 30 s at 95 °C, 30 s at 60 °C, 30 s at
72 °C, and the final elongation at 72 °C for 2 min. The reaction was carried out using a
standard set of reagents containing SYBR Green I dye (Evrogen, Moscow, Russia) in real
time.

Analysis of the genes expression was performed by the AACt method using the
LightCycler480 Il v 1.5.1 software (Roche, Basel, Switzerland) [51]. The GAPDH gene was
used as a reference.

2.5. Statistical Analysis

All experiments were carried out in three biological and analytical replicates. Statistical
data processing was carried out using Microsoft Excel 2010 (Descriptive Statistics package)
using one-way analysis of variance (ANOVA) at a 5% significance level.

3. Results
3.1. Nanoparticles Characterization

SEM analysis revealed that the CuO NPs used in the work are rod-like structures with
rounded ends assembled into aggregates (Figure 1a).

As can be seen from the presented micrograph, the average diameter of individual
particles was about 50 nm, the length was 70-100 nm. Energy-dispersive X-ray spectroscopy
showed the analyzed powder to be copper oxide, without any impurities (Figure 1b).

During the analysis of the particle size in solution, it was found that the average size
of NPs and their aggregates was 40-300 nm (Figure 2). Most of the particles were in the
range of 50-80 nm.

The zeta potential measurement showed values of about 32 mV (Figure 3), which
indicates a high stability of the system.
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Figure 1. Electron microscopic examination of CuO NPs powder: (a) SEM image indicates that the
studied material consists of nanoparticles; (b) EDX analysis confirms that the chemical composition
of nanoparticles includes copper and oxygen.
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Figure 2. Dispersed composition of CuO NPs suspension (1 g/L) confirms that the particles in
suspension have nanometer sizes.
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Figure 3. Zeta potential of CuO NPs in 1 g/L suspension.
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Thus, the results proved that the investigated particles were copper oxide NPs, without
impurities. According to electron microscopy and dynamic light scattering technique, the
average particle size was 50-100 nm.

3.2. Fungicidal Action of CuO NPs

Since fungus-induced diseases are more common than the ones caused by bacteria,
we studied the antifungal activity of the tested NPs colloidal solutions against the most
common plant pathogens.

The results obtained showed that the highest antifungal activity of CuO NPs in
relation to all the studied isolates in terms of the degree of phytopathogenic fungal colony
growth suppression was observed when 10 mg/L NPs was added to the nutrient medium
(Figure 4a—c).

g 17 Alternariaalternata g 100 Fusarium oxysporum
E 60 | * E
w o 80
£ 40 o3 days £ 60
% 30 m5days %
g > 40
£ 9 m7 days €
o o
S 10 o 201
o (&)
0 - 0+ . : —1
Control 0.1 1 5 10 Control 01 1 5 10
Concentration, mg/L

60 - Fusariumavenaceum
£
E g * * *
8 *
-t 4
g 40 * : * o3 days
:g 30 1 % o5 days
2 2 5 m7 days
o *
o
CHL:

0 . . ' .
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Figure 4. Influence of CuO NPs on the growth of phytopathogenic fungal colonies Alternaria alternata
(a), Fusarium oxysporum (b), and Fusariun avenaceum (c) on days 3, 5, and 7 of growth under the
influence of NPs (* is significant deviation from control). The difference in the size of a fungal colony
was shown on Czapek’s medium containing various concentrations of nanoparticles on the 7th day
of growth.

It should be noted that high inhibition rates of the colony growth (up to 68%) were
shown in relation to A. alternata and F. avenaceum. The level of F. oxysporum growth
inhibition was insignificant (24%), which indicates the possible resistance mechanisms in
this microorganism (Table 2).
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Table 2. The level of fungal growth inhibition under the influence of CuO NPs solutions.

Level of Inhibition (%)

Pathogen NPs Concentration, mg/L
3 Days 5 Days 7 Days

0.1 10.39 19.25 9.14
Alternaria 1 2.69 21.75 31.03
alternata 5 24.23 31.75 35.69
10 57.69 47.50 45.34
0.1 1.44 0 3.52
Fusarium 1 0 7.40 7.03
oxysporum 5 1.44 20.00 10.81
10 0 24.60 12.08
0.1 10.53 13.90 15.96
Fusarium 1 5.26 30.00 17.88
avenaceum 5 21.05 36.59 19.81
10 68.42 52.93 36.54

Analysis showed the maximum inhibitory effect of NPs on the growth of the fun-
gal colonies at the early stages of cultivation, namely, up to 3 days for A. alternata and
F. avenaceum, and up to 5 days for F. oxysporum. On the 7th day of the experiment the
inhibition rate decreased, which indicated the possible development of resistance in the
microorganisms. Lower NPs concentrations (1 and 5 mg/L) showed the highest level of
the colony growth inhibition on the 7th day of the experiment. The maximum inhibition
level of A. alternata and F. avenaceum was recorded at concentrations of 1, 5, 10 mg/L, and
10 mg/L, respectively.

Thus, the revealed activity of CuO NPs against the growth of A. alternata, F. oxyspo-
rum, and F. avenaceum phytopathogenic fungal colonies makes it possible to use them as
components to reduce the risk of contamination during clonal micropropagation of woody
plants.

3.3. Influence of CuO NPs on Infected Birch Explants at the Stage of Introduction into Culture
The effect of CuO NPs as a sanitizing agent was investigated when birch was intro-

duced into tissue culture (Figure 5).
120 -
100 - * *

0 - ] 1 ® =

Number, %
A O
o
1

iy
o
|

Control 0.1 1 5 10
Concentration, mg/L

O Sterile microclones B Surviving microclones

Figure 5. Influence of CuO NPs on explants of downy birch at the stage of introduction into culture.
A significant increase in sterile microclones was shown using 0.1 mg/L NPs (* is significant deviation
from control). With increasing concentration, this value decreased, but remained higher than the

control.
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As shown in Figure 5, the investigated NPs at every tested concentration increased
the number of sterile explants. Thus, in the control variant where the NPs were not used,
this indicator was 60.0%, while in the experimental variants it ranged from 71.7 to 86.7%.
In this case, the maximum suppression of microorganisms on the surface of the explants
was observed at the minimum concentration of 0.1 mg/L. Analysis of the viability of
birch explants on the nutrient medium after 3 weeks of cultivation showed that the tested
concentrations are 0.1; 1; 5 mg/L had no phytotoxic effect as the amount of viable explants
was not lower than that in the control variant of the experiment. At CuO NPs concentrations
of 0.1 and 1 mg/L, the number of viable explants was, by 5.3% and 3.5%, higher than in the
control, which indicates their stimulating effect.

3.4. Influence of A. alternata and CuO NPs on the Expression of Stress Resistance Genes in
Regenerants of Downy Birch

The effect of NPs on the induced resistance of woody plants to diseases was studied
against an artificial infectious background created by the phytopathogenic fungus A. al-
ternata. For this purpose, we analyzed the samples grown without NPs, infected with A.
alternata, and exposed to 5 mg/L CuO NPs. The influence of CuO NPs without the phy-
topathogen was also investigated. A. alternata is one of the most dangerous phytopathogens
as it causes necrosis of cuttings as well as lodging of shoots and seedlings [15]. In addition,
it was experimentally found that that the influence of the NPs caused the most lasting effect
in relation to this phytopathogen as after 7 days of observation the suppression of fungal
growth was 45.3% (Table 2). The CuO NPs concentration of 5 mg/L was chosen for the
study as it showed a high inhibition level of the phytopathogenic fungi while having no
adverse effects upon the viability of explants when introduced into the tissue culture.

The study revealed significant activation of MYB46, LEAS, PAL, PR-1, and PR-10 genes
in the infected plants cultivated in the NPs free medium (Figure 6).

*

- 574
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L o \ :
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2 10—
X 8 .
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[ x| | | __| Ig@--.--- L NCCTITTL
X o | [
DREB2  MYB46 LEAS PAL PR-1 PR-10
Genes

OAlternaria mCuO g Alternaria+CuO NPs

Figure 6. Expression of resistance genes in birch microclones. White bars—microclones infected
with A. alternata, gray bars—plants cultivated on the medium containing 5 mg/L CuO NPs, striped
bars—microclones infected with A. alternata and exposed to 5 mg/L CuO NPs, and control—plants
on the medium without NPs and not exposed to the phytopathogen (* is significant deviation from
control). The level of MYB46, PAL, PR-1, and PR-10 expression was lower under combined exposure
to NPs and A. alternata than under exposure to a single phytopathogen.

Exposure to CuO NPs at a concentration of 5 mg/L caused a significant increase in the
level of LEA8 and MYB46 genes expression in the birch clones in vitro, while the expression
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of DREB2 and PAL was reduced, and the level of PR-1 and PR-10 did not exceed the
control variant. Under the combined influence of A. alternata and CuO NPs, the expression
of MYB46, LEAS, PAL, PR-1, and PR-10 genes was activated, while the level of DREB2
gene transcripts was decreased (Figure 6). The observed increase in the expression of the
analyzed genes upon exposure to the phytopathogen was significantly higher without
exposure to NPs. At the same time, when cultivated on a medium containing NPs, the
expression of MYB46, PR-1, and PR-10 genes was significantly higher than the level in
the control, but at the same time decreased by 5.4 times compared to the variant infected
with A. alternata and incubated on the medium without CuO NPs. The data obtained
show the stimulating effect of NPs on the expression of individual stress resistance genes
in microclones. At the same time, the use of CuO NPs reduced the stress response level
upon infection with A. alternata, which indicates their inhibitory effect on the growth of the
pathogen.

4. Discussion

As we expected, CuO NPs had pronounced concentration-dependent antifungal effects
on phytopathogens in culture. This is consistent with the results of a number of previous
studies, where the authors demonstrated the suppression of the phytopathogenic fungi
growth such as Botrytis cinerea [52], F. oxysporum [53], Aspergillus sp., A. alternata [54],
Fusicladium oleagineum, and Colletotrichum sp. [55]. Both the diffusion of copper ions,
which is an antimicrobial agent [56], and specific nanotoxic effects, such as the induction
of oxidative stress [57] or damage to the cell membrane [58], are considered as possible
mechanisms.

Interestingly, the maximum sterility of microplants was observed at the lowest of the
studied NPs concentrations. It may be surmised that the effect is achieved not due to a
direct destruction of phytopathogenic microorganisms by NPs, but indirectly, through the
stimulation of phytoimmunity. NPs at low concentrations can cause moderate stress in
plants, one of the reactions to which is a change in their biochemical status [59]. Compounds
such as peroxidases and polyphenols begin to be produced, which are part of the nonspecific
plant defense system against phytopathogenic microorganisms [60]. An increase in the
concentration of NPs intensifies the “nano” induced stress [61], and the overall efficiency of
plant adaptation to stress begins to decrease, which is ultimately manifested by a reduced
number of viable microclones at the maximum concentration of NPs.

Since the biosynthesis of chemical agents of nonspecific phytoimmunity is controlled
by certain genes, the revealed changes in the expression profile of plant genes under
the influence of CuO NPs and the phytopathogenic fungus A. alternata can serve as a
confirmation of this theory.

Exposure to NPs promoted the activation of MYB46 and LEA8 genes expression, which
act as factors of nonspecific protection upon stress exposure. MYB46 transcription factor
triggers a transcriptome response through the regulation of genes responsible for cell wall
metabolism and cell matrix reorganization. According to [62], MYB46 acted as a modulator
of susceptibility to infection with B. cinerea in A. thaliana, facilitating the integration of
cell wall remodeling and subsequent activation of secondary lines of defense, including
class III peroxidases. Since phytopathogens penetrate into plant cells damaging the plant
cell wall, the reorganization of its components is a necessary mechanism of adaptation
to stress. The effect of CuO NPs on birch microclones activates the protective proteins of
osmoregulation, as evidenced by an increase in the expression of LEA8 gene, which belongs
to the class of dehydrins from the family of late embryogenesis proteins. LEAS8 protein can
provide protection against phytopathogens invasion by maintaining the integrity of cells
and cellular structures, directly binding to their surface or ordering water around bound
macromolecules [63]. Thus, the impact of NPs stimulates the development of nonspecific
immunity required under the influence of stress, including infection with phytopathogens.

A. alternata contamination promoted the development of a stress response in birch
microclones, as evidenced by an increase in gene expression of the key player from the
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phenylpropanoid pathway, phenylalanine ammonia lyase (PAL) [64], representatives of the
protection proteins (LEA) [63], pathogenesis-related proteins (PR) [65] and transcription fac-
tors (MYB) [66]. Exposure to CuO NPs caused a decrease in the level of PAL gene transcripts,
while a positive effect of CuO NPs on the expression of this gene in cabbage roots and
seedlings [67], soybean roots [40], and cucumber shoots [68] was shown. Previous research
revealed the activation of DREB2 under the influence of A. alternata exposed to CuO and
Ag NPs, as well as under the separate action of NPs on poplar microclones [43]; however,
our results indicate a decrease in the expression of DREB2 gene in birch microclones in all
the experimental variants. The observed effects can be explained by the genotypic features
of downy birch and the selected concentration of NPs, although a more detailed study of
the NPs effect on the genes expression of woody plants is needed.

CuO NPs significantly downregulated the expression of MYB46, PR-1, and PR-10
genes in comparison with infected plants not exposed to CuO NPs. The observed effect
can be explained by the suppression of the phytopathogen activity by NPs, on the one
hand, and their stimulating effect on birch microclones, on the other. Although the results
obtained may indicate that CuO NPs contributed to a decrease in the negative effect of A.
alternata on birch microclones, additional studies are required to endorse the sterilizing
effect of CuO NPs and their contribution to boosting of a plant immunity.

We believe that our data confirm the promising nature of using copper oxide NPs to
improve the technique of in vitro plant tissue culture. Future research should focus on
identifying the mechanisms by which NPs affect plants and phytopathogens in order to
create the best strategies for using NPs in biotechnology.

Author Contributions: Conceptualization, PM.E. and A.A.G.; methodology, T.A.G., O.A.F,, VIM,,
N.AE.,, O.V.Z. and E.A K; software, PM.E; validation, PM.E., A.A.G. and O.V.Z.; formal analysis,
T.A.G., O.AF, O.VZ. and E.A K, investigation, T.A.G., O.A.F, VIM,, N.AE, O.VZ. and EAK;
resources, PM.E. and A.A.G.; data curation, PM.E., A.A.G. and O.V.Z.; writing—original draft
preparation, T.A.G., O.A.F, VIM. and O.V.Z,; writing—review and editing A.A.G. and O.V.Z,;
visualization, TA.G., O.A.F, O.V.Z. and E.A K,; supervision, PM.E., A.A.G. and O.V.Z; project
administration, PM.E. and A.A.G.; funding acquisition, A.A.G. and N.A.E. All authors have read and
agreed to the published version of the manuscript.

Funding: The results were partially obtained using the equipment of the Center for Collective Use of
Scientific Equipment of TSU named after G.R. Derzhavin. This research was partially supported by
the RFBR (project number 20-34-90115/20, the biological experiments) and by the Ministry of Science
and Higher Education of the Russian Federation in the frame work of agreement Ne 075-15-2021-709
(unique project identifier RF—-2296.61321X0037) in the part of the NPs research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Reed, B.M.; Mentzer, ].; Tanprasert, P.; Yu, X. Internal Bacterial Contamination of Micropropagated Hazelnut: Identification and
Antibiotic Treatment. Plant Cell Tissue Organ Cult. 1998, 52, 67-70. [CrossRef]

2. Pollock, K.; Barfield, D.G.; Shields, R. The toxicity of antibiotics to plant cell cultures. Plant Cell Rep. 1983, 2, 36-39. [CrossRef]
[PubMed]

3. Hahn, M. The rising threat of fungicide resistance in plant pathogenic fungi: Botrytis as a case study. J. Chem. Biol. 2014, 7, 133-141.
[CrossRef] [PubMed]

4. Martins, PM.M.; Merfa, M.V.; Takita, M.A.; De Souza, A.A. Persistence in Phytopathogenic Bacteria: Do We Know Enough? Front.
Microbiol. 2018, 9, 1099. [CrossRef]

5. Teow, S.-Y.,; Wong, M.M.-T.; Yap, H.-Y; Peh, 5.-C.; Shameli, K. Bactericidal Properties of Plants-Derived Metal and Metal Oxide
Nanoparticles (NPs). Molecules 2018, 23, 1366. [CrossRef]

6.  Zakharova, O.; Gusev, A. Photocatalytically Active Zinc Oxide and Titanium Dioxide Nanoparticles in Clonal Micropropagation
of Plants: Prospects. Nanotechnol. Russ. 2019, 14, 311-324. [CrossRef]

7. Ur Rahim, H.; Qaswar, M.; Uddin, M.; Giannini, C.; Herrera, M.L.; Rea, G. Nano-Enable Materials Promoting Sustainability and
Resilience in Modern Agriculture. Nanomaterials 2021, 11, 2068. [CrossRef]

8.  Singh, H.; Sharma, A.; Bhardwaj, S.K.; Arya, S.K.; Bhardwaj, N.; Khatri, M. Recent advances in the applications of nano-

agrochemicals for sustainable agricultural development. Environ. Sci. Processes Impacts 2021, 23, 213-239. [CrossRef]


http://doi.org/10.1023/A:1005989000408
http://doi.org/10.1007/bf00269232
http://www.ncbi.nlm.nih.gov/pubmed/24257853
http://doi.org/10.1007/s12154-014-0113-1
http://www.ncbi.nlm.nih.gov/pubmed/25320647
http://doi.org/10.3389/fmicb.2018.01099
http://doi.org/10.3390/molecules23061366
http://doi.org/10.1134/S1995078019040141
http://doi.org/10.3390/nano11082068
http://doi.org/10.1039/D0EM00404A

Nanomaterials 2022, 12, 864 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Singh, R.P; Handa, R.; Manchanda, G. Nanoparticles in sustainable agriculture: An emerging opportunity. J. Control. Release 2021,
329, 1234-1248. [CrossRef]

Kim, D.Y,; Kadam, A.; Shinde, S.; Saratale, R.G.; Patra, ].; Ghodake, G. Recent developments in nanotechnology transforming the
agricultural sector: A transition replete with opportunities. J. Sci. Food Agric. 2018, 98, 849-864. [CrossRef]

Ali, S.S.; Al-Tohamy, R.; Koutra, E.; Moawad, M.S.; Kornaros, M.; Mustafa, A.M.; Mahmoud, Y.A.G.; Badr, A.; Osman, M.E.H;
Elsamahy, T.; et al. Nanobiotechnological advancements in agriculture and food industry: Applications, nanotoxicity, and future
perspectives. Sci. Total Environ. 2021, 792, 148359. [CrossRef] [PubMed]

Ermini, M.L.; Voliani, V. Antimicrobial Nano-Agents: The Copper Age. ACS Nano 2021, 15, 6008-6029. [CrossRef] [PubMed]
Siddiqi, K.S.; Husen, A. Current status of plant metabolite-based fabrication of copper/copper oxide nanoparticles and their
applications: A review. Biomater. Res. 2020, 24, 11. [CrossRef] [PubMed]

Joshi, A.; Sharma, A.; Bachheti, RK.; Husen, A.; Mishra, V.K. Plant-Mediated Synthesis of Copper Oxide Nanoparticles and Their
Biological Applications. In Nanomaterials and Plant Potential; Husen, A., Igbal, M., Eds.; Springer International Publishing: Cham,
Switzerland, 2019; pp. 221-237.

Malandrakis, A.A.; Kavroulakis, N.; Chrysikopoulos, C.V. Use of copper, silver and zinc nanoparticles against foliar and soil-borne
plant pathogens. Sci. Total Environ. 2019, 670, 292-299. [CrossRef] [PubMed]

Juarez Maldonado, A.; Ortega-Ortiz, H.; Pérez-Labrada, F.; Cadenas-Pliego, G.; Benavides-Mendoza, A. Cu Nanoparticles
absorbed on chitosan hydrogels positively alter morphological, production, and quality characteristics of tomato. J. Appl. Bot.
Food Qual. 2016, 89, 183-189. [CrossRef]

Genady, E.; Qaid, E.A.; Fahmy, A. Copper Sulfate Nanoparticales In vitro Applications on Verbena bipinnatifida Nutt. Stimulating
Growth and Total Phenolic Content Increasments. Int. J. Pharm. Res. Allied Sci. 2016, 5, 196-202.

Talankova-Sereda, T.; Liapina, K.; Shkopinskij, E.; Ustinov, A.; Kovalyova, A.; Dulnev, P.; Kucenko, N. The Influence of Cuu Co
Nanoparticles on Growth Characteristics and Biochemical Structure of Mentha Longifolia In Vitro. In Nanophysics, Nanophotonics,
Surface Studies, and Applications; Springer: Cham, Switzerland, 2016; Volume 183, pp. 427-436.

Rivero-Montejo, S.d.J.; Vargas-Hernandez, M.; Torres-Pacheco, I. Nanoparticles as Novel Elicitors to Improve Bioactive Com-
pounds in Plants. Agriculture 2021, 11, 134. [CrossRef]

Naseer, I; Javad, S.; Singh, A.; Maqgsood, S.; Igbal, S.; Jabeen, K. Alleviation Mechanism of Drought Stress in Plants Using Metal
Nanoparticles—A Perspective Analysis. In Sustainable Agriculture Reviews 53: Nanoparticles: A New Tool to Enhance Stress Tolerance;
Faizan, M., Hayat, S., Yu, F., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 115-149.

Marslin, G.; Sheeba, C.J.; Franklin, G. Nanoparticles Alter Secondary Metabolism in Plants via ROS Burst. Front. Plant Sci. 2017, 8,
832. [CrossRef]

Chun, S.C.; Chandrasekaran, M. Chitosan and chitosan nanoparticles induced expression of pathogenesis-related proteins genes
enhances biotic stress tolerance in tomato. Int. J. Biol. Macromol. 2019, 125, 948-954. [CrossRef]

Zeeshan, M.; Hu, Y.X,; Afridi, M.S.; Ahmad, B.; Ahmad, S.; Muhammad, I.; Hale, B.; Igbal, A.; Farooq, S.; Wu, H.Y;; et al. Interplay
of ZnONPs and/or SeNPs induces arsenic tolerance in soybean by regulation of antioxidants pool, WRKY genes, and expression
of arsenic transporters. Environ. Exp. Bot. 2022, 195, 104783. [CrossRef]

Yang, K.-Y.; Doxey, S.; McLean, J.E.; Britt, D.; Watson, A.; Qassy, D.A.; Jacobson, A.; Anderson, A.]. Remodeling of root morphology
by CuO and ZnO nanoparticles: Effects on drought tolerance for plants colonized by a beneficial pseudomonad. Botany 2018, 96,
175-186. [CrossRef]

Linh, TM.; Mai, N.C.; Hoe, P.T;; Lien, L.Q.; Ban, N.K.; Hien, L.T.T.; Chau, N.H.; Van, N.T. Metal-Based Nanoparticles Enhance
Drought Tolerance in Soybean. |. Nanomater. 2020, 2020, 4056563. [CrossRef]

Saleh, A.M.; Hassan, Y.M.; Selim, S.; AbdElgawad, H. NiO-nanoparticles induce reduced phytotoxic hazards in wheat (Triticum
aestivum L.) grown under future climate CO,. Chemosphere 2019, 220, 1047-1057. [CrossRef] [PubMed]

Garcia-Sanchez, S.; Gala, M.; Zoldék, G. Nanoimpact in Plants: Lessons from the Transcriptome. Plants 2021, 10, 751. [CrossRef]
Mosa, K.A.; El-Naggar, M.; Ramamoorthy, K.; Alawadhi, H.; Elnaggar, A.; Wartanian, S.; Ibrahim, E.; Hani, H. Copper
Nanoparticles Induced Genotoxicty, Oxidative Stress, and Changes in Superoxide Dismutase (SOD) Gene Expression in Cucumber
(Cucumis sativus) Plants. Front. Plant Sci. 2018, 9, 872. [CrossRef]

Josko, I.; Kusiak, M.; Xing, B.; Oleszczuk, P. Combined effect of nano-CuO and nano-ZnO in plant-related system: From
bioavailability in soil to transcriptional regulation of metal homeostasis in barley. | Hazard Mater 2021, 416, 126230. [CrossRef]
Petrova, A.; Plaksenkova, I.; Kokina, I.; Jermalonoka, M. Effect of Fe30,4 and CuO Nanoparticles on Morphology, Genotoxicity,
and miRNA Expression on Different Barley (Hordeum vulgare L.) Genotypes. Sci. World J. 2021, 2021, 6644689. [CrossRef]
Cota-Ruiz, K.; Herndndez-Viezcas, ].A.; Varela-Ramirez, A.; Valdés, C.; Nufiez-Gastélum, J.A.; Martinez-Martinez, A.; Delgado-
Rios, M.; Peralta-Videa, ].R.; Gardea-Torresdey, ].L. Toxicity of copper hydroxide nanoparticles, bulk copper hydroxide, and ionic
copper to alfalfa plants: A spectroscopic and gene expression study. Environ. Pollut. 2018, 243, 703-712. [CrossRef]

Elmer, W.; De La Torre-Roche, R.; Pagano, L.; Majumdar, S.; Zuverza-Mena, N.; Dimkpa, C.; Gardea-Torresdey, J.; White, J.C.
Effect of Metalloid and Metal Oxide Nanoparticles on Fusarium Wilt of Watermelon. Plant Dis. 2018, 102, 1394-1401. [CrossRef]
El-Garhy, H.A.S,; Elsisi, A.A.; Mohamed, S.A.; Morsy, O.M.; Osman, G.; Abdel-Rahman, F.A. Transcriptomic changes in green
bean pods against grey mould and white rot diseases via field application of chemical elicitor nanoparticles. IET Nanobiotechnol.
2020, 14, 574-583. [CrossRef]


http://doi.org/10.1016/j.jconrel.2020.10.051
http://doi.org/10.1002/jsfa.8749
http://doi.org/10.1016/j.scitotenv.2021.148359
http://www.ncbi.nlm.nih.gov/pubmed/34147795
http://doi.org/10.1021/acsnano.0c10756
http://www.ncbi.nlm.nih.gov/pubmed/33792292
http://doi.org/10.1186/s40824-020-00188-1
http://www.ncbi.nlm.nih.gov/pubmed/32514371
http://doi.org/10.1016/j.scitotenv.2019.03.210
http://www.ncbi.nlm.nih.gov/pubmed/30903901
http://doi.org/10.5073/JABFQ.2016.089.023
http://doi.org/10.3390/agriculture11020134
http://doi.org/10.3389/fpls.2017.00832
http://doi.org/10.1016/j.ijbiomac.2018.12.167
http://doi.org/10.1016/j.envexpbot.2022.104783
http://doi.org/10.1139/cjb-2017-0124
http://doi.org/10.1155/2020/4056563
http://doi.org/10.1016/j.chemosphere.2019.01.023
http://www.ncbi.nlm.nih.gov/pubmed/33395791
http://doi.org/10.3390/plants10040751
http://doi.org/10.3389/fpls.2018.00872
http://doi.org/10.1016/j.jhazmat.2021.126230
http://doi.org/10.1155/2021/6644689
http://doi.org/10.1016/j.envpol.2018.09.028
http://doi.org/10.1094/PDIS-10-17-1621-RE
http://doi.org/10.1049/iet-nbt.2020.0004

Nanomaterials 2022, 12, 864 12 of 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

Nair, PM.; Chung, LM. Study on the correlation between copper oxide nanoparticles induced growth suppression and enhanced
lignification in Indian mustard (Brassica juncea L.). Ecotoxicol. Environ. Saf. 2015, 113, 302-313. [CrossRef] [PubMed]

Landa, P,; Dytrych, P; Prerostova, S.; Petrova, S.; Vankova, R.; Vanek, T. Transcriptomic Response of Arabidopsis thaliana Exposed
to CuO Nanoparticles, Bulk Material, and Ionic Copper. Environ. Sci. Technol. 2017, 51, 10814-10824. [CrossRef] [PubMed]

Ke, M.; Zhu, Y.; Zhang, M.; Gumai, H.; Zhang, Z.; Xu, J.; Qian, H. Physiological and Molecular Response of Arabidopsis thaliana
to CuO Nanoparticle (nCuO) Exposure. Bull. Environ. Contam. Toxicol. 2017, 99, 713-718. [CrossRef]

Wang, Z.; Xu, L.; Zhao, J.; Wang, X.; White, J.C.; Xing, B. CuO Nanoparticle Interaction with Arabidopsis thaliana: Toxicity,
Parent-Progeny Transfer, and Gene Expression. Environ. Sci. Technol. 2016, 50, 6008-6016. [CrossRef]

Wang, S.; Liu, H.; Zhang, Y.; Xin, H. The effect of CuO NPs on reactive oxygen species and cell cycle gene expression in roots of
rice. Environ. Toxicol. Chem. 2015, 34, 554-561. [CrossRef]

Jiang, M.; Wang, J.; Rui, M.,; Yang, L.; Shen, J.; Chu, H.; Song, S.; Chen, Y. OsFTIP7 determines metallic oxide nanoparticles
response and tolerance by regulating auxin biosynthesis in rice. J. Hazard. Mater. 2021, 403, 123946. [CrossRef]

Nair, PM.; Chung, .M. A mechanistic study on the toxic effect of copper oxide nanoparticles in soybean (Glycine max L.) root
development and lignification of root cells. Biol. Trace Elem. Res. 2014, 162, 342-352. [CrossRef]

Servin, A.D.; Pagano, L.; Castillo-Michel, H.; De la Torre-Roche, R.; Hawthorne, J.; Hernandez-Viezcas, J.A.; Loredo-Portales, R.;
Majumdar, S.; Gardea-Torresday, J.; Dhankher, O.P; et al. Weathering in soil increases nanoparticle CuO bioaccumulation within
a terrestrial food chain. Nanotoxicology 2017, 11, 98-111. [CrossRef]

Anderson, A.J.; McLean, J.E.; Jacobson, A.R.; Britt, D.W. CuO and ZnO Nanoparticles Modify Interkingdom Cell Signaling
Processes Relevant to Crop Production. J. Agric. Food Chem. 2018, 66, 6513-6524. [CrossRef]

Grodetskaya, T.; Fedorova, O.; Evlakov, P.; Baranov, O.; Zakharova, O.; Gusev, A. Effect of Copper Oxide and Silver Nanoparticles
on the Development of Tolerance to Alternaria alternata in Poplar in Vitro Clones. Nanobiotechnol. Rep. 2021, 16, 231-238. [CrossRef]
Evlakov, PM.; Fedorova, O.A.; Grodetskaya, T.A.; Zakharova, O.V.; Gusev, A.A.; Krutyakov, Y.A.; Baranov, O.Y. Influence of
Copper Oxide and Silver Nanoparticles on Microclonal Sprouts of Downy Birch (Betula pubescens Ehrh.). Nanotechnol. Russ. 2020,
15,476-482. [CrossRef]

Zakharova, O.V.,; Gusev, A.A.; Muratov, D.S.; Shuklinov, A.V.; Strekalova, N.S.; Matveev, S.M. Titanium Trisulfide Nanoribbons
Affect the Downy Birch and Poplar x Aspen Hybrid in Plant Tissue Culture via the Emission of Hydrogen Sulfide. Forests 2021,
12, 713. [CrossRef]

Grodetskaya, T.; Fedorova, O.; Evlakov, P. Optimized method for RNA extraction from leaves of forest tree species. In IOP
Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2021; Volume 875, p. 012008. [CrossRef]

Ritonga, F.; Ngatia, J.; Song, R.; Farooq, U.; Somadona, S.; Lestari, A.T.; Chen, S. Abiotic stresses induced physiological,
biochemical, and molecular changes in Betula platyphylla: A review. Silva Fenn 2021, 55, 24. [CrossRef]

Wen, X.; Wang, J.; Zhang, D.; Wang, Y. A Gene Regulatory Network Controlled by BpERF2 and BpMYB102 in Birch under
Drought Conditions. Int. ]. Mol. Sci. 2019, 20, 3071. [CrossRef] [PubMed]

Zan, T; Li, L.; Li, J.; Zhang, L.; Li, X. Genome-wide identification and characterization of late embryogenesis abundant protein-
encoding gene family in wheat: Evolution and expression profiles during development and stress. Gene 2020, 736, 144422.
[CrossRef] [PubMed]

Moradbeygi, H.; Jamei, R.; Heidari, R.; Darvishzadeh, R. Fe,O3 nanoparticles induced biochemical responses and expression
of genes involved in rosmarinic acid biosynthesis pathway in Moldavian balm under salinity stress. Physiol. Plant. 2020, 169,
555-570. [CrossRef]

Yuan, J.S.; Reed, A.; Chen, E,; Stewart, C.N. Statistical analysis of real-time PCR data. BMC Bioinform. 2006, 7, 85. [CrossRef]
Hao, Y,; Cao, X;; Ma, C,; Zhang, Z.; Zhao, N.; Ali, A.; Hou, T,; Xiang, Z.; Zhuang, J.; Wu, S,; et al. Potential Applications and
Antifungal Activities of Engineered Nanomaterials against Gray Mold Disease Agent Botrytis cinerea on Rose Petals. Front. Plant
Sci. 2017, 8, 1332. [CrossRef]

El-Abeid, S.E.; Ahmed, Y.; Daros, J.-A.; Mohamed, M.A. Reduced Graphene Oxide Nanosheet-Decorated Copper Oxide
Nanoparticles: A Potent Antifungal Nanocomposite against Fusarium Root Rot and Wilt Diseases of Tomato and Pepper Plants.
Nanomaterials 2020, 10, 1001. [CrossRef]

Mehta, M.R.; Mahajan, H.P,; Hivrale, A.U. Green Synthesis of Chitosan Capped-Copper Nano Biocomposites: Synthesis,
Characterization, and Biological Activity against Plant Pathogens. BioNanoScience 2021, 11, 417-427. [CrossRef]

Ntasiou, P,; Kaldeli Kerou, A.; Karamanidou, T.; Vlachou, A.; Tziros, G.T.; Tsouknidas, A.; Karaoglanidis, G.S. Synthesis and
Characterization of Novel Copper Nanoparticles for the Control of Leaf Spot and Anthracnose Diseases of Olive. Nanomaterials
2021, 11, 1667. [CrossRef] [PubMed]

Studer, A.M.; Limbach, L.K.; Van Duc, L.; Krumeich, F; Athanassiou, E.K.; Gerber, L.C.; Moch, H.; Stark, W.J. Nanoparticle
cytotoxicity depends on intracellular solubility: Comparison of stabilized copper metal and degradable copper oxide nanoparticles.
Toxicol. Lett. 2010, 197, 169-174. [CrossRef] [PubMed]

Meghana, S.; Kabra, P.; Chakraborty, S.; Padmavathy, N. Understanding the pathway of antibacterial activity of copper oxide
nanoparticles. RSC Adv. 2015, 5, 12293-12299. [CrossRef]

Karlsson, H.L.; Cronholm, P.; Hedberg, Y.; Tornberg, M.; De Battice, L.; Svedhem, S.; Wallinder, 1.O. Cell membrane damage and
protein interaction induced by copper containing nanoparticles—Importance of the metal release process. Toxicology 2013, 313,
59-69. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ecoenv.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25528486
http://doi.org/10.1021/acs.est.7b02265
http://www.ncbi.nlm.nih.gov/pubmed/28832134
http://doi.org/10.1007/s00128-017-2205-4
http://doi.org/10.1021/acs.est.6b01017
http://doi.org/10.1002/etc.2826
http://doi.org/10.1016/j.jhazmat.2020.123946
http://doi.org/10.1007/s12011-014-0106-5
http://doi.org/10.1080/17435390.2016.1277274
http://doi.org/10.1021/acs.jafc.7b01302
http://doi.org/10.1134/S2635167621020063
http://doi.org/10.1134/S1995078020040035
http://doi.org/10.3390/f12060713
http://doi.org/10.1088/1755-1315/875/1/012008
http://doi.org/10.14214/sf.10516
http://doi.org/10.3390/ijms20123071
http://www.ncbi.nlm.nih.gov/pubmed/31234595
http://doi.org/10.1016/j.gene.2020.144422
http://www.ncbi.nlm.nih.gov/pubmed/32007584
http://doi.org/10.1111/ppl.13077
http://doi.org/10.1186/1471-2105-7-85
http://doi.org/10.3389/fpls.2017.01332
http://doi.org/10.3390/nano10051001
http://doi.org/10.1007/s12668-021-00823-8
http://doi.org/10.3390/nano11071667
http://www.ncbi.nlm.nih.gov/pubmed/34202883
http://doi.org/10.1016/j.toxlet.2010.05.012
http://www.ncbi.nlm.nih.gov/pubmed/20621582
http://doi.org/10.1039/C4RA12163E
http://doi.org/10.1016/j.tox.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23891735

Nanomaterials 2022, 12, 864 13 of 13

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sarkar, J.; Chakraborty, N.; Chatterjee, A.; Bhattacharjee, A.; Dasgupta, D.; Acharya, K. Green Synthesized Copper Oxide
Nanoparticles Ameliorate Defence and Antioxidant Enzymes in Lens culinaris. Nanomaterials 2020, 10, 312. [CrossRef]

Fawke, S.; Doumane, M.; Schornack, S. Oomycete interactions with plants: Infection strategies and resistance principles. Microbiol.
Mol. Biol. Rev. 2015, 79, 263-280. [CrossRef]

Wang, W.; Liu, J.; Ren, Y.; Zhang, L.; Xue, Y.; Zhang, L.; He, J. Phytotoxicity Assessment of Copper Oxide Nanoparticles on the
Germination, Early Seedling Growth, and Physiological Responses in Oryza sativa L. Bull. Environ. Contam. Toxicol. 2020, 104,
770-777. [CrossRef]

Ramirez, V.; Agorio, A.; Coego, A.; Garcia-Andrade, J.; Hernandez, M.J.; Balaguer, B.; Ouwerkerk, P.B.F.; Zarra, I.; Vera, P. MYB46
Modulates Disease Susceptibility to Botrytis cinerea in Arabidopsis. Plant Physiol. 2011, 155, 1920-1935. [CrossRef]

Mertens, J.; Habibu, A.; Cowan, D. LEA Proteins and the Evolution of the WHy Domain. Appl. Environ. Microbiol. 2018, 84,
€00539-18. [CrossRef]

Yadav, V.; Wang, Z.; Wei, C.; Amo, A.; Ahmed, B.; Yang, X.; Zhang, X. Phenylpropanoid Pathway Engineering: An Emerging
Approach towards Plant Defense. Pathogens 2020, 9, 312. [CrossRef]

Jain, D.; Khurana, J.P. Role of Pathogenesis-Related (PR) Proteins in Plant Defense Mechanism. In Molecular Aspects of Plant-
Pathogen Interaction; Singh, A., Singh, 1.K., Eds.; Springer: Singapore, 2018; pp. 265-281.

Erpen, L.; Devi, H.S.; Grosser, ].W.; Dutt, M. Potential use of the DREB/ERF, MYB, NAC and WRKY transcription factors to
improve abiotic and biotic stress in transgenic plants. Plant Cell Tissue Organ Cult. (PCTOC) 2018, 132, 1-25. [CrossRef]

Chung, I.-M.; Rekha, K.; Venkidasamy, B.; Thiruvengadam, M. Effect of Copper Oxide Nanoparticles on the Physiology, Bioactive
Molecules, and Transcriptional Changes in Brassica rapa ssp. rapa Seedlings. Water Air Soil Pollut. 2019, 230, 48. [CrossRef]
Gopalakrishnan Nair, PM.; Chung, .M. Biochemical, anatomical and molecular level changes in cucumber (Cucumis sativus)
seedlings exposed to copper oxide nanoparticles. Biologia 2015, 70, 1575-1585. [CrossRef]


http://doi.org/10.3390/nano10020312
http://doi.org/10.1128/MMBR.00010-15
http://doi.org/10.1007/s00128-020-02850-9
http://doi.org/10.1104/pp.110.171843
http://doi.org/10.1128/AEM.00539-18
http://doi.org/10.3390/pathogens9040312
http://doi.org/10.1007/s11240-017-1320-6
http://doi.org/10.1007/s11270-019-4084-2
http://doi.org/10.1515/biolog-2015-0193

	Introduction 
	Materials and Methods 
	Nanoparticles and Nanoparticles Suspensions 
	Determination of Antifungal Activity 
	Cultivation and Artificial Infection 
	Evaluation of the Influence of A. alternata and CuO NPs on the Expression of Stress Resistance Genes in Regenerants of Downy Birch 
	RNA Extraction and Evaluation 
	cDNA Synthesis and Primers Picking 
	PCR Analysis and Assessment of the Stress Genes Expression 

	Statistical Analysis 

	Results 
	Nanoparticles Characterization 
	Fungicidal Action of CuO NPs 
	Influence of CuO NPs on Infected Birch Explants at the Stage of Introduction into Culture 
	Influence of A. alternata and CuO NPs on the Expression of Stress Resistance Genes in Regenerants of Downy Birch 

	Discussion 
	References

