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Abstract

Tobacco mosaic virus (TMV) is widely recognized as one of the most important plant viruses, causing significant
agricultural losses in terms of both quality and yield worldwide each year. This study demonstrated the biosynthesis
of copper oxide nanoparticles (CUONPs) using orange peel extract for effective control of TMV infection both in vitro
and in vivo. After treatment with CuONPs (100 mg/L) for 2 h, TMV particles exhibited evident fragmentation in vitro,
reducing infectivity on tobacco plants. Similarly, the application of CuUONPs on Nicotiana benthamiana (N. bentha-
miana) positively impeded viral replication and accumulation in vivo. Interestingly, the expression of systemic
resistance-related genes (PR1, PR2, ERF1,and JAZ3) in the host plant was up-regulated by CuONPs treatment, sup-
porting that CUONPs activated plant immunity to inhibit TMV. Importantly, the application of CUONPs (100 mg/L)
did not exhibit any toxic effects on tobacco and, instead, resulted in the promotion of chlorophyll content, as well

as an increase in the fresh weight and dry weight of the plant when compared to the control treatment. Overall, we
proposed that the appropriate concentration of CUONPs (100 mg/L) can directly break viral particles by passivating,
boost plant immunity by stimulating systemic acquired resistance (SAR), and provide nutritional supplements to pro-
mote plant growth.
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Background

Plant viruses have infected more than 700 crops, result-
*Shuaikang Liu, Weigiang Tian and Zhongwei Liu contributed equally to this ing in declining global crop yields (Chen and Wei 2020).
work. It has been estimated that plant viral infections incur
*Correspondence: annual losses exceeding $60 billion to the global agricul-
?f;ggf?;:}@qq om tural sector (Bos 2000). Tobacco Mosaic virus (TMV), a
Lin Cai ‘ model plant virus, holds significant importance among
Ligca_iﬁgzukeduLCT) o for Tobacco QuliNations! Koy Laborat plant viruses (Scholthof et al. 2011). It exhibits a broad
LG e Nl 090 ot range, nfcting over 125 plant speces cross nine
Guiyang 550025, China different families (Yang and Klessig 1996; Islam et al.
2 Zunyi Company of Guizhou Provincial Tobacco Company, Zunyi 563099, 2018), especially Solanaceae crops (Cai et al. 2020). Cur-
grnlzt?tute of Agro-Bioengineering/Key Laboratory of Plant Resource rently, multiple me.thods ‘Of Cor}troll%ng viral disease haV.e
Conservation and Germplasm Innovation in Mountainous Region been developed, including biological control, chemi-
(Ministry of Education), Guizhou University, Guiyang 550025, China cal control, and disease-resistant varieties breeding (Cai

4o ) )
China Tobacco Sichuan Industry Co,, LTD, Chengdu 610101, China et al. 2019)‘ However, to date, no effective method has

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42483-024-00250-z&domain=pdf
http://orcid.org/0009-0008-4491-5380

Liu et al. Phytopathology Research (2024) 6:30

been developed to control this plant disease (Chen et al.
2012). Therefore, exploring innovative technologies that
can effectively manage viral diseases is imperative to
enhance crop production and quality.

The term “nanoparticles (NPs)” refers to materials with
diameters in the range of 100 nm, which possess excep-
tional properties at the nanoscale (Rajwade et al. 2020).
Due to their special physical and chemical properties,
NPs are gradually applied in many fields, such as medi-
cal treatment, electronics, cosmetics, food, energy, and
agriculture. Simultaneously, there has been a growing
interest in inorganic nanoparticles (INPs), particularly
those incorporating bio-essential metals such as Cu, Mg,
and Zn (Kanakari and Dendrinou-Samara 2023). The
antiviral activity of INPs primarily manifests through the
inhibition of viral entry into plant cells or the suppres-
sion of viral replication post-entry (Farooq et al. 2021).
In the field of agriculture, numerous studies have dem-
onstrated the antiviral activity of nanomaterials against
plant viruses. For instance, El-Dougdoug reported that
pre-treatment with Silver nanoparticles (AgNPs) three
or seven days prior to inoculation with Potato Virus Y
(PVY) or Tomato Mosaic Virus (ToMV) significantly
reduced virus concentration and infection rate (El-Doug-
doug et al. 2018). In addition, Fe,O;NPs and TiO,NPs
sprayed on the leaf surface have strong antiviral proper-
ties and can effectively prevent the infection of Turnip
mosaic virus (TuMV) into the new leaves (Hao et al.
2018). Foliar application of nano-CuO, MnO, and ZnO
can also reduce fusarium wilt and verticillium wilt on
tomatoes without causing physiological toxicity to them
(Elmer and White 2016). In a word, more and more appli-
cations of NPs contribute to controlling plant disease and
enhancing food production (Vrandecic et al. 2020). All
these researches also have proved that NPs have broad
prospects in agriculture (Duhan et al. 2017).

In recent years, the synthesis of nanoparticles often
involved physical and chemical methods, which had
some drawbacks, such as environmental pollution, tox-
icity concerns, limited productivity, and high costs
(Chakraborty et al. 2022). However, a more recent focus
on biosynthesis has emerged, which involves synthe-
sizing non-toxic and stable compounds from natural
or environmental resources (Sarkar et al. 2012; Jadhav
et al. 2018; Jadoun et al. 2020). One promising approach
that has gained attention is using plant extracts for bio-
synthesis, particularly citrus fruit extracts, due to their
abundant phytochemical constituents (Tshireletso et al.
2021). This method offers several advantages, includ-
ing simple operation, rapid speed, and large-scale pro-
duction (Tshireletso et al. 2021). Moreover, numerous
studies have documented the successful synthesis and
application of various metal/metal oxide nanoparticles,
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including Cu, Au, Ag, CuO, ZnO, and Fe,O,, by using
environmentally friendly synthesis techniques (Sarkar
et al. 2012, 2014, 2017; Jadhav et al. 2018; Chakraborty
et al. 2022).

In many metallic materials, copper-based compounds
have been widely used to control plant pathogens
(George 1935). Chen et al. showed that the toxicity of
CuNPs (LD, of 413 mg/kg) was lower than that of sol-
uble Cu (LDs, of 110 mg/kg) (Chen et al. 2006). These
findings highlight the feasibility and application potential
of using biosynthesis CuONPs in plant protection. Here,
we bio-synthesized CuONPs by orange peel. The effects
of CuONPs at different concentrations on TMV infection
were studied in vitro and in vivo. We proposed a syner-
gistic effect of our CuONPs on the control of TMV dis-
ease, which is composed of passivation viral particles of
TMYV, stimulates plant immunity, and enhances tobacco
growth with increasing chlorophyll contents. Herein, our
study presents a novel viral control method by spraying
biosynthesized CuONPs (100 mg/L) that promote plant
growth but also investigates the mechanisms of CuONPs
that inhibit TMV.

Results

Biosynthesis and characterization of CUONPs

CuONPs were biosynthesized by orange peel follow-
ing a previous description (Tshireletso et al. 2021),
which has also been shown in Fig. 1a. To enhance the
understanding of the inhibitory effect of CuONPs on
TMV, a series of essential characterizations had been
performed. The biosynthesized CuONPs were char-
acterized by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) to inves-
tigate their shape and size. Figure 1b, ¢ showed the
irregular spherical CuONPs successfully prepared
from orange peel, with average sizes of about 50 nm.
In this study, Cu/ONPs were in a dispersed state with a
weak agglomeration phenomenon (Okpara and Fayemi
2019). Next, X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared spectroscopy (FTIR)
were employed to analyze the elemental composi-
tion and surface groups of the as-prepared CuONPs
in detail. As shown in Fig. 1d, the peaks at 3445/cm
were attributed to the O-H stretching for alcoholic and
phenolic functional groups. The peaks at 1626/cm cor-
responded to the C double bond O stretching of the
carbonyl group. Interestingly, the infrared peaks at
533/cm corresponded to the formation of metal oxide
(Cu-O) (Sisira et al. 2022). For the XPS spectra, there
are three major peaks of C, O, and Cu, suggesting that
CuONPs here mainly composed of C, O, and Cu. Since
CuONPs were synthesized from the orange peel as a
reducing agent, the product contained rich organic
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Fig. 1 Analysis of the characteristics of biosynthesized CUONPs. a The process diagram of biosynthesized CuUONPs synthesis. Images of b SEM, ¢

TEM, d FTIR, e XPS, and f XRD of biosynthesized CuONPs

functional groups (Vinothkanna et al. 2022). Moreo-
ver, the phase structures of the as-prepared CuONPs
samples were investigated by the X-ray diffraction
(XRD) analysis. As shown in Fig. 1f, the diffraction
peaks of CuONPs matched well with CuO (JCPDS:

48-1548) (Siddiqui et al. 2018). The characteristic dif-
fraction peaks at 35.47° (002) in CuONPs represented
CuO, indicating the formation of CuONPs (JCPDS:
48-1548).
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The effect of CUONPs on TMV virus particles in vitro

The interactions between materials and plant viruses pri-
marily encompass direct viral inactivation, impediment
of viral entry into plant cells, and subsequent interference
with viral replication. Considering that CuONPs might
influence all stages of TMV infection, we firstly proposed
to determine whether CuONPs have direct toxic interac-
tions on TMV.

TMV particles were respectively treated with CuO
(100 mg/L) and CuONPs (100 mg/L) for 2 h as described
in the method. The changes of TMV particles were
observed by TEM and the results were shown in Fig. 2a.
There was no significant damage to TMV particles after
deionized water treatment. For CuO (100 mg/L) treat-
ment, TMV particles almost maintained their original
forms without obvious damage except for some aggre-
gation. For CuONPs (100 mg/L), TMV particles were
fractured. Moreover, the damage of TMV morphology
for CuONPs treatment was much more severe than CuO
treatment (Fig. 2a). Then, the treated TMV virions were
used to inoculate N. benthamiana. As shown in Fig. 2c—f,
CuONPs-treated TMV virions have lower infection abil-
ity on N. benthamiana. Compared with water, both CuO
and CuONPs exhibited significant inhibition on the ini-
tial infection of TMV. We also further compared the
accumulation of TMV at 5 days post-inoculation (dpi)
between different treatments. As shown in Fig. 2e, f, the
relative expression of TMV demonstrated that CuONPs
(100 mg/L) had the best inhibitory effect on TMV mul-
tiplication at 5 dpi. Furtherly, immunoblot against GFP
for the total of TMV-GFP reconfirmed that CuONPs
(100 mg/L) had the best inhibitory effect on TMV at 5
dpi.

The effect of CUONPs on TMV in vivo

Therapy effect of CuONPs on TMV

To accurately and further evaluate the antiviral activities
of CuONPs, the therapeutic effects of CuO and CuONPs
on tobacco mosaic disease were calculated as shown in
Fig. 3a. The corresponding pictures of TMV infection
were recorded after the material was sprayed (1 dpi and
4dpi) (Fig. 3b—d). After 1 dpi, all tobacco plants treated

(See figure on next page.)
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with antivirals showed inhibition on TMV compared
with the control. Among them, CuONPs (100 mg/L) had
the best effect (Fig. 3c). TMV proliferation in tobacco
was observed at 4 dpi (Fig. 3d), and it was clear that the
expression of TMV (Fig. 3e) in CuO (100 mg/L) and
CuONPs (100 mg/L) were lower than others, indicat-
ing that CuONPs (100 mg/L) had therapeutic effects on
infected plants.

Protective effect of CuONPs on TMV

To evaluate the antiviral activities of CuONPs accurately
and furtherly, the protective effects of CuONPs against
TMV were also measured, as shown in Fig. 4a. After 2
dpi, all tobacco plants treated with antivirals can inhibit
TMV infection, and CuONPs (100 mg/L) had most
potent suppressive effect on TMV infection. The accu-
mulation of TMV was also detected at 5 dpi (Fig. 4d, e).
CuONPs (100 mg/L) had an inhibitory effect on TMV
proliferation at 5 dpi, significantly better than CuO
(10 mg/L and 100 mg/L). These results indicated that
spraying CuONPs (100 mg/L) in advance had a certain
protective effect on plants.

Expression of plant several defense marker genes

To further evaluate the influence of CuONPs on plant
immunity, the expression levels of salicylic acid (SA)
marker genes (PRI and PR2), key genes involved in ethyl-
ene (ET) signal transduction (EIN3 and ERFI), jasmonic
acid (JA) transduction pathway enzyme coding genes
(JAZ3), and abscisic acid (ABA) phytohormone biosyn-
thetic genes (NCED3) were detected after spraying water,
CuO, and CuONPs 1 day. We found that the hormone
signaling pathways of SA, ABA, and JA were significantly
up-regulated by CuONPs. In detail, exposure to 100 mg/L
CuONPs, the expression levels of the genes in tobacco
leaves were increased 2.79 times (PR1), 2.39 times (PR2),
3.61 times (ERFI), and 1.34 times (JAZ3) compared
with the control, respectively (Fig. 5a—c). There was no
significant difference in the expression level of NCED3
after exposure to 100 mg/L CuONPs compared with the
control (Fig. 5d). The results collectively suggested that
the stimulation of CuONPs positively regulated plant

Fig. 2 Passivation effect of CuO/CuONPs on TMV. a TEM images of TMV particles treated with CuO/CuONPs in vitro. The red arrows indicate TMV
damage. b Process by CuO/CuONPs inhibit TMV infection in tobacco plants. ¢, e GFP fluorescence in the newly emerged and inoculated leaves
after CuO/CuONPs treatment of 2 and 5 dpi passivation. d Fluorescence intensity of the inoculated leaves after 2 dpi of passivation treatment. f
Relative expression of TMV in new leaves after 5 dpi of passivation. g The total proteins of tobacco leaf at 5 dpi were extracted for each treatment
and immunoblots against GFP were used to detect the content of TMV-GFP. The top half part is the immunoimprint, which is used to detect

the GFP tag of TMV-GFP. The below half part is the Coomassie bright blue stain, which is used to detect the protein content. h Accumulation

of TMV-related proteins in tobacco leaves. The CuO10, CuO100, CUONPs10, and CuONPs100, respectively, represent CuO (10 mg/L), CuO (100 mg/L),
CuONPs (10 mg/L), and CuONPs (100 mg/L). Significant differences between the control and treatment groups are marked with ** P<0.01, or *

P<0.05
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immunity response through the activation of SA, ET, and
JA related signaling pathways.

Plant growth response
With the rapid development of nanotechnology, the tox-
icities of nanomaterials were also focused (Hoseinzadeh
et al. 2017). Given that CuONPs could play as a viricide
in this study, there was an urgent need to evaluate their
potential adverse reactions and risks of use in plants,
especially their effects on plant growth. Then, the plant
height, fresh weight, dry weight, and chlorophyll content
of N. benthamiana were calculated after spraying differ-
ent concentrations of CuO and CuONPs, respectively.
Water-treated tobacco plants were used as blank con-
trols. Plant physiological changes were recorded after 12
d of leaf exposure (Fig. 6). There was no noticeable differ-
ence among different treatments in plant height (Fig. 6a).
Compared with the CK, the chlorophyll content of the
CuO (10 mg/mL and 100 mg/mL) and CuONPs (10 mg/
mL and 100 mg/mL) treatments all significantly increased
about 30% (Fig. 6b). In the other hand, CuONPs (10 mg/L
and 100 mg/L) could promoted the fresh weight of
tobacco (Fig. 6¢). CuONPs (100 mg/L) could significantly
promoted the dry weight of tobacco (Fig. 6d). All these
results indicated that CuONPs (10 mg/L and 100 mg/L)
could increase the growth of N. benthamiana without
obviously toxicity effects.

Discussion

The present study demonstrated the potent antiviral
activity of CuONPs against TMV in vitro and in vivo.
CuONPs (100 mg/L) effectively disrupted the structure
of TMV in vitro (Fig. 2), resulting in reduced infectiv-
ity. Within plant cells, the virus’s coat protein formed a
complex with NPs, resulting in the inhibition of viral
replication due to the strong electrostatic charge and
high affinity of NPs towards the viral genome (Vargas-
Hernandez et al. 2020). The possible explanation lay in
TMV’s negatively charged nature (Cai et al. 2019), while
CuONPs exhibited a high density of positive charges
(Zhu et al. 2016). This reason could partially explain
the therapeutic and protective effects of CuONDPs.
Interestingly, the therapeutic and protective effects of

(See figure on next page.)
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CuONPs (100 mg/L) against TMV disease were dem-
onstrated in vivo (Figs. 3 and 4), showing that CuONPs
(100 mg/L) have an effect on both diseased and non-
diseased tobacco. The protective effect of CuONPs sug-
gested that they possessed the ability to modulate plant
immunity in response to viral infections. Correspond-
ingly, we observed the up-regulations of plant defense
marker genes, which were associated with SA, JA, and ET
after CuONPs treatment (Fig. 5). The excitement of our
study lay in the uniform enhancement of plant growth in
N. benthamiana through the application of CuONPs at
a concentration of 100 mg/L (Fig. 6). In totally, we pro-
posed that the application of CuONPs can suppressed
TMYV infection without inducing discernible phytotoxic
effects by directly disrupting the structure of TMV and
eliciting plant immune responses through modulation of
SA,JA, and ET signaling pathways.

Previous research has found that AgNPs significantly
reduced respiratory syncytial virus (RSV) infection
by directly inactivating RSV through binding to viri-
ons (Yang et al. 2016, 2017). The research conducted by
Chikte (Chikte et al. 2019) also demonstrated the rapid
bactericidal activity of the synthesized CuNPs against
Xanthomonas axonopodis pv. punicae in vitro. In our
study, CuONPs exhibited superior inhibitory effects on
the virus before plant infection. The presence of CuONPs
(10 mg/L and 100 mg/L) in the early stage of viral infec-
tion was found to mitigate the pathogenicity of TMV. In
the therapeutic effect, tobacco had been infected with
TMYV before the application of CuONPs. Due to TMVs
having infected and replicated in plants, the therapeutic
efficacy of CuONPs (10 mg/L) during the later stages of
infection proved insufficient for conferring resistance
against viral proliferation and accumulation. However,
CuONPs (100 mg/L) still had an inhibitory effect on
TMV. Menkissoglu’s study revealed that Cu particles can
adhere to the leaf surface, forming a protective film that
releases toxic Cu** ions upon contact with low-pH water
(Menkissoglu 1991). Plant exudates have been shown to
enhance the solubility and availability of Cu by generat-
ing weak acids on the plant surface (Arman and Wain
1958), which may potentially impede the initial infection
of TMV by CuONPs. Therefore, the protective effect of

Fig. 3 Therapeutic effects of CuO/CuONPs on TMV. a Process by CuO/CuONPs inhibit TMV infection in tobacco plants. b, d GFP fluorescence

in the newly emerged and inoculated leaves after CuO/CuONPs treatment of 1 and 4 dpi therapeutic. ¢ Fluorescence intensity of the inoculated
leaves after 1 dpi of therapeutic treatment. e Relative expression of TMV in new leaves after 4 dpi of therapeutic treatment. f The total proteins

of tobacco leaf at 4 dpi were extracted for each treatment and immunoblots against GFP were used to detect the content of TMV-GFP. The top
half part is the immunoimprint, which is used to detect the GFP tag of TMV-GFP. The below half part is the Coomassie bright blue stain, which

is used to detect the protein content. g Accumulation of TMV-related proteins in tobacco leaves. The CuO10, CuO100, CuONPs10, and CuONPs100,
respectively, represent CuO (10 mg/L), CuO (100 mg/L), CUONPs (10 mg/L), and CuONPs (100 mg/L). Significant differences between the control

and treatment groups are marked with ** P<0.01, or * P<0.05
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CuONPs on plants exhibited greater potency than its
therapeutic effect.

The aforementioned speculation may be a part of the
reason why CuONPs (100 mg/L) suppressed TMV infec-
tion. Pre-application of certain antivirals prior to viral
infection in plants could elicit the plant’s innate immune
defense response, thereby mitigating virus infection in
plants (Reina et al. 2020). Certain biological and abiotic
stresses could elicit systemic resistance against patho-
gens by upregulating the expression of genes associated
with plant defense (Cai et al. 2020). Considering that the
application of CuONPs (100 mg/L) on leaves induced a
cascade of plant responses, it was imperative to acknowl-
edge the consequential physiological alterations in plants
themselves. Although the mechanisms of how CuONPs
induced plant resistance against viruses were still unclear,
plant hormones were crucial in various aspects of plant
biology, such as defense against pathogens (Islam et al.
2019). Among the numerous phytohormones, SA, ET,
ABA, and JA assumed pivotal roles in orchestrating
plant immunity and fortifying against exogenous stresses
(Spoel and Dong 2008; Imada et al. 2016). Our findings
demonstrated that the antiviral efficacy of CuONPs pri-
marily stems from their ability to induce plant hormone-
mediated resistance, as evidenced by the upregulation
of several defense marker genes (Fig. 5). The application
of CuONPs induced the activation of SA, ET, and JA
related genes, thereby facilitating the enhancement of
plant resistance. It is widely acknowledged that modulat-
ing specific plant hormones to augment plant resistance
constitutes a crucial aspect of the plant defense response
(Chen et al. 2013).

A previous study also demonstrated that the com-
bined application of CuONPs and Bacillus subtilis could
enhance growth parameters in wheat, including root
length, stem length, and biomass (Haider et al. 2023).
Recently, a study also showed that CuONPs could pro-
mote the growth of nutrients (El-Sayed et al. 2023).
Another study found that CuONPs were effective under
greenhouse conditions, which could reduce disease inci-
dence and increase biomass and yield (Elmer et al. 2018).
The results of our study, in conjunction with these find-
ings, demonstrated that a specific dosage of CuONPs

(See figure on next page.)
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(100 mg/L) exhibited plant growth promotion, which
indicated negligible phytotoxicity of CuONPs in plants.
Consequently, our research proposed that the application
of 100 mg/L CuONPs could confer plant protection and
enhance agricultural productivity.

In conclusion, the application of CuONPs (100 mg/L),
derived from orange peel through biosynthesis tech-
nology, exhibited significant inhibition against TMV
infection in plants and promoted plant growth. The
application of CuONPs (100 mg/L) exhibited a significant
inhibiting effect on TMV infection. We further proposed
that CuONPs inhibited TMV by destructing virion and
enhancing the disease resistance-related hormone signal-
ing pathways of SA, JA, and ET. On the leaf surface, the
presence of CuONPs attenuated the infectivity of TMV
particles, thereby enhancing the protective efficacy. The
enhancement of resistance and growth promotion in
tobacco by CuONPs may be attributed to the effect of dif-
ferent time points. Overall, this study presents a prom-
ising and plant-friendly approach for controlling TMV,
which can be extrapolated to managing other plant virial
diseases. Furthermore, our findings suggest that CuONPs
have the potential to inhibit other plant virial diseases by
directly poisoning pathogens by destructing the structure
of the pathogen and indirectly inhibiting the pathogen by
enhancing plant immunity.

Conclusion

CuONPs, which were biosynthesized by orange peel
extract in our study, could control TMV disease by
directly destroying the structure of viral particles and
enhancing plant immunity with plant growth promo-
tion. Interactions among CuONPs, TMV, and the host
plant are shown in Fig. 7. Both the pre-inoculation and
post-inoculation foliar application of CuONPs proved
to be effective for controlling TMV. In addition, after
the leaves were exposed to the TMV particles, the NPs
strongly perturbed the essential infection process of the
virus, primarily because the CuONPs directly adhered to
the negatively charged TMV, resulting in TMV structural
breakage. In conclusion, CuONPs (100 mg/L) demon-
strate promising potential as a novel antiviral agent and
growth promoter alternative.

Fig. 4 Protective effects of CuO/CuONPs on TMV. a Process by CuO/CuONPs inhibit TMV infection in tobacco plants. b, d GFP fluorescence

in the newly emerged and inoculated leaves after CuO/CuONPs treatment of 2 and 5 dpi protective. ¢ Fluorescence intensity of the 2 dpi

of protective treatment. e Relative expression of TMV in new leaves after 5 dpi of protective treatment. f The total proteins of tobacco leaf

at 5 dpi were extracted for each treatment, and immunoblots against GFP were used to detect the content of TMV-GFP. The top half part

is the immunoimprint, which is used to detect the GFP tag of TMV-GFP. The below half part is the Coomassie bright blue stain, which is used

to detect the protein content. g Accumulation of TMV-related proteins in tobacco leaves. The CuO10, CuO100, CuUONPs10, and CuONPs100,
respectively, represent CuO (10 mg/L), CuO (100 mg/L), CUONPs (10 mg/L), and CuONPs (100 mg/L). Significant differences between the control

and treatment groups are marked with ** P<0.01, or * P<0.05
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and CuONPs (100 mg/L), respectively. Significant differences between the control and treatment groups are marked with ** P<0.01, or * P<0.05
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Methods

Biosynthesis and characterization of CUONPs

CuONPs were synthesized using the biosynthesis
method, according to previous reports (Tshireletso
et al. 2021). CuONPs were synthesized by orange peel
with copper nitrate (CuNO;),-5H,0O as a precursor.
Briefly, fresh orange peel was washed with distilled
water and dried in a drying oven for 3 d at 60°C. Then,
the orange peel was mashed in a masher and ground
into powder. A total of 8 g of orange peel powder was
added into 300 mL distilled water and stirred mag-
netically at 100 °C for 30 min. Next, the supernatant
was centrifuged, and the color of the extract solution
was orange. Then, Cu(NO;),-5H,0 was added to the
extract solution until the solution changed from orange
to green. Finally, 1 M NaOH solution was added, and

green precipitates were observed, indicating the forma-
tion of CuONPs.

The morphology and structure of CuONPs were
observed by SEM and TEM. The surface composition
and bonding of CuONPs were determined by XPS. The
crystal structure of CuONPs was determined by XRD.
Qualitative and quantitative analysis of Cu/ONPs was per-
formed by FTIR.

Extraction of TMV

TMV (TMV-GFP) was extracted as described previously
(Ghodoum Parizipour and Shahriari 2020; Angga et al.
2022). A total of 40 g of TMV-infected N. benthamiana
leaves was ground into powder with liquid nitrogen.
The powder was mixed with 200 mL of 0.1 M potas-
sium phosphate buffer (PBS, pH=7) containing 1%
B-mercaptoethanol and stirred on ice for 15 min. Crude
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virion was obtained by filtration through gauze. Chlo-
roform and n-butanol (1:1) were added into the crude
virion, stirred on ice for 15 min, and then centrifuged
at 4 °C and 13,201 g for 15 min. The supernatant was
transferred to a new centrifuge tube. Then, 8 g of poly-
ethylene glycol (PEG) 6000 was gradually added into the
centrifuge tube on the ice. After the PEG was completely
dissolved, centrifugation was performed as described
above. Subsequently, the supernatant was discarded,
and the particles were re-suspended in 43 mL 0.05 M
PBS (pH=7) and incubated at 4°C for 1 h. The mixture
was then centrifuged at 13,201 g for 15 min. The super-
natant was taken to isolate virus particles by adding 4%
NaCl and 4% PEG6000, which was centrifuged at 9168 g
for 15 min. Next, the particles were dissolved in 4.3 mL
0.05 M PBS (pH=7) and centrifuged at 9168 g for 5 min.
Finally, the supernatant containing TMV virion was
stored in the refrigerator at -20°C.

Plant cultivation

Seeds of N. benthamiana were planted in matrix medium
(Pindstrup Mosebrug A/S, Denmark) and germinated
under a photoperiod of 16 h at a temperature of 25C +
3°C and a relative humidity of 50%. Tobacco plants were
transplanted when they had two real leaves. Four weeks
later, tobacco plants with 5—6 identical growing leaves
were selected for the next experiment.

TMV inoculation

A total of 100 pL. TMV was inoculated on N. benthami-
ana by friction. The fluorescence intensity of the leaves
was observed under the UV lamp (Blak-Ray B-100AP,
Upland, CA). The effects of different treatments on virus
proliferation were further evaluated by observing the flu-
orescence intensity changes in tobacco leaves.

Destruction of TMV particles by CuONPs

Previous studies have found that 100 mg/L CuONPs had
a strong destructive effect on pathogenic bacteria in vitro
(Shah et al. 2022). Herein, we studied the interaction of
CuO (100 mg/L) and CuONPs (100 mg/L) on TMV. TMV
particles were mixed with CuO (100 mg/L) and CuONPs
(100 mg/L), and deionized water was used as a blank con-
trol group. All mixtures were treated for 2 h in vitro at
25°C. The effects of different treatments on TMV parti-
cles were observed by TEM.

Antiviral effect of CuONPs in vitro

The high concentrations of CuONPs (500 mg/L) were
toxic to plants (Liu et al. 2017), and high concentrations
(500 mg/L and 1000 mg/L) of CuONPs caused adverse
effects on plant growth during the whole life cycle (Peng
et al. 2017). Therefore, 10 mg/L and 100 mg/L were
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selected. Different concentrations of CuO and CuONPs
suspensions (10 mg/L and 100 mg/L) were configured,
and deionized water was used as a blank control group.
TMV particles were thoroughly mixed with the test
materials and incubated at 25°C for 2 h. Then, the virus
was inoculated onto the leaves. The fluorescence inten-
sity of leaves in different treatment groups was observed
after 2 dpi. After 5 dpi, the TMV infection of new leaves
was observed (Fig. 8a). The experiment was indepen-
dently repeated three times.

Antiviral effect of CuUONPs in vivo

Protection effect Different concentrations of CuO and
CuONPs were sprayed on the tobacco leaves, respec-
tively. The control group was treated with an equal vol-
ume of deionized water. After 24 h, tobacco leaves were
inoculated with TMV. The fluorescence intensity of inoc-
ulated leaves in different treatment groups was observed
at 2 dpi. TMV-infected leaves were observed at 5 dpi
(Fig. 8b). The experiment was independently repeated
three times.

Therapy effect 'The tobacco leaves were inoculated with
TMYV after they were respectively sprayed with different
concentrations of CuO and CuONPs 24 h. Virus infection
was observed on day 1 and virus proliferation on day 4
(Fig. 8c). All experiments were independently replicated
three times.

Anti-virus activity analysis

Quantitative real-time PCR

The expression of TMV was quantified as described pre-
viously (Hao et al. 2018; Zhang et al. 2020). TMV expres-
sion was determined by quantitative polymerase chain
reaction (QPCR). RT-qPCR was performed on an LC480
instrument (Roche, CA, USA) 96-well plate using SYBR®
Premix Ex Taq (TaKaRa, Guangzhou, China). Total
RNA was separated from TMV-infected leaves for cDNA
synthesis (Zhang et al. 2020). The 20 pL real-time PCR
volume consisted of 10 pL 2XSYBR Premix Ex Taq II, 1
pL primer F (5 pumol/L), 1 uL primer R (5 umol/L), 1.5 uL
¢DNA, and 6.5 pL ddH,O.

Expression of defense-related plant hormone genes

Primers of SA, ET, JA, and ABA for the expression of
related genes were designed according to previous stud-
ies (Kosugi and Ohashi 2000; Liu et al. 2016; Xia et al.
2018). RNA was extracted from 0.1 g tobacco leaves of
different treatments and then reverse-transcribed into
cDNA. The expression levels of SA, ET, JA, and ABA key
genes were determined by gPCR.



Liu et al. Phytopathology Research (2024) 6:30

Page 13 of 15

a
0 B inoculation
B S B = —
‘ : 2 dpi 5 dpi
NPs+TMV , : dpi
2 h of incubation in vitro

NPs
Foliar application
in advance

T™V
Foliar application
in advance

NPs
spray the blades

Fig. 8 The process of in vitro and in vivo effects of CUONPs on TMV. a The effect of CUONPs on TMV infection in vitro. b The protection effects

of CUONPs on TMV infection. ¢ Therapy effects of CUONPs on TMV infection

Western blot analysis of protein

Protein was extracted from 0.1 g leaves using Plant Cell
lysis buffer for Western and IP Kits (Beyotime Biotech-
nology, China). 12% SDS-PAGE was used for gel elec-
trophoresis. The gel was run for 20 min at 90 V and then
for 90 min at 110 V. Protein gel electrophoresis (1 h at
100 V) was transferred from the gel to a PVDF mem-
brane for western blot analysis. After electrophoretic
transfer, PVDF membranes were washed 3 times with
TBST. Nonspecific binding of the antibody was blocked
with TBST containing 5% skim milk powder (Xiao et al.
2012). The membrane was incubated with primary
anti-GFP antibody overnight at 4°C. PVDF was washed
with TBST twice for 5 min each time. The membrane
was incubated with a secondary antibody (goat anti-
rabbit immunoglobulin diluted 1:8000 in TBST plus 1%

nonfat dried milk) at room temperature for 2 h. After
washing with TBST for 3 times, the immune response
sites of the membrane were detected by Super ECL Plus
Western Blotting Substrate (Baoguang Biotechnology,
China). At the same time, the corresponding SDS-PAGE
gel was stained with coomassie bright blue.

Effect of CUONPs on tobacco growth

Different concentrations of CuO and CuONPs were
evenly sprayed on the leaves of the whole tobacco plant
on the first day. After 12 d, tobacco plant height, fresh
weight, dry weight (Kurum et al. 2013), and chlorophyll
content were determined (Cubas et al. 2008). Three
treatment groups were set up. The experiment was
independently repeated three times.
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Abbreviations

AgNPs Silver nanoparticles

ABA Abscisic acid

CuONPs Copper oxide nanoparticles

dpi Days post-inoculation

ET Ethylene

FTIR Fourier transform infrared spectroscopy
INPs Inorganic nanoparticles

JA Jasmonic acid

N. benthamiana  Nicotiana benthamiana

NPs Nanoparticles

PVY Potato Virus Y

qPCR Quantitative polymerase chain reaction
RSV Respiratory syncytial virus

SAR Systemic acquired resistance

SEM Scanning electron microscopy

SA Salicylic acid

™V Tobacco mosaic virus

ToMV Tomato Mosaic Virus

TuMV Turnip mosaic virus

TEM Transmission electron microscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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