
Citation: Chen, Y.; Liu, Z.; Meng, S.;

Shen, Z.; Shi, H.; Qiu, J.; Lin, F.;

Zhang, S.; Kou, Y. OsCERK1

Contributes to Cupric Oxide

Nanoparticles Induced Phytotoxicity

and Basal Resistance against Blast by

Regulating the Anti-Oxidant System

in Rice. J. Fungi 2023, 9, 36. https://

doi.org/10.3390/jof9010036

Academic Editor: Katrina Ramonell

Received: 17 November 2022

Revised: 14 December 2022

Accepted: 17 December 2022

Published: 26 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Fungi
Journal of

Article

OsCERK1 Contributes to Cupric Oxide Nanoparticles Induced
Phytotoxicity and Basal Resistance against Blast by Regulating
the Anti-Oxidant System in Rice
Ya Chen 1, Zhiquan Liu 1, Shuai Meng 1, Zhenan Shen 1, Huanbin Shi 1 , Jiehua Qiu 1, Fucheng Lin 2,3,
Shu Zhang 4,5,6,* and Yanjun Kou 1,*

1 State Key Laboratory of Rice Biology, China National Rice Research Institute, Hangzhou 311400, China
2 College of Agriculture and Biotechnology, Zhejiang University, Hangzhou 310058, China
3 State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of Agro-Products,

Institute of Plant Protection and Microbiology, Zhejiang Academy of Agricultural Sciences,
Hangzhou 310021, China

4 Key Laboratory of Integrated Pest Management on Crops in Central China, Ministry of Agriculture,
Wuhan 430064, China

5 Institute for Plant Protection & Soil Fertilizer, Hubei Academy of Agricultural Sciences, Wuhan 430064, China
6 Hubei Key Laboratory of Crop Disease, Insect Pests and Weeds Control, Wuhan 430064, China
* Correspondence: ricezs6410@163.com (S.Z.); kouyanjun@caas.cn (Y.K.)

Abstract: CuO NPs (cupric oxide nanoparticles) are widely used in various fields due to their high
electrical conductivity, electronic correlation effect, and special physical property. Notably, CuO
NPs have good application prospects in agricultural production because of its antifungal activity to
prevent crop diseases. However, the increasing release of CuO NPs into the environment has resulted
in a serious threat to the ecosystem, including plants. Previous studies have reported the toxicity of
CuO NPs on rice, but little is known about the underlying molecular mechanisms or specific genes
involved in the response to CuO NPs. In this study, we found that the rice well-known receptor
Chitin Elicitor Receptor Kinase 1 (OsCERK1), which is essential for basal resistance against pathogens,
is involved in CuO NPs stress in rice. Knockout of OsCERK1 gene resulted in enhanced tolerance to
CuO NPs stress. Furthermore, it was revealed that OsCERK1 reduces the tolerance to CuO NPs stress
by regulating the anti-oxidant system and increasing the accumulation of H2O2 in rice. In addition,
CuO NPs treatment significantly enhances the basal resistance against M. oryzae which is mediated by
OsCERK1. In conclusion, this study demonstrated a dual role of OsCERK1 in response to CuO NPs
stress and M. oryzae infection by modulating ROS accumulation, which expands our understanding
about the crosstalk between abiotic and biotic stresses.

Keywords: Oryza sativa; Magnaporthe oryzae; rice blast; basal resistance; cupric oxide nanoparticles;
ROS

1. Introduction

With the application of nanotechnology in many industries, it increases the potential
exposure level of nanoparticles in the environment, and also raises concerns about their
accumulation in crops and humans through crop consumption. CuO NPs (cupric oxide
nanoparticles) possess high electrical conductivity, electronic correlation effect, and special
physical and chemical properties, so they are widely used in gas sensors, catalysts, high
temperature conductors, solar energy converters, cosmetics, medicine, and other fields [1].
With the wide use of CuO NPs, the exposure of CuO NPs to the environment and humans
has increased rapidly [2]. Studies have shown that CuO NPs were detected in water, soil,
and air [3]. After absorption, CuO NPs cause various degrees of toxicity to plants and
animals [4–6], and even induce liver and intestine cancer in humans [3], which seriously
threatens human health.

J. Fungi 2023, 9, 36. https://doi.org/10.3390/jof9010036 https://www.mdpi.com/journal/jof

https://doi.org/10.3390/jof9010036
https://doi.org/10.3390/jof9010036
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jof
https://www.mdpi.com
https://orcid.org/0000-0002-4870-749X
https://orcid.org/0000-0003-4189-0962
https://doi.org/10.3390/jof9010036
https://www.mdpi.com/journal/jof
https://www.mdpi.com/article/10.3390/jof9010036?type=check_update&version=1


J. Fungi 2023, 9, 36 2 of 14

In plants, exposure to high concentration of CuO NPs reduces plant growth, germi-
nation rates, root elongation, and biomass accumulation. For instance, CuO NPs inhibit
the root and shoot growth in Indian mustard [7]. Moreover, CuO NPs at the concentration
of 500 mg/kg inhibit the growth of maize [8]. Different from the concentration in maize,
the concentration of CuO NPs exceeding 10 mg/L could strongly inhibit the biomass
accumulation in cotton [9]. In addition, CuO NPs reduce the frond number, frond surface
area, and dry weights of whole plants in duckweed [10]. Further studies showed that the
phytotoxicity caused by CuO NPs on plants is related to oxidative stress, DNA damage, and
photosynthesis interferences [11]. Rice (Oryza sativa) is a major crop plant and a staple food
feeding about half of the world’s population. It contributes the bulk of calories, protein, and
most of trace elements for people [12]. Recent studies demonstrated that the accumulation
of CuO NPs strongly inhibits the growth and reduces seed germination rate in rice [13].
However, the molecular mechanism of rice in response to CuO NPs stress is still unclear.

Recent studies showed that CuO NPs have good application prospects in agricul-
tural production with certain antifungal activity. CuO NPs inhibit the growth of Fusarium
oxysporum, which causes Fusarium wilt of watermelon, thereby increasing the yield of wa-
termelon [14]. In addition, CuO NPs protects cucumber from cucumber downy mildew [15].
Similarly, CuO NPs possess greater antifungal activity towards Aspergillus niger and Mucor
piriformis [16]. Magnaporthe oryzae, which is the causal agent of rice blast disease, decreases
rice production by an amount enough to feed 60 million people every year [17]. It infects all
the developmental stages of rice plants and causes symptoms on the leaf, collar, neck, and
panicle. In response to M. oryzae infection, basal resistance is activated with the expression
of pathogenesis-related (PR) genes, such as OsPR1a, OsPR10, OsPAL, and OsNAC4, and ROS
(reactive oxygen species) accumulation are induced in rice [18,19]. Currently, it is unclear
whether CuO NPs protect rice from blast fungus infection.

CERK1 (Chitin Elicitor Receptor Kinase 1) is a transmembrane receptor with lysine mo-
tifs (LysMs), which triggers basal resistance in plants by perceiving chitin from pathogenic
fungi [20]. In Arabidopsis thaliana, AtCERK1 binds chitin to form a homologous dimer,
and then its kinase domain is phosphorylated to transmit the chitin signals from extra-
cellular to intracellular [21,22]. In rice, OsCERK1 plays a central role in chitin-triggered
basal resistance against Magnaporthe oryzae. Upon perceiving M. oryzae, OsCERK1 interacts
with the LysM receptor-like kinase OsCEBiP, which directly binds to chitin, to form a
heteropolymeric complex [22]. Subsequently, OsCERK1 activates downstream signaling
components and induces ROS burst, MAPK (mitogen-activated protein kinase) activation,
and expression of PR genes to enhance basal resistance in rice [23]. Recent studies revealed
that OsCERK1 is also required for the perception of short-chain chitin oligomers during
initiation of arbuscular mycorrhizal symbiosis [24]. In addition to participating in the
resistance against fungal pathogens and establishing symbiosis, CERK1 interacts with
ANN1 (ANNEXIN 1), which is a NaCl-induced calcium-permeable channel, to positively
regulate abiotic salinity stress tolerance in Arabidopsis [25]. At present, it is unclear whether
OsCERK1 participates in the response to other abiotic stresses.

In our previous study on environmentally regulated blast resistance, we noticed that
the expression level of basal resistance gene OsCERK1 was induced by environmental
changes/abiotic stresses [13]. Recent studies have shown that CuO NPs emerge to be
a novel environmental stress and pose a threat to the ecosystem by causing toxicity to
various plants with more CuO NPs released into the environment [26,27]. With the aim of
elucidating the molecular mechanism of rice responding to abiotic CuO NPs stress, the role
of OsCERK1 in the phytotoxicity of CuO NPs was investigated in this study. It was shown
that OsCERK1 is involved in the responses to CuO NPs stress in rice. Furthermore, we
focused on the biological function of OsCERK1 responding to CuO NPs stress and explored
whether there is crosstalk between the response to CuO NPs and disease resistance in rice.
The results demonstrated that OsCERK1 functions as a core module in biotic and abiotic
stresses through modulating ROS accumulation.
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2. Materials and Methods
2.1. Characterization of CuO NPs

CuO NPs (copper II oxide nanoparticles, purity 99.9%) were purchased from Shanghai
Chaowei Nano Technology Co., Ltd. The morphology and particle size distribution of the
CuO NPs were evaluated by transmission electron microscopy (TEM; JEOL Ltd., JEM-1010,
Tokyo, Japan) and biospectrometer (Eppendorf, Hamburg, Germany) after sonication of
the nanoparticle suspension using a transonic 420 (Kedao, Shanghai, China) for 30 min.
The images of TEM (Figure 1A) indicated that CuO NPs were in spherical shape with
an average diameter of 40 nm. The absorption peak of the CuO NPs suspension was at
210 nm.
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Figure 1. The well-known receptor kinase gene OsCERK1 responds to CuO NPs stress in rice.
(A) Characterization of the CuO NPs used in this study. (B) The absorption spectrum of the CuO
NPs suspension. The absorption peak was about 210 nm. (C) Transcript abundance of OsCERK1 in
the rice seedlings treated with CuO NPs. (D) The MAPKs activities in the rice seedlings treated with
CuO NPs were higher than those of the control. The total proteins were extracted from Nipponbare
(NIP) seedlings treated with CuO NPs at 3, 7, and 14 days to perform western blot assay with
anti-phospho-p44/42 anti-body. The relative intensities of the blots were quantified by ImageJ with
actin as an internal control. (E) Reactive oxygen species (ROS) generation was effectively induced by
chitin in the CuO NPs treated rice seedlings. The bars are shown as means ± SD of three replications.
The student’s t-test was used to analyze the data and generate p value.

2.2. Culture and CuO NPs Treatment of Rice Seedlings

The wild-type Oryza sativa subsp. Japonica cultivars Nipponbare and TP309, and
transgenic rice plants were used as experimental materials. The oscerk1 mutant, which
was generated in Nipponbare background using CRISPR/cas9 system (clustered regu-
larly interspaced short palindromic repeats/CRISPR-associated protein 9) as previously
described [28].

Rice seeds were immersed in the 9 cm dishes with water at 37 ◦C for 1 day in the
dark, then germinated on the wet paper for 4–5 days at 25 ◦C under 16 h light/8 h dark
photoperiod to obtain uniform rice seedlings. For hydroponics, the seedlings were planted
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into plastic pots (sph-96, Shuoke, Hangzhou, China) with Yoshida nutrient solution (pH
5.5–5.8) (NSP1040, Coolaber, Beijing, China).

For CuO NPs treatment, the rice seedlings were cultured in nutrient solutions with
0 mg/L and 50 mg/L CuO NPs, which was known to significantly inhibit the growth of
rice [29]. After 14 days, the roots and shoots of rice seedlings were collected to quantitatively
determine the plant height, fresh biomass, and indexes of the anti-oxidative system. All of
these experiments were performed in triplicate.

2.3. Rice Seedling Infection Assay

Rice seedling infection assays were performed with 5 × 105 mL−1 conidial suspension
as previously described [30]. The M. oryzae strain En2-2, which was isolated from a paddy
field in Enshi, Hubei province, China [31], was cultured on OA plates at 28 ◦C in dark
conditions for 7 days to collect conidia [32]. After spray inoculation with conidia, the
rice seedlings were cultured under dark condition for 24 h, and then transferred into an
incubator with a 12 h light/12 h dark cycle for 6 days at 22 ◦C. Disease symptoms of
infection assays were assessed on 7 days post inoculation and shown by the images. The
relative lesion area was calculated by ImageJ. The infection assays were repeated three
times with similar results

2.4. Quantitative RT-PCR Analysis

Total RNA was extracted from the rice leaves using Trizol (Invitrogen, 15596-026)
and reversely transcribed using M-MLV enzyme (Beyotime, D7176L-1) according to the
manufacturer’s protocol. Quantitative real-time PCR (qRT-PCR) was applied to determine
relative gene expression levels using Hieff® qPCR SYBR Green Master Mix (Yeasen Biotech,
Shanghai, China). The primers for qRT-PCR analyses were shown in the Supplemental
Table S1. The OsUbiquitin gene (LOC_Os03g13170) was used as an internal control for
normalization. The relative transcript abundances were calculated with the 2−∆∆CT method
based on the abundance levels in control samples.

2.5. MAPK Assay

The rice seedlings were collected after CuO NPs treatment for 1, 3, 7, and 14 days,
then ground in liquid nitrogen and homogenized in an extraction buffer containing 25 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 5% glycerol, 1% NonidetP-40, 1 mM EDTA, 1 mM PMSF,
and 1× protease inhibitor cocktail (Roche, Basel, Switzerland). Then, the total proteins
were resolved in 10% SDS-polyacrylamide gel. Phosphorylation of MAPK proteins was
detected by immunoblotting with anti-phospho-p44/42 MAPK antibody (Cell Signaling
Technology, 4370s). The Actin protein was used as a control. Similar results were obtained
from two biological replicates.

2.6. Measurement of ROS

For measurement of ROS, the upper leaves of the treated rice seedlings were cut to
0.25 cm2 circles, and then floated in sterilized water overnight at room temperature to
recover from wounding stress. The leave circles were placed in a 1.5 mL tube containing
1 µL horseradish peroxidase, 100 µL L-012 (Wako, Tokyo, Japan), and elicitor (8 nM hexa-
N566 acetyl-chitohexaose). Double distilled H2O served as control. The luminescence
was recorded continuously at 10 s intervals for 20 min by a Glomax 20/20 luminometer
(Promega, Beijing, China). Three replications were carried out with similar results.

2.7. Measurement of Hydrogen Peroxide (H2O2) Content

The levels of H2O2 were examined according to the commercial kits (Solarbio, Beijing,
China) with the manufacturer’s protocol [33]. About 0.1 g of rice seedlings was ground
and blended in 500 µL of lysate. Then the homogenate was centrifuged at 4 ◦C for 10 min
at 8000× g. The supernatant was mixed with the same account of H2O2 detection reagent
to detect the absorbance at 415 nm. The standard curve was utilized to analyze the content
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of H2O2. And H2O2 content was calculated according to the manufacturer’s instructions.
Three replications were carried out with similar results.

2.8. Measurement of Activities of Anti-Oxidant Enzymes

The anti-oxidant enzyme activities, including peroxidase (POD), superoxide dismutase
(SOD), and catalase (CAT), were quantified using the commercial kits (Solarbio, Beijing,
China) as previously described [33]. Approximately 0.1 g nitrogen ground sample was
added into 1 mL precooled corresponding extraction solution in the kit. And the absorbance
of the reaction products was detected. The activities of anti-oxidant enzymes were stan-
dardized as following descriptions: one unit of activity of SOD was defined as the amount
of enzyme that caused the inhibition of photoreduction of 4-nitroblue tetrazolium chloride
by 50%. One unit of POD activity was defined as the amount of enzyme that caused an
increase in absorbance at 470 nm of 0.001 per minute. One unit of CAT activity was defined
as the amount of enzyme that caused an increase in absorbance at 470 nm of 0.001 per
minute. Similar results were obtained from three replications.

2.9. Investigation of Physiological Features

The rice seedlings treated with 50 mg/L CuO NPs for 14 days were collected. After
thoroughly rinsing with sterilized water, the physiological features of the rice seedlings,
including shoot length, root length, and root number were determined. The fresh biomass
was measured after drying the surface of rice with filter paper. The data was shown as
the mean with standard deviation (SD) based on ten replications. The relative inhibition
rate of fresh biomass was calculated based on the formula: inhibition rate (%) = [fresh
biomass (control) − fresh biomass (CuO NPs)]/fresh biomass (control) × 100%. Similarly,
the relative inhibition rates of shoot length, root length, root number, and the third leaf
length were calculated according to the formula.

2.10. Data Analysis

Relative expression values were calculated using the 2−∆∆CT method. The Students’
t-test was used for performing all statistical analyses and generating p value. The data was
shown as mean with SD based on at least three repetitions.

3. Results
3.1. Basal Resistance Gene OsCERK1 Is Involved in Response to CuO NPs Stress in Rice

To investigate whether OsCERK1 is involved in the response to CuO NPs stress,
the expression level of OsCERK1 in the rice seedlings treated with 50 mg/L CuO NPs
was detected. The results showed the expression level of OsCERK1 in the CuO NPs-
treated rice seedlings was significantly higher than that in the control (Figure 1B). It
was known that OsCERK1 exerts an important role in mediating chitin-induced ROS
burst and MAPK activation [18]. To further investigate whether the activity of OsCERK1
was changed in response to CuO NPs in rice, the MAP kinases activity, and the ROS
accumulation in the CuO NPs treated rice seedlings were determined. The results showed
that the phosphorylation levels of MAP kinases were higher in the seedlings with CuO
NPs treatment than that without CuO NPs (Figure 1C). Meanwhile, chitin-induced ROS
accumulation was increased in the seedlings under CuO NPs stress condition (Figure 1D).
The increased MAP kinases activity and ROS accumulation may be caused by the up-
regulated expression of OsCERK1 upon CuO NPs treatment. All these results suggested
that the LysM receptor-like kinase OsCERK1 is involved in the response to CuO NPs stress
in rice.

3.2. OsCERK1 Regulates Phytotoxicity of CuO NPs Stress to Rice

To investigate the biological role of OsCERK1 in the response to CuO NPs stress in
rice, we determined the effect of CuO NPs on the oscerk1 mutant, which was created using
CRISPR-Cas9 system, and its wild-type [28]. The growth of rice seedlings was significantly
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inhibited by CuO NPs (Figure 2A). Upon CuO NPs treatment for 14 days, the fresh biomass
of the wild-type was significantly reduced by 64%, while that in the oscerk1 mutant only
decreased by 43% (Figure 2B). Moreover, the growth of the third leaf (the white arrow)
of the wild-type was inhibited by CuO NPs stress, while the inhibitory phenotype was
partially restored by the knockout of OsCERK1 gene (Figure 2A,F). Furthermore, CuO NPs
treatment strongly inhibited root growth in rice (Figure 2D,E). After CuO NPs treatment,
the root lengths of the oscerk1 mutants were significantly longer than those of the wild-type
(Figure 2D), and the root numbers of the oscerk1 mutants were more than those of the wild-
type (Figure 2E), suggesting that knockout of OsCERK1 gene resulted in higher tolerance to
CuO NPs stress than the wild-type. All these results showed that the knockout of OsCERK1
alleviated the toxic effect of CuO NPs in rice, indicating that OsCERK1 negatively regulates
the tolerance of rice to CuO NPs stress.
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Figure 2. OsCERK1 regulates the tolerance of rice to CuO NPs stress. (A) The growth of the oscerk1
mutant and its wild-type Nipponbare (NIP) treated with CuO NPs for 14 days. The relative inhibition
rates of fresh biomass (B), shoot length (C), root length (D), root numbers (E), and the third leaves’
length (F) of the oscerk1 mutants and its wild-type treated with CuO NPs for 14 days. The relative
inhibition rate of fresh biomass was calculated based on the formula: inhibition rate (%) = [fresh
biomass (control) − fresh biomass (CuO NPs)] / fresh biomass (control) × 100%. Similarly, the
relative inhibition rates of shoot length, root length, root number, and the third leaf length were
calculated according to the formula. The bars are shown as means ± SD of ten replications. The
student’s t-test was used to analyze the data and generate a p value.

3.3. OsCERK1 Regulates Anti-Oxidative System in Response to CuO NPs Stress

In plants, the anti-oxidative system plays important roles during abiotic stress [34].
Moreover, CuO NPs treatment leads to oxidative damage in rice seedlings [35]. To further



J. Fungi 2023, 9, 36 7 of 14

determine the functions of OsCERK1 in response to CuO NPs stress, the H2O2 levels in
the oscerk1 mutant and the wild-type seedlings treated with CuO NPs for 14 days were
determined. The result showed that CuO NPs treatment highly induced the accumulation
of H2O2 in the rice seedlings (Figure 3A). Compared with the wild-type, the accumulation
of H2O2 in the oscerk1 mutant was significantly reduced. The relative increasing rate
of H2O2 content in the wild-type seedlings was higher than that in the oscerk1 mutant
(Figure 3A), suggesting that knockout of OsCERK1 reduced the accumulation of H2O2
triggered by CuO NPs.
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Figure 3. Physiological and biochemical changes of the oscerk1 mutant upon CuO NPs treatment.
(A) The relative increasing rates of H2O2 content in the oscerk1 mutant and its wild-type Nipponbare
(NIP) treated with CuO NPs for 14 days. The changes of POD activities (B), SOD activities (C), and
CAT activities (D) in the oscerk1 mutant treated with CuO NPs for 14 days. The relative increasing rate
of H2O2 content was calculated based on the formula: relative increasing rate (%) = [H2O2 content
(CuO NPs) − H2O2 content (control)]/H2O2 content (control) × 100%. In the same manner, the
relative increasing rate of SOD activity was calculated with the formula. The relative inhibition rate of
POD activity was calculated as follows: relative inhibition rate (%) = [POD activity (control) − POD
activity (CuO NPs)]/POD activity (control) × 100%. Similarly, the relative inhibition rate of CAT
activity was calculated with the formula. The bars are shown as means ± SD of three replications.
Data was analyzed with student’s t-test to obtain p value.

To explore why the content of H2O2 accumulation induced by CuO NPs stress in the
oscerk1 mutant was lower than that in the wild-type, the activities of anti-oxidant enzymes
in the CuO NPs treated rice seedlings were determined. The results showed that CuO NPs
treatment significantly down-regulated the activities of the peroxidase (POD) and catalase
(CAT), which are H2O2-scavenging enzymes, in all rice seedlings (Figure 3B,D). In addition,
the rate of relative inhibition rates of POD and CAT activities in the wild-type seedlings
were significantly higher than those in the oscerk1 mutant (Figure 3B,D). Furthermore, the
activity of superoxide dismutase (SOD), which catalyzes the dismutation of superoxide
anion (O2−) into oxygen and hydrogen peroxide, was significantly up-regulated by the CuO
NPs treatment in the wild-type (Figure 3C). In contrast, there was no significant change
in the SOD activity in the oscerk1 mutant under CuO NPs stress condition (Figure 3C).
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These results indicated that knockout of OsCERK1 relieved the negative effects of CuO
NPs on the antioxidant system of rice. In conclusion, OsCERK1 negatively modulates the
tolerance of rice to CuO NPs stress by down-regulating the activities of CAT and POD, and
up-regulating the activity of SOD, leading to the accumulation of H2O2.

3.4. CuO NPs Enhance the Basal Resistance against M. oryzae in Rice

Due to the role of CuO NPs in regulating the accumulation of ROS in rice, we postu-
lated that CuO NPs stress may affect basal resistance against M. oryzae in rice. To confirm
this hypothesis, the wild-type Oryza sativa subsp. Japonica cultivars Nipponbare and TP309
were inoculated with the M. oryzae wild-type strain En2-2 after treated with CuO NPs for
14 days. The seedling infection assay showed that compared with the control, the blast
lesions formed on the rice seedlings with CuO NPs treatment were smaller (Figure 4A,D).
Consistent with the observation of disease symptoms, the relative lesion areas calculated
by ImageJ under CuO NPs were smaller than those in the control (Figure 4B,E). In addition,
the relative expression levels of the PR genes OsPAL1 and OsNAC4 were up-regulated more
than four folds in the Nipponbare seedlings in the response to M. oryzae inoculation after
treated with CuO NPs for 14 days (Figure 4C). Similarly, in the TP309 seedlings, the relative
expression levels of the OsPAL1 and OsNAC4 were also up-regulated more than three
folds (Figure 4F). In conclusion, all these results demonstrated that CuO NPs treatment
significantly enhances the basal resistance against M. oryzae in rice.
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Figure 4. CuO NPs enhance the basal resistance against M. oryzae in rice. Disease symptoms (A), the
relative lesion area (B), and relative expression levels of PR genes (C) of Oryza sativa subsp. Japonica
cultivars Nipponbare rice seedlings inoculated with M. oryzae after treated with CuO NPs for 14 days.
Disease symptoms (D), the relative lesion area (E), and relative expression levels of PR genes (F) of
Oryza sativa subsp. Japonica cultivars TP309 rice seedlings inoculated with M. oryzae after treated
with CuO NPs for 14 days. The relative lesion area was calculated by ImageJ. The relative transcript
abundances were calculated using the 2−∆∆CT method based on the abundance levels in the control
samples. The Ubiquitin gene (LOC_Os03g13170) was used as the internal control for normalization.
The bars are shown as means ± SD of three replications. The student’s t-test was used to analyze the
data and generate p value.
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3.5. OsCERK1 Contributes to the CuO NPs-Modulated Basal Resistance against M. oryzae in Rice

OsCERK1 is essential for fungal chitin-driven immune responses and contributes to
basal resistance against M. oryzae in rice [22]. To determine whether CuO NPs-modulated
basal resistance is dependent on OsCERK1 in rice, the oscerk1 mutant and its wild-type
Nipponbare were inoculated with the M. oryzae wild-type strain En2-2 after treated with
CuO NPs for 14 days. The rice seedling infection assay showed that the blast lesions formed
on the seedlings with CuO NPs treatment were significantly smaller than that without CuO
NPs (Figure 5A). In contrast, compared with the wild-type, the inhibition rate of the relative
lesion area caused by CuO NPs in the oscerk1 mutant was significantly lower (Figure 5B).
The rice seedling infection assay results revealed that the susceptibility of the oscerk1 mutant
to M. oryzae was comparable with or without CuO NPs treatment. In addition, the relative
expression levels of the PR genes OsPAL1 and OsNAC4 were significantly up-regulated
in all rice seedlings in response to M. oryzae inoculation after treated with CuO NPs for
14 days (Figure 5C,D). Compared with the wild-type, CuO NPs treatment had less effect
on relative expression levels of OsPAL1 and OsNAC4 in the oscerk1 mutant (Figure 5C,D).
All these results suggested that OsCERK1 is required for the CuO NPs-modulated basal
resistance against M. oryzae in rice.
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Figure 5. OsCERK1 contributes to basal resistance against M. oryzae under CuO NPs stress condition.
Disease symptoms (A), the relative lesion areas (B), relative expression levels of PR genes OsPAL1
(C) and OsNAC4 (D) of the oscerk1 mutant and its wild-type Nipponbare (NIP) inoculated with M.
oryzae after treated with CuO NPs for 14 days. The relative lesion area was calculated by ImageJ. The
relative inhibition rate of the relative lesion area was calculated based on the formula: inhibition rate
(%) = [the relative lesion area (control) − the relative lesion area (CuO NPs)]/the relative lesion area
(control) × 100%. The relative transcript abundances were calculated using the 2 −∆∆CT method with
Ubiquitin gene as the internal control. The bars are shown as means ± SD of three replications. The
student’s t-test was used to analyze the data and generate p value.

4. Discussion

With the wide application, CuO NPs pose a potential threat to cause serious toxicity
to crops. In rice, CuO NPs could decrease the photosynthetic performances, increase
the generation of ROS, and inhibit the growth of seedlings [36]. However, the molecular
mechanisms underlying the adverse effects of CuO NPs have not yet been revealed in detail.
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In this study, we found that a LysM receptor-like kinase OsCERK1 negatively regulates the
tolerance to CuO NPs stress. Further analyses revealed that OsCERK1 regulates the anti-
oxidant system and increases the accumulation of H2O2, thus reducing the tolerance of rice
to CuO NPs stress. In addition, we found that CuO NPs treatment significantly enhances
the OsCERK1-mediated basal resistance against M. oryzae in rice. Taken together, this
study demonstrated that OsCERK1 is involved in the phytotoxicity of CuO NPs and CuO
NPs-modulated basal resistance against blast by regulating the activities of anti-oxidant
enzymes and inducing the accumulation of ROS (Figure 6).
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Figure 6. A proposed model illustrating that OsCERK1 regulates CuO NPs tolerance and CuO NPs-
modulated blast resistance in rice. On the surface of rice cells, OsCERK1 senses the signals of CuO
NPs stress and M. oryzae to regulate antioxidant system, resulting in increased ROS accumulation. The
excessive ROS accumulation in the cell leads to growth inhibition but enhances the basal resistance
against M. oryzae in rice.

OsCERK1 is a critical immune receptor of rice, which is triggered by chitin and re-
sponds to fungal pathogens, such as the causal agent of rice blast disease M. oryzae [22].
Chitin induces oligomerization of receptors OsCEBiP and OsCERK1 to promote the phos-
phorylation of OsCERK1, which in turn phosphorylates and activates downstream com-
ponents, thus inducing MAPK activation and ROS burst [21]. This study demonstrated
that OsCERK1 is not only required for the resistance to pathogens, but also is critical for
the tolerance to abiotic CuO NPs stress in rice. Similarly, AtCERK1 positively regulates
disease resistance and abiotic salinity stress tolerance in Arabidopsis [25], which suggested
that CERK1 plays an important role in the crosstalk between biotic and abiotic stress. In
this study, we found that the expression of OsCERK1 is up-regulated by CuO NPs stress,
leading to increase the activities of MAPK and ROS accumulation (Figure 1). Furthermore,
knockout of OsCERK1 relieved the negative impact of CuO NPs on rice growth. All these
results suggested that OsCERK1 negatively regulates the tolerance to CuO NPs in rice,
which is a new function of OsCERK1.

The antifungal activity of CuO NPs have been revealed [14–16]. For instance, CuO
NPs trigger resistance in tobacco against the soil-borne fungal pathogen Phytophthora
nicotianae [37]. However, little is known about the effect of CuO NPs on rice resistance. In
this study, we found that CuO NPs significantly enhance resistance against M. oryzae but
inhibit growth in rice. Several studies have highlighted that oxidative damage, such as
lipid peroxidation, may be the main cause of CuO NPs toxicity to plants [6]. In duckweed,
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CuO NPs treatment increases H2O2 by 56% and •OH by 57% [17]. In Arabidopsis, CuO NPs
(2 to 100 mg/L) induces the generation of singlet oxygen (1O2) and hydrogen peroxide
(H2O2) in the roots and leaves [38]. In addition, the activities of CAT and SOD of the rice
leaves treated with 250 mg/L CuO NPs were decreased, while the activity of the SOD in the
rice roots exposed to 125 mg/L CuO NPs significantly increased [18]. Similarly, this study
found that upon CuO NPs treatment, the activities of CAT and POD were significantly
decreased, and the SOD activity was increased, resulting in H2O2 accumulation in rice.
The induced ROS accumulation might be one of the important reasons why CuO NPs
treatment significantly enhances the basal resistance against M. oryzae in rice. In contrast,
the activities of these antioxidant enzymes and the accumulation of H2O2 in the oscerk1
mutant with or without CuO NPs treatment were comparable. Moreover, the inhibited
growth of rice seedlings caused by CuO NPs has been partially restored by the knockout
of OsCERK1. These results indicated that OsCERK1 participates in the response to CuO
NPs stress by regulating the accumulation of H2O2. It was well known that both the
invasion of pathogens and CuO NPs stress could induce a burst of ROS in rice [39,40]. The
reduced ROS accumulation might be one of the important reasons why the oscerk1 mutant
shows compromised resistance to M. oryzae and less inhibition of growth in response to
CuO NPs stress. Based on these results, we inferred that in response to CuO NPs stress
signal, OsCERK1 regulates the antioxidant system in rice, resulting in an increase in ROS
accumulation, inhibition of growth, and enhanced resistance against M. oryzae in rice.
In addition, these results suggested that in order to safely and properly use CuO NPs
as a fungicide to prevent rice blast in the future, the phytotoxicity of CuO to rice has to
be considered.

Plants face a variety of stresses in the environment. Naturally, stress signaling in plant
cells is a sophisticated network. However, most studies focused on the plant response to
abiotic stresses and pathogens separately in the past few centuries [41–43]. With the changes
in climate, increasing environmental pollution, and the constant pressures of diseases and
pests, the interactions between the plant response to abiotic stresses and pathogens have
been attracting extensive attention worldwide. Recent studies revealed that SiO2 NPs can
induce systemic acquired resistance in Arabidopsis [44], indicating that there is a crosstalk
between the response to nanomaterials and disease resistance in plants. In this study, we
revealed that there is a crosstalk among the signal transduction pathways of blast resistance
and stress response induced by CuO NPs, with the pattern recognition receptors (PRRs)
OsCERK1 as the core module. OsCERK1, which is located on the surface of rice cells, may
percept not only the signals from pathogenic fungi, but also the abiotic stress signals from
the environment. The results of this study revealed the molecular mechanism of OsCERK1
regulating ROS accumulation to inhibit growth and enhance blast resistance in response to
CuO NPs stress in rice, as well as expanded our understanding of the crosstalk between
different environmental signals.

5. Conclusions

This study aimed to explore the molecular mechanism of rice response to CuO NPs.
The results revealed that CuO NPs treatment up-regulates the expression level of OsCERK1.
Moreover, OsCERK1 modulates tolerance to CuO NPs in addition to basal resistance in rice.
Further analyses revealed that OsCERK1 regulates the activities of anti-oxidant enzymes to
induce the accumulation of ROS in the response to CuO NPs stress and contributes to CuO
NPs-modulated resistance against M. oryzae in rice. Our results expand our understanding
of the crosstalk between different environmental signals and provide important theoretical
bases for the sustainable application of CuO NPs in plants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof9010036/s1, Table S1: Primers used in this work.

https://www.mdpi.com/article/10.3390/jof9010036/s1
https://www.mdpi.com/article/10.3390/jof9010036/s1


J. Fungi 2023, 9, 36 12 of 14

Author Contributions: Conceptualization, Y.C., Y.K. and F.L.; methodology, Y.C., Z.S. and Z.L.;
validation, Y.C.; formal analysis, Y.C. and S.M.; investigation, Y.C.; resources, Y.K. and F.L.; data
curation, Y.C. and Y.K.; writing—original draft preparation, Y.C. and Y.K.; writing—review and
editing, Y.C., H.S., J.Q., S.Z. and Y.K.; visualization, Y.K.; supervision, Y.K.; project administration,
Y.K. and F.L.; funding acquisition, Y.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by grants from the National Key Research and Develop-
ment Program “2022YFD1401500”, National Natural Science Foundation of China (32171944 to YK,
32100161 to JQ), key R&D project of China National Rice Research Institute CNRRI-2020-04, and
Zhejiang Science and Technology Major Program on Rice New Variety Breeding 2021C02063-3. This
project was also supported by the Chinese Academy of Agricultural Sciences under the “Elite Youth”
Program and the Agricultural Sciences and Technologies Innovation Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article and
the Supplementary Materials.

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

References
1. Karlsson, H.L.; Cronholm, P.; Gustafsson, J.; Möller, L. Copper oxide nanoparticles are highly toxic: A comparison between metal

oxide nanoparticles and carbon nanotubes. Chem. Res. Toxicol. 2008, 21, 1726–1732. [CrossRef] [PubMed]
2. Shi, J.; Ye, J.; Fang, H.; Zhang, S.; Xu, C. Effects of copper oxide nanoparticles on paddy soil properties and components.

Nanomaterials 2018, 8, 839. [CrossRef] [PubMed]
3. Abudayyak, M.; Guzel, E.; Özhan, G. Cupric oxide nanoparticles induce cellular toxicity in liver and intestine cell lines. Adv.

Pharm. Bull. 2020, 10, 213–220. [CrossRef] [PubMed]
4. Hanna, S.K.; Miller, R.J.; Zhou, D.; Keller, A.A.; Lenihan, H.S. Accumulation and toxicity of metal oxide nanoparticles in a

soft-sediment estuarine amphipod. Aquat. Toxicol. 2013, 142, 441–446. [CrossRef] [PubMed]
5. Moos, N.; Maillard, L.; Slaveykova, V.I. Dynamics of sub-lethal effects of nano-CuO on the microalga Chlamydomonas reinhardtii

during short-term exposure. Aquat. Toxicol. 2015, 161, 267–275. [CrossRef]
6. Dai, Y.; Wang, Z.; Zhao, J.; Xu, L.; Xu, L.; Yu, X.; Wei, Y.; Xing, B. Interaction of CuO nanoparticles with plant cells: Internalization,

oxidative stress, electron transport chain disruption, and toxicogenomic responses. Environ. Sci. Nano 2018, 5, 2269–2281.
[CrossRef]

7. Nair PM, G.; Chung, I.M. 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]

8. Sui, H.J.; Zhang, J.Z.; Wang, Z.Y. Toxicity of copper oxide engineered nanoparticles to maize (Zea Mays L.) at different aging times.
Adv. Mat. Res. 2014, 881–883, 972–975. [CrossRef]

9. Le Van, N.; Ma, C.; Shang, J.; Rui, Y.; Liu, S.; Xing, B. Effects of CuO nanoparticles on insecticidal activity and phytotoxicity in
conventional and transgenic cotton. Chemosphere 2016, 144, 661–670. [CrossRef]

10. Yue, L.; Zhao, J.; Yu, X.; Kunmiao, L.; Wang, Z.; Xing, B. Interaction of CuO nanoparticles with duckweed (Lemna minor. L):
Uptake, distribution and ROS production sites. Environ. Pollut. 2018, 243, 543–552. [CrossRef]

11. Yang, Z.; Xiao, Y.; Jiao, T.; Zhang, Y.; Chen, J.; Gao, Y. Effects of copper oxide nanoparticles on the growth of rice (Oryza sativa L.)
seedlings and the relevant physiological responses. Int. J. Public Health 2020, 17, 1260. [CrossRef] [PubMed]

12. Ryan, E.P. Bioactive food components and health properties of rice bran. J. Am. Vet. Med. Assoc. 2011, 238, 593–600. [CrossRef]
[PubMed]

13. Peng, C.; Duan, D.; Xu, C.; Chen, Y.; Sun, L.; Zhang, H.; Yuan, X.; Zheng, L.; Yang, Y.; Yang, J.; et al. Translocation and
biotransformation of CuO nanoparticles in rice (Oryza sativa L.) plants. Environ. Pollut. 2015, 197, 99–107. [CrossRef] [PubMed]

14. 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]
[PubMed]

15. Wang, Z.; Han, J.; Xu, W.; Chen, X. Resistance and control effect of CuO NPs and Fe2O3 NPs suspension on cucumber downy
mildew. Guizhou Agric. Sci. 2022, 50, 8.

16. Hsd, A.; Mab, A.; Sr, A.; Sp, B.; Ahw, B.; Mas, A. Biosynthesis and antifungal activities of CuO and Al2O3 nanoparticles. Compr.
Anal. Chem. 2021, 94, 533–546.

17. Simkhada, K.; Thapa, R. Rice Blast, A major threat to the rice production and its various management techniques. TUR. J. Agric.
Food. Sci. Tech. 2022, 10, 147–157. [CrossRef]

http://doi.org/10.1021/tx800064j
http://www.ncbi.nlm.nih.gov/pubmed/18710264
http://doi.org/10.3390/nano8100839
http://www.ncbi.nlm.nih.gov/pubmed/30332772
http://doi.org/10.34172/apb.2020.025
http://www.ncbi.nlm.nih.gov/pubmed/32373489
http://doi.org/10.1016/j.aquatox.2013.09.019
http://www.ncbi.nlm.nih.gov/pubmed/24121101
http://doi.org/10.1016/j.aquatox.2015.02.010
http://doi.org/10.1039/C8EN00222C
http://doi.org/10.1016/j.ecoenv.2014.12.013
http://doi.org/10.4028/www.scientific.net/AMR.881-883.972
http://doi.org/10.1016/j.chemosphere.2015.09.028
http://doi.org/10.1016/j.envpol.2018.09.013
http://doi.org/10.3390/ijerph17041260
http://www.ncbi.nlm.nih.gov/pubmed/32075321
http://doi.org/10.2460/javma.238.5.593
http://www.ncbi.nlm.nih.gov/pubmed/21355801
http://doi.org/10.1016/j.envpol.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25521412
http://doi.org/10.1094/PDIS-10-17-1621-RE
http://www.ncbi.nlm.nih.gov/pubmed/30673561
http://doi.org/10.24925/turjaf.v10i2.147-157.4548


J. Fungi 2023, 9, 36 13 of 14

18. Tsuda, K.; Katagiri, F. Comparing signaling mechanisms engaged in pattern-triggered and effector-triggered immunity. Curr.
Opin. Plant. Biol. 2010, 13, 459–465. [CrossRef]

19. Qiu, J.; Xie, J.; Chen, Y.; Shen, Z.; Shi, H.; Naqvi, N.I.; Qian, Q.; Liang, Y.; Kou, Y. Warm temperature compromises JA-regulated
basal resistance to enhance Magnaporthe oryzae infection in rice. Mol. Plant. 2022, 15, 723–739. [CrossRef]

20. Miya, A.; Albert, P.; Shinya, T.; Desaki, Y.; Ichimura, K.; Shirasu, K.; Narusaka, Y.; Kawakami, N.; Kaku, H.; Shibuya, N. CERK1, a
LysM receptor kinase, is essential for chitin elicitor signaling in Arabidopsis. Proc. Natl. Acad. Sci. USA 2007, 104, 19613–19618.
[CrossRef]

21. Gong, B.Q.; Wang, F.Z.; Li, J.F. Hide-and-seek: Chitin-triggered plant immunity and fungal counterstrategies. Trends Plant Sci.
2020, 25, 805–816. [CrossRef] [PubMed]

22. Erwig, J.; Ghareeb, H.; Kopischke, M.; Hacke, R.; Matei, A.; Petutschnig, E.; Lipka, V. Chitin-induced and CHITIN ELICITOR
RECEPTOR KINASE1 (CERK1) phosphorylation-dependent endocytosis of Arabidopsis thaliana LYSIN MOTIF-CONTAINING
RECEPTOR-LIKE KINASE5 (LYK5). New Phytol. 2017, 215, 382–396. [CrossRef] [PubMed]

23. Akamatsu, A.; Wong, H.L.; Fujiwara, M.; Okuda, J.; Nishide, K.; Uno, K.; Lmai, K.; Umemura, K.; Kawasaki, T.; Kawano, Y.; et al.
An OsCEBiP/OsCERK1-OsRacGEF1-OsRac1 module is an essential early component of chitin-induced rice immunity. Cell Host
Microbe 2013, 13, 465–476. [CrossRef] [PubMed]

24. Liu, J.; Liu, B.; Chen, S.; Gong, B.; Chen, L.; Zhou, Q.; Xiong, F.; Wang, M.; Feng, D.; Li, J.; et al. A tyrosine phosphorylation cycle
regulates fungal activation of a plant receptor Ser/Thr kinase. Cell Host Microbe 2018, 23, 241–253. [CrossRef] [PubMed]

25. Carotenuto, G.; Chabaud, M.; Miyata, K.; Capozzi, M.; Takeda, N.; Kaku, H.; Shibuya, N.; Nakagawa, T.; Barker, D.; Genre, A. The
rice LysM receptor-like kinase OsCERK1 is required for the perception of short-chain chitin oligomers in arbuscular mycorrhizal
signaling. New Phytol. 2017, 214, 1440–1446. [CrossRef] [PubMed]

26. Espinoza, C.; Liang, Y.; Stacey, G. Chitin receptor CERK1 links salt stress and chitin-triggered innate immunity in Arabidopsis.
Plant J. 2017, 89, 984–995. [CrossRef] [PubMed]

27. Gomes, T.; Araújo, O.; Pereira, R.; Almeida, A.C.; Cravo, A.; Bebianno, M.J. Genotoxicity of copper oxide and silver nanoparticles
in the mussel Mytilus galloprovincialis. Mar. Environ. Res. 2013, 84, 51–59. [CrossRef] [PubMed]

28. Azhar, W.; Khan, A.R.; Muhammad, N.; Liu, B.; Song, G.; Hussain, A.; Yasin, M.U.; Khan, S.; Munir, R.; Gan, Y. Ethylene mediates
CuO NP-induced ultrastructural changes and oxidative stress in Arabidopsis thaliana leaves. Environ. Sci. Nano 2020, 7, 938–953.
[CrossRef]

29. Yang, C.; Liu, R.; Pang, J.; Ren, B.; Liu, J. Poaceae-specific cell wall-derived oligosaccharides activate plant immunity via OsCERK1
during Magnaporthe oryzae infection in rice. Nat. Commun. 2021, 12, 2178. [CrossRef]

30. Da Costa, M.V.J.; Sharma, P.K. Effect of copper oxide nanoparticles on growth, morphology, photosynthesis, and antioxidant
response in Oryza sativa. Photosynthetica 2016, 54, 110–119. [CrossRef]

31. Kou, Y.; Tan, Y.H.; Ramanujam, R.; Naqvi, N.I. Structure-function analyses of the Pth11 receptor reveal an important role for
CFEM motif and redox regulation in rice blast. New Phytol. 2017, 214, 330–342. [CrossRef] [PubMed]

32. Shi, H.; Meng, S.; Qiu, J.; Wang, C.; Shu, Y.; Luo, C.; Kou, Y. MoWhi2 regulates appressorium formation and pathogenicity via the
MoTor signalling pathway in Magnaporthe oryzae. Mol. Plant Pathol. 2021, 22, 969–983. [CrossRef] [PubMed]

33. 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] [PubMed]

34. Choudhury, S.; Panda, P.; Sahoo, L.; Panda, S.K. Reactive oxygen species signaling in plants under abiotic stress. Plant Signal.
Behav. 2013, 8, 811–816. [CrossRef]

35. Shaw, A.K.; Hossain, Z. Impact of nano-CuO stress on rice (Oryza sativa L.) seedlings. Chemosphere. 2013, 93, 906–915. [CrossRef]
36. Nair, P.M.G.; Chung, I.M. Physiological and molecular level effects of silver nanoparticles exposure in rice (Oryza sativa L.)

seedlings. Chemosphere 2014, 112, 105–113. [CrossRef] [PubMed]
37. Chen, J.; Wu, L.; Song, K.; Zhu, Y.; Ding, W. Nonphytotoxic copper oxide nanoparticles are powerful “nanoweapons” that trigger

resistance in tobacco against the soil-borne fungal pathogen Phytophthora nicotianae. J. Integr. Agric. 2022, 21, 3245–3262. [CrossRef]
38. Hou, J.; Wang, X.; Hayat, T.; Wang, X. Ecotoxicological effects and mechanism of CuO nanoparticles to individual organisms.

Environ. Pollut. 2017, 221, 209–217. [CrossRef]
39. Nair, P.M.G.; Chung, I.M. Impact of copper oxide nanoparticles exposure on Arabidopsis thaliana growth, root system development,

root lignificaion, and molecular level changes. Environ. Sci. Pollut. Res. 2014, 21, 12709–12722. [CrossRef]
40. Wang, C.; Wang, G.; Zhang, C.; Zhu, P.; Dai, H.; Yu, N.; He, Z.; Xu, L.; Wang, E. OsCERK1-mediated chitin perception and

immune signaling requires receptor-like cytoplasmic kinase 185 to activate an MAPK cascade in rice. Mol. Plant. 2017, 10, 619–633.
[CrossRef]

41. Kilasi, N.L.; Singh, J.; Vallejos, C.E.; Ye, C.; Jagadish, S.V.K.; Kusolwa, P.; Rathinasabapathi, B. Heat stress tolerance in rice (oryza
sativa L.): Identification of quantitative trait loci and candidate genes for seedling growth under heat stress. Front. Plant Sci. 2018,
871, 1578. [CrossRef] [PubMed]

42. Haller, E.; Iven, T.; Feussner, I.; Stahl, M.; Fröhlich, K.; Löffelhardt, B.; Gust, A.A.; Nürnberger, T. ABA-Dependent salt stress
tolerance attenuates botrytis immunity in Arabidopsis. Front. Plant Sci. 2020, 11, 594827. [CrossRef]

http://doi.org/10.1016/j.pbi.2010.04.006
http://doi.org/10.1016/j.molp.2022.02.014
http://doi.org/10.1073/pnas.0705147104
http://doi.org/10.1016/j.tplants.2020.03.006
http://www.ncbi.nlm.nih.gov/pubmed/32673581
http://doi.org/10.1111/nph.14592
http://www.ncbi.nlm.nih.gov/pubmed/28513921
http://doi.org/10.1016/j.chom.2013.03.007
http://www.ncbi.nlm.nih.gov/pubmed/23601108
http://doi.org/10.1016/j.chom.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29396039
http://doi.org/10.1111/nph.14539
http://www.ncbi.nlm.nih.gov/pubmed/28369864
http://doi.org/10.1111/tpj.13437
http://www.ncbi.nlm.nih.gov/pubmed/27888535
http://doi.org/10.1016/j.marenvres.2012.11.009
http://www.ncbi.nlm.nih.gov/pubmed/23294529
http://doi.org/10.1039/C9EN01302D
http://doi.org/10.1038/s41467-021-22456-x
http://doi.org/10.1007/s11099-015-0167-5
http://doi.org/10.1111/nph.14347
http://www.ncbi.nlm.nih.gov/pubmed/27898176
http://doi.org/10.1111/mpp.13074
http://www.ncbi.nlm.nih.gov/pubmed/34036714
http://doi.org/10.1016/j.jhazmat.2020.123946
http://www.ncbi.nlm.nih.gov/pubmed/33264991
http://doi.org/10.4161/psb.23681
http://doi.org/10.1016/j.chemosphere.2013.05.044
http://doi.org/10.1016/j.chemosphere.2014.03.056
http://www.ncbi.nlm.nih.gov/pubmed/25048895
http://doi.org/10.1016/j.jia.2022.08.086
http://doi.org/10.1016/j.envpol.2016.11.066
http://doi.org/10.1007/s11356-014-3210-3
http://doi.org/10.1016/j.molp.2017.01.006
http://doi.org/10.3389/fpls.2018.01578
http://www.ncbi.nlm.nih.gov/pubmed/30443261
http://doi.org/10.3389/fpls.2020.594827


J. Fungi 2023, 9, 36 14 of 14

43. Kim, Y.; Chung, Y.S.; Lee, E.; Tripathi, P.; Heo, S.; Kim, K.H. Root response to drought stress in rice (Oryza sativa L.). Int. J. Mol. Sci.
2020, 21, 1513. [CrossRef] [PubMed]

44. El-Shetehy, M.; Moradi, A.; Maceroni, M.; Reinhardt, D.; Petri-Fink, A.; Rothen-Rutishauser, B.; Mauch, F.; Schwab, F. Silica
nanoparticles enhance disease resistance in Arabidopsis plants. Nat. Nanotechnol. 2021, 16, 344–353. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/ijms21041513
http://www.ncbi.nlm.nih.gov/pubmed/32098434
http://doi.org/10.1038/s41565-020-00812-0
http://www.ncbi.nlm.nih.gov/pubmed/33318639

	Introduction 
	Materials and Methods 
	Characterization of CuO NPs 
	Culture and CuO NPs Treatment of Rice Seedlings 
	Rice Seedling Infection Assay 
	Quantitative RT-PCR Analysis 
	MAPK Assay 
	Measurement of ROS 
	Measurement of Hydrogen Peroxide (H2O2) Content 
	Measurement of Activities of Anti-Oxidant Enzymes 
	Investigation of Physiological Features 
	Data Analysis 

	Results 
	Basal Resistance Gene OsCERK1 Is Involved in Response to CuO NPs Stress in Rice 
	OsCERK1 Regulates Phytotoxicity of CuO NPs Stress to Rice 
	OsCERK1 Regulates Anti-Oxidative System in Response to CuO NPs Stress 
	CuO NPs Enhance the Basal Resistance against M. oryzae in Rice 
	OsCERK1 Contributes to the CuO NPs-Modulated Basal Resistance against M. oryzae in Rice 

	Discussion 
	Conclusions 
	References

