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Silver nanoparticles (AgNPs) exhibit a broad spectrum of antimicrobial activity against various fungal

pathogens, including the devastating rice blast fungusMagnaporthe oryzae, which threatens rice production

worldwide. However, the antifungal molecular mechanisms of AgNPs against M. oryzae are still poorly

understood. Here, it was found that the mycelial growth and virulence of M. oryzae strains were significantly

reduced by AgNPs. Two nm-AgNPs at an EC50 concentration of 2.0 μg mL−1 almost impaired 100%

virulence of M. oryzae. Further studies revealed that AgNP treatment changes cell wall morphology and

suppresses appressorium formation. The defects in appressorium development upon AgNP treatment were

caused by the reduced phosphorylation level of the MAPK MoPmk1 and impaired conidial autophagy.

Importantly, the combination of AgNPs and azoxystrobin at appropriate ratios enhanced fungitoxicity to

azoxystrobin-sensitive/resistant M. oryzae strains. Due to the excellent control effect of AgNPs on rice blast,

we established a method for the biosynthesis of AgNPs by using the biocontrol Bacillus strain Tu27 to

reduce waste environmental pollution and synthesis costs. Infection assays showed that the biosynthesized

AgNPs displayed similar fungal toxicity. Taken together, our results revealed that AgNPs display the

antifungal activity by a unique mechanism of damaging cell wall integrity, reducing phosphorylation of the

MAPK MoPmk1, and impairing autophagy, and have an additive synergy with azoxystrobin onM. oryzae.

Introduction

Rice blast disease, caused by the ascomycete Magnaporthe
oryzae, is a destructive rice disease that threatens global food

security.1,2 The disease causes an approximately 30% loss of
rice total production, which is enough to feed 60 million
people.3–5 Although blast could be significantly reduced by
planting blast-resistant rice cultivars, most rice blast-resistant
cultivars have become susceptible after planting for several
years due to pathogenic variation in the M. oryzae
populations.5 The application of fungicides is an important
management of rice blast disease in the field.6,7 However,
several studies suggest that the improper and constant use of
conventional fungicides over the past decades has resulted in
the emergence of many fungicide-resistant populations. The
emergence of M. oryzae populations resistant to azoxystrobin,
isoprothiolane, phosphorothiolates, kasugamycin and
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Environmental significance

The rice blast disease, caused by Magnaporthe oryzae, is the most serious threat to rice production worldwide. Long-term application of the conventional
fungicide azoxystrobin to control rice blast results in the emergence of drug-resistant strains in rice paddies. Therefore, it is necessary to develop an
environmentally friendly novel fungicide to reduce the application doses of azoxystrobin and delay the occurrence of resistance. In this study, we provide
insights into the antifungal activity and mechanism of silver nanoparticle (AgNPs) against M. oryzae. Importantly, we found that AgNPs display enhanced
fungitoxicity to M. oryzae when co-applied with lower doses of azoxystrobin. Therefore, our results suggested that AgNPs have great application potential for
combating conventional fungicide azoxystrobin resistance and reducing fungicide residues in the environment without decreasing control efficacy of rice
blast. In addition, the finding provides strategies for achieving sustainable control of rice blast with different modes of action nano-fungicides and
conventional fungicides.
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blasticidin S challenged the longevity of their application in
rice paddies.8–10 Among them, azoxystrobin is a broad-
spectrum fungicide, which has been widely used to control
rice blast.11 It suppresses mitochondrial respiration by
binding to the Qo site of the cytochrome bc1 complex and
thus interrupting electron transfer and ATP synthesis.12 The
target of azoxystrobin, the cytochrome b subunit of the
cytochrome bc1 complex, is encoded by mitochondrial
genomic DNA and prone to mutation resulting in
azoxystrobin resistance.13,14 In addition, concerns have also
been raised about the potential risks to environmental
ecology and human health when fungicides reside in the
grains, soil, and waterways.15 Therefore, it is necessary to
develop novel fungicides to reduce the use doses of
conventional fungicides.

Due to their excellent antimicrobial properties, silver
nanoparticles (AgNPs) have been successfully applied for
countering human and plant pathogens, including bacteria,
fungi and viruses.16–18 One of the potential applications of
AgNPs is the management of plant diseases.19 Currently,
AgNPs are gradually being recognized as a promising
alternative to conventional fungicides in rice paddies. With
the technological improvement of synthesizing engineered
nanomaterials, smaller commercial or biosynthesized AgNPs
have been developed, but their antifungal activity remains
unknown. In addition, some antimicrobial mechanisms of
AgNPs have been proposed, especially in bacteria, including
those causing DNA, cell wall and cell membrane damage,
preventing electron transport or ATP biosynthesis, disturbing
protein synthesis, and activating ROS generation.20 However,
the toxicological effect and antifungal molecular mechanisms
of AgNPs remain unclear, especially on the intracellular
signaling pathways and key biological processes.

The specialized infection structure appressorium,
differentiated at the tip of the conidial germ tube, is utilized
by M. oryzae to rupture the rice cuticle and colonize host
cells.21 Proper appressorium development is required for the
virulence of M. oryzae and is tightly regulated by certain
signaling pathways and biological processes, including MAPK
(mitogen-activated protein kinase) signaling pathways and
autophagy.22,23 Pmk1 is a conserved MAPK orchestrating
appressorium formation in different fungi.24 Deletion of
MoPMK1 results in failure of appressorium formation and
plant infection in M. oryzae.25 A group of surface sensors,
including MoPth11, is involved in MoPmk1 phosphorylation
and sequential activation.26,27 During appressorium
formation, phosphorylation of MoPmk1 is directly catalyzed
by the kinase Mst7 (MAPKK) and then activates the
downstream transcription factor Mst12 to regulate
appressorium development and infection.28 In addition to
the MoPmk1 signaling pathway, autophagy is another crucial
biological process required for appressorium formation and
virulence. Autophagy is an evolutionarily conserved process
responsible for degrading damaged or obsolete intracellular
components, such as organelles and proteins, to maintain
energy homeostasis.29 Blocking of autophagy by disrupting

ATG8, an essential autophagy factor, abolishes appressorium-
mediated penetration in M. oryzae.30 Previous studies showed
that either AgNPs 20–30 nm in diameter or biosynthesized
AgNPs have the ability to inhibit the hyphal growth and
appressorium development of the rice blast fungus M.
oryzae.31,32 However, it is unknown how AgNP inhibits the
appressorium development in M. oryzae.

In this study, we investigated the toxicological effects and
antifungal activity of various sizes of commercial and
biosynthesized AgNPs and depicted the molecular
mechanism of AgNPs acting against M. oryzae. Our results
showed that AgNPs reduce the growth and virulence of M.
oryzae by disturbing cell wall morphology, weakening the
activation of the MoPmk1-mediated intracellular signaling
pathway and conidial autophagy. Further, we found that
AgNPs in combination with azoxystrobin enhanced fungitoxic
effects on azoxystrobin sensitive/resistant strains. Our
findings provide novel insights into the unique antifungal
mechanism of AgNPs against M. oryzae and the synergy
between AgNPs and azoxystrobin.

Materials and methods
Strains and culture conditions

The fungal strain M. oryzae wild-type strain (WT) B157 and
derivatives ΔMopmk1, ΔMopth11, ΔMoatg8, and ΔMomst12
were used in this study.27 The null mutant ΔMomps1 was
derived from the Guy11 background and used to test the
sensitivity in response to AgNPs.33 Field isolates of M. oryzae
were isolated from diseased panicles. All strains were
cultured on complete medium (CM, 6 g L−1 NaNO3, 0.52 g L−1

KCl, 0.52 g L−1 MgSO4, 1.52 g L−1 KH2PO4, 22 mg L−1 ZnSO4,
11 mg L−1 H3BO3, 5 mg L−1 MnCl2, 5 mg L−1 FeSO4, 1.7 mg
L−1 CoCl2, 1.6 mg L−1 CuSO4, 1.5 mg L−1 Na2MoO4, 0.05 g L−1

Na4EDTA, 10 g L−1 D-glucose, 2 g L−1 peptone, 1 g L−1 yeast
extract, 1 g L−1 casamino acid, 0.1 mg L−1 biotin, 0.1 mg L−1

pyridoxine, 0.1 mg L−1 thiamine, 0.1 mg L−1 riboflavin, 0.1
mg L−1 p-aminobenzoic acid, 0.1 mg L−1 nicotinic acid, pH
6.5) plates under 16 h light and 8 h dark conditions at 25 °C
according to standard procedures.21

To isolate the biocontrol strain Bacillus sp. Tu27, one
gram of rice seedling rhizosphere soil was resolved in 10 mL
of sterile distilled water and homogenized with steel balls.
The resultant solution (0.1 mL) was spread on nutrient agar
(NA) medium followed by a series of dilutions of 10 and 100-
fold, respectively. The single colony grown on the NA plates
was purified on another NA plate and then cultured with
mycelial plugs of M. oryzae by confrontation assays to screen
biocontrol strains that efficiently inhibit the growth of M.
oryzae. The potential biocontrol strains were stored at −80 °C
in 25% (v/v) glycerol.

To identify the isolated biocontrol strains, 16S rRNA gene
sequence analysis was performed. Briefly, bacterial DNA was
extracted with a genomic DNA isolation kit (DP302-02,
TIANGEN). The 16S rRNA gene was amplified from the
extracted genomic DNA with primers 63F and 1387R using
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high-fidelity polymerase enzyme (Vazyme d105, China) to
obtain 16S rRNA gene sequences, which were aligned in the
National Center for Biotechnology Information (NCBI) using
the nucleotide BLAST tool. The phylogenetic tree was
constructed using MEGA 7.0 software via the neighbor-
joining method.34,35

Preparation of silver nanoparticles

Silver nanoparticles with particle sizes of 2 nm (N196423)
and 15 nm (N186422) were purchased from Shanghai Aladdin
Biochemical Technology Corporation, China. The stock
solutions had a concentration of 1000 μg mL−1.
Biosynthesized AgNPs were synthesized in this study using a
cell-free culture filtrate of bacteria Bacillus sp. Tu27.
Biosynthesis of AgNPs was performed as described.31 The
cell-free supernatant of Tu27 was prepared by culturing
Bacillus sp. Tu27 in nutrient broth (NB) medium at 30 °C and
200 rpm for 2 d and filtering twice using a 0.22 μm filter
followed by centrifugation at 10 000 rpm at 4 °C for 20 min.
Cell-free supernatants (10 mL) were mixed with 90 mL of 3
mM silver nitrate solution and incubated at 30 °C with
shaking at 200 rpm for 4 d in the dark. A mixture of 10 mL
NB medium and 90 mL silver nitrate solution served as a
control. The resultant AgNP reaction solutions were tested by
UV-visible spectrometry in the wavelength range of 200–800
nm. AgNPs in the reaction solution were collected by
centrifugation at 10 000 × g for 20 min, washed twice with
sterile distilled water and stored at −80 °C.

Characterization of the biosynthesized AgNPs

Characterization of the biosynthesized AgNPs was performed
with Fourier transform infrared (FTIR), TEM, SEM, and X-ray
diffraction (XRD) as previously reported.31 The diameter of
the AgNPs was measured according to TEM images. FTIR was
performed to identify the functional groups responsible for
reducing Ag ions to AgNPs. The mixture of AgNPs (1 mg) and
potassium bromide was compressed and subjected to testing
on an AVATAR 370 FTIR spectrometer (Thermo Nicolet, USA)
in a spectral range of 500–4000 cm−1. To determine the
components of biosynthesized AgNPs, XRD was conducted
on a Bruker D8 Advance machine with a detector voltage of
45 kV and a current of 40 mA using CuKo radiation.

Sensitivity of M. oryzae to AgNPs and azoxystrobin

To evaluate the sensitivity of M. oryzae strains to a diameter
of 2 or 15 nm AgNPs and biosynthesized AgNPs, mycelial
plugs were inoculated on CM plates supplemented with 0.5,
1, 1.5, 2, 2.5, 5, and 10 μg mL−1 of AgNPs or 5, 10, 20, and 40
μg ml−1 biosynthesized AgNPs, and cultured in the dark for 6
d. To test the azoxystrobin resistance of M. oryzae strains,
mycelial plugs were inoculated on CM plates supplemented
with 10, 20, 40, and 100 μg mL−1 of azoxystrobin and cultured
in the dark for 6 d. To test the interaction between AgNPs
and azoxystrobin, mycelial plugs were inoculated on CM
plates supplemented with three different ratios of mixture:

azoxystrobin : AgNPs = 9 : 1, azoxystrobin : AgNPs = 1 : 1,
azoxystrobin : AgNPs = 1 : 9. The final concentrations of
azoxystrobin and AgNPs are 1.8 μg mL−1 AgNPs in
combination with 1 μg mL−1 of azoxystrobin, 1 μg mL−1

AgNPs in combination with 5 μg mL−1 of azoxystrobin, and
0.2 μg mL−1 AgNPs in combination with 9 μg mL−1 of
azoxystrobin, respectively. The treatments of 2 μg mL−1

AgNPs and 10 μg mL−1 azoxystrobin were separately used as
individual control treatments. The sensitivity assays were
repeated three times with three replicates each time. The
relative inhibitory rates and conidiation were calculated
based on the colony diameter and conidial numbers as
previously described.36

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) assays

To determine the size and morphology of AgNPs used in this
study, purchased and biosynthesized AgNPs solutions were
dried on copper mesh and TEM observation was performed
using a microscope (JEM-1230, Japan) by placing AgNPs on a
copper grid. To observe the effect of AgNPs on the fungal
morphology of M. oryzae hyphae, mycelia cultured in CM
medium for 2 days were treated with AgNPs with EC50 and
EC90 concentrations for 2 hours. Then, the mycelia were
collected and fixed with 2.5% (v/v) glutaraldehyde solution,
stained with 1% (w/v) osmium tetroxide and dehydrated with
a series of ethanol solutions (30–100%) as described.37 The
morphology of mycelia and biosynthesized AgNPs was
captured with SEM (SU8010, Hitachi, Japan) and TEM
(H7650, JEOL, Japan).

Observation of appressorium morphogenesis and infection
assays

To determine the effect of AgNPs on appressorium formation,
the WT strain was cultured on CM plates for 6 d to collect
conidia. The resultant conidial suspensions (1 × 105 conidia
per mL) amended with AgNPs at final concentrations of 0,
0.05, 0.1, 0.2, 0.4, and 2 μg mL−1 were inoculated on
hydrophobic plastic coverslips for 4, 8, and 24 h. The photos
were captured using an Olympus BX53 microscope under a
bright field.

To test the effects of AgNPs and azoxystrobin on virulence,
equal volumes (4 mL) of conidial suspensions (1 × 105

conidia per mL) were harvested from 6 d-old cultures of the
WT. Conidial suspensions were supplemented with final
concentrations of 0, 0.05, 0.1, 0.2, 0.4, and 2 μg mL−1 AgNPs
or a mixture of AgNPs and azoxystrobin, and then spray-
inoculated on 3 week-old susceptible rice seedlings CO39
(Oryza sativa). The inoculated rice seedlings were placed in
the dark for 2 d at 22 °C under humid conditions and
transferred to cycles of 16 h light/8 h dark conditions for 5 d.
The numbers and lesion area of rice disease lesions on leaves
were counted and measured at 5 d post inoculation (dpi).
The infection assays were repeated three times with
consistent results. Primers are supplemented in Table S1.†

Environmental Science: NanoPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
7 

20
23

. D
ow

nl
oa

de
d 

on
 2

02
4-

06
-2

2 
 9

:0
9:

19
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3en00168g


Environ. Sci.: Nano, 2023, 10, 2412–2426 | 2415This journal is © The Royal Society of Chemistry 2023

Fluorescence observation of conidial autophagy

Conidial suspensions collected from the fluorescent strain
expressing the fusion protein GFP-MoAtg8 were
supplemented with final concentrations of 0, 0.05, 0.1, 0.2,
0.4, and 2 μg mL−1 AgNPs. The resultant conidial suspensions
were inoculated on hydrophobic surfaces at 25 °C under
humid conditions. Fluorescence observation was performed
using a confocal fluorescence microscope Zeiss LSM700 at 4
and 24 h post inoculation (hpi). GFP fluorescence was
obtained with 488 nm laser excitation. The resultant images
were processed with ImageJ software and organized with
Adobe Illustrator CS6. The numbers of autophagosomes in
conidia were counted upon treatment with different
concentrations of AgNPs.

Western blotting

To detect the phosphorylation levels of MoPmk1 and
MoMps1, mycelia of the WT were cultured in liquid CM for 2
d and then treated with 2 μg mL−1 AgNPs for 2 and 6 h,
respectively. Total proteins were extracted from mycelia as
previously described.38 Briefly, mycelia were ground into
powders with liquid nitrogen and suspended in 10% (m/v)
trichloroacetic acid solutions. The resultant pellets were
dissolved in a solution of 30% (m/v) sucrose and 2% (m/v)
SDS. After centrifugation, the proteins in the supernatant
were pelleted with 80% methanol and then dissolved in 8 M
urea solution. Samples with equal total proteins were loaded
and separated on a 10% SDS-polyacrylamide gel and then
transferred to a PVDF membrane. The membrane was
blocked and immunoblotted with anti-P-p44/42 MAPK (Cat.
9101S, Cell Signaling Technology, USA), anti-MoPmk1 (Cat.
sc-514 302, Santa Cruz, USA), and anti-MoMps1 antibodies
(Cat. 9102S, Cell Signaling Technology, USA). The ECL
chemiluminescent kit (Cat. No. 1705060, Bio-Rad, USA) was
used for Western blotting detection. GAPDH, which was
detected by the anti-GAPDH antibody (Cat. No. R1208-3,
HuaBio, China), was used as a loading control.

Statistical analysis

All values presented in the column are the mean ± standard
deviation (SD). Significant differences among different
columns were calculated by Duncan's test at P < 0.01 and
indicated with different letters.

Results
AgNPs suppress mycelial growth and virulence of M. oryzae
dependent on size and dosage

The morphology and UV-vis absorption spectrum of the
AgNPs used in this study were first determined. Uniform
spherical silver particles were present, and the diameters of
each AgNP particle were consistent with theoretical values of
2 nm and 15 nm (Fig. 1A and S1†). To determine the
sensitivity of M. oryzae to AgNPs, a series of concentrations of
0.5, 1, 1.5, 2, 2.5, 5, and 10 μg mL−1 AgNPs with 2 nm or 15

nm diameters were used to obtain fungitoxicity curves and
calculate the effective concentration of AgNPs inhibiting
colony growth by 50% (EC50) values. Mycelial plugs of the WT
strain B157 were inoculated on CM plates supplemented with
a series of concentrations of AgNPs. As shown in Fig. 1B, the
growth of the B157 strain was significantly inhibited with
increasing concentrations of supplemented AgNPs. In
addition, 2 nm in diameter AgNPs displayed higher
inhibition efficacy than the same concentrations of 15 nm
AgNPs. Based on the fungitoxicity-curves of M. oryzae to
AgNPs, the EC50 of 2 nm AgNPs was 2.0 μg mL−1. Mycelial
growth was completely inhibited by 2 nm AgNPs at
concentrations of 5 and 10 μg mL−1. For 15 nm AgNPs,
significant growth inhibition (50%) was observed until the
concentration reached 5 μg mL−1 (Fig. 1C). Thus, 2 nm AgNPs
were used to further elucidate the antifungal mechanism
against M. oryzae. In contrast to vegetative growth,
conidiation showed a slightly decreasing tendency when
treated with different concentrations of AgNPs (Fig. 1D).
Further, the sensitivities of M. oryzae to AgNPs of 2 nm in
diameter were determined using 14 single-spore isolates from
diseased rice paddies. The 50% effective inhibition
concentrations of these 14 isolates against AgNPs ranged
from 2.7 to 3.3 μg mL−1 (Table S2†), which is comparable to
the model strain B157.

To evaluate the effect of AgNP treatment on the virulence
of M. oryzae, a conidial suspension of M. oryzae amended
with 2.0 μg mL−1 (EC50 of 2 nm AgNPs) AgNPs was spray-
inoculated onto rice seedlings. The conidial suspension
without AgNPs was used as a control. In contrast to the large
amount of rice blast lesions formed on the rice leaves, few
lesions were observed on the rice leaves inoculated conidia
with 2.0 μg mL−1 AgNPs, indicating that AgNPs severely
impaired the virulence of M. oryzae (Fig. 1E). To screen a
lower concentration of AgNPs sufficient for the inhibition of
M. oryzae virulence, the AgNPs were further diluted and
added into conidial suspensions to inoculate rice seedlings.
As shown in Fig. 1E and F, the number of lesions increased
by 50% at a concentration of 0.1 μg mL−1, in contrast to that
at a concentration of 2.0 μg mL−1 of AgNPs. These data
indicated that AgNPs suppress the virulence of M. oryzae in a
dosage-dependent manner.

AgNPs cause damaged fungal cell walls and suppress
appressorium development of M. oryzae

To explain why AgNPs in combination with azoxystrobin
enhanced the reduction in virulence of M. oryzae, the
antifungal mechanism of AgNPs was explored. Firstly, we
conducted SEM and TEM to monitor the fungal
morphologies treated with 2 μg mL−1 AgNPs or not. The
results of SEM showed that hyphae were collapsed and
aberrant after treatment with AgNPs in comparison with the
control (Fig. 2A), implicating damage to fungal cell wall
integrity. TEM observation further revealed the changes of
hyphal cell walls when treated with AgNPs (Fig. 2B). These
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data suggested that the inhibition of mycelial growth may be
associated with the cell wall damage caused by AgNPs.

In addition to growth, the appressorium, which is the
most important infection structure of M. oryzae, keeps a tight
relationship with virulence.21 Therefore, appressorium
development processes, including conidial germination and
appressorium formation, were monitored. Conidial
suspensions amended with 0, 0.05, 0.1, 0.2, 0.4, and 2 μg
mL−1 of AgNPs were dropped on the hydrophobic surface and
incubated for 4, 8, and 24 h. With the increase of AgNP
concentrations, the rates of conidial germination and
appressorium formation decreased gradually (Fig. 2C). At
0.05 μg mL−1 AgNPs, the ratios of conidial germination (88.6
± 5.4%) and appressorium formation (98.7 ± 1.2%) were
comparable to the ratios of conidial germination (88.2 ±
4.0%) and appressorium formation (98.6 ± 0.9%) of the
control at 0 μg mL−1 at 4 hpi and 24 hpi, respectively. In
contrast to the mock treatment, when treated with 0.1 μg
mL−1 AgNPs, conidial germination was suppressed. The rates
of conidial germination were decreased to 76.8 ± 3.2% and

95.5 ± 4.8% at 4 hpi and 8 hpi, respectively. However, at 24
hpi, the rate of appressorium formation at 0.1 μg mL−1 (94.8
± 0.8%) was comparable to that of the control (98.6 ± 0.9%).
Significant inhibition effects of conidial germination and
appressorium formation were found at 0.2 μg mL−1, which
was consistent with the conidial inoculation assays (Fig. 2D).
Moreover, conidial germination was completely blocked at an
EC50 concentration of AgNPs, suggesting that the same
concentration of AgNPs is more fungitoxic to spores than
hyphae. These results indicated that AgNPs play an inhibitory
role in appressorium formation.

AgNPs reduce appressorium formation by weakening the
phosphorylation of MAPK MoPmk1

The MAPK MoPmk1 is an essential regulator of appressorium
development and invasive growth in M. oryzae. MoPmk1 null
mutants of M. oryzae cannot form appressoria to infect rice
plants.25 We speculated that defects in appressorium
development and virulence caused by AgNP treatment may

Fig. 1 AgNPs inhibit growth and conidiation of M. oryzae. A. Morphologies of 2 nm and 15 nm silver nanoparticles (AgNPs) imaged by TEM. The
bars indicated in the figure represent 50 nm. B. AgNPs inhibit hyphal growth in a concentration- and size-dependent manner. Colonies of the WT
strain B157 cultured on CM with various sizes and concentrations of AgNPs for 6 d. C. Colony diameters of the WT strain B157 cultured on CM
amended with various sizes and concentrations of AgNPs. D. Conidiation was slightly reduced with increasing concentrations of AgNPs in M.
oryzae. E. Rice infection assays by inoculating conidial suspensions supplemented with the indicated concentrations of AgNPs, including 0, 0.05,
0.1, 0.2, 0.4, and 2 μg mL−1. Rice seedlings without AgNP treatment served as mock controls. Photos of rice leaves were taken at 5 dpi (days post
inoculation). F. Lesion numbers on rice leaves with different treatment of AgNP concentrations. These experiments were performed three times
with consistent results. The data were analyzed with Duncan's multiple range test (P < 0.01) and different letters indicate significant differences.
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be associated with MoPmk1 activity. Thus, the MoPmk1
activity, indicated by the phosphorylation levels of MoPmk1,
was detected by Western blotting. With AgNP treatment at 2
and 6 hpi, the phosphorylation level of MoPmk1 was
significantly suppressed, while the protein level of MoPmk1
did not change obviously (Fig. 3A). We also found that
compared with the WT, the deletion mutant ΔMopmk1 was
less sensitive to AgNPs at 2 μg mL−1 (Fig. 3B and C),
indicating that MoPmk1 is involved in the tolerance to AgNP
stress in M. oryzae. In addition, the phosphorylation level of

MAPK MoMps1, which is involved in regulating cell wall
integrity, was decreased at 2 hpi but apparently increased at
6 hpi (Fig. 3A). In contrast to ΔMopmk1, the ΔMomps1 became
more sensitive to AgNPs than the WT (Fig. S2†), which is
consistent with cell wall damage during TEM observation.

In the MoPmk1-mediated signaling cascade,
phosphorylated MoPmk1 could be activated by the upstream
surface sensor MoPth11, which then activates the
downstream transcription factor Mst12 to control
appressorium formation and infection.22 To further analyze

Fig. 2 AgNPs change hyphal cell wall morphology and play inhibitory roles in spore germination and appressorium formation. SEM (A) and TEM
(B) images of mycelia treated with 2 nm AgNPs. Two biological repeats are presented in penal B. Bar, 0.2 μm. (C) Appressorium formation was
reduced by AgNP treatment. Conidial drops with different concentrations of 2 nm AgNPs were inoculated on hydrophobic plastic coverslips.
The images were taken at 4, 8, and 24 hpi (hours post inoculation). Bar, 10 μm. (D) The percentages of spore germination and appressorium
formation at 4, 8, and 24 hpi were decreased upon AgNP treatment. This experiment was repeated twice with more than 100 conidia counted
each time. Different letters indicate a significant difference tested by Duncan's multiple range test (P < 0.01). SG, spore germination; AF,
appressorium formation.
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the molecular mechanism underlying the response of
MoPmk1 to AgNP stress, the roles of MoPth11 and MoMst12
in response to AgNP stress were investigated. When treated
with an EC50 concentration of 2 nm AgNPs, ΔMopth11 and
ΔMomst12 displayed lower growth inhibition rates than the
WT (Fig. 3D and E), suggesting that the MoPmk1-mediated
appressorium formation signaling pathway is involved in
responding to AgNP stress.

AgNPs impair conidial autophagy during appressorium
development

Autophagy is required for appressorium development and
infection in M. oryzae.39 Thus, we determined whether
conidial autophagy is further affected when treated with
AgNPs. Conidial autophagy was observed using the green
fluorescent protein GFP-labeled protein Atg8, which is a
common marker used to detect autophagy levels.40 When
conidial drops were inoculated on the hydrophobic surface,
conidial autophagy was indicated by the presence of GFP-
MoAtg8 labeled fluorescent dots in conidia at 4 hpi, and
ended with no obvious green fluorescence observed in
conidia at 24 hpi. In contrast, at 4 hpi, the green fluorescent
dots in conidia expressing the fusion protein GFP-Atg8
decreased when conidia were treated with increased
concentrations of AgNPs (Fig. 4A), indicating the suppression
of autophagy by AgNPs. In addition, green fluorescence was

still detected at 24 hpi in conidia treated with 0.2 μg mL−1

AgNPs, further implicating a suppressive role of AgNPs in
conidial autophagy. Consistent with fluorescence observation,
the numbers of autophagosomes in conidia were reduced
with increasing concentrations of AgNPs (Fig. 4B). These data
suggested that AgNPs play an inhibitory role in autophagy
during appressorium formation in M. oryzae. Furthermore,
the deletion mutant ΔMoatg8 was less sensitive to AgNPs
than the WT when incubated on CM plates amended with 2
μg mL−1 AgNPs (Fig. 4C and D), implicating a role of MoAtg8-
mediated autophagy in responding to AgNP stress.

AgNPs display antifungal activity against azoxystrobin-
resistant strains and their combination with azoxystrobin
shows a significantly enhanced antifungal activity

MoRIP1 is a putative subunit of the cytochrome bc1 complex
and encodes a Rieske iron–sulfur protein. Its gene deletion
mutant ΔMorip1 was resistant to azoxystrobin and showed lower
sensitivity to azoxystrobin compared to those of the WT and
complementary strain Morip1c (Fig. 5A and B). When inoculated
on AgNP-containing plates, AgNPs displayed a similar inhibitory
rate to the ΔMorip1 mutant in sensitivity to EC50 of AgNPs when
compared with the WT (Fig. 5C and D), suggesting that AgNPs
are effective to azoxystrobin-resistant strains.

To determine the control efficacy of AgNPs in combination
with azoxystrobin, inhibitory effects of AgNPs mixed with

Fig. 3 AgNPs inhibit the activity of the MoPmk1-mediated signaling pathway. A. Detection of the phosphorylation of the MAPKs MoPmk1 and
MoMps1 via Western blotting. Total proteins were extracted from mycelia treated with 2 μg mL−1 2 nm-AgNPs at indicated time points. The
phosphorylation level of MoPmk1 was decreased with the increase of treatment time. In contrast, the phosphorylation of MoMps1 decreased at 2
hpi but increased at 6 hpi. B. Deletion of MoPMK1 resulted in tolerance to AgNP stress. The mycelial plugs of ΔMopmk1 and WT were cultured on
CM plates supplemented with 2 μg mL−1 AgNPs. Photographs were taken at 6 dpi. C. The relative growth inhibitory rate of ΔMopmk1 was lower
than that of the B157 strain on CM plates amended with AgNPs. D. The sensitivities of ΔMopth11, ΔMomst12, and WT when grown on CM
supplemented with 2 μg mL−1 2 nm-AgNPs. Photographs were taken at 6 dpi. E. The relative growth inhibitory rates of ΔMopth11, ΔMomst12, and
WT on CM plates amended with AgNPs. The sensitivity tests were repeated three times with three replicates each time. Different letters indicate
significant differences estimated by Duncan's test at P < 0.01.
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azoxystrobin at various ratios on azoxystrobin-sensitive/
resistant strains were measured in vitro. As shown in Fig. 5E,
the mixture of AgNPs : azoxystrobin (9 : 1) significantly
increased the inhibitory rate on azoxystrobin-sensitive
(increased by 78.6% and 32.4%) and resistant strains
(increased by 21.7% and 306.4%) compared to the individual
treatments of 2 μg mL−1 AgNPs (10 : 0) and 10 μg mL−1 of
azoxystrobin (0 : 10). In addition, the mixture of AgNPs :
azoxystrobin (1 : 1) displayed a slightly enhanced inhibitory
rate on azoxystrobin-sensitive/resistant strains when
compared with individual treatments of AgNPs (10 : 0) or
azoxystrobin (0 : 10) at the P < 0.05 level. The inhibitory
effects of the AgNPs and azoxystrobin mixture on the
complementary strain Morip1c were similar to the WT strain
(Fig. 5E and F). These data indicated that AgNPs are more
effective on counting M. oryzae when AgNPs are used in
combination with azoxystrobin.

To further confirm the synergy between AgNPs and
azoxystrobin, the fungitoxic effects were tested on rice
seedlings inoculated with M. oryzae conidial suspensions
supplemented with mixtures of AgNPs and azoxystrobin. As
shown in the results, large numbers of lesions were formed on
the leaves inoculated with conidial suspensions without
fungicide AgNPs or azoxystrobin. In contrast, the combination
of AgNPs and azoxystrobin at the ratio of 9 : 1 or 1 : 1 caused a

significant decrease in the lesion area than individual
treatments with AgNPs or azoxystrobin (Fig. 5G and H). All
these results suggested that AgNPs have an additive synergy
with azoxystrobin when co-applied on rice seedlings.

Biosynthesis and characterization of AgNPs

The aforementioned results confirmed that AgNPs show high
antifungal efficacy against M. oryzae. In addition, the
biosynthesis of AgNPs has green, rapid, low-cost, and eco-
friendly advantages.41 Next, we biosynthesized AgNPs using a
bacteria-mediated pathway and compared their antifungal
efficacy. By screening the potential biocontrol strains isolated
from the rice rhizosphere, the strain named Tu27 showed
antagonistic effects on M. oryzae in the plate confrontation
assays and had the ability to catalyze the synthesis of AgNPs.
Through 16S rRNA sequence analysis and phylogenetic tree
analysis, the Tu27 strain was identified as Bacillus sp. (Fig. S3†).

Using the cell-free supernatant (CFS) of cultured Tu27,
AgNPs were synthesized by incubating CFSs with silver
nitrate solution. As shown in Fig. 6A, the color of the mixture
converted from light yellow to dark brown following 4 d
incubation with shaking at 30 °C. The formation of
nanoparticles was demonstrated by showing surface plasmon
resonance at 440 nm using a UV spectrophotometer. SEM

Fig. 4 Conidial autophagy is repressed by AgNPs. A. Conidial autophagy was monitoring by the marker protein GFP-Atg8 using confocal
microscopy during appressorium development. Conidial drops supplemented with different concentrations of 2 nm-AgNPs were inoculated on
hydrophobic plastic surfaces to induce appressoria formation. Images were taken at the indicated time points 4 and 24 hpi. Bar, 5 μm. B. The
numbers of autophagosomes in conidia. More than 20 conidia were counted each time. C. The deletion mutant ΔMoatg8 showed lower sensitivity
to 2 nm-AgNPs than that of the WT. D. The growth inhibition rates of WT and ΔMoatg8 cultured on CM plates amended with 2 μg mL−1 AgNPs.
Photographs were taken at 6 dpi.
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and TEM observation showed that spherical particles were
present with sizes ranging from 6 nm to 30 nm (Fig. 6B–D).
The functional groups of the biosynthesized AgNPs were
confirmed by FTIR (Fourier transform infrared) analysis. Six

peaks at 3420, 1640, 1570, 1400, 1265, and 556 cm−1 were
found in the FTIR spectrum, corresponding to the stretching
vibrations of –NH, –OH, and –CO (Fig. 6E). These groups
indicated a role of peptides or proteins in reducing Ag+ to

Fig. 5 AgNPs showed enhanced fungitoxic effects on the azoxystrobin-resistant and -sensitive strains when azoxystrobin was present. (A) The
constructed gene knockout strain ΔMorip1 is resistant to azoxystrobin. Mycelial plugs of WT, ΔMorip1, and complemented strain Morip1c were
inoculated on plates containing 10, 20, 40, and 100 μg mL−1 azoxystrobin. Pictures were taken at 6 dpi. (B) The growth inhibition rates of WT,
ΔMorip1 and complemented strain Morip1c to different concentrations of azoxystrobin. (C) AgNPs were effective to the azoxystrobin-resistant
strain ΔMorip1. (D) The growth inhibition rates of 2 μg mL−1 2 nm-AgNPs on the WT, ΔMorip1 and complemented strain Morip1c. (E) AgNPs
displayed a stronger inhibition when mixed with azoxystrobin at a ratio of 9 : 1 in vitro. (F) The growth inhibition rates of M. oryzae treated with
different mixtures at the indicated ratios. (G) AgNPs reduced more lesions when mixed with azoxystrobin at the ratio of 9 : 1 and 1 : 1. Rice seedlings
were inoculated with conidial suspensions supplemented with different ratios of 2 nm-AgNPs and azoxystrobin. Pictures were taken at 5 dpi. (H)
The relative lesion areas of M. oryzae-inoculated rice seedlings with different treatments. Bars were calculated from three individual repeats. The
data were analyzed with Duncan's multiple range test (P < 0.01) and different letters indicate significant differences.
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Ag0. The components of biosynthesized AgNPs were
determined by XRD analysis. Four emission peaks at 37.98°,
44.14°, 64.20°, and 77.09° were suitable for crystalline silver
planes (1 1 1), (2 0 0), (2 2 0), and (3 1 1) (Fig. 6F),
respectively, suggesting the presence of crystalline AgNPs.
The above characterization assays confirmed that AgNPs were
biosynthesized successfully.

Biosynthesized AgNPs display similar antifungal activity to
commercial AgNPs

The inhibitory effects of biosynthesized AgNPs on mycelial
growth, conidiation, and virulence were evaluated.
Biosynthesized AgNPs at 20 μg mL−1 significantly reduced the
mycelial growth of M. oryzae by more than 60%. Consistent
with commercialized AgNPs of 2 nm or 15 nm in diameter,
the higher the concentrations of biosynthesized AgNPs, the
more significant the inhibitions (Fig. 7A and B). Interestingly,
the inhibitory effects of AgNPs at 20 and 40 μg mL−1 on the
conidiation of M. oryzae were significantly increased
compared to those at lower concentrations (Fig. 7C). When
conidial suspensions were amended with 10 and 20 μg mL−1

biosynthesized AgNPs, few lesions were formed on the rice
leaves (Fig. 7D and E), indicating a high efficacy of
biosynthesized AgNPs in reducing the virulence of M. oryzae.
These data indicated that AgNPs biosynthesized by the strain
Tu27 display inhibitory effects on the development and
virulence of M. oryzae as commercialized AgNPs.

Discussion

Recently, there have been more applications and toxicological
analysis of AgNPs on various organisms, due to their
outstanding antimicrobial activity.42–46 To date, the detailed

intracellular signal transduction mediated by AgNPs against
microbes has not been clearly defined. In this study, we
systematically evaluated the fungitoxicity of AgNPs against
the rice blast fungus M. oryzae. Then, it is revealed that
AgNPs inhibit growth, appressorium development, and
virulence in M. oryzae by impairing cell wall integrity and
suppressing MoPmk1 signaling and autophagy (Fig. 8). And
further we found that AgNPs have an additive synergy when
co-applied with the conventional fungicide azoxystrobin.
Previous studies revealed that the proposed mechanisms of
AgNPs functioning in antimicrobials mainly involve three
aspects: first, AgNPs attach to the cell membrane and disturb
phospholipid bilayers resulting in increased cell membrane
permeability; second, AgNPs enter cells, causing damage to
intracellular organelles or large biomolecules; and third,
AgNPs modulate intracellular biological processes by
affecting signal transduction. To our knowledge, this is the
first report that AgNPs inhibit fungal development and
virulence by novel mechanisms of down-regulating the MAPK
MoPmk1 signaling pathway and autophagy in fungi.

AgNPs show different degrees of antimicrobial activity
based on various factors such as shape, size and
concentration.20 The sphere-shaped AgNPs were confirmed to
be more effective against Klebsiella sp. and Escherichia coli
than rod-shaped AgNPs.47 The AgNPs used in this study are
all spherical, as observed by TEM. In addition to shape, the
particle size of AgNPs is one of the most important factors
influencing inhibitory efficacy. The antifungal activity of
AgNPs against Fusarium graminearum was shown to be
dependent on the particle size.44 The smaller size of AgNPs
means a higher surface : volume ratio, which facilitates the
release of silver ions. In our study, excluding the effects of
shape, 2 nm AgNPs displayed better inhibitory activities on

Fig. 6 Characterization of biosynthesized AgNPs using the culture filtrate of biocontrol strain Tu27. (A) UV-vis absorption spectra of
biosynthesized AgNPs in the reaction solution. Scanning electron microscopy (B) and transmission electron microscopy (C) observation of
biosynthesized AgNPs. (D) The percentages of different sizes of AgNPs. More than 100 particles were measured. Fourier transform infrared (FTIR)
spectra (E) and X-ray diffraction (XRD) spectra (F) of the biosynthesized AgNPs using Tu27.
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M. oryzae than 15 nm AgNPs at the same concentrations,
further demonstrating that the size of AgNPs is a key
characteristic of antimicrobial activity. In addition, mycelial
growth was inhibited more with increasing concentration of
AgNPs supplemented in the medium, suggesting that the
efficacy of AgNPs is directly associated with the concentration
of AgNP application.

According to our results, the antifungal activity of AgNPs
is associated with cell wall damage and negative regulation of
Pmk1 signaling and autophagy. The integrity of the cell wall
is important for hyphal growth and virulence.48 Cell wall
damage caused by AgNP treatment could be confirmed by the
distorted morphology of direct SEM and TEM observation
and the indirect increased sensitivity of ΔMomps1 to AgNPs.
In addition to cell wall damage, our further observation
showed that AgNPs reduce the virulence of M. oryzae by
affecting conidial germination. Transcriptome sequencing of
F. solani species mycelia upon AgNP treatment revealed that

energy and substance metabolism-related genes were down-
regulated, implicating an interruption of the cell cycle and
ATP synthesis.49 Repression of energy metabolism may be
one reason why conidial germination was blocked at the EC50

concentration of 2 μg mL−1 AgNPs. In addition, AgNPs inhibit
the activation of the MAPK MoPmk1 to disrupt the
appressorium formation. The MoPmk1 signaling pathway
plays important roles in regulating appressorium formation.
Disruption of key components of the MoPmk1 signaling
pathway resulted in failure of appressorium development and
virulence in M. oryzae.23,25 In the nematode Caenorhabditis
elegans, the MAPK p38-based oxidative stress signaling
network is involved in defense against AgNP exposure.50

Moreover, the expression of MAPK was induced by AgNPs in
F. solani mycelia.49 Consistent with these studies, we found
that phosphorylation of MoPmk1 was suppressed upon AgNP
treatment. Furthermore, the disruptions of the MoPmk1
signaling pathway genes, including MoPTH11, MoPMK1, and

Fig. 7 Effect of biosynthesized AgNPs using Tu27 on the growth, conidiation, and virulence of M. oryzae. A. Effect of biosynthesized AgNPs on the
growth of M. oryzae. Mycelia plugs of M. oryzae were inoculated on CM plates supplemented with the indicated concentrations of AgNPs. Pictures
were taken at 6 dpi. B. The growth inhibition rates of M. oryzae cultured on CM plates supplemented with the indicated concentrations of
biosynthesized AgNPs. C. Conidiation of M. oryzae cultured on CM plates supplemented with biosynthesized AgNPs. D. The infection assays of M.
oryzae treated with or without biosynthesized AgNPs. Four week-old rice seedlings were inoculated with M. oryzae conidial suspensions
supplemented with 10 and 20 μg mL−1 biosynthesized AgNPs and captured at 6 dpi. E. The lesion number in M. oryzae-inoculated leaves was
measured. The data were estimated by Duncan's test and different letters indicate significant differences at the P < 0.01 level.
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MoMST12, resulted in the lower sensitivities to AgNPs,
suggesting that AgNPs reduce appressorium formation by
interfering with the MoPmk1 signaling pathway.
Furthermore, AgNPs cause defects in appressorium formation
by suppressing conidial autophagy. AgNPs impair
mitochondrial antiviral immunity by blocking autophagic
flux in lung epithelial cells.51 In our study, the autophagy
marker protein GFP-MoAtg8 decreased upon treatment with
increasing concentrations of AgNPs, indicating that the
autophagy was suppressed by AgNPs. Blocking autophagy by
deletion of MoATG8 decreased the sensitivity of AgNPs to M.
oryzae. In addition, several studies have indicated that
MoPmk1 signaling is associated with autophagy. In M. oryzae,
MoPmk1 is responsible for conidial autophagy during
appressorium development.52 A recent report revealed that
MoPmk1 signaling and autophagy could be activated by one
common activator MoMka1.53 Taken together, we postulated
that AgNPs show antifungal activity by disturbing cell wall
integrity, as well as MoPmk1- and Atg8-mediated pathways
during appressorium development, resulting in reduced
virulence of M. oryzae.

In recent years, the widespread use of azoxystrobin in
disease control has resulted in the occurrence of
azoxystrobin-resistant strains. Azoxystrobin resistance has
been reported to be related to mutations at the M. oryzae
target protein Cytb subunit of the cytochrome bc1 complex.54

Previous reports suggested that there exists conformationally
linked interaction between inhibitors of the Qo site and the
Rieske iron–sulfur protein Rip1 in the cytochrome bc1
complex.55 This conclusion was further confirmed by the
evidence that deletion of MoRIP1 resulted in resistance to
azoxystrobin, which is the first report in filamentous fungi.
AgNPs are reported to count fruit brown rot pathogen
Monilinia fructicola isolates resistant to benzimidazole
fungicides.43 Further, we found that AgNPs are not only

effective to azoxystrobin-resistant strains, but also their
combination with azoxystrobin at appropriate ratios
enhances the fungitoxic effect on M. oryzae both in vitro and
when applied on preventing rice seedling blast. According to
our results, we assumed that cell wall damage caused by
AgNP treatment may prompt the entry of azoxystrobin into
fungal cells to disrupt ATP synthesis and inhibit growth.
Together, our results provide some important references for
resistance management and sustainable application of
azoxystrobin in the field.

Biosynthesis of AgNPs is an environmentally friendly, low-
cost, and easy method to synthesize AgNPs using extracts
from plants, fungi, and bacteria.41,56 Some bacteria such as
Bacillus licheniformis, Bifidobacterium bifidum, and
Lactobacillus sp. are reported to synthesize silver
nanoparticles for antimicrobial, antioxidant, and anticancer
applications.57,58 The endophytic strain Pseudomonas poae
has the ability to synthesize AgNPs to protect wheat from F.
graminearum infection.59 An endophytic bacterium Bacillus
endophyticus strain H3 isolated from onion is able to
synthesize AgNPs to inhibit M. oryzae.31 A recent report
showed that biosynthesized AgNPs by using cucumber leaves
and rice husk extracts exhibit long-term antimicrobial
properties in comparison with chemically synthesized
AgNPs.60 In this study, the biocontrol strain Bacillus sp. Tu27
was identified by screening strains isolated from the rice
rhizosphere and plate confrontation assays. Using the cell-
free culture filtrate of Tu27, AgNPs were biosynthesized and
showed good antifungal activity against M. oryzae as
commercial AgNPs. The biosynthesized AgNPs are spherical
with sizes ranging from 6 to 30 nm. Therefore, the EC50

concentration of biosynthesized AgNPs against M. oryzae is
higher than that of 2 nm AgNPs. In contrast to chemically
synthesized AgNPs, biosynthesized AgNPs increased
conidiation at concentrations higher than the EC50, which
may be caused by functional groups in the biosynthesized
AgNPs. In the future, it is crucial to further optimize the
biosynthesis reaction conditions of AgNPs to improve the
antimicrobial ability of biosynthesized AgNPs.

Overall, we revealed that the MoPmk1 signaling pathway
and conidial autophagy were novel pathways suppressed by
AgNPs in addition to cell wall damage. These contributed to
elucidating the underlying antifungal mechanism of AgNP-
mediated management of rice blast. Co-application with
azoxystrobin will improve the antifungal activity of AgNPs
and environmental impact. Our finding provided
fundamental theoretical support for foliar application of
AgNPs and azoxystrobin in future rice blast disease control.

Accession number

The M. oryzae genes from this article can be found in the
GenBank database under the following accession numbers:
MoRIP1 (MGG_16866), MoPMK1 (MGG_09565), MoMPS1
(MGG_04943), MoPTH11 (MGG_05871), MoMST12
(MGG_12958), and MoATG8 (MGG_01062).

Fig. 8 A proposed model of the antifungal molecular mechanism of
AgNPs on rice blast fungus. AgNPs compromised the appressorium
formation and virulence by suppressing conidial autophagy and MAPK
MoPmk1 signaling in M. oryzae. Azoxystrobin inhibits growth by
disturbing the electron transport chain and ATP synthesis. AgNPs co-
applied with azoxystrobin displayed enhanced fungitoxicity, which may
be caused by cell wall damage resulting in more azoxystrobin entering
into fungal cells.
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