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Abstract
Solving the fungicide resistance of the rice blast fungus Pyricularia oryzae (P. oryzae) is es-
sential for rice production in the Mekong Delta region of Vietnam. Thus, this study aimed 
to investigate fungicide resistance and evaluate Ag/SiO2 nanocomposites for controlling 
the chemical resistance of P. oryzae. Here, a total of 30 P. oryzae isolates was collected, 
and most of the isolates exhibited conidia with pyriform and short pyriform. The sensi-
tivity in vitro of all isolates was measured against those three chemicals via the poison-
ing method. Furthermore, the EC50 and the resistance factor (RF) were evaluated for 
12 days after inoculation. The obtained results revealed that all of the P. oryzae isolates were 
sensitive to tricyclazole; to chlorothalonil, 67% of them were sensitive, while the rest 33% 
were medium-sensitive. To azoxystrobin, 17% of them were sensitive, 57% were medium- 
-sensitive, 23% were resistant, and the rest, 3%, were highly resistant. Subsequently, the 
antifungal activity of the Ag/SiO2 nanocomposites against two P. oryzae resistance isolates 
(labeled TM4 and TAT2) was determined. Interestingly, Ag/SiO2 nanocomposites exhibited 
a 100% inhibition effect for mycelial growth of TM4 and TAT2 isolates at a concentration of 
60 µg ∙ ml–1 because Ag/SiO2 nanocomposites can activate the hyphae of P. oryzae to lose 
their typical structure (breaking filaments and damaging cell wall integrity). Overall, this 
study confirms the resistance of P. oryzae isolates to azoxystrobin and chlorothalonil and 
also highlights the potential of Ag/SiO2 as an alternative solution to control blast rice 
disease. 

Keywords: Ag/SiO2, blast rice disease, fungicide resistance, nanocomposites, Pyricularia 
oryzae 

Introduction

Rice is the main food crop of Vietnam, and agricul-
tural development aims to ensure the food security of 
many rice-dependent countries. Vietnam is one of the 
world’s largest rice producers and the second-largest 
rice exporter in the world, with an average produc-
tion output in 2022 year of 42,672,338.69 tons. In an 
attempt to increase yield and quality of rice produc-
tion one of the critical challenges for rice produc-
tion to increase yield and quality is rice blast disease 
caused by Pyricularia oryzae, resulting in yield losses 
of up to 80% in susceptible varieties (Nalley et al. 2016; 
FAOSTAT 2024). The use of resistant varieties for 

limiting the disease effect has increasingly lost its ad-
vantages due to climate change. The pathogen quickly 
evolves to overcome plant resistance (Cai et al. 2021). 
The practical effectiveness of biocontrol methods 
which are based on plant extracts and biocontrol 
agents have limited in vitro studies, and is often unsta-
ble (Wiraswati et al. 2019). Consequently, fungicides 
have emerged as a crucial strategy in managing and 
mitigating the impact of rice blast disease.  

Over 200 active ingredients have been allowed 
for blast rice control in Vietnam, mainly tricycla-
zole, azoxystrobin, isoprothiolane, and chlorothalonil 
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(LPAU&LPBU in Vietnam, 2023). The vast field sizes, 
along with potentially substantial economic losses, 
drive farmers to follow fungicide-spraying calendars, 
regardless of disease presence, promoting the emer-
gence of fungicide-resistant populations (Kunova et al. 
2014; D’Ávila et al. 2021). Pathogenic P. oryzae popu-
lations worldwide have been recorded to be resistant 
to azoxystrobin (Hirooka and Ishii 2013; Kunova et al. 
2014; D’Ávila et al. 2021), carbendazim (Chuan-qing 
et al. 2004), and triazoles (Fang et al. 2009; Dorigan 
et al. 2019). Furthermore, a slight reduction in sen-
sitivity to tricyclazole among the population in Chi-
na and evidence that P. oryzae isolate is adapting to 
fungicide Bim® 750 BR (tricyclazole − 250 g · kg–1) 
have been recorded (Chuan-qing et al. 2004; Bezerra 
et al. 2021). Besides diminishing the effectiveness of 
chemical treatments, the development of resistance in 
P. oryzae pathogens to fungicides has led to the need 
for higher doses or more frequent applications. As 
a result, there is growing public concern regarding 
fungicides’ toxicity and subsequent effects. Numerous 
active ingredients in fungicides are being banned 
for the sake of safety, which is why, farmers and 
researchers are looking for alternative replacements.

 Nanoparticles have demonstrated substantial 
efficacy in controlling a broad spectrum of pests 
(Okey-Onyesolu et al. 2021; Wang et al. 2021; Khan 
et al. 2022) and could play an important role in solv-
ing the problem of developing resistant pathogens. Sil-
ver nanoparticles (AgNPs) are one of the most abun-
dant nanomaterials and have created great interest in 
agriculture due to their biocidal activity (Al-Zubaidi 
et al. 2019). By interrupting electron transport and 
disrupting cellular metabolism, AgNPs could attack 
many biological organelles, including the structure 
of the cell membrane (Guo et al. 2019). In addition, 
AgNPs damage DNA, inhibit protein synthesis re-
lated to ATP production, and inhibit cell proliferation 
(Akter et al. 2018). The biocidal activity of AgNPs is 
mainly determined by their size, surface properties, 
and the concentration used. In order to optimize the 
AgNPs properties and modeling of the biological ac-
tivity, different stabilizing agents such as silica (SiO2) 
and carboxyl methyl cellulose (CMC) were added dur-
ing the AgNPs synthesis process. SiO2 acts as a protec-
tive barrier to stop silver particles from agglomerat-
ing and stabilize the formation of AgNPs (Park et al. 
2017). Meanwhile, CMC stabilizes the colloidal system 
and induces the oxidative dissolution of AgNPs, which 
causes the release of silver ions that interact with bio-
molecules within the cell, such as nucleic acids, and 
cell wall components (Rangelova et al. 2014; Prema 
et al. 2017; Salem et al. 2022). Moreover, for Ag/SiO2, 
biologically active stabilizers can intensify the penetra-
tion of AgNPs through biological membranes and fa-
cilitate their accumulation in cell organelles. 

There are studies on the antifungal activity of 
Ag/SiO2 against Fusarium oxysporium and Rhizoctonia 
solani (Nguyen et al. 2016), Aspergillus flavus (Tran 
et al. 2023), Botrytis cinerea (Baka and El-Zahed 2022). 
However, very little data is available on the effect of 
Ag/SiO2 against P. oryzae (rice blast fungus). There-
fore, this study aimed to (1) collect the fungus causing 
rice blast disease in the main rice production area of 
the Mekong Delta (Vietnam), (2) examine the sensitiv-
ity of P. oryzae to tricyclazole, azoxystrobin, and chlo-
rothalonil, and (3) develop Ag/SiO2 nanocomposites 
via a chemical reduction of silver nitrate by NaBH4 in 
the presence of CMC and evaluate the antifungal ac-
tivity against two P. oryzae isolates that are resistant to 
chemical active ingredients. Overall, this study con-
firmed the presence of chemical resistant P. oryzae in 
the Mekong Delta (Vietnam) and suggested Ag/SiO2 
nanocomposite as a potential alternative solution for 
this problem. 

Materials and Methods

Materials

Silver nitrate (AgNO3, 99.0%, Xilong Scientific Co., 
Ltd., China), sodium borohydride (NaBH4, 98.0%, 
Xilong Scientific Co., Ltd., China), hydrochloric acid 
(HCl, Xilong Scientific Co., Ltd., China), and carboxyl 
methyl cellulose (CMC, Xilong Scientific Co., Ltd., 
China, viscosity: 300–800 mPa s) were used. Agar 
powder (100%) was obtained from Hai Long Com-
pany (Vietnam). Rice husk silica (99.5%) was supplied 
by BSB Nanotechnology Joint Stock Company (Viet-
nam). Bi-distilled water was used throughout the ex-
periments.

Technical-grade active ingredients (a.i.) includ-
ing tricyclazole (95% a.i., Eastchem Co., Ltd., China), 
azoxystrobin (97% a.i., Eastchem Co., Ltd., China), 
and chlorothalonil (98% a.i., Shandong Weifang Rain-
bow Co., Ltd., China) were prepared by dissolving 
0.5 g of powdered fungicide active ingredients with 
99.6% acetone and adding distilled water to reach 
a volume of 100 ml. Then, the stock solution of each 
active ingredient was collected to a concentration of 
5000 µg · ml–1. The stock solutions were stored at 4°C 
in darkness and prepared within 2 weeks before the 
experiments. 

Isolation of Pyricularia oryzae

Rice leaf samples showing typical blast symptoms were 
collected from rice variety IR504504 in different loca-
tions in the Mekong Delta regions of Vietnam in 2022 
and 2023, under good weather conditions and from 
untreated rice fields. Samples were collected from 
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fields that had previously been reported to have rice 
blast disease and where chemical pesticides were regu-
larly used for its control. The diseased samples were 
used for pathogen isolation in 48 hours. The place and 
time of rice blast sample collection for P. oryzae isola-
tion are presented in Table 1. 

Pyricularia oryzae were isolated using a single spore 
technique as described by Mew and Gonzales (2002). 
The collected samples were sterilized and incubated on 
moist filter paper in a Petri dish for 24 h and slightly 
scanned on aqueous agar medium (i.e., water agar or 
WA; consisting of 20 g agar in 1 l of distilled water). 
After that, a single spore was observed under a micro-
scope and transported to potato dextrose agar (PDA – 
200 g of potato, 20 g of agar, 20 g of D-glucose, and 1 l 
of distilled water) using a pipet (200 µl). The Petri dish 
was cultured at 26 ± 2°C for 7 days; the fungi colony 
was then transported to oatmeal medium (OMA – 
50 g of powdered pulses, 20 g of agar, 20 g of glucose, and 
1 l of distilled water) and kept at 26 ± 2°C to trigger the 

formation of conidia. Finally, these cultures of all sin-
gle isolates carrying mycelia and conidia were stored at 
−20°C in sterile glass vials after necessary drying. The 
color of fungal colonies, melanin formation, growth, 
mycelium morphology, and morphology of conidia of 
each fungal isolate were observed (please see the process 
flow in Fig. 1A). 

Sensitivity of Pyricularia oryzae  
populations to tricyclazole, chlorothalonil, 
and azoxystrobin active ingredients 

A total of 30 P. oryzae isolates was used to determine 
the sensitivity to tricyclazole, chlorothalonil, and azox-
ystrobin (active ingredients) using the poisoned food 
method (Balouiri et al. 2016). The autoclaved PDA 
samples were amended with each active ingredient to 
obtain concentrations of tricyclazole: ca. 20, 40, 60, 80, 
100, and 140 µg · ml–1, those of chlorothalonil: ca. 0.5, 
2, 5, 15, and 30 µg · ml–1, and those of azoxystrobin: 

Table 1. Place and time of blast rice sample collection for Pyricularia oryzae isolation

Isolates Place of collection Time Isolates Place of collection Time Isolates Place of collection Time

BL1

10°37’22.8”N 
106°32’14.3”E

2023

TAT1

10°38’56.5”N 
105°46’38.0”E

2023

TM1

10°32’42.9”N  
105°54’18.9”E

2023
BL2 TAT2 TM2

BL3 TAT3 TM3

BL4 TAT4 TM4

TTH1

10°36’54.1”N 
106°25’46.1”E

2023

CL1

10°39’24.4”N 
105°40’24.6”E

2023

TT1
10°30’30.7”N  
104°52’17.7”E

2022TTH2 CL2 TT2

TTH3 CL3 TT3

TTH4 CL4 TB1
10°34’26.6”N  
104°55’40.8”E

2022GT1 10°28’20”N

104°41’2”E
2022

TS1 10°16’13.4”N 
105°07’43.7”E

2022
TB3

GT2 TS2 TB4

Fig. 1. A – schematic isolation process of Pyricularia oryzae; B – synthesis process of Ag/SiO2 nanocomposites
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ca. 0.01, 0.1, 0.5, 2, and 5 µg · ml–1. An inverted 5 mm 
diameter mycelial plug (cut from the margin of 
a 7-day-old colony with a cork borer) was inoculated on 
the previously described PDA sample, and treatment. 
The control was made by adding an equal amount of 
distilled water (solvent) without fungicide was used 
The experiments were performed using a completely 
randomized design with four replicates. The plates 
were incubated at 28 ± 2°C for 12 days in the dark, 
and the diameter of mycelial growth was measured 
and processed using Microsoft Excel 2010. The myce-
lial growth inhibition rate (MGIR %) was calculated by 
Equation 1. Statistical analyses were conducted using 
one-way ANOVA with Duncan’s multiple range test 
(p < 0.01) to determine the significant difference by 
SAS 9.1 software. To determine the EC50 value for each 
fungicide, the MGIR was regressed against log10 [fun-
gicide]. EC50 was determined by solving the regression  
equation for log10 [fungicide] at MGIR 50% (Song 
et al. 2022).

 

 MGIR = (1 – diameter of the treatment)
diameter of the control

 × 100%.    Eq. (1)

Fungal isolates were then divided into groups 
based on the resistance coefficient – resistance fac-
tor (RF) (Gouot 1988) for all tested active ingredient 
fungicides. In this study, the isolates with the lowest 
EC50 for each a.i. were considered sensitive samples 
for those a.i. and used for observing the sensitivity of 
the rest of the P. oryzae isolates. The resistance fac-
tor (RF) was expressed as the ratio of the EC50 and 
the lowest EC50 among the P. oryzae isolates. Fungal 
isolates were classified into: the susceptible group if 
RF < 3, the medium resistant group if RF = 3÷20, the 
resistant group if RF = 20÷100, and the highly resistant 
group if RF > 100. 

Synthesis of Ag/SiO2 nanocomposites  
samples and their characterization 
The Ag/SiO2 colloidal nanocomposites (NCs) were 
synthesized via a chemical reduction of silver nitrate 
by NaBH4 in the presence of CMC. Their synthesis 
route and detailed measured methods were previously 
described by Pham et al. (2021).  Please see Figure 1B. 
Scanning electron microscopy (SEM, Hitachi S-4800) 
and transmission electron microscopy (TEM, JEOL, 
JEM-1400, 120 keV) were used to record the Ag/SiO2 
NCs’ micrographs and determine the Ag NPs’ mor-
phology and size distribution. A Nanoparticle Ana-
lyzer (HORIBA, SZ-100) was used to measure the hy-
drodynamic size (DLS) and the zeta potential (surface 
charge) of Ag/SiO2 NCs.

 

Evaluation of the antifungal activity  
of nanomaterials against Pyricularia oryzae

The experiment was carried out using the poisoned 
food method, as described in section 2.3. The Ag/SiO2 
stock solution was adjusted to pH = 6.5–7.0 with the 
HCl solution (1M) before adding to the PDA medium. 
To determine the sensitivity of P. oryzae to Ag/SiO2 
NCs, a series of concentrations of 15, 30, 45, 60, 75, 
and 90 µg · ml–1 was used to calculate the effective con-
centration of Ag/SiO2 NCs inhibiting colony growth 
by 50% (EC50) values. In addition, the stabilization at 
a CMC concentration of 90 µg · ml–1, and H2O was 
used as the control. Mycelial plugs of the TM4 and 
TAT2 strains were inoculated on PDA plates supple-
mented with a series of the above concentrations. Two-
factor experiments were performed using a completely 
randomized design with factor A as a P. oryzae isolate 
and factor B as a concentration of Ag/SiO2, four rep-
licates of each variant, and one replicate of one Petri 
dish. The diameter of mycelial growth was determined   
and processed using Microsoft Excel 2010, and the 
mycelial growth inhibition (MGIR %) was investigated 
by Equation 1. Statistical analyses were conducted us-
ing one-way ANOVA with Duncan’s multiple range 
test (p < 0.01) to determine the significant difference 
by SAS 9.1 software. 

Results

Isolation and characterization  
of Pyricularia oryzae 

In this study, 30 P. oryzae isolates were isolated using 
the single spore method. The morphological charac-
teristics of 30 rice blast isolates were examined. Fungal 
filaments on PDA plates were observed after 12 days 
and transferred to OMA to stimulate conidia forma-
tion and to observe conidia shape under a microscope. 
The colony had thin gray-white mycelium, the surface 
of the mycelium was quite rough, and the margin of 
the fungal colony was clear; flat or fluffy filaments and 
filament density were observed for filamentous pat-
terns.  Melanim pigment (black pigment) was in the 
center and became faded towards the outside. Here, 
Figure 2 records the morphological characteristics of 
conidia forms of P. oryzae. Most of the isolates had 
conidia with a pyriform shape and short pyriform 
conidia (isolates CL1, TTH1, TTH2, TTH3, TTH4, 
TB1 and TB3); the conidia of all P. oryzae isolates had 
2 septa. The colony characteristics, melanin pigment, 
and shape of conidia are essential factors for P. oryzae 
identification.
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Sensitivity of Pyricularia oryzae populations 
to tricyclazole, chlorothalonil, and 
azoxystrobin 

The investigated concentrations of three chemical ac-
tive ingredients were suitable for examining the resist-
ance of P. oryzae. The mycelial growth inhibition rate 
of tricyclazole, chlorothalonil, and azoxystrobin were 
recorded in Table 2. The mycelial growth of 63% P. ory-
zae isolates was completely inhibited on PDA media, 
and amended with tricyclazole at 140 µg · ml–1 while 
the remaining had weak growth. The lowest MGIR was 
observed in P. oryzae isolates BL4 and TAT2, which, 
respectively, was 79.5% and 73.1% at 140 µg · ml–1  

of tricyclazole; and the difference was significant at 
p ≤ 0.01 (Table 2). 

An effect on the radial mycelial growth of all 
P. oryzae isolates was observed in all used concentra-
tions of chlorothalonil. In the case of 30 µg · ml–1  con-
centration of chlorothalonil, there was no radial my-
celial growth (i.e., 100% mycelial growth inhibition) 
in plates with P. oryzae isolate TB4. P. oryzae isolates 
TTH1, TM4, TAT2, TAT3, CL2, and TB1 showed the 
lowest MGIR at all chlorothalonil concentrations. The 
difference was significant at p ≤ 0.01 (Table 2).

Azoxystrobin completely inhibited the mycelial 
growth of P. oryzae isolates BL2, TT3, and TB1 (MGIR 
was 100%) at a concentration of 5 µg · ml–1. The lowest 
MGIR at 5 µg · ml–1 of azoxystrobin was 52.0% observed 
in P. oryzae isolate TM4, followed by P. oryzae isolates 
TAT2, TAT3, and TT2 with MGRI 60.7%, 62.2% and 
62.8%, respectively. The difference was significant at 
p ≤ 0.01 (Table 2). 

The linear regression equation for EC50 determi-
nation of each isolate was established with a strong 
positive correlation, R2 value ≥ 0.9410 for tricycla-
zole, R2 value ≥ 0.8373 for chlorothalonil and R2 value 
≥ 0.7831 for azoxystrobin (Sup. Table).

The investigated concentrations for calculating 
EC50 of tricyclazole, chlorothalonil, and azoxystrobin 
were varied according to their active mechanisms. Al-
though the linear regression equations were recorded 
using the mycelial growth inhibition rate, the EC50 
of each chemical active ingredient for each isolate 
could finally be determined, as shown in Table 3. In 
this study, the isolates with the lowest EC50 were con-
sidered sensitive samples for observing the sensitivity 
of P. oryzae collection. The RF value of the rest of the 
studied fungal isolates was calculated by dividing the 
EC50 to the lowest EC50 among the fungal isolates. 

Fig. 2. Conidia morphologies of 30 Pyricularia oryzae isolates
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The lowest EC50 for tricyclazole was P. oryzae CL3 
(55. µg · ml–1), that for chlorothalonil was P. oryzae 
TB3 (5 µg · ml–1), and that for azoxystrobin was P. ory-
zae BL1 (0.04 µg · ml–1), as shown in Table 3. 

In general, the RF of 30 P. oryzae isolates for each 
a.i. was varied in a wide range and higher with the 
azoxystrobin (RF ranging from 1.3 to 106.3) than 
with the tricyclazole (RF ranging from 1.1 to 2.1) and 
chlorothalonil (RF ranging from 1.3 to 4.5), as shown 
in Table 3. The rate of insensitivity to azoxystrobin 
among these 30 P. oryzae isolates was higher than to ei-
ther tricyclazole or chlorothalonil. All of the P. oryzae 
isolates were sensitive to tricyclazole, but 67% of them 
were sensitive to chlorothalonil, and 33% of them were 
medium-sensitive. In addition, 17% of P. oryzae iso-
lates were sensitive to azoxystrobin, while 57% were 

medium-sensitive, 23% were resistant, and 3% were 
highly resistant (Table 3 and Fig. 3). 

The EC50 range for tricyclazole was quite broad 
and varied from 55.50 µg · ml–1 (isolate CL3) to 
117.10 µg · ml–1 (isolate TAT2). Based on RF ≤ 2,1, all 
of the 30 P. oryzae isolates were sensitive to tricycla-
zole (Table 3, Fig. 3). The EC50 for chlorothalonil var-
ied from 5.0 µg · ml–1 (isolate TB3) to 22.50 (isolate 
TAT2). Interestingly, the isolates collected from one 
place simultaneously showed different EC50 and lev-
els of sensitivity to the chlorothalonil. Based on the RF  
results, 67% of isolates were sensitive to chlorothalonil 
(Fig. 3), from which all were collected in 2022, and half 
were collected in 2023. The remaining isolates of 2023 
involved BL1, BL3, TTH1, TTH4, TM1, TM3, TM4, 
TAT2, TAT3 and CL1were medium sensitive (Table 3). 

Table 3. Isolates, EC50, RF, and sensitivity classification of Pyricularia oryzae

Isolates
Tricyclazole Chlorothalonil Azoxystrobin

EC50 RF sensitivity EC50 RF sensitivity EC50 RF sensitivity

BL1 59.4 1.1 S 16.2 3.2 MR 0.04 1.0 S

BL2 78.5 1.4 S 8.9 1.8 S 0.05 1.3 S

BL3 58.5 1.1 S 17.5 3.5 MR 0.09 2.3 S

BL4 106.2 1.9 S 14.6 2.9 S 0.1 2.5 S

TTH1 114.4 2.1 S 16 3.2 MR 0.61 15.3 MR

TTH2 80.4 1.4 S 10.6 2.1 S 0.08 2.0 S

TTH3 63.3 1.1 S 7.4 1.5 S 1.34 33.5 R

TTH4 65.8 1.2 S 19.8 4.0 MR 2.21 55.3 R

TM1 104.8 1.9 S 16 3.2 MR 0.15 3.8 MR

TM2 103.8 1.9 S 14.7 2.9 S 0.14 3.5 MR

TM3 97.2 1.8 S 15.6 3.1 MR 0.28 7.0 MR

TM4 103.8 1.9 S 22.4 4.5 MR 4.25 106.3 HR

TAT1 75.2 1.4 S 14.6 2.9 S 0.19 4.8 MR

TAT2 117.1 2.1 S 22.5 4.5 MR 2.15 53.8 R

TAT3 97.8 1.8 S 18.1 3.6 MR 1.85 46.3 R

TAT4 61.5 1.1 S 13.6 2.7 S 1.73 43.3 R

CL1 98.6 1.8 S 17.3 3.5 MR 0.2 5.0 MR

CL2 95.3 1.7 S 6.8 1.4 S 0.22 5.5 MR

CL3 55.5 1.0 S 8.6 1.7 S 1.00 25.0 R

CL4 77.9 1.4 S 10 2.0 S 0.57 14.3 MR

TS1 79.8 1.4 S 9.4 1.9 S 0.25 6.3 MR

TS2 86.5 1.6 S 6.8 1.4 S 0.24 6.0 MR

TT1 73.5 1.3 S 8.6 1.7 S 0.19 4.8 MR

TT2 86.2 1.6 S 10 2.0 S 0.4 10.0 MR

TT3 66.8 1.2 S 6.4 1.3 S 0.5 12.5 MR

GT1 81.3 1.5 S 11.3 2.3 S 0.57 14.3 MR

GT2 82.8 1.5 S 8.3 1.7 S 1.2 30.0 R

TB1 93.8 1.7 S 13 2.6 S 0.25 6.3 MR

TB3 81.9 1.5 S 5 1.0 S 0.4 10.0 MR

TB4 66.2 1.2 S 8.7 1.7 S 0.36 9.0 MR

S – sensitive; MR – medium resistance; R – resistance; HR – high resistance
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With the azoxystrobin, the EC50 of 30 P. oryzae 
isolates varied from 0.04 µg · ml–1 (isolate BL1) to 
4.25 µg · ml–1 (isolate TM4). The isolates BL1, BL2, 

BL3, BL4 and TTH2 were sensitive to azoxystrobin 
with the EC50 ≤ 0.1 µg · ml–1 and RF ≤ 2.5. Isolate 
TM4 had a high resistance to azoxystrobin with EC50 
4.25 µg · ml–1 and RF 106.3. The P. oryzae isolates TTH3, 
TTH4, TAT2, TAT3, TAT4, CL3, and GT2 showed re-
sistance, while the remaining isolates were considered 
medium resistant.

 Synthesis of Ag/SiO2 NCs and its antifungal 
activity against Pyricularia oryzae in vitro 

Figure 4 shows the physico-chemical characteristics 
of Ag/SiO2 NCs. Based on the SEM and TEM micro-
graphs of the SiO2 and Ag/SiO2 samples (Fig. 4A–D), 
it was shown that the Ag/SiO2 NCs exhibited a large 
amount of Ag NPs, which were tightly and uniform-
ly dispersed on the silica surface. The average size of 
Ag NPs in the Ag/SiO2 NCs was equal to 6.4 ± 0.1 nm. 

Fig. 3. The sensitivity classification of Pyricularia oryzae isolates 
to 3 chemical a.i.

Fig. 4. A–B – SEM images of SiO2 and Ag/SiO2 NCs; C – TEM images of Ag/SiO2 NCs; – particle size distribution of AgNPs; E – DLS result 
of Ag/SiO2 NCs; F – zeta potential of Ag/SiO2 NCs
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The dynamic light scattering and zeta potential results 
revealed that Ag/SiO2 NCs had a small particle size 
(mean diameter of 283.6 nm) and a negative surface 
charge (zeta potential of –76.4 mV), as displayed in 
Figure 4E–F.

Pyricularia oryzae fungus isolates TM4, and TAT2 
fully covered the potato dextrose agar plate (control) 
12 days after inoculation. As shown in Figure 5, 6 
and Table 4, the CMC did not show any effect against 
P. oryzae, and the growth of both isolates TM4 and 
TAT2 at a CMC concentration of 90 µg · ml–1  for 

12 days after inoculation (DAI) was the same as the 
control.

The results showed that AgSiO2 NCs, especially at 
a concentration of 60 µg · ml–1  and higher, strongly 
limited the vegetative mycelium growth of both P. ory-
zae isolates. The colony diameter was always decreased 
compared to the control. The mycelial growth of 
P. oryzae isolates TM4 and TAT2 was significantly re-
duced with increasing concentrations of supplemented 
Ag/SiO2 NCs and completely inhibited by Ag/SiO2 
NCs at concentrations ≥ 60 µg · ml–1. In addition, at 

Fig. 5. Ag/SiO2 NCs inhibited the mycelial growth of Pyricularia oryzae TAT2 and TM4 in a concentration-dependent manner. Here, the 
number after the component name is its concentration (µg · ml–1  )

Fig. 6. Diameter of mycelia of the Pyricularia oryzae TM4 –A and TAT2 – B cultured on PDA amended with various concentrations of 
Ag/SiO2 NCs
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Fig. 7. The effect of Ag/SiO2 NCs and chlorothalonil on hypha of Pyricularia oryzae isolates TM4
(a1, a2) with only the control, (b1, b2) with chlorothalonil treatment, and (c1, c2) with Ag/SiO2 NCs treatment}

Table 4. Mycelial growth and mycelial growth inhibition rate of Ag/SiO2 NCs on the 12th day after inoculation

P. oryzae isolate (A)
Mycelial growth [mm]* Mycelial growth inhibition rate [%]*

TM4 TAT2 TB B TM4 TAT2 average B

Control 80.00 a 80.00 a 80.00 A - -

Concentration 
of Ag/SiO2 NCs 

- (B)

15 µg · ml–1 51.03 c 53.27 b 52.15 B 36.21 33.42 34.81 D

30 µg · ml–1 17.80 e 19.47 d 18.63 C 77.75 75.67 76.71 C

45 µg · ml–1 5.00 g 11.90 f 8.45 D 93.75 85.13 89.44 B

60 µg · ml–1 0.00 h 0.00 h 0.00 E 100.00 100.00 100.00 A

75 µg · ml–1 0.00 h 0.00 h 0.00 E 100.00 100.00 100.00 A

90 µg · ml–1 0.00 h 0.00 h 0.00 E 100.00 100.00 100.00 A

CMC 90 µg · ml–1 80.00 a 80.00 a 80.00 A 0.00 0.00 0.00 E

Average  A 30.40 B 32.69 A 66,78 63,69

CV (%) = 1.56; ProbA = 0.0001 
ProbB = 0.0001;  ProbAB = 0.0001

CV (%) = 0.82; ProbA = 1.0000 
ProbB = 0.0001;  ProbAB = 1.0000

*the mean values (followed by a common letter) of 4 repeated experiments shown in each column did not significantly differ at p ≤ 0.01

the same concentration of Ag/SiO2 NCs, the myce-
lial growth of TM4 was significantly lower than that 
of TAT2. The mycelial growth inhibition rate (MGIR) 
was increased with the growth of Ag/SiO2 NCs concen-
tration and reached 93.75% and 85.13% for TM4 and 

TAT2, respectively, at the Ag/SiO2 NCs concentration of 
45 µg · ml–1 ; the MGIR did not significantly differ be-
tween these isolates. 

The EC50 of Ag/SiO2 NCs for TM4 and TAT2 
was 17.14 µg · ml–1  and 19.04 µg · ml–1  , respectively. 
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methods using ITS or TEF sequences are preferred for 
identifying P. oryzae, this study employed a more tra-
ditional morphological approach for initial classifica-
tion. However, by following the rigorous protocol for 
disease sample collection, single spore isolation, and 
UV-induced sporulation, the morphological charac-
teristics of 30 rice blast isolates in this study involving 
colony characteristics, melanin pigment, and the shape 
of conidia were accurately presented for P. oryzae, and 
confirmed that all fungal isolates were indeed P. oryzae 
(Mew and Gonzales 2002; Longya et al. 2020).  

The mycelial growth method was used to assess the 
sensitivity of P. oryzae collection to fungicides. The 
sensitivity of 30 P. oryzae isolates to azoxystrobin was 
lower than that to tricyclazole, and chlorothalonil. The 
same result was observed with the P. oryzae popula-
tion collected by D’Ávila et al. (2021). Azoxystrobin is 
a broad-spectrum pesticide that is registered to control 
major diseases like rice blast (P. oryzae), dirty pani-
cle or seed discoloration, sheath blight (Rhizoctonia 
solani), and brown spot (Bipolaris oryzae) in rice, as 
well as against various fungal diseases in many crops 
(Balba 2007; LPAU&LPBU in Vietnam 2023). As a re-
sult, azoxystrobin is intensively and repetitively used 
in rice fields, which has led to selection pressure for 
resistant populations of the rice blast fungus. On the 
other hand, azoxystrobin acts as a quinone outside 
inhibitor (QoI), targeting mitochondrial respiration. 
Resistance often arises from mutations in the target 
gene (cytochrome b), which can occur relatively easily, 
and reduce fungicide binding (Kim et al. 2008; D’Ávila 
et al. 2022). 

In this study, the EC50 value of tricyclazole to con-
trol 50% mycelial growth of P. oryzae strains tended to 
be higher than in previous research. However, resist-
ance to this a.i. was not found. Tricyclazole works by 
inhibiting melanin biosynthesis in P. oryzae. Melanin 
is critical for the pathogen’s ability to penetrate rice 
plant cells by forming an appressorium-specialized 
structure. Due to this specific action, resistance re-
quires mutations in the melanin pathway, which are 
complex and less likely to evolve easily under field con-
ditions (Woloshuk 1980; Kunova and Cortesi 2013). In 
addition, genes involved in melanin synthesis, such as 
polyketide synthase, have a lower mutation rate and 
are tightly regulated. Mutations that disrupt melanin 
synthesis may also interfere with other critical func-
tions, reducing the likelihood of viable resistant strains 
emerging. Moreover, mutations impacting melanin 
synthesis may make the P. oryzae fungus less effective 
at infecting plants, reducing its ability to compete with 
sensitive strains in the field (Kimura and Fujimoto 
2015; Mikaberidze and McDonald 2015). 

Interestingly, only some cases observed the effect of 
chlorothalonil in controlling rice blast disease (Sultana 

Visually, the intensity of melanin production was 
slightly decreased, especially from an Ag/SiO2 NCs 
concentration of 45 µg · ml–1; the mycelia formed 
without melanin and turned white compared to the 
control. This indicated that despite inhibition of the 
mycelia growth of P. oryzae, the Ag/SiO2 NCs could 
also affect melanin formation and the structure of hy-
pha. To evaluate the effect of Ag/SiO2 NCs on hypha, 
the SEM image of TM4 was taken at a concentration 
of EC50 values for Ag/SiO2 NCs. The chemical a.i. 
‘chlorothalonil’ was used to compare the impact of 
Ag/SiO2 NCs and chemicals on P. oryzae mycelium.     

Based on SEM results in Fig. 7, the net smooth 
surface of the hyphal structure was seen in the non-
treated control samples of TM4, while the typical 
structure was not maintained when it was exposed to 
17.14 µg · ml–1  of Ag/SiO2 NCs and 22.4 mg · ml–1 of 
chlorothalonil. Control (non-treated) samples of TM4 
showed nice filamentous tubular hyphae (Fig. 7a1, 
a2), while treated samples showed severely deformed 
hyphal structures and damage to the external mor-
phology. The treated TM4 sample with chlorothalonil 
caused the hyphae of this fungal species to shrink com-
pared to the control, with craters of different sizes (ar-
rows) (Fig. 7b1, b2). While the Ag/SiO2 NCs – treated 
sample lost its typical hyphal structure, the filaments 
were broken and arranged in patches. In some places, 
the hyphae sheath structure was broken into pieces 
(Fig. 7c1, c2), implicating damage to fungal cell wall 
integrity, and the formation of degenerative changes, 
including applanation and exfoliated flakes.

Discussion

Rice production in the Mekong Delta faces difficult 
challenges, including climate change, salinity intru-
sion, flooding, and the rapid adaptation of pests, 
including P. oryzae, which cause rice blast disease. 
Although planting blast-resistant rice cultivars sig-
nificantly reduced blast rice disease, rice blast-resist-
ant cultivars have become susceptible after planting 
for several years due to pathogenic variations in the 
P. oryzae populations. The application of fungicides is 
important in the management of rice blast disease in 
the field. However, there is a lack of information about 
the resistance of P. oryzae pathogen populations in the 
Mekong Delta, Vietnam, to existing pesticide-active 
ingredients involving azoxystrobin, tricyclazole, and 
chlorothalonil, which have been widely used to con-
trol rice blast for a long time (Froyd 1978; Balba 2007). 

These factors motivated the research presented 
here, and for this, P. oryzae was collected from differ-
ent places in the Mekong Delta. Although molecular 
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et al. 2020; Kafle et al. 2021) and used in combina-
tion with tricyclazole or azoxystrobin (LPAU&LPBU 
in Vietnam 2023). However, 33% of P. oryzae isolates 
in this study were medium resistant to chlorothalonil, 
though the EC50 was relatively low. Chlorothalonil is 
a broad-spectrum contact fungicide that inhibits spore 
germination and disrupts cellular respiration in fungal 
pathogens, including P. oryzae. This multisite action 
makes it difficult for the P. oryzae fungus to develop re-
sistance, as multiple simultaneous genet (Brent 1995). 
As a contact fungicide, chlorothalonil remains on the 
plant’s surface and does not penetrate the tissue, unlike 
systemic fungicides, and reduces the opportunity for 
P. oryzae to develop resistance (Kilian and Steiner 2003). 

With the current level of chemical use, the emer-
gence of resistant populations is inevitable. The search 
for alternatives to chemicals to control rice blast dis-
ease is ongoing. Innovations in nanoscience have revo-
lutionized technology and there are promising appli-
cations of nano-silver pesticides that combat various 
phytopathogens with more efficient and lower appli-
cation rates based on their outstanding antimicrobial 
activity (Wang et al. 2021).  Previous studies reported 
that AgNPs were proven to control the P. oryzae fungus, 
causing rice blast disease. Mixing AgNPs with Trihex-
ad 700 WP (containing 30 g · kg–1 hexaconazole and 
670 g · kg–1 tricyclazole) significantly inhibited the 
mycelial growth of P. oryzae (Pham et al. 2018). Com-
bining AgNPs with azoxystrobin at appropriate ratios 
enhanced fungitoxicity to azoxystrobin-sensitive/re-
sistant Magnaporthe oryzae strains (Shi et al. 2023). 
Here, Ag/SiO2 NCs can be used alone, since it effec-
tively inhibits the P. oryzae mycelial growth with the 
low EC50 values of 17.14 µg · ml–1 (for TM4) and 
19.04 µg · ml–1 (for TAT2). Moreover, silica, one of the 
ingredients in Ag/SiO2 NCs, promotes rice growth, 
improves the morphology of rice plants during the 
reproductive period and reduces lodging, resulting 
in improved crop yield and qualityminal. 2009; Khan 
et al. 2022). Moreover, Ag ions released from AgNPs 
under humid conditions can promote the forma-
tion of reactive oxygen species (ROS), which further 
damage cell structure, increase oxidative stress levels, 
induce cell death, and disrupt the transduction path-
ways (Fan et al. 2021). Therefore, Ag/SiO2 NCs have 
enormously changed the hyphal structure of P. oryzae 
mycelium compared to chemical compounds. As a re-
sult, Ag/SiO2 synthesized with participants of SiO2 and 
CMC as a stabilizer presents a promising alternative 
to chemical treatments for managing rice blast disease 
and other plant pathogens. To increase the effective-
ness of fungal disease control in practice, reduce the 
possibility of resistance formation of pathogens to 
chemicals, and increase the economic value of rice, the 
possibility of using Ag/SiO2 alone or combined with 

a chemically active ingredient needs to be continu-
ously investigated.

Conclusion

A total of 30 P. oryzae isolates were obtained from dis-
eased samples collected across various locations in the 
Mekong Delta. The mycelium was thin, gray-white, 
with a clear margin around the fungal colony and 
melanin pigment in the colony’s center. The conidia 
were a pyriform shape or shorter pyriform, containing 
two septa. All P. oryzae isolates were sensitive to tri-
cyclazole; 67% were sensitive, and 33% were medium-
sensitive to chlorothalonil; 17% of P. oryzae isolates 
were sensitive, 57% were medium-sensitive, 23% were 
resistant, and 3% were highly resistant to azoxystrob-
in. The Ag/SiO2 nanocomposites were synthesized 
with the average size of AgNPs equal to 6.4 ± 0.1 nm. 
Ag/SiO2 NCs inhibited the mycelium growth of P. 
oryzae isolates, causing the breaking of filaments and 
damage to fungal cell wall integrity. The properties of 
Ag/SiO2 NCs include controlling particle size, chang-
ing stabilizers, and hybridizing, which could be im-
proved, enabling Ag/SiO2 to meet more requirements 
as to be an alternative solution for controlling rice blast 
disease caused by chemical-resistant P. oryzae. 
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