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This research is concerned with the fungicidal properties of nano-size silver colloidal solution used as an agent for antifungal
treatment of various plant pathogens. We used WA-CV-WA13B, WA-AT-WB13R, and WA-PR-WB13R slver nanoparticles
(AgNPs) at concentrations of 10, 25, 50, and 100 ppm. Eighteen different plant pathogenic fungi were treated with these
AgNPs on potato dextrose agar (PDA), malt extract agar, and corn meal agar plates. We calculated fungal inhibition in
order to evaluate the antifungal efficacy of slver nanoparticles againgt pathogens. The results indicated that AgNPs possess
antifungal properties againg these plant pathogens at various levels. Treatment with WA-CV-WB13R AgNPs resulted in max-
imum inhibition of most fungi. Results also showed that the most sgnificant inhibition of plant pathogenic fungi was

observed on PDA and 100 ppm of AgNPs.
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Introduction

Agricultural production is reduced worldwide every year
due to plant disease; therefore, millions of dollars have
been invested in efforts to control these plant diseases.
Various natural and artificiadl methods of control for
protection of plants from these diseases have been applied.
Among methods for disease control, use of pedticides is
the most prevaent. In recent years, environmental hazards
caused by excessive use of pegticides have been widdy
discussed; therefore, scientists in the agricultura fidd are
searching for aternative measures against pesticides. As
an dternative to chemicaly manufactured pesticides, use
of silver nanoparticles as antimicrobia agents has become
more common as technological advances make their
production more economical [1]. One of the potentia
gpplications of dlver is in management of plant diseases.
Silver displays multiple modes of inhibitory action against
microorganisms [2]; therefore, it may be used with reative
safety for control of various plant pathogens, compared to
synthetic fungicides [3].

For severd decades, silver (Ag+) has been studied for use
in disinfection of various harmful microorganisms [4, 5].
A previous study reported on eco-friendly characteristics
and strong effects of silver ion chemicas. Berger et d. [6]
reported on the antibacterial effect of slver ion. Primary
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requirements for the potential use of silver in control of
plant disease include the need for more informetion on
antifungal activity of various silver compounds to plant
pathogens and development of better application Strategies
to increase the efficacy of disease suppression [1]. Findings
from some studies have demonstrated that bulk silver in
an oxygen-charged agueous media will catalyze complete
destructive oxidation of microorganisms. However, board
use of dlver as a powerful clinica tool remains to be
understood [7]. In our previous study, we conducted a
successful evaluation of the antifungal activity of three
different forms of slver nanoparticles against ambrosia
fungus Raffaglea p. [8]. Likewise, successful reduction of
sclerotium-forming fungi was achieved in a dose-dependent
manner when silver nanoparticles (AgNPs) were used [9].
Objectives of the present study were to determine the
inhibitory properties of silver nanoparticles against various
commercialy important plant-pathogenic fungi, and to
evaluate the efficacy of silver compounds for suppression
of plant pathogenic fungi in vitro.

Materials and Methods
Silver nanoparticles. Three different types of AgNPs,

WA-CV-WA13B (CV), WA-AT-WB13R (AT), and WA-
PR-WB13R (PR), which were provided by Bio Plus Co.
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Table 1. Characteristics of silver nanoparticles used in this study

Type Physical form Average particle size (nm) Silver contents (uL/mL) Solvent

WA-CV-WA13B Dark brown colloid 7~25 50,000 Pure water
WA-AT-WB13R Colorless colloid 7~25 10,000 Pure water
WA-PR-WB13R Colorless colloid 7-25 10,000 Pure water

Table 2. List of plant pathogenic fungi used in this study

. KACC
Species Symbol ion No. Common names Host plants
Alternaria alternata A-1 40019 Alternaria leaf blight Strawberry, pepper, tomato
Alternaria brassicicola A-2 40857 Black spot Cauliflower, radish, cabbage, kae
Alternaria solani A-3 40570 Alternaria leaf spot  Pepper, tomato, eggplant, potato
Botrytis cinerea B-1 40574 Gray mold Eggplant, tomato, potato, pepper, strawberry
Cladosporium cucumerinum C-1 40576 Scab Eggplant, cucumber, pumpkin, melon
Corynespora cassiicola C-9 40964 Leaf spot Pepper, cucumber, bean, tomato, sesame
Cylindrocarpon destructans C-10 41077 Root rot Strawberry, ginseng, peony
Didymella bryoniae D-1 40938 Black rot Cucumber, pumpkin, watermelon, melon
Fusarium oxysporum f. sp. F-1 40525 Fusarium wilt Cucumber
cucumerinum
F. oxysporum f. sp. lycopersici F-2 40032 Fusarium wilt Tomato
F. oxysporum F-3 40052 Fusarium wilt Tomato
Fusarium solani F-4 41643 Fusarium wilt Potato, ginseng
Fusarium sp. F-5 40050 Fusarium rot Potato, sweet potato, pepper, strawberry,
pear tree
Glomerella cingulata G-1 40895 Anthracnose Pepper, strawberry, grapevine
Monosporascus cannonballus M-1 40940 Root rot Cucumber, pumpkin, watermelon, melon
Pythium aphanidermatum P-8 40156 Damping-off Tomato, tobacco, radish
Pythium spinosum P-9 41060 Root rot Sweet potato, pumpkin, cabbage
Semphylium lycopersici S3 40967 Leaf spot Eggplant, tomato, pepper

(Pohang, Korea), were used in the experiment (Table 1).
These dlver nanoparticles are classfied in different
manufacturing processes. Silver nanoparticles were brought
a an initid concentration of 1,000 ppm and different working
concentrations of silver nanoparticles (i.e,, 10 ppm, 25 ppm,
50 ppm, and 100 ppm) were prepared by diluting the
origind stock solution with digtilled water. All AgNP
solutions were stored at 4°C until further use.

Fungi and growth media. Eighteen fungal species were
obtained from the Korean Agricultural Culture Collection
(KACC), Suwon, Korea (Table 2). All of the selected
fungal pathogens are commercially important and cause
various diseases on vegetables, fruits, and crop plants.
These fungi were grown on potato dextrose agar (PDA)
for further experimentation. Three different types of agar
media, PDA, malt extract agar (MEA), and corn meda
agar (CMA), were used in differentiation of the antifunga
activities of silver nanoparticles in culture medium.

In vitro assay. In vitro assay was performed on different
types of growth medium (i.e, PDA, MEA, and CMA)
treated with different concentrations (i.e., 10, 25, 50, and
100 ppm) of dlver nanoparticles. Five mL of AgNPs
having different concentrations was poured into growth

media prior to plating in a petri dish (90 x 15 mm). Media
containing silver nanoparticles was incubated at room
temperature. After 48hr of incubation, agar plugs of
uniform size (diameter, 8 mm) containing fungi were
inoculated smultaneoudly at the center of each petri dish
containing silver nanoparticles, followed by incubation at
28+ 2°C for 14 days.

Data analysis. After incubation of fungi on different
culture medium containing silver nanoparticles, radia growth
of fungal mycelium was recorded. Radia inhibition was
calculated when growth of mycdia in the control plate
reached the edge of the petri dish. The following formula
was used for caculation of the inhibition rate (%).

Inhibition rate (%) = BT;——r

Where R is the radid growth of fungal mycelia on the
control plate and r is the radial growth of fungal mycelia
on the plate treated with AgNPs.

Results

Inhibition effect of AgNP. The inhibition effect of WA-
CV-WA13B AgNPs at different concentrations was andyzed
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Table 3. Inhibitory rate (%) of silver nanoparticlesWA-CV-WA13B againgt various plants pathogenic fungi on different media in

vitro
Inhibition rates (%)*
Isolate PDA MEA CMA
10ppm 25ppm S0ppm 100ppm 10ppm 25ppm 5SO0ppm 100ppm 10ppm 25ppm 50ppm 100 ppm
A-1 454 489 544 82.1° 67.1° 75.3% 765" 653" 553"  741™  82.4™ 776™
A-2 66.1° 645™ 746" 87.8™ 376" 5539 769" 69.4" 87.3 9.3 90.8° 81.2™
A-3 729° 732" 821" 1000 524 60.0° 718" 5887 80.7% 814" 809" 81.2%
B-1 520 544" 61.6%  80.7¢ 435" 541" 588% 494" 68.0" 701" 75.8™ 765"
c-1 624  61.9™ 66.1™ 91.1 767" 786 77.2" 75.3" 746" 828 835" 78.8™
C9 456 562 565" 83.1% 6247  81.2* 494 61.2* 69.6"* 748  77.4° 741
C-10 504% 616™ 708"  100.0 57.9 57.2° 427 200* 847" 871" 1000° 894"
D-1 555 567" 59.8™ 95.3" 812" 847° 753" 75.9% 64.9°° 689 67.1° 753
F-1 367" 485"  60.0™ 59.5° 341 482 259* 365 7349 753 786" 765
F-2 529%  64.0™ 734" 89.6™ 224" 412® 185® 265" 77.29°  795% 814 80.0
F-3 325 426° 482 84.0° 204 424 144> 2127 7259 713" 7207  682°
F-4 66.6° 751" 727 80.7¢ 424  541% 356 529¢ 86.6 88.7" 87.8" 81.2™
F-5 534% 553 713 1000 529 471> 456 524 805 840"  79.3* 765
G-1 2.7 405 511 915 221 485 514" 494 746" 732*  751™ 765"
M-1 741°  76.7 87.8° 95.3" 835" 941 86.5" 90.0 38.1° 80.07 776" 929"
P-8 445> 574 812"  100.0 494 141> 240" 365™ 645* 734  739™ 741°
P-9 83.8" 718 812"  100.0 0.0 0.0* 447 176™ 51.3° 696 73.9™ 776>
S3 50.8 558%™ 544” 96.6" 671 671 238 306~ 66.8" 668 781° 776"
Control C° (03 (0 (03 (0 (0 (0} (0 (0} (0} (0 (0

Means followed by a different letter(s) in the same column differ significantly (p=0.05) according to Duncan's multiple range test (DMRT).
PDA, potato dextrose agar; MEA, mdt extract agar; CMA, corn med agar.
“Inhibition rates were determined based on five replicates of each experiment, inhibition rate of control = 0%.

10 ppm 50 ppm 100 ppm
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CMA

CMA

PDA |
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Fig. 1. Inhibition effect of slver nanoparticles (AgNPs) against Monosporascus cannonballus on PDA, MEA, and CMA in vitro.
A, WA-CV-WA13B; B, WA-AT-WB13R; C, WA-PR-WB13R. PDA, potato dextrose agar; MEA, malt extract agar; CMA,
corn mea agar; CTR, control.
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Table 4. Inhibitory rate (%) of silver nanoparticlesWA-AT-WB13R against various plant pathogenic fungi on different mediain vitro

Inhibition rates (%)*

Isolate PDA MEA CMA
10ppm 25ppm S0ppm 100ppm 10ppm 25ppm SOppm 100ppm 10ppm 25ppm SO0ppm 100 ppm

A-1 59> 459° 576" 753 304* 41.2¢ 588 553" 6877 84.2® 89.9 835
A-2 588" 58g8¢ 788" 91.8" 664 680" 6807 576* 80.0*" 913" 99.1™ 100.0°
A-3 764"  764°  764* 1000° 520" 664" 776 741" 753" 835™ 86.1°" 812"
B-1 4829 482™  69.4™ 84T 233" 341 420 404 734 795  84.2" 824
c-1 61.2 61.2 7767 871" 715" 76.5° 7.9 718" 741 826 8497 82.4”
Cc9 435™  435* 635" 80.0° 261" 358° 386 553"  624* 826" 887 81.2"
C-10 412" 412% 635~ 929" 146™ 80.0° 1000  100.0 776" 840" 91.1™" 9.5
D-1 51.8%° 518° 612" 953"  48.0° 2.7 74.6° 71.8° 50.8°  664° 70.8 80.0°
F-1 388° 388° 518 624" 104 9.2 155% 106 66.6*  79.3% 833" 8.7
F-2 247 247 635% 824 2.1° 24> 7.3 17.6° 645" 729" 736 85.9°
F-3 471 471 706 835" 56~ 169 158 129 824" 936°  100.0 94.1°
F-4 329" 3P9" 576 100.0° 15.8™ 334™ 386 435° 880 98.4°  100.0 100.0°
F-5 635" 635% 859 906 146 278° 315 388 90.8" 986 99.3%  100.0°
G1 51.8" 518 61.2° 75.3 6.1 299* 334 40.0° 779" 833" 90.4 824"
M-1 718" 718"  706° 1000 722 74.6° 73.9° 635°  89.4° 70.6* 94.6™ 9.5
P-8 294" 294 69.4° 95.3 0.9° 534" 1000  100.0 454 729  80.7" 82.4%
P-9 776" 776  1000° 100.0° 60.2° 1000° 1000  100.0 55.8" 769" 838" 812"
S3 24 424¢ 553  659° 191 186 299 70.1° 753%™ 751  001™  741°
Control O° 0 o (0 0 0 o o o o o o

Means followed by a different letter(s) in the same column differ significantly (p =0.05) according to Duncan’s multiple range test (DMRT).
PDA, potato dextrose agar; MEA, mat extract agar; CMA, corn mea agar.
“Inhibition rates were determined based on five replicates of each experiment, inhibition rate of control = 0%.

in PDA, MEA, and CMA (Table 3). In most cases, higher
inhibition of fungal growth was recorded at a concentration
of 100ppm. In addition, most fungi showed growth
inhibition with the increment of incubation time, and the
inhibition showed similar patterns for each type of media
Absolute inhibition (100%) was observed on PDA medium
against A-3, C-10, F-5, P-8, and P-9, and treatment with a
100 ppm concentration resulted in grester than 90%
inhibition on PDA againg C-1, D-1, G-1, M-1, and S-3.
The lowest level of inhibition was observed against G-1
on PDA treated with a 10 ppm concentration of AgNPs
(Table 3). On MEA, the highest level of inhibition was
observed against M-1 (Table 3, Fig. 1) treated with a
25 ppm concentration of AgNPs (94.1%), and no inhibition
was observed with trestment at 10 and 25 ppm concentrations
of AgNPs againg P-9. In addition, trestment with a
100 ppm concentration of AgNPs resulted in 90% inhibition
against M-1 on MEA. Absolute inhibition (100%) was
aso observed on CMA treated with a 50 ppm concentration
of AgNPs against C-10. The inhibition effect on CMA
was greater than 90% againgt M-1 treated with a 100 ppm
concentration of AgNPs and A-2 treated with 25 and
50 ppm concentrations of of slver nanoparticles, respectively
(Table 3, Fig. 1). The lowest levd of inhibition was
observed against M-1 treated with a 10 ppm concentration
of AgNPs on CMA (Table 3, Fig. 1). Therefore, the
results suggested that maximum inhibition was obtained

on PDA treated with a 100 ppm concentration of silver
nanoparticles. Data on inhibition effects of WA-AT-WA13B
AgNPs againgt various plant pathogens on PDA, MEA,
and CMA are shown in Table 4. On PDA, asolute inhibition
(100%) was obtained againgt A-3, F-4, M-1, and P-9
trested with a 100 ppm concentration of silver nanoparticles,
and P-9 treated with a 50 ppm concentration of AgNPs
(Table 4, Fig. 1). The lowest level of inhibition was
observed againgt F-2 trested with 10 and 25ppm
concentrations of AgNPs on PDA, respectively. Likewise,
on MEA, 100% inhibition was obtained against C-10 and
P-8 treated with 50 and 100 ppm concentrations and P-9
with 25, 50, and 100 ppm concentrations of AgNPs; the
lowest leve of inhibition was observed against P-8 treated
with a 10 ppm AgNPs solution (0.9%). In the case of
CMA, 100% inhibition was observed againgt A-2, F-4,
and F-5 treated with a 100 ppm concentration, as well as
F-3 and F-4 treated with a 50 ppm concentration of silver
nanoparticles. The lowest level of inhibition was observed
against P-8 treated with a 10 ppm concentration of AgNPs
on CMA (Table 4). Therefore, the results showed that in
mogt cases, the inhibition effect increases with the increment
of AgNP concentration (Table 4). The inhibition rate is
also dependent on the culture media sdlected for the study.

Table 5 shows the inhibition effect of WA-PR-WB13R
AgNPs againg fungi on PDA, MEA, and CMA. On PDA,
100% inhibition was achieved againg B-1, C-1, C-9, C-10,
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Table 5. Inhibitory rate (%) of silver nanoparticles WA-PR-WB13R againgt various plant pathogenic fungi on different mediain vitro

Inhibition rates (%)

Isolate PDA MEA CMA
10ppm 25ppm 50ppm 100ppm 10ppm 25ppm SO0ppm 100ppm 10ppm 25ppm 50ppm 100 ppm
A-1 59> 529° 585" 9.5 565" 706 729 447 673" 798" 847 633
A-2 635" 71.8¢ 753 97.6° 800" 859" 882% 806 85.9" 90.1 90.6” 89.9
A-3 74.1" 76.4°  72.9% 98.8 76.5° 788" 824" 665" 741"  812¥ 835° 833
B-1 518 565™ 624™  100.0° 329" 58.8* 659 412 715" 779° 847 584
c-1 835 835  80.0° 100.0° 88.2° 838.2' 87.1" 78.2° 82.1" 86.4™ 906" 925"
C9 412 518" 6127 100.0° 553  70.6* 753 441 664" 6967 788° 861"
C-10 635™ 706% 635~ 100.0' 87.1°* 100.0 929 576~  786™  845™ 894" 922
D-1 529" 529° 612" 96.5° 812 824" 847" 594 80.5™ 882" 882" 6427
F-1 353 541% 635°  100.0° 27.1° 51.8* 5537 39.47 755" 798" 847" 652
F-2 404  65.9° 718" 94.1° 2.4 3B3° 4771 31.8* 744" 802" 835" 503
F-3 353" 541 600 100.0° 200* 506 529 363 751" 751" 788" 57.2°
F-4 659" 706 682 988" 482" 612" 706 465* 838" 833" 835¢ 628"
F-5 576° 659" 671 100.0° 435™ 588 753"  476° 845 85.6° 847 673
G1 341° 435" 541"  100.0° 54.1° 753 824" 706 631" 720" 788° 821
M-1 682"  729° 894" 100.0° 82.4° 87.1 g7.1" 83.8° 64.9% 849" 859" ug
P-8 259 458 576 100.0° 60.0°  400™  80.0™" 69.4" 50.8° 68.0° 765 83.3*
P-9 729" 835 I 100.0° 90.6° 1000  100.0 100.0° 78.8™  100.0 95.3° 91.1¢
S3 60.0" 624 635™ 96.5° 624 682 729 371 765 798" 847 607"
Control 0O (02 (o) (o) (0} (0} (0} (0 (0} (0 (0 (0

Means followed by a different letter(s) in the same column differ significantly (p=0.05) according to Duncan's multiple range test (DMRT).
PDA, potato dextrose agar; MEA, mdt extract agar; CMA, corn med agar.
“Inhibition rates were determined based on five replicates of each experiment, inhibition rate of control = 0%.

F-1, F-3, F-5 G-1, M-1, P-8 and P-9 trested with a
100 ppm concentration of AgNPs (Table 5, Fig. 1). In
addition, grester than 90% inhibition was observed againgt
other fungi treated with a 100 ppm concentration of AgNPs
on PDA. The lowest level of inhibition was observed
against P-8 treated with a 10 ppm concentration of AgNPs
on PDA (Table 5). On MEA, 100% inhibition was observed
agang P-9 treated with 25, 50, and 100 ppm concentrations
of AgNPs and C-10 cultured with a 25 ppm concentration
of AgNPs (Table 5). The lowest level of inhibition was
observed against F-3 treated with a 10 ppm concentration
of AgNPs on MEA (20%). Similarly, a 100% inhibition
effect of AgNPs was observed on CMA aganst P-9
treated with a 25 ppm concentration of AgNPs (Table 5).
The lowest level of inhibition was observed against P-8
treated with a 10 ppm concentration of AgNPs. Therefore,
the results suggested that inhibition rate was dependent on
the concentration of AgNPs and culture media used in the

studly.
Discussion

Management of fungal diseases of food crops and fruits is
economically important. Recently, a greater effort has
been given to development of safe management methods
that pose less danger to humans and animals, with a focus
on overcoming deficiencies of synthetic fungicides. Findings

from the current investigation demonstrated that AgNPs
with low toxicity and a broad spectrum of antimicrobia
activity were ds0 very effective againgt plant phytopathogenic
fungi. However, the current study is based on in vitro
petri dish evaluation; therefore, extrapolation of these
findings to more genera cases is limited. Still, data from
this study provide valuable preliminary efficacy data on
silver compounds for use in control of plant pathogens. In
this study, we analyzed the inhibition effect of three
different AgNPs (WA-CV-WA13B, WA-AT-WB13R, and
WA-PR-WB13R) against various plant pathogenic fungi
in vitro. The results suggest that AgNPs are capable of
inhibiting these pathogens;, however, results vary according
to the concentration and type of AgNPs applied to
pathogens. Mogt fungi showed a high inhibition effect a a
100 ppm concentration of silver nanoparticles. In addition,
results indicate that a higher inhibition rate was observed
on PDA media, compared with others. Among AgNPs,
WA-CV-WA13B showed the highest inhibition effect. In
most cases, inhibition increased as the concentration of
AgNPs increased. This could be due to the high density at
which the solution was able to saturate and cohere to
fungal hyphe and to deactivate plant pathogenic fungi.
Reports on the mechanism of inhibitory action of slver
ions on microorganisms have shown that upon treatment
with Ag’, DNA loses its ability to replicate [10], resulting
in inactivated expression of ribosomal subunit proteins, as
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well as certain other cdllular proteins and enzymes essentia
to ATP production [11]. It has also been hypothesized that
Ag" primarily affects the function of membrane-bound
enzymes, such as those in the respiratory chain [12, 13].
In summary, AgNPs exerted potent antifungal effects on
fungi tested in vitro, probably through destruction of
membrane integrity; therefore, it was concluded that AgNPs
have considerable antifungal activity. Further investigation
for field applications is needed.
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