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Abstract Plant antimicrobial peptides (AMPs) as a part
of plant defense responses, are small soluble defense
molecules which can inhibit the growth of pathogens.
This study evaluates the effect of an antimicrobial pep-
tide obtained from Allium sativum (AsR416) on Rhizoc-
tonia solani (AG1-IA) the causal agent of rice sheath
blight, in vitro and in vivo conditions. Firstly, the ob-
tained results revealed that AsR416 (100 mg ml−1)
inhibited the growth and sclerotia production of
R. solani AG1-IA. Furthermore, these results showed
the mode of action and mechanisms of AsR416 effect in
inhibiting sclerotia formation of R. solani AG1-IA via
metabolomics tools. AsR416 decreased the biomass of
R. solani AG1-IA in liquid culture. In addition, nitro
blue tetrazolium and evans blue staining methods re-
vealed that the antimicrobial peptide induced O2

− for-
mation in the hyphal cells and mycelia cell death of
R. solani AG1-IA, respectively. AsR416 delayed the
pathogen infection process and decreased the severity
of rice sheath blight disease in vitro and in vivo condi-
tions. AsR416 reduced activity of cellulase, which is
one of the virulence factors of this pathogen. The num-
ber of sclerotia decreased on plants treated with AsR416

after 2 months compared with the control. Considering
the need to reduce application of hazardous synthetic
fungicides against pathogenic fungi, using AMPs could
be a successful method to increase rice production and
reduce the use of chemical fungicides against sheath
blight disease.
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sativa . Rhizoctonia solani

Introduction

The AsR416 is an antimicrobial peptide (AMP) obtain-
ed from Allium sativum with 34 amino acids, molecular
weight of 3799.52 Da, and 1 cysteine disulfide, which
has α-helix and β-sheet in its secondary structure (Xi
et al., 2018). The AMPs are peptides with short se-
quence (usually less than 50 amino acids), which can
be produced in living organisms such as bacteria
(Cooter et al., 2005; Ferre et al., 2006; Jack & Jung,
2000), fungi (Degenkolb et al., 2003), insects (Bulet
et al., 2004), marine invertebrates (Tincu & Taylor,
2004), amphibians and mammals (Andreu & Rivas,
1998; Zasloff, 2002) and plants (Lay & Anderson,
2005). Chemical and biological stresses such as
drought, cold, heavy metals, pollutants, and biotic
stresses caused by various pathogens trigger a broad
range of resistance responses in plant species. In re-
sponse to biotic stresses, plants display upregulation of
different defense-related genes involved in resistance
response (Stintzi et al., 1993). The AMPs obtained from
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different plant tissues have inhibitory activity not only
on phytopathogens, but also against human pathogens
(Montesinos, 2007). Different types of AMPs are capa-
ble of inactivating prokaryotic cells by targeting essen-
tial or metabolic processes at extracellular area, plasma
membrane, and intracellular space (Tam et al., 2015;
Yount & Yeaman, 2013).

As a part of resistance responses, plants produce vari-
ous types of toxic molecules, including AMPs, which can
inhibit the growth of various types of pathogens by inter-
actionwith phospholipids andmembrane permeabilization
(Datta et al., 2015). General resistance is the result of
secondarymetabolites production like polyphenolics, phy-
toalexins, tannins, and pathogenesis-related proteins (PRs)
(Taheri, 2018; Taheri & Tarighi, 2011). The AMPs are
small soluble defense-related molecules, which can inhibit
the growth of pathogens bymembrane permeabilization of
the microbial cells and inactivation of cytoplasmic targets.
The AMPs are produced by proteolytic processing of one
or more precursor peptides. Active peptides contain 10 to
50 amino acids, generally having lysine and arginine
amino acids and being positively charged, but they also
consist of a considerable proportion of hydrophobic resi-
dues (Swidergall & Ernst, 2014). The AMPs, known as
defense constituents, are classified into two groups. The
first group of AMPs, such as cecropins and magainins,
consist of the short linear peptides with 20 to 40 amino
acids, which form amphipathic α- helices in solution. The
second type of AMPs is formed by the cysteine - rich
peptides (Broekaert et al., 1997). All AMPs are classified
based on structural characteristics. Lipopeptides are the
linear and cyclic peptides that linked to fatty acid chains
and pseudopeptides are the peptides which are linked to
other molecules (Montesinos, 2007).

Every year, diseases caused by fungal pathogens
affect different crops and decrease the quality, quantity,
and safety of consuming agricultural products (Taheri
et al., 2007). Recently, the antimicrobial effect of several
AMPs has been investigated for protecting plants
against various types of pathogens (Lopez-Garcia
et al., 2012; Montesinos, 2007). For example, the Mi-
AMP1, isolated from Macadamia interifolia, has anti-
microbial effect against fungal phytopathogens,
oomycetes and gram-positive bacteria (Lopez-Garcia
et al., 2012; McManus et al., 1999). The 2S albumins
AMPs, isolated from monocotyledonous and dicotyle-
donous seeds, have antimicrobial activity against fungal
phytopathogens such as Fusarium oxysporum, F. solani
and Colletotrichum spp. (Candido et al., 2011). Another

example of AMPs is antimicrobial peptides with four-
cysteines, which revealed inhibitory influence on sever-
al filamentous fungi, yeasts, and gram-positive bacteria
(De Lucca et al., 1998). Shepherin I and shepherin II are
two glycine-rich cysteine-free antimicrobial peptides,
isolated from the root of shepherd’s purse plants, which
have antimicrobial effect against Erwinia herbicola and
F. culmorum (Egorov et al., 2005). The Mj-AMPs,
isolated fromMirabilis jalapa, have antimicrobial effect
against phytopathogenic fungi including Botrytis
cinerea, Colletotrichum lindemathianum, Venturia
inaequalis, and also against gram-positive bacteria like
Bacillus megaterium (Cammue et al., 1992; Lopez-
Garcia et al., 2012). Also, PAFP-s is a knottin-like
peptide obtained from the seeds of Phytolacca ameri-
cana, with antifungal activity against F. oxysporum,
F. graminearum, Alternaria tennuis and Magnaporthe
oryzae (Gao et al., 2001; Lopez-Garcia et al., 2012).

Plants have established various mechanisms to defend
themselves against pathogens and pests (Islam et al.,
2020; Thaler et al., 1993). Compatible (susceptible) or
incompatible (resistant) reactions are outcomes for plant-
pathogen interactions. In the compatible interaction, in-
fection occurs. But, in the incompatible interaction, sev-
eral defense responses are activated in plants. Accumula-
tion of structural proteins and antimicrobial compounds
are among themost important outcomes of changes in the
host plant tissues in response to various pathogens. As
well as local response to infections, these defense-related
proteins and compounds can also accumulate in uninfect-
ed parts of the plant (Lay & Anderson, 2005).

Different types of AMPs, such as plant defensins
(Terras et al., 1992), thionin (Lay & Anderson, 2005),
lipid transfer proteins (Cammue et al., 1995), snakins
(Segura et al., 1999), hevein- type (Broekaert et al.,
1992), knottin-like family (Craik et al., 2007), β-
barrelins (Lopez-Garcia et al., 2012), 2S albumins
(Lopez-Garcia et al., 2012), four-cysteine antimicrobial
peptides (Lopez-Garcia et al., 2012), glycine-rich cyste-
ine- free antimicrobial peptides (Lopez-Garcia et al.,
2012) macadamia (McManus et al., 1999), impatiens
(Tailor et al., 1997), and cyclotide (Jennings et al., 2001)
are known to be active against several fungal and bac-
terial phytopathogens.

Thionins, as plant derived AMPs, can be induced by
several stress factors. Infection of barley with Erysiphe
graminis f. sp. hordei led to incorporation of leaf
thionins into papillae in incompatible interactions
(Ebrahim-Nesbat et al., 1993). The thionin obtained
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from Pyrularia pubera has antimicrobial effect against
plant pathogenic fungi, including F. oxysporum f. sp.
conglutinans, Plectosphaerella cucumerina, Botrytis
cinerea and gram-negative bacteria (Vila-Perello et al.,
2003). Other example of AMPs with antifungal effect is
the AMPs obtained from radish seeds, which have small
cysteine-rich AMPs with antifungal activity against
Alternaria longipes, Fusarium culmorum and
Pyricularia oryzae (Terras et al., 1995). Defensins are
another type of AMPs with antifungal effect. The
DRR230 family of defensins, as an AMP isolated from
pea, can reduce the growth of Trichoderma reesei and
Ascochyta pisi (Lai et al., 2002).

The AsR416, as a new AMP obtained from Allium
sat ivum , has ant imicrobia l act iv i ty against
Phytophthora capsici, gram-negative bacteria such as
Xanthomonas campestris pv. oryzicola, Agrobacterium
tumefaciens, Escherichia coli DE3, Ralstonia
solanacearum and gram-positive bacteria including
Clavibacter fangii, Clavibacter michiganensis, Bacillus
anthraci, Bacillus subtilis, and Bacillus cereus (Xi et al.,
2018). However, the AsR416 effect is not widely stud-
ied on phytopathogenic true fungi species.

Rhizoctonia solani is a soil-borne necrotrophic phy-
topathogen (teleomorph: Thanatephorus cucumeris)
with a wide host range in monocots and dicots. This
fungal species is divided into 14 anastomosis groups,
including AG1 to AG13 and AGBI (Carling et al.,
2002). The AG1 of R. solani contains three main intra-
specific groups. The subgroup AG1-IA is highly viru-
lent on rice (Oryza spp.), which causes sheath blight
disease (Taheri et al., 2007). It is also the causal agent of
banded leaf, aerial blight and brown patch in many
plants, including more than 27 families of monocots
and dicots (Zheng et al., 2013). Every year, sheath blight
disease can reduce the rice yield up to 50% worldwide
(Groth, 2008). This fungus is also considered to be a
destructive phytopathogen for other economically im-
portant crops, including corn, bean, and soybean
(Ciampi et al., 2008). Control strategies against diseases
caused byR. solani are limited and most of the strategies
have relied mainly on application of hazardous chemical
fungicides (Ciampi et al., 2008; Zheng et al., 2013).

This study provides cellular and metabolic informa-
tion on the mode of action of the AsR416 in inhibiting
growth and sclerotia formation of R. solani AG1-IA. In
addition, we showed that the AsR416 decreased viru-
lence of this pathogen in vitro and in vivo conditions by
decreasing the activity of cell wall degrading enzyme

produced by the pathogen and changing membrane
permeability in hyphal cells of R. solani AG1-IA, as
the causal agent of rice sheath blight disease.

Materials and methods

The fungal isolate and pathogenicity tests

The virulent isolate of R. solani AG1-IA was obtained
from the culture collection of Ferdowsi University of
Mashhad, Iran. Oryza sativa cv. Ming hui 63 was used
as a host plant. Rice seeds were surface sterilized by 1%
sodium hypochlorite solution for 5 min and 75% ethanol
for 5 min, then washed three times with sterile distilled
water. Finally, rice seeds germinated in sterile petri dish
at room temperature. Germinated seeds were sown in
trays containing potting compost and grown under
greenhouse conditions at 25 ± 5 °C with a 16/8 h light/
dark photoperiod. Forty-five days old plants were inoc-
ulated with inoculum consisting of toothpicks, 2 cm in
length that had been sterilized and colonized with
R. solaniAG1-IA over 1 week. One colonized toothpick
was placed into the lowest inner sheath of the main tiller.
After one week of inoculation with the pathogen, symp-
toms and severity of the disease were evaluated (Taheri
et al., 2007). Disease evaluation was performed based
on the method described by Taheri et al. (2007) at 1, 2,
3, and 4 days post inoculation (dpi).

Transformed Bacillus subtilis with antimicrobial
genes of Allium sativum (AsR1036, AsR1064, AsRl11,
AsR413, AsR864, AsR1205, AsR1205, AsR498 and
AsR416) from a previous study (Xi et al., 2018) were
obtained from bacterial collection of Huazhong Agri-
cultural University, Wuhan, Hubei, China. The bacterial
strains were maintained for long-term storage in LB
with glycerol at −80 °C. Bacterial strains were grown
on solid LB with kanamycin (10 mg ml−1). A single
colony was transferred to 250 mL flask containing LB
and kanamycin and grown aerobically in flasks on a
rotating shaker (170 rpm) for 3 days at 37 °C. Grown
bacteria were diluted in sterile distilled water to final
concentration of 106 CFU ml1. The resulting bacterial
suspensions were used to treat rice plants.

Extraction of AMPs

Bacillus subtilis, which was cultured on solid medium
containing kanamycin (50 mg ml1), was cultivated in
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liquid LB medium containing kanamycin (50 mg ml −1)
and shaken at 170 rpm for 3 days at 37 °C. The superna-
tants were obtained by centrifugation at 10000 rpm for
25 min at 4 °C. The supernatant was collected and precip-
itated with saturated ammonium sulfate at 4 °C overnight.
Then, centrifuged again at 10000 rpm for 20 min at 4 °C.

Extraction of intracellular protein

After 3 days growth in LB at 37 °C and 170 rpm of
rotation, the bacterial cells were collected by centrifu-
gation at 10000 rpm/ 4 °C/ 20 min. Then, the cells were
washed twice, suspended in cold PBS buffer and trans-
ferred to sonication tubes. Sonication was performed for
20 min and then centrifuged at 10000 rpm and 4 °C for
20min. The supernatant was used for other experiments.

Effect of AMPs on fungal growth and sclerotia
formation

The agar-based diffusion method was used to investi-
gate the effect of AMPs (1036, 1064, l11, 413, 864,
1205, 498, 416) on growth of R. solani AG1-IA. In this
method, stainless steel cylinder was used to produce
holes on the surface of potato dextrose agar (PDA)
medium. Then, 500 μLL of AMPs (100 mg mL−1)
was added in each hole and the R. solani AG1-IA was
cultured at the center of the plate (Hadacek & Greger,
2000). The WB800, without the genes encoding AMPs,
was used as a control.

Minimun inhibitory concentration

Effect of AsR416 on R. solani AG1-IA growth in PDA
was tested. Different concentrations of the AsR416,
including 100, 50, 25, 12.5 and 6.25 mg ml−1 were
prepared in PBS buffer (pH 7) and tested by agar-
based diffusion method in PDA medium for determin-
ing minimum inhibitory concentration (MIC). The
WB800 was used as control.

Effect of AMPs on fungal biomass

Effect of AMPs (AsR416 and WB800) on fungal bio-
mass (fresh and dry weight of mycelia) and sclerotia
production was investigated according to the method
described by Granade et al. (1985), with some modifi-
cations. Briefly, mycelial plugs (0.5 mm diameter) of
R. solani AG1-IA were grown in potato dextrose broth

(PDB) medium containing each AMP at 100 mg ml−1

concentration. The WB800 (without antimicrobial
genes) was used as the control in this assay. After 3 days
and before production of sclerotia, the mycelia were
harvested. For determining fresh weight, the samples
were put on filter paper for 30 min and then were
weighed. For determining dry weight, the samples were
dried at 35 °C overnight and weighed.

Effect of AMPs on apoptosis

Effect of AMPs on reactive oxygen species (ROS)
production in R. solani AG1-IA

Nitro blue tetrazolium (NBT) was used for detecting
superoxide anion (O2

−) as a main type of ROS in the
hyphal cells of R. solani AG1-IA, according to the
method described by Semighini and Harris (2010), with
some modifications. The NBT (2.5 mM) solution was
prepared in Hepes buffer (25 mM, pH 7.6). Mycelial
plugs (5 mm) of active colony were placed on cover-
slips. The coverslips were placed in petri dishes contain-
ing a moist filter paper and the petri dishes were sealed
with parafilm. The hyphae were treated with the
AsR416. After 24 h, 500 μl of NBT solution was added
to the corner of coverslip without disturbing the hyphae.
Then, the fungal hyphae were incubated in the dark at
room temperature for 30 min. The coverslips were ob-
served using light microscopy (Nikon Eclipse 80i, Mel-
ville, USA) and the hyphal cells containing blue NBT
formazan deposits were counted.

Effect of AMPs in induction of cell death in R. solani
AG1-IA

Evans blue staining was used for detecting cell death in
the hyphae of R. solaniAG1-IA, according to the meth-
od described by Semighini and Harris (2010) with some
modifications. In this method, Evans blue solution 1%
was prepared in the PBS buffer. A mycelial plug (5 mm)
of active fungal colony was placed on each coverslip.
The coverslips were placed in petri dishes containing a
moist filter paper and the petri dishes were sealed with
parafilm. The hyphae were treated with the AsR416.
After 24 h, 500 μL of Evans blue was added without
disturbing the hyphae. Staining was performed for 5 min
at room temperature. The coverslips were washed three
times with the PBS buffer. The samples were visualized
by fluorescence microscope (Nikon Eclipse 80i,
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Melville, U. S.A), using 40× objective and a UV filters
and the photos were taken by Nikon DS Ri1. Intensities
of fluorescence were quantified by the Image J software
version 1.6.2–24 (National Institutes of health, USA).

Effect of AMPs on membrane permeabilization

The pathogen was grown in PDB for 72 h at 28 °C, then
treated with 1 ml of the AsR416 and/or WB800 (as a
control) at 100 mg ml1 concentration for 1 min. Then,
the fungal protoplast was generated from each treatment
as described by Hamlyn et al. (1981) and stained with
propidium iodine (PI) using the Annexin V-FITC kit
(BestBio, china). Images were obtained by a fluorescent
microscope (Nikon Eclipse 80i, Melville, USA) and
photos were taken by a Nikon DS Ri1 camera.

Effect of AMPs on activity of cellulase, as a cell wall
degrading enzyme

Cellulase activity was investigated using a medium con-
taining carboxymethyl cellulose (4.6 g), yeast extract
(5.0 g), peptone (5.0 g), and K2HPO4 in 1 L of distilled
water with pH 7.2, as described by MacMillan and
Voughin (1964). The AsR416 was added to sterilized
medium in each flask. Then, the flask was inoculated
with a mycelial plug (5 mm diameter) of active colony
of R. solani AG1-IA. Cellulase activity was determined
after 10 days of incubation at 28 °C. The supernatants
were obtained by centrifugation (5000 g for 15 min at
4 °C). Three flasks were used as replicates for each
treatment as well as the control with the experiment
repeated three times. The amount of reducing glucose is
the base of determining cellulase activity. Dinitrosalicylic
acid colorimetric method described by Miller (1959) and
Ghose (1987) with some modifications was used for
determining cellulase activity. According to this method,
0.5 ml of cell free supernatant was incubated with 0.5 ml
carboxymethyl cellulose (2%) in 0.05 M acetate buffer
with pH 4.8 and the reaction mixture was incubated at
50 °C for 30 min in static condition. Then, 3 L of 3, 5-
dinitrosalicylic acid (DNS) reagent was added and the
mixture was boiled for 5 min in vigorously boiling water
bath. Then, the tubes were transferred immediately to the
cold water bath. Themixture was diluted by adding 20ml
of deionized water and absorbance was measured at
540 nm. Absorbance of the samples were expressed as
glucose production during the reaction using a glucose
standard curve (Ghose, 1987).

Effect of AMPs on disease index in detached leaf
bioassay

The first leaves of 4-week-old rice plants were detached
and used in this assay. Each leaf segment with upper
side was placed inside of petri dishes containing moist
whatman filter papers. A mycelial disc of active colony
of R. solaniAG1-IA (5 mm diameter) was placed on the
leaf surface. The petri dishes were incubated under
laboratory conditions (25 °C; 12 h of light and 12 h of
darkness). Symptom development was evaluated at 4
dpi as described by Taheri and Tarighi (2010). Intensity
of the disease symptoms was graded into five classes
based on the leaf area infected: 0 = no infection, 1 = 1–
25%, 2 = 26–50%, 3 = 51–75%, and 4 = 76–100% in-
fected leaf area. Disease index (DI) was calculated for
each treatment by the formula DI = [(0n0+ 1n1 + 2n2 +
3n3 + 4n4)/4 N] 100, where n0 is the number of plants
with score 0, n1 the number of plants with score 1, n2 the
number of plants with score 2, n3 the number of plants
with score 3, n4 the number of plants with score 4, and N
the total number of plants used in the experiment.

Metabolomics analysis

Mycelial plugs (5 mm) from active colony of R. solani
AG1-IAwere inoculated onto fresh PDB in 50mm vials
and incubated at 28 °C. Cultures were divided into 2
groups. One group treated with AsR416 protein and
other group untreated with the protein (as the control)
the vials were kept at 28 °C until sclerotia formation in
the control. Each group consisted of 5 replicates and
each replicate consisted of mycelia from 2 vials. After
sclerotia formation in the control, while mycelium treat-
ed with AsR416 did not produce sclerotia, all samples
were placed into a vacuum lyophilizer for 8 h and stored
at −80 °C. Methanol stock solution (HPLC purified,
0.1% v/v formic acid) (1.5 ml) was added to 50 mg of
each sample. After 2 min vortexing, the samples were
shaken at 120 rpm and 24 °C for 4 h. After 20 min of
sonication and the first centrifugation (4 °C at 14000 g
for 20 min), 1 ml of supernatant was transferred into a
new microtube and centrifuged for the second time.
From each sample, 0.9 ml of supernatant from the
second centrifugation was filtered using a 0.22 μm filter
and transferred into the vials.

The Waters Ultra Performance Liquid Chromatogra-
phy (UPLC) system used for metabolomics was equipped
with an ACQUITYC18 column (10 cm 2.1 mm, particle
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size 1.7 μm, Waters, USA). The column was eluted
according to the following sequence with acetonitrile so-
lution (A: B; A =water with 0.1% formic acid, B = aceto-
nitrile): 1 min, 99: 1; 2 min, 80: 20; 5 min, 60: 40; 6 min,
45: 55; 13 min, 20: 80; 15 min, 5: 95; 17 min, 5: 95;
20 min, 99: 1. The gradient duration was 20 min at a flow
rate of 0.4 ml min−1 with the column temperature set at
45 °C. One μl of each sample was injected into the
column. Mass spectrometry was performed on the Waters
QTOF MS and operated in positive ion mode with a scan
range from 50 to 1200 m z−1. The de-solvation gas flow
was set to 500 l h−1 at a de-solvation temperature of
400 °C. The cone gas was set to 50 l h−1 and the source
temperature was 100 °C. The capillary voltage and cone
voltage were set to 1000 and 30 V, respectively. The
QTOF MS acquisition rate was set at 0.3 s with a 0 s
inter-scan delay. Tune page was used to regulate the
sample cone voltage. In the MS/MS experiments, argon
was employed as the collision gas, and the collision energy
was set to 6 eV. The MS collision low and high energy
were set at 15.0 and 45.0 eV, respectively. Data were
collected in centroid mode. All analyses were performed
using the lock spray, which was set at 20 s to ensure
accuracy and reproducibility, leucine - enkephalin was
used as the lock mass at a concentration of 0.8 ng μl−1

and a flow rate of 10 μl min−1.

Statistical analysis

Effects of the AsR416 on biomass parameters, sclerotia
formation and virulence of R. solani AG1-IA were
analyzed by MSTATC version 1.42 (Michigan State
University, UAA). All assays were repeated three times
with three replications in each repetition. Experimental
data were processed by analysis of variance (ANOVA)
procedures. Means of the data obtained for different
time points were separated by Duncan’s Multiple Range
test at P ˂ 0.05. Significant differences were presented
by various letters on the figures. The experiments were
performed using completely randomized design (CRD).

Results

Effect of AMPs on fungal growth, sclerotia formation
and fungal biomass

We examined the inhibitory effect of 8 intra and extra-
cellular proteins, including AsR1036, AsR1064,

AsRL11, AsR413, AsR864, AsR1205, AsR498 and
AsR416 produced by 8 genes of Allium sativum and
the WB800 (without antimicrobial genes) was used as a
control. Among these proteins, only the AsR416 had
inhibitory effect on the mycelial growth of R. solani
AG1-IA compared to the WB800 (Fig. 1a). Therefore,
the AsR416 was used for further cellular and chemical
investigations. The AsR416 inhibited sclerotia produc-
tion of the pathogen in vitro. After 1 week, sclerotia
were not formed in the part of plate containing
100 mg ml−1 concentration of the AsR416, whereas
numerous sclerotia were produced in the part of the
same plate containing the WB800 (Fig. 1b). Determin-
ing fresh and dry weight of R. solaniAG1-IAmycelia in
liquid medium showed that the AsR416 was effective in
reducing fungal biomass, as biomass of R. solani AG1-
IA significantly decreased in the presence of AsR416
protein compared to the control and WB800 (Fig. 1c).

Minimum inhibitory concentration (MIC)

Among different concentrations of the AsR416 (100 to
6.25 mg ml−1) used in this assay, minimum concentra-
tion with inhibitory effect (MIC) on growth of R. solani
AG1-IA was 100 mg ml−1. In lower concentrations of
the AsR416, inhibitory effect against R. solani AG1-IA
was not observed.

Effect of AMPs on apoptosis

Effect of AMPs on ROS production in R. solani AG1-IA

Hyphae obtained from active colony of R. solani AG1-
IA were treated with the AsR416 and/or WB800, then
they were stained with Nitro Blue Tetrazolium (NBT) to
investigate the effect of the AsR416 on O2

− production.
Presence of blue cells revealed O2

− production in the
hyphal cells of R. solani AG1-IA. Production of O2

− in
fungal hyphae in presence of the AsR416 increased
compared to the WB800 as control. The percentage of
blue cells in hyphae treated with the AsR416 was more
than in the hyphae treated with the WB800 and control
(Fig. 2a and b).

Effect of AMPs on viability of hyphal cells in R. solani
AG1-IA

The hyphae of R. solani AG1-IA treated with the
AsR416 and/or WB800 were used for detecting dead
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cells using Evans blue staining. Evans blue penetrated
dead cells and stained them, which can be visualized
using a fluorescence microscope (Nikon Eclipse 80i,
Melville, USA). Intensity of fluorescence color in the
hyphal cells treated with the AsR416 had significant
difference with the hyphae treated with WB800 and
control (Fig. 2c and d).

Effect of AMPs on membrane permeability

Propidium iodide (PI) is a kind of nucleic acid dye,
which does not penetrate intact cells but can bind to
the nucleus through cell membranes in the necrotic cells.
The PI staining showed that plasma membrane in the
hyphae treated with the WB800 and control remained
intact, as the PI dye was not detected in the mycelia with

these treatments. In contrast, the plasma membrane of
protoplast in the mycelia treated with the AsR416 lost
permeability compared to the control and the hyphae
treated with the WB800 (Fig. 2e).

Effect of AMPs on progress of the disease caused
by R. solani AG1-IA

Detached rice leaves were used for investigating effect
of the AsR416 on development of the disease caused by
R. solani AG1-IA in vitro conditions. Symptom devel-
opment was evaluated at 1, 2, 3, and 4 days post inoc-
ulation (dpi) with R. solani AG1-IA. Among the three
different treatments used in this assay, growth of the
fungal mycelia began at 2 dpi on the leaves treated with
the AsR416, whereas on the leaves treated with the

Fig. 1 Effect of AsR416 and WB800 (as a control without anti-
microbial genes) on growth and sclerotia formation in Rhizoctonia
solani AG1-IA in potato dextrose agar and fungal biomass in
potato dextrose broth. A, Growth of mycelia around the hole
containing WB800 compared to AsR416 after 2 days; B, forma-
tion of sclerotia around the hole containingWB800 after 10 days is

visible; C, fungal biomass of R. solani AG1-IA in the liquid
medium. The means obtained for various treatments with signifi-
cant differences were separated by different letters based on
Duncan’s multiple range test procedure at p˂0.05. I: AsR416, II:
WB800, III: Control
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WB800 and controls, mycelial growth was observed
earlier, at 1 dpi. Appearance of necrotic symptoms on
control and the leaves treated with the WB800 was
observed at 1 dpi. But, on the leaves treated with the
AsR416, necrosis was not observed until 3 dpi and mild
necrosis just around the mycelial plug was observed at 4
dpi. However, in other treatments, including WB800
and control, necrosis completely developed on the
leaves. At 3 dpi, sclerotia were formed on the leaves
treated with the WB800 and control leaves, while scle-
rotia production was not observed on the leaves treated
with the AsR416 at any time point investigated in this
assay (Fig. 3a). At the third and fourth days after inoc-
ulation disease index was not significantly different
between the leaves treated with the WB800 and control
(Fig. 3b).

For in vivo assay, effect of theAMPs on progress of the
disease caused byR. solaniAG1-IA on four-week-old rice
plants was investigated in greenhouse conditions. The
plants inoculated with R. solaniAG1-IA were treated with
the AsR416 and WB800 proteins. Plants untreated with
the proteins and plants treated with the WB800 were used
as controls in this assay. After 4 days, severe symptoms
appeared in untreated plants and plants treated with
WB800 protein, while in plants treated with the AsR416
mild symptoms were observed. The disease symptoms
included greenish gray and oval-shaped lesions with yel-
low to brown margins mostly formed on the leaf sheaths.
Analysis of diseased area by Image J software showed that
lesion area in the plants treated with the AsR416 were less
than that of untreated controls and plants treated with the
WB800 (Fig. 4a and b).

Fig. 2 Effect of AsR416 on apoptosis feature in Rhizoctonia
solani AG1-IA. A, Detection of O−

2 in the hyphal cells of
R. solani AG1-IA. Accumulation of formazan after Nitro Blue
Tetrazolium staining was visualized for detecting O−

2. B, Percent-
age of blue cells in the hyphae after treatment with AMPs. C,
Detection of dead cells in R. solani AG1-IA using Evans blue
staining. Fluorescence dead cells were detected in R. solani AG1-

IA. D, Intensities of fluorescence in presence of AsR416 and
WB800 and in the control were quantified by Image J software.
The means obtained for various treatments with significant differ-
ences were separated by different letters based on Duncan’s mul-
tiple range test procedure at P ˂0.05. E, Effect of AsR416 on
membrane permeability of R. solani AG1-IA. I: AsR416, II:
WB800, III: Control
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Effect of AMPs on activity of cell wall degrading
enzyme

Cellulase activity analysis showed that R. solani AG1-
IA without AMPs had the maximum cellulase activity
in vitro among all treatments in liquid culture. The
lowest cellulase activity was observed for R. solani
AG1-IA treated with AsR416. The results revealed that
cellulase activity of R. solani AG1-IA decreased in
presence of AsR416 (Fig. 4c).

Effect of AMPs on survival ofR. solaniAG1-IA in plant
debris

To evaluate the AMPs (AsR416 and WB800) effect on
survival of R. solaniAG1-IA in plant debris, the number
of sclerotia in plant debris was counted one month after
the pathogen inoculation. The obtained data revealed
that in plants treated with the WB800, B. subtilis
WB800, and more than 100 sclerotia were formed on
each control plants (Fig. 5a). In contrast, significantly

A I II III

4dpi

3dpi

2dpi

1dpi

B

Fig. 3 Disease progress in
detached leaves of greenhouse-
grown rice plants. a, Symptom
development in presence of
AsR416, WB800 after 1, 2, 3 and
4 days post inoculation (dpi).
Control is the leaf inoculated with
Rhizoctonia solani AG1-IA
without using AMPs. b,
Symptom development was
assessed at 1, 2, 3 and 4 dpi. The
means obtained for various
treatments with significant
differences were separated by
different letters based on
Duncan’s multiple range test
procedure at P ˂ 0.05. Each
experiment was repeated three
times using at least four
replications of each treatment
with similar results. I: AsR416, II:
WB800, III: Control
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lower number of sclerotia were formed on the plants
treated with the AsR416 compared to those treated with
B. subtilisWB800, the WB800, and control plants with-
out bacterial or AMP treatments (Fig. 5b).

Metabolomics analysis

As various metabolic pathways are involved in fungal
growth, survival and virulence, metabolomics based on
mass spectrometry technique by UPLC-QTOF-MS was
used to investigate the intracellular metabolic changes in

R. solani AG1-IA in presence and absence of AsR416.
Raw data were analyzed by MZmine software (USA)
and chromatogram was obtained after mass detection.
For identification of different compounds, online data-
base search was performed. The results revealed that the
number of intracellular metabolites in mycelia without
AsR416 treatment (control) was more than metabolites
in mycelia treated with AsR416. Somemetabolites were
detected in all treatments, whereas other metabolites
were found only in the control. Therefore, production
of some metabolites was suppressed by the AsR416

Fig. 4 Effect of AsR416 and WB800 on the progress of sheath
blight on rice in greenhouse conditions (25 °C, 12 h of light and
12 h of darkness) and cellulase activity as a virulence factor of
Rhizoctonia solani AG1-IA. Rice plants were inoculated with
Rhizoctonia solani AG1-IA (into the lowest inner sheath of the
main tiller.). a Symptom development of sheath blight in

greenhouse condition. b Necrotic area was evaluated at 4 days
post inoculation (dpi) by Image J software. c Analysis activity of
cellulase produced by Rhizoctonia solani AG1-IA in presence of
AMPs (AsR416, WB800) and effect of AsR416 in decrease of
cellulase activity in Rhizoctonia solani AG1-IA. I: AsR416, II:
WB800, III: Control
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treatment (Table 1). Production of some metabolites,
which are known to be involved in sclerotia formation,
was suppressed by the AsR416 in R. solani AG1-IA
(Table 1).

Discussion

In this study, antifungal effect of the AsR416 as anAMP
on R. solani AG1-IA causing rice sheath blight disease
was demonstrated. This AMP strongly reduced mycelial
growth and inhibited sclerotia formation in this patho-
genic fungus. Considering the important role of sclerotia
in survival of fungi in the environment (Money, 2016), a
natural compound with significant effect on sclerotia
formation in R. solani AG1-IA has a major role in

management of diseases caused by this destructive phy-
topathogen, causing rice sheath blight.

In the detached leaf assay, symptoms caused by
R. solaniAG1-IA decreased in presence of AsR416 com-
pared to the leaves treated with WB800 and control. Use
of AsR416 in rice leaves inoculated with R. solani AG1-
IA in detached leaf assay and also in greenhouse condition
showed that after 4 days the phytotoxicity was negligible.
While some of the AMPs obtained frommicrobial origins
have significant phytotoxicity that limits their direct use as
plant protection products, some AMPs play a role in
protecting plant species against various diseases
(Montesinos, 2007; Topman et al., 2018).

The AMPs have different modes of action in cells,
including disruption of cell membrane integrity, DNA
and RNA biosynthesis inhibition, inhibiting the activity

Fig. 5 Effect of antimicrobial peptides (AMPs) and Bacillus
subtilis on the sclerotia formation of Rhizoctonia solani AG1-IA
in plant debris at one month after inoculation. A, Sclerotia forma-
tion on rice plant debris; B, the number of sclerotia produced on
the plants with different treatments at onemonth after the pathogen

inoculation. I: rice plant inoculated with R. solani AG1-IA, no
AMPs, no B. subtilis ΙΙ: plant inoculated with R. solani AG1-IA
and treated with B. subtilis WB800, ΙΙΙ: plant inoculated with
R. solani AG1-IA and treated with the WB800, ΙV: plant inocu-
lated with R. solani AG1-IA and treated with the AsR416
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Table 1 The list of intracellular metabolites detected in the my-
celium of Rhizoctonia solani AG1-IA treated with AsR416 and
without AsR416 using the UPLC-QTOF-MS method. The

effective intracellular metabolites in the formation of sclerotia that
suppressed in R. solani AG1-IA by AsR416 are indicated by *; +:
Presence of metabolite; −: lack of metabolite

Intracellular Metabolite Control AsR416 Intracellular Metabolite Control AsR416

(R)-Mevalonate + – Atropine + +

S-Dihydroorotate + + Barbiturate + +

14-Demethyllanosterol + + Berbamunine + +

1-Methyladenosine + + Bergapten + +

2,3,4,5-Tetrahydrodipicolinate + + Biotin + +

2,6-Dichloroindophenol + + Bryostatin + +

20-Hydroxyecdysone + + Butanoyl-CoA + +

2-AminoAMP + + Ceftriaxone + +

2-Aminomuconate + + Cephalosporin C + +

2-Deoxy-D-ribose 1-phosphate + + Chartreusin + +

2- Fluorobenzoyl-CoA + + Choline + +

2-Hexaprenyl-3-methyl-6-methoxy-1,4-benzoquinone + + Coenzyme B + +

2-Hexaprenylphenol + + Cyanate + +

2-Hydroxymuconate semialdehyde + + Cytidine + +

2-Hydroxypyridine + + Cytosine + +

2-Oxoadipate + – Deoxycytosine + +

2-Oxoglutarate + + Destomysin + +

3,4-Dihydroxy-L-phenylalanine + + D-Glucarate + +

3,7,4-Tri-O-methylquercetin + – D-Glucosamine + –

3-Phosphoadenylyselenate + + D-Glucuronate + +

3-(3,4-Dihydroxyphenyl)lactate + + D-Mannitol-1-phosphate * + –

3,2-Phosphoglycerate + + 1-D-myo-Inositol 1, 3,
4-trisphosphate

+ –

3-glycerate + + Dopaquinone + +

3-sulfino-L-alanine + – D-Ribose + +

4-Aminobutanoate + + D-Xylonate + –

4-Deoxy-beta-D-gluc-4-enuronosyl-N-acetyl-D-galactosamine + – Ergosterol + +

4-Hydroxybenzoate + + Estrone + +

5-Aminoimidazole + + Ferrichrome + +

5-Methyltetrahydrofolate + + Ferricyanide + –

5-Phosphoribosylamine + + Folate + +

Agmatine + + Formyl-CoA + +

Alpha-Erythroidine + + Fumarate + +

Androsterone + + Glutathione + +

Aromatic aldehyde + – Glycocholate + +

Atrovastatin + + Guanosine + +

Haloperidol + + L-Tyrosine + +

Heteropyrithiamine + – Mannitol + +

Hypotaurine + – N-D-Glucosylarylamine + +

Hypoxanthine + + N-Acetyl-D-glucosamine
6-phosphate *

+ –

Indolepyruvate + + N-Acetylspermidine * + –

L-Alanine + + Naringenin + –

Aniline * + – Nicotinamide + +
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of enzymes involved in linking of cell wall structural
proteins, inhibition of ribosomal function and protein
biosynthesis, and blocking of chaperones necessary for
accurate protein folding (Lazzaro et al., 2020; Peters
et al., 2010). Mode of AMPs action against various
bacteria, fungi and viruses is different. The AMPs have
specific characteristics by harboring cationic and am-
phipathic structures and binding to cell membranes,
resulting in the leakage of essential cell ingredients by
forming pores or disturbing lipid organization in the
membranes (Zhang et al., 2001).

Apoptosis induced by the AMPs has caused releasing
cytochrome c, caspase activation, phosphatidylserine
externalization, plasma or mithochondrial membrane
depolarization, DNA, RNA, and protein damage (Cho
et al., 2012; Madeo et al., 1997). Also, the AMPs are
capable of inducing cell death in the eukaryotic cells
(Aarbiou et al., 2006). The defensin RsAFP2 is an
antifungal AMP obtained from radish, which induced
apoptosis in Candida albicans (Aerts et al., 2009). In
this study, we described that the AsR416 is an AMP
capable of inducing apoptosis in the hyphal cells of
R. solani AG1-IA, using three types of staining
methods. In the first method, we used Nitro Blue Tetra-
zolium (NBT), a pale-yellow compound that is reduced
by ROS to blue-purple formazan precipitate. When
NBT reacted with O2-, a dark blue insoluble formazan
compound is produced, which can be detected micro-
scopically (Baehner et al., 1976). Superoxide was re-
ported to be the major oxidant species responsible for
reducing NBT to formazan (Maly et al., 1989). The
second method used in this research was detection of
cell death by Evans blue staining. Normal hyphae with
an intact plasma membrane exclude Evans blue and
remain their natural color. Dead hyphae are unable to
exclude the dye and stain deep blue. The third method is

the PI staining for investigating membrane permeability
of R. solaniAG1-IA in presence of the AsR416. Similar
to our findings, it was previously described that the
defensin NaD1 from Nicotiana alata interacts with the
fungal cell surface and increased membrane permeabil-
ity, which leads to entry of the AMPs into the cytoplasm
and increased ROS accumulation (Hayes et al., 2013).
These biochemical and histological changes in the fun-
gal cells treated with the AMPs, such as the AsR416,
can lead to increased cell death as demonstrated in the
present research.

The plant cell wall contains various types of polysac-
charides, such as cellulose, hemicelluloses and pectin.
Cellulose, as the major cell wall component in most
plant species, is composed of β-1, 4 glucan chains
(Harholt et al., 2010). For cell wall degradation,
exocellular cellulolytic and pectolytic enzymes should
be secreted by phytopathogens, which are able to de-
grade each of these structural polymers in the host plant
(Abd-El-Khair & El-Gamal Nadia, 2011). Some plant-
pathogenic fungi produce cellulases, which catalyze
degradation of the β-1, 4-glycosidic bonds in cellulose
(Carpita & Gibeaut, 1993). Cellulase is known as an
invasive enzyme produced by phytopathogens, which
allow the pathogen to penetrate various plant tissues
(Olutiola &Cole, 1976). The rice sheath blight pathogen
produces cellulase, which may assist penetration of the
fungus into the host cells. Our results revealed that the
AsR416 significantly reduced activity of cellulase en-
zyme produced by R. solani AG1-IA, which can be the
reason of decreasing the disease symptoms on rice not
only in vitro, but also in vivo conditions in presence of
this AMP.

Various fungal metabolites are involved in growth,
survival and virulence of phytopathogenic fungi such as
R. solani. Therefore, metabolomics analysis was used to

Table 1 (continued)

Intracellular Metabolite Control AsR416 Intracellular Metabolite Control AsR416

L-Arogenate * + – Orthophosphate * + –

L-Aspartate * + – Pyridoxine * + –

L-Citrulline + + Sulfoacetaldehyde + –

L-Cystine + + Tetrahydrobiopterin + –

L-Histidine * + – Tyr-Oet + –

L-Methionine + + Zeatin + –

L-Octanoylcarnitine + + Xylitol * + –

L-Phenylalanine + + L-Serine + –
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evaluate the intracellular metabolic changes of R. solani
AG1-IA caused by the AsR416 treatment. Among the
metabolites identified in the control (without the AMP
treatment) which were not detected in the mycelia treat-
ed with the AsR416, different types of amino acids
including N-Acetyl-D-glucosamine 6 phosphate, N1-
Acetylspermidine, Aniline, L-Histidine, L-Aspartate,
L-Arogenate were detected. Amino acids have effect
on sclerotia formation in Sclerotium rolfsii (Chet et al.,
1966; Henis et al., 1973). Also, Liu and Wu (1971) and
Kritzman et al. (1976) reported that the amino acid L-
threonine and its derivative induced sclerotia formation
in S. rolfsii. Xylitol is a sugar alcohol which production
was suppressed by the AsR416. α, α-trehalose, 9-(Z)-
octadecenoic, 9,12-octadecadienoic, D-glucose, xylitol
and glucitol are known to be related with sclerotia
formation (Aliferis & Jabaji, 2010). In other words, the
AsR416 suppressed sclerotia formation in R. solani
AG1-IA via its inhibitory effect on production of xylitol
as a major metabolite involved in sclerotia production.
Also, the data obtained in this research revealed that
production of D-mannitol-1-phosphate as the mannitol
derivative and a sugar alcohol was suppressed in the
presence of AsR416. Mannitol was previously detected
in the sclerotia of Sclerotinia sclerotiorum, Claviceps
purpurea, Claviceps nigricans and Sclerotinia
curreyana (Cooke, 1969; Meena et al., 2015).
Moromizato et al. (1991) showed that different kinds
of phosphorus has effect on sclerotia formation in
R. solani. Also, we found that the AsR416 suppressed
production of orthophosphate in R. solani. Pyridoxine is
another compound that was suppressed by the AsR416
and detected in mycelia which produced sclerotia. Pyr-
idoxine is known to be involved in sclerotia formation in
Sclerotium hydrophilum (Hausner & Reid, 1999).

Briefly, we showed that the AsR416 protein
encoded by the AsR416 gene had inhibitory effect
on vegetative growth, survival, and virulence of
R. solani AG1-IA in both in vitro and in vivo condi-
tions. The most important challenge of using AMPs
is their high production costs. Using microbial sys-
tems or transgenic plants for production of AMPs
might help to reduce the production costs (Lopez-
Garcia et al., 2012). Over the last years, the biolog-
ical and chemical methods have been improved to
control plant diseases. Developing environment-
friendly management strategies using AMPs seems
to be necessary for controlling destructive plant dis-
eases, such as rice sheath blight.
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