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Pepper (Capsicum annuum L.) is an important agricul-
tural crop worldwide. Recently, Colletotrichum scovillei,
a member of the C. acutatum species complex, was re-
ported to be the dominant pathogen causing pepper an-
thracnose disease in South Korea. In the present study,
we isolated bacterial strains from rhizosphere soil in a
pepper field in Gangwon Province, Korea, and assessed
their antifungal ability against C. scovillei strain KCO05.
Among these strains, a strain named BS1 significantly
inhibited mycelial growth, appressorium formation,
and disease development of C. scovillei. By combined
sequence analysis using 16S rRNA and partial gyr4
sequences, strain BS1 was identified as Bacillus velezen-
sis, a member of the B. subtilis species complex. BS1
produced hydrolytic enzymes (cellulase and protease)
and iron-chelating siderophores. It also promoted chili
pepper (cv. Nockwang) seedling growth compared with
untreated plants. The study concluded that B. velezensis
BS1 has good potential as a biocontrol agent of anthrac-
nose disease in chili pepper caused by C. scovillei.
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trichum scovillei, plant growth-promoting bacteria

Capsicum annuum L. is one of the five domesticated pep-
per species, which also include C. frutescens L., C. chi-
nense Jacq., C. pubescens Ruiz & Pav., and C. baccatum L.
(Kraft et al., 2014). Among these, C. annuum is the most
common and widely consumed species worldwide (Sax-
ena et al., 2016). The major active compounds in peppers
providing their pungent and spicy flavor are capsaicinoids
(Barbero et al., 2016; Sanatombi and Sharma, 2008). Cap-
saicinoids include mainly capsaicin, dihydrocapsaicin,
nordihydrocapsaicin, homocapsaicin, and homodihy-
drocapsaicin (Barbero et al., 2014). The most abundant
of these compounds are capsaicin and dihydrocapsaicin
(Laskaridou-Monnerville, 1999). Because of their attractive
colors, flavors, and nutritive values, such as abundant vita-
min C (Dias, 2012), peppers have been used extensively as
fresh food, spice, or ingredient in a variety of dishes, such
as kimchi (fermented cabbage) and gochujang (spicy red
pepper paste) (Kwon et al., 2014).

Several fungal pathogens cause significant damage to
immature (green) and mature (red) pepper fruit, stem, and
root, resulting in significant losses of pepper fruit. These
fungi include Botrytis cinerea, causing gray mold (Vagelas
et al., 2009), Colletotrichum sp., causing anthracnose dis-
ease (Oo et al., 2017), Rhizoctonia solani, causing damping
off (Rajkumar et al., 2008), and Sclerotinia sclerotiorum,
causing sclerotinia rot (Kim and Cho, 2003). Among these,
Colletotrichum is a large genus of filamentous ascomycetes
fungi that causes anthracnose disease in a variety of crops,
including pepper (Perfect et al., 1999). In Korea, the annual
losses of pepper resulting from the disease are estimated to
be more than US$100 million (Kim et al., 2008). C. acuta-
tum, C. coccodes, C. dematium, and C. gloeosporioides are
known to cause pepper anthracnose in Korea, and C. acu-
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tatum is considered to be the major pathogen of the disease
(Kim et al., 2008). However, C. scovillei, a member of the
C. acutatum species complex, has recently been identified
as the dominant pathogen causing pepper anthracnose in
Korea (Oo et al., 2017; Shin et al., 2019). As it is a newly
identified species in Korea, control strategies for this patho-
gen are limited.

Many chemical fungicides, such as azoxystrobin, captan,
and ditioanon, have been applied in Korea to control pep-
per fungal diseases (http://www.koreacpa.org). Although
fungicide application may result in quick and effective con-
trol of pepper fungal diseases, it has many negative effects,
such as environmental pollution and residual toxic effects
on animals and people (Mesnage et al., 2014; Wellman,
1977). As public concern for human health and well-being
has been increasing, it is important to develop benign and
eco-friendly control strategies, including the use of bacte-
rial antagonists and plant extracts, which are considered
to be safe in the environment and can be used within an
integrated crop management system (de Souza et al., 2015;
Stenberg et al., 2015). Biological control using bacterial
antagonists is an especially promising alternative to chemi-
cal fungicides (Wisniewski et al., 2016). Bacillus, a large
bacterial genus, is commonly used as a plant pathogen an-
tagonist and plant growth-promoting bacteria because of its
indole acetic acid production, phosphate solubilization, ni-
trogen fixation, and antibiotics production abilities, which
enhance plant growth (Jiang et al., 2018; Stein, 2005).

In this study, an antagonistic bacterial strain of Bacillus
velezensis was isolated from rhizosphere soil in a pepper

Control

BS1

field in Gangwon Province, South Korea, and evaluated
for its antifungal and plant growth-promoting effects. The
aim of this study was to find a potential biocontrol agent of
pepper anthracnose caused by C. scovillei.

Soil samples were collected from a pepper field in Gang-
won Province, South Korea, transported to the laboratory
in a sterilized polythene bag, and stored at 4°C. To isolate
bacterial strains from soil samples, 1 g of soil was mixed
with 10 ml of sterile water and then serially diluted to 107
Then, 200 pl of dilution was plated on a Luria-Bertani (LB)
agar plate (tryptone 1%, yeast extract 0.5%, NaCl 0.5%,
agar 1.5%). The plates were incubated at 28°C for 2 days.
After incubation, single colonies were subcultured onto
fresh LB agar plates, and isolates were stored in 25% glyc-
erol at —70°C.

To analyze the inhibitory effects of isolates on fungal
mycelial growth, mycelial agar plugs of C. scovillei KC05

Table 1. Antifungal activity of Bacillus velezensis BS1 on the
mycelial growth of seven pathogens of pepper plants

Fungal pathogen BS1
Colletotrichum scovillei +H
C. gloeosporioides -+
Botrytis cinerea +HH
Rhizoctonia solani +
Sclerotinia sclerotiorum +H

‘Determined by measuring the average inhibition rate of mycelial
growth: +++, 40-50%; ++++, 50-60%; and +++++, 60-70% growth
inhibition compared to the control treatments.

R. solani S. sclerotiorum

Fig. 1. Inhibitory effects of strain BS1 on fungal mycelial growth. Mycelial agar plugs of fungal pathogens (Colletotrichum scovillei, C.
gloeosporioides, Botrytis cinerea, Rhizoctonia solani, and Sclerotinia sclerotiorum) were inoculated at the center of potato dextrose agar
plates, and paper disks were placed at the edge of the plates. Drops (20 ul) of BS1 suspension were added to the paper disks and incu-
bated in the dark at 25°C for 4 days (B. cinerea, R. solani, and S. sclerotiorum) or 7 days (C. scovillei and C. gloeosporioides).
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(Shin et al., 2019), C. gloeosporioides (Han et al., 2015), B.
cinerea (Kim et al., 2016), R. solani (KACC 40108), and
S. sclerotiorum (KACC 40457) grown on potato dextrose
agar (PDA; MBcell, Seoul, Korea) were transferred to the
center of fresh PDA plates, and paper disks were placed at
the edge of the PDA plates. Isolated bacterial strains were
incubated in LB broth overnight (16 h) at 25°C with shak-
ing at 150 rpm, and 10 pl of bacterial culture was dropped
on the paper disks. The cultures were incubated in the dark
at 25°C for 4 days (B. cinerea, R. solani, and S. sclerotio-
rum) or 7 days (C. scovillei and C. gloeosporioides). The
straight distance from the center to fungal hyphae edges
in the treatment plates (TD) and the control plates (CD),
respectively, was measured, and mycelial growth inhibi-
tion was calculated according to the following formula:
Inhibition of growth (%) = (1 — TD/CD) x 100 (Han et al.,
2015). Each experiment was repeated three times, with
three separate experiments. In total, 100 bacterial isolates
were screened for antifungal activity against the fungal
pathogens, and the most effective bacterial strain, BS1,
was selected. BS1 exhibited high inhibitory effects on my-
celial growth of C. scovillei (45.60%), C. gloeosporioides
(63.09%), B. cinerea (55.74%), R. solani (49.43%), and S.
sclerotiorum (56.14%) (Table 1, Fig. 1).

To identify strain BS1, 16S rRNA (Park et al., 2005) and
partial gyr4 (Chun and Bae, 2000) were amplified using
the primers 27F/1492R and gyrA F/R (Table 2), respec-
tively, in a 20-pl reaction mixture using Pfu polymerase
(Elpis, Daejeon, Korea). DNA sequencing was performed
by the National Instrumentation Center for Environmen-
tal Management at Seoul National University (NICEM,
Seoul, Korea). The sequences obtained (GenBank acces-
sion numbers MW899044 and MW921480, respectively)
were blasted against the National Center for Biotechnology
Information (NCBI) database. The 16S rRNA and gyrA4 se-
quences from each bacterial species searched in the NCBI
database were combined into a single sequence and aligned
using ClustalW in the MEGA 7 program (Thompson et
al., 1997). Finally, a phylogenetic tree was constructed us-
ing the combined sequences with the maximum-likelihood
method (1,000 bootstrap replicates) (Tamura et al., 2011).
The phylogenetic analysis revealed that strain BS1 grouped

Table 2. Primers used in this study

MT598187 Bacillus velezensis
° Bacillus velezensis BS1
571 MN648416 Bacillus velezensis
o EU138626 Bacillus velezensis
KY939764 Bacillus subtilis
871 MH817425 Bacillus subtilis

MH520118 Bacillus amyloliquefaciens

KX826083 Bacillus amyloliquefaciens
KY777243 Bacillus siamensis

97 | KY777250 Bacillus siamensis

| GQ356000 Bacillus licheniformis
99 L £U073420 Bacillus licheniformis

—
0.020

Fig. 2. Phylogenetic tree generated using the maximum-likeli-

hood method based on a combined sequence analysis using 16S

rRNA and partial gyr4 sequences of Bacillus species. The scale

bar represents 0.010 nucleotide substitutions per site.

very closely with B. velezensis, having 99.8% similarity
with B. velezensis strain F3A (Fig. 2).

Next, we evaluated the inhibitory effect of BS1 on ap-
pressorium formation of C. scovillei and disease develop-
ment on pepper fruit. Conidia of C. scovillei KCO5 were
collected from a 5-day-old oatmeal agar plate (50 g of oat-
meal and 25 g of agar per liter) with 5 ml of sterile distilled
water (SDW) and diluted to 5 x 10* conidia/ml in SDW us-
ing a hemocytometer. BS1 was incubated overnight in 3 ml
of LB broth at 25°C with shaking at 150 rpm. The diluted
conidial suspension was mixed with different concentra-
tions (1 x 10* 10°, 10°, and 10’ cfu/ml) of BS1 suspension,
placed on hydrophobic cover slips, and incubated at 25°C
in a moistened box (Fig. 3A). Appressorium formation
was observed and counted at 16 h after inoculation. The
experiment was repeated three times with three replicates
per experiment (n >100 conidia per replicate). Conidia
of C. scovillei treated with SDW as the control exhibited
an appressorium formation rate of 87.3%, (Fig. 3B). At
concentrations of 1 x 10° and 1 x 10" cfu/ml, the rate of ap-
pressorium formation was significantly lower (13.3% and

Target gene Primer set Sequence (5'-3")

16S rRNA 27F AGAGTTTGATCMTGGCTCAG
1492R TACGGYTACCTTGTTACGACTT

gyrd gyrA F CAGTCAGGAAATGCGTACGTCTT

gyrA R

CAAGGTAATGCTCCAGGCATTGCT
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Fig. 3. Inhibitory effect of Bacillus velezensis BS1 on appressori-
um formation and disease development of Colletotrichum scovil-
lei strain KC05. (A) Conidial suspension (5 x 10* conidia/ml) of
C. scovillei was mixed with different concentrations (1 x 10*, 10°,
10°, and 107 cfu/ml) of BS1 suspension, placed on cover slips, and
incubated in a moistened box. Scale bar = 10 um. (B) Appres-
sorium formation was observed and counted at 16 h after inocula-
tion. Error bars represent standard deviations of three replicates.
Different letters on bars indicate significant differences according
to Duncan’s multiple range test at P = 0.05. (C) Ability of BS1
to suppress disease development of C. scovillei on green pepper
fruits (cv. Gilsang). Conidial suspension (20 x 10* conidia/ml) of
C. scovillei was mixed with different concentrations (1 x 10°, 10°,
and 107 cfu/ml) of BS1 suspension and inoculated onto pepper
fruits. The result was observed after 10 days of incubation.

4.3%, respectively) than in the control. At a concentration
of 1 x 10° cfu/ml, the rate of appressorium formation was
31.6%. We also evaluated the ability of BS1 to suppress
disease development by C. scovillei KCO05 on pepper fruit.
We inoculated drops of fungal conidial suspension (20 x
10* conidia/ml) with different concentrations (1 x 10°, 10°,
and 107 cfu/ml) of BS1 suspension on green pepper fruits
(cv. Gilsang) and incubated them in a moistened box. After
10 days of incubation at 25°C, typical sunken necrotic le-
sions (diameter of 10-13 mm) with orange conidial masses
had developed on BS1-untreated pepper fruits, whereas an-
thracnose disease was completely inhibited at 1 x 107 cfu/
ml (Fig. 3C). At 1 x 10° cfu/ml, anthracnose disease was
significantly reduced. Only relatively small necrotic le-
sions (diameter of 1-2 mm) were present. Collectively, we
concluded that strain BS1 effectively inhibits appressorium
formation and disease development of C. scovillei.

Finally, the ability to produce extracellular enzymes and
the plant growth-promoting activity of BS1 were examined.
Cellulase activity was determined on carboxymethyl cel-
lulose (CMC) agar plates, containing 1.2% CMC, followed
by flooding with 0.1% Congo Red solution according to
the protocol described by Han et al. (2015). Siderophore
production was measured using the chrome azurol S (CAS)
agar assay, as described previously (Han et al., 2015). Pro-
tease activity (casein degradation) was evaluated on LB
agar plates containing 3% skim milk powder (Sokol et al.,
1979). BS1 was incubated overnight in LB broth at 25°C

Protease

Cellulase

Siderophore

Control

BS1

Fig. 4. Characterization of extracellular enzymes produced by
Bacillus velezensis BS1. Cellulase activity was determined us-
ing carboxymethyl cellulose (CMC) agar plates containing 1.2%
CMC, with flooding with 0.1% Congo red solution after 5 days.
Protease production was examined on Luria-Bertani plates con-
taining 3% skim milk after 3 days. Siderophore production was
examined on chrome azurol S agar plates after 5 days.
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Table 3. Effects of Bacillus velezensis BS1 inoculation on the growth of green pepper seedlings

Treatment Plant height (cm) Leaf length (cm) Leaf width (cm) Root length (cm) Root fresh weight (mg)
BSI 107.8 +£7.35* 66.7+£8.41* 37.1£5.32% 190.8 +36.39* 1143 £39.11%*
Control 76.3+5.2 46.5+7.9 255+4.0 115.6 +28.3 30.1+8.12

Significant differences between the data of the BS1-treated and untreated control groups were determined by two-tailed #-tests with the P-value

of less than 0.05, as denoted by asterisks.

with shaking at 150 rpm, followed by centrifugation at 5,000
rpm for 10 min, and then diluted to 1 x 10’ cfu/ml in SDW.
A paper disk was placed in the middle of each medium
and loaded with a 20-ul drop of BS1 suspension. After 3
days of incubation at 25°C on LB agar plates containing
3% skim milk powder, a clear zone around the colony of
BS1 was observed, indicating that proteins were hydro-
lyzed by the bacteria (Fig. 4). BS1 also formed halo zones
on CAS and CMC agar media after 5 days of incubation
at 25°C, indicating that BS1 could produce siderophores
and cellulase. We also applied 20 mL of the diluted bacte-
rial suspension (1 x 107 cfu/ml) per pot at 7-day intervals
on initially 1-week-old pepper seedlings (cv. Nockwang)
and monitored their growth. After 5 weeks of application at
25°C, the plant height, leaf length, leaf width, root length,
and root fresh weight of the BS1-treated plants were mea-
sured and compared with those of the control plants (SDW
applied). The experiment was repeated three times with
three replicates. Application of BS1 significantly promoted
pepper plant growth (Table 3, Fig. 5). The average plant
height, leaf length, leaf width, root length, and root fresh
weight of the BS1-treated plants were 107.8 cm, 66.7 cm,
37.1 cm, 190.8 cm, and 114.3 mg, whereas those of the un-
treated plants were 76.3 cm, 46.5 cm, 25.5 cm, 115.6 cm,
and 30.1 mg, respectively.

B. velezensis is an aerobic, gram-positive, endospore-
forming bacterial species commonly found in soil. The

species is one of the plant growth-promoting, biocontrol
Bacillus species, so it has potential as a powerful biocon-
trol agent against plant pathogenic fungi that can serve as
an alternative to chemical fungicides (Rabbee et al., 2019).
Whole-genome sequencing of B. velezensis FZB42 has re-
vealed a large number of biosynthetic gene clusters encod-
ing antifungal compound-synthesis genes (Fazle Rabbee
and Baek, 2020). Several antifungal compounds, including
surfactins (Grady et al., 2019), fengycins (Adeniji et al.,
2019), and bacillomycin D (Luna-Bulbarela et al., 2018),
exerting control over pathogenic fungi have been identified.
B. velezensis is an endophytic species that lives in various
parts of plants, mainly in the tissues of roots (Chen et al.,
2019), leaves (Li et al., 2020), stems (Kang et al., 2018),
and even bulbs (Khan et al., 2020). Many plant endophytes
have been reported to protect the host against plant fungal
pathogens and increase plant growth and tolerance to envi-
ronmental stresses, making them suitable biocontrol agents
(Bandara et al., 2006; Cho et al., 2007; Li et al., 2016; Ul-
lah et al., 2019).

In this study, we isolated antagonistic bacterial strains
from rhizosphere soil in a pepper field in Gangwon Prov-
ince, evaluated their antifungal ability, and selected bac-
terial strain BS1 as the most effective. We analyzed the
16S rRNA gene sequences of BS1 and confirmed that
the strain belongs within the B. subtilis species complex,
which includes species such as Bacillus amyloliquefaciens,

Control BS1 -

Fig. 5. Plant growth-promoting characteristic of Bacillus velezensis BS1. A volume of 20 ml of bacterial suspension (1 x 10" cfiu/ml) was
applied to pots containing initially 1-week-old pepper seedlings (cv. Nockwang) at 7-day intervals. Photographs were taken at 5 weeks
after inoculation of the bacterial suspension. Effect of BS1 on growth of pepper plant (A) and roots (B).
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B. atrophaeus, B. velezensis, and B. siamensis (Fan et al.,
2017). Members of the B. subtilis species complex are dif-
ficult to identify accurately at the species level based on
the 16S rRNA gene because of their similar phenotypic
characteristics and 16S rRNA gene sequences (Rooney et
al., 2009). Chun and Bae (2000) performed a phylogenetic
analysis using the partial gyr4 sequences for 12 strains of B.
subtilis-related species and confirmed that partial gyr4 se-
quences can be used to identify B. subtilis-related species.
Therefore, we analyzed the partial gyr4 sequences of strain
BS1 and related species, combined the gyr4 sequences
with 16S rRNA sequences, and identified the BS1 strain as
B. velezensis.

Many antagonistic bacteria are capable of synthesizing
and secreting hydrolytic enzymes, such as cellulase, pro-
tease, chitinase, and glucanase, which degrade fungal cell
walls (Han et al., 2017; Jadhav and Sayyed, 2016). They
also produce siderophores, low-mass iron-chelating com-
pounds produced by microorganisms under low-iron con-
ditions (Khan et al., 2018). Siderophores chelate ferric iron
from minerals and organic compounds and make it avail-
able for plant cells, thereby promoting plant growth (Ahmed
and Holmstrom, 2014). Some strains of B. velezensis have
been reported to produce antifungal hydrolytic enzymes
and siderophores. For example, Wang et al. (2020) reported
that B. velezensis FKM10 isolated from rhizosphere soil of
apple trees produced glucanase, protease, and siderophores
and significantly inhibited growth of the pathogenic fungus
Fusarium verticillioides. The BS1 strain consistently ex-
hibited cellulase, protease, and siderophore production and
inhibited the growth, appressorium formation, and disease
development of C. scovillei, a pepper anthracnose patho-
gen. BS1 exhibited high inhibitory effects on mycelial
growth of B. cinerea isolated from strawberry, R. solani
isolated from lettuce (Lactuca sativa), and S. sclerotiorum
isolated from lettuce (L. sativa), indicating that the strain
has a broad spectrum of antifungal activity against agricul-
turally important fungal pathogens. Bacillus species have
received considerable attention because of their broad range
of antifungal activities against agriculturally important fun-
gal pathogens, including Fusarium oxysporum, Fusarium
moniliforme, and Colletotrichum falcatum (Shahid et al.,
2021). These results suggest that BS1 may be applied to
other agricultural crops in addition to chili peppers. Beyond
its antifungal ability, BS1 promoted chili pepper seedling
growth, although the mechanism that contributed to the
growth promotion still remains to be determined. Because
of biological activity of microbial auxins (Glick, 2012), we
tested whether BS1 suspension could promote growth of
another plant, lettuce (L. sativa) seedlings. This revealed

that BS1-mediated growth of lettuce seedlings was not
significant (data not shown), which suggests that BS1 may
not be associated with modulation of auxins. Because C.
scovillei has only recently been identified as a Colletot-
richum species causing anthracnose on pepper in Korea
(Oo et al., 2017; Shin et al., 2019), there are few studies on
biological or chemical controls against the pathogen. Our
results provide basic information on biological control of C.
scovillei causing pepper anthracnose. Additional studies are
required to determine which antifungal compounds against
C. scovillei are produced and the mechanisms by which B.
velezensis BS1 promotes pepper plant growth.
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