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Fusarium oxysporum {. sp. lycopersici (Fol) and Fusari-
um oxysporum f. sp. cubense (Foc), are the causal agent
of Fusarium wilt disease of tomato and banana, re-
spectively, and cause significant yield losses worldwide.
A cost-effective measure, such as biological control
agents, was used as an alternative method to control
these pathogens. Therefore, in this study, six isolates
of the Streptomyces-like colony were isolated from soils
and their antagonistic activity against phytopathogenic
fungi and plant growth-promoting (PGP) activity were
assessed. The results showed that these isolates could
inhibit the mycelial growth of Fol and Foc. Among
them, isolate STRM304 showed the highest percentage
of mycelial growth reduction and broad-spectrum an-
tagonistic activity against all tested fungi. In the pot ex-
periment study, the culture filtrate of isolates STRM103
and STRM104 significantly decreased disease severity
and symptoms in Fol inoculated plants. Similarly, the
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culture filtrate of the STRM304 isolate significantly
reduced the severity of the disease and symptoms of
the disease in Foc inoculated plants. The PGP activity
test presents PGP activities, such as indole acetic acid
production, phosphate solubilization, starch hydrolysis,
lignin hydrolysis, and cellulase activity. Interestingly,
the application of the culture filtrate from all isolates
increased the percentage of tomato seed germination
and stimulated the growth of tomato plants and banana
seedlings, increasing the elongation of the shoot and
the root and shoot and root weight compared to the
control treatment. Therefore, the isolate STRM103 and
STRM104, and STRM304 could be used as biocontrol
and PGP agents for tomato and banana, respectively, in
sustainable agriculture.

Keywords : biocontrol, Fusarium wilt, plant growth pro-
moting, Streptomyces

Fusarium wilt is one of the most economically significant
plant diseases caused by many forms of the soil-inhabiting
fungus Fusarium oxysporum. Several hundred species are
susceptible, including tomatoes and bananas. The fungal
pathogen Fusarium oxysporum f. sp. lycopersici (Fol) is
the causal agent of tomato wilt disease and causes losses in
tomato production and yields up to 100% in some produc-
tion areas (Kirankumar et al., 2008; McGovern, 2015). F.
oxysporum f. sp. cubense (Foc) is the causal agent of the
Fusarium wilt disease of bananas (Shen et al., 2015; Wang
etal., 2017). It is one of the most destructive diseases of ba-
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nanas in tropical and subtropical areas and poses a signifi-
cant economic loss to banana production worldwide (Mint-
off et al., 2021; Moore et al., 2001). Currently, prevention
and control methods for these diseases include chemical
control (Amini and Sidovich, 2010; Bauer et al., 2016),
disease resistant varieties (Ambrico and Trupo, 2017; Chen
et al., 2019; Zuo et al., 2018), cultural control measures
(Ben Abdallah et al., 2018), and biological control (Alijani
et al., 2019). However, the first three methods are ineffec-
tive; fungicide applications risk human health and harm
nontarget organisms and the environment (Arcury and
Quandt, 2003). Furthermore, chemical treatments resulted
in the emergence of fungicide-resistant pathogens (Kanini
et al., 2013b; Reis et al., 2005). Therefore, the researchers
focused on finding biocontrol agents and used them as an
alternative and effective method. Recently, bacteria in the
genus Streptomyces (Duan et al., 2020), Bacillus (Keikha
et al., 2015), and Pseudomonas (Suresh et al., 2021; Weller
2007) have been used as biocontrol agents.

The bacteria in the genus Streptomyces are ubiquitous
in soil and have been known as a potential impact biologi-
cal control agent in vitro and planta for many years. The
Streptomyces genus can grow in various environments, and
they have been used as a biocontrol agent against various
soilborne diseases due to their antagonistic activities by the
production of many bioactive compounds and/or extracel-
lular hydrolytic enzymes (Al-Askar et al., 2011, 2013; El-
Tarabily and Sivasithamparam, 2006; Ghorbel et al., 2014;
Kanini et al., 2013a; Sajitha and Florence, 2013; Singh
et al., 2008; Srividya et al., 2012; Xio et al., 2002). Some
Streptomyces species such as S. aureofaciens, S. avermiti-
lis, S. humidus, S. hygroscopicus, S. lividans, S. lydicus, S.
olivaceoviridis, S. plicatus, S. roseoflavus, S. scabies, and
S. violaceusniger have successfully been applied to control
the soilborne fungal pathogens (El-Tarabily and Sivasi-
thamparam, 2006; Taechowisan et al., 2009; Xio et al.,
2002).

Streptomycetes are also appointed as plant growth-
promoting (PGP) bacteria due to their activities to produce
various lytic enzymes during their metabolic processes
such as enzymes can degrade insoluble organic polymers
chitin and cellulose, resulting in breaking them and uptake
(Bertram et al., 2004; Chater et al., 2010; Dias et al., 2017).
Streptomycetes also enhance plant growth by direct stimu-
lation, such as iron chelation, phosphate solubilization,
nitrogen fixation, IAA production, and siderophore produc-
tion (Basak and Biswas, 2009; Hao et al., 2011; Kawicha et
al., 2020; Panhwar et al., 2012). Furthermore, they have in-
direct stimulation, such as induction of systemic resistance
in host plants, resulting in the suppression of plant patho-

gens (Basak and Biswas, 2009; Hao et al., 2011; Panhwar
etal., 2012).

Based on the advantage of antagonistic and PGP activi-
ties of Streptomyces spp., as mentioned above, the present
study was to isolate Streptomyces bacteria from soils and to
screen their activity against the highest pathogenicity strain
of Fol and Foc. The taxonomic identity of the selected iso-
lates was determined by morphological characteristics and
analysis of the 16S rDNA sequence. The growth promot-
ing characteristics and growth improvement traits of these
strains in tomato and banana plants were also investigated.

Materials and Methods

Isolation of Streptomyces from soils. Streptomyces isolat-
ing from soils was performed using the method described
by Sangdee et al. (2016). Briefly, soil samples were col-
lected from tomato rhizospheres; approximately 50 g of
each soil sample was collected and air dried at ambient
temperature for 2-3 days. The soil samples were suspended
and incubated at room temperature for 30 min before being
diluted 10-fold serially. The diluted soil suspensions were
spread on arginine-glycerol mineral salt agar (AGMA) and
incubated at 37°C for 7 days. Streptomyces-like colonies
were selected. The pure cultures were cultured on half
potato dextrose agar (HPDA) before being kept on HPDA
slants at 4°C for further studies.

Isolation of plant pathogenic Fusarium. Plant patho-
genic fungi Fol race 1, including isolates TFPK101 and
TFPK401, were isolated from tomatoes showing typical
symptoms of Fusarium wilt disease, and plant pathogenic
fungi Foc race 1 isolates KPS1-3 and PT4-3 were isolated
from bananas showing typical symptoms of Fusarium wilt
disease using tissue transplanting technique. The emerg-
ing colonies were subcultured on potato dextrose agar
(PDA) and identified by morphological characteristics and
analysis of the internal transcribed spacer sequencing. The
pathogenicity of Fol and Foc were tested on the tomato
and banana plants, respectively, in strict conformity with
Koch’s postulates. For further studies, pure cultures were
cultured and kept on PDA slants at 4°C.

Characterization of Streptomyces

Morphological characterizations. The six Streptomyces
isolates were cultured on AGMA medium at 37°C and the
colony characteristics of the strains were inspected daily
for 14 days. The isolates’ spore-chain arrangement was
prepared using the slide culture method (Cross, 1989) then
the spore chains were examined under a light microscope.
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Molecular identification by 16S rDNA sequence analy-
sis. The six Streptomyces isolates were cultured in potato
dextrose broth medium (PDB) at 37°C for 7 days before
extracting the genomic DNA. Partial 16S rDNA was am-
plified by the polymerase chain reaction (PCR) technique
with primers fD1 and rP2 (Weisburg et al., 1991). The ther-
mal cycle profiles and PCR reaction followed the protocol
of Sangdee et al. (2016). The 16S rDNA partial sequence
was sequenced and then compared and aligned with the
database of the sequences in the National Center for Bio-
technology Information (NCBI). Next, the phylogenetic
tree assessment was analyzed using Mega 6 (Tamura et al.,
2013), and a neighbor-joining tree was constructed with
1,000 bootstrap replicates using the Kimura 2 parameter
method. Bacillus subtilis was used as an outgroup.

In vitro antagonistic activity test. Six isolates of the soil
Streptomyces-like colonies were isolated and screened for
their antagonistic ability against Fo/ isolates TFPK101
and TFPK401, and Foc isolates KPS1-3 and PT4-3 using
the dual culture method. The isolates of Streptomyces-like
colony were streaked on PDA plates and kept at 37°C for
7 days before inoculating the 7 mm diameter hypha tips of
the fungal pathogens at a 30 mm distance from the Strepro-
myces-like colony. The dual culture plates were incubated
at 28°C for 7 days. Individual cultures of fungal isolates
were used as a control plate. The experiment was carried
out in three replicates. After 7 days, the plates were mea-
sured for antagonistic ability based on the reduction of the
radius of the pathogen colony. The percentage of mycelial
growth reduction (PGI) was calculated using the following
formula.

PGI (%) = [(KR — R1)/KR] x 100

, where KR is the colony radius of the fungal pathogen (mm)
of the control treatment and R1 is the distance of the fun-
gal colony radius (mm) toward the Streptomyces growth
(Zivkovi¢ et al., 2010). The derived data were analyzed
with variance analysis, and the means were compared us-
ing Tukey’s range test (P <0.01).

Effect of Streptomyces spp. culture filtrate on Fusarium
wilt control under pot experiment

Preparation of the culture filtrate. A 7-day-old disk of
the selected antagonistic Streptomyces was cultured in
AGMA broth for 14 days at 37°C in a shaker incubator at
125 rpm. The Streptomyces culture filtrate was collected
and filtered through a 0.2 um filter membrane before being
used.

Biocontrol of Fusarium wilt disease in tomato. The
two isolates of Streptomyces sp. isolates, STRM103 and
STRM104, have the highest percentage of PGI against
the Fol isolate TFPK401 and TFPK101, respectively and
were evaluated for their ability to control Fusarium wilt in
tomatoes. The tomato seeds, cv Seedathip 3, were seeded
in peat moss for 20 days, then the seedlings were planted
in sterilized loamy soil for 30 days. The plants were treated
with 10 ml of culture filtrate of the Streptomyces isolates
by drenching them on the ground near the root crown. Fol
isolates were inoculated into the plants after application
of the culture filtrate for 48 h. Ten milliliters of Fol spore
suspension, 1 x 10° spores/ml, were drenched in the 4
sites of wounded tomato root created by stabbing a cutting
blade, an 18 mm wide blade, 5 cm below the soil surface,
and 5 cm from the tomato stem. Ten ml of the culture fil-
trates were applied every week after Fol inoculation for 4
weeks. The AGMA broth was used as a control. All tested
tomato seedlings were grown in a greenhouse under natu-
ral sunlight and a temperature of 30-33°C/25-28°C (day/
night). Seedlings were watered once a day. At 30 days after
inoculation, the disease severity score, disease index, and
disease control efficiency were evaluated. The severity of
the disease was classified into five scores (0-4) described
by Song et al. (2004), where 0 represents no infection, and
4 denotes complete infection. A completely randomized
design (CRD) with 7 replications was used for statistical
analysis.

Biocontrol of Fusarium wilt disease in banana. One iso-
late of Streptomyces sp. (STRM304), which has the highest
percentage of PGI against Foc isolates KPS1-3 and PT4-
3, respectively, was evaluated for their ability to control
Fusarium wilt on the banana. Banana, Musa (ABB Group)
‘Pakchong 50°, propagated by micropropagation, was
transferred to peach moss, grown in an evaporated green-
house for 1 month, and then transferred to sterile loamy
soil. The plants were drenched with 10 ml of the Strepto-
myces culture filtrate 1 week after the second transplanta-
tion. Forty-eight h after application of the culture filtrate,
20 ml of spore suspension of Foc isolates KPS1-3 and
PT4-3 at 10° spores/ml were inoculated into banana plants
through 2 sites of wound root created by stabbing a cutting
blade, 18 mm wide blade, 5 cm below the soil surface and
2 cm from banana stem. Ten ml of the culture filtrates were
continuously applied 2, 3, and 4 weeks after the second
transplant. The AGMA broth was used as a control. All
tested banana seedlings were grown in a greenhouse under
natural sunlight and a temperature of 30-33°C/25-28°C
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(day/night). Seedlings were watered once a day. At 60 days
after transplantation, the disease severity score, disease
index, and disease control percentage were measured. The
disease severity scores depended on external symptoms
and ranged from 1 to 5, according to Pérez-Vicente et al.
(2014), where 1 represents no infection and 5 denotes com-
plete infection. The experiment design was CRD with 8
replications.

In vitro PGP traits investigation of Streptomyces spp.
IAA production. The production of IAA of six isolates of
Streptomyces, isolates STRM103, STRM104, STRM302,
STRM304, STRM305, and STRM403, was determined
according to the modified method of Bano and Musarrat
(2003). The isolates were cultured in PDB supplemented
with 0.2% w/v tryptophan and incubated at 37°C in a shak-
ing incubator at 125 rpm for 14 days. After that, Strepto-
myces cells were discarded by centrifugation at 10,000 rpm
for 10 min. Two ml of Salkowski reagent was mixed with
1 ml of the supernatant and incubated for 20 min at room
temperature. The development of a pink color indicated the
presence of IAA (ng/ml). The IAA produced was quanti-
fied by determining the optical density at 530 nm and com-
pared with a standard curve of IAA.

Phosphate solubilization. The phosphate (P) solubiliza-
tion of the six isolates of Streptomyces was screened in
National Botanical Research Institute’s Phosphate growth
medium (NBRIP). A loop of Streptomyces was streaked
in the media and incubated for 5 days at 37°C. After that,
a halo zone surrounding the streak lines was observed and
measured.

Cellulase activity. The cellulase activity of the six isolates
of Streptomyces was screened in PDA medium supple-
mented with carboxy methyl cellulose. A loop of Strep-
tomyces was streaked in the media and incubated for 5
days at 37°C. After that, the plates were flooded with 2%
Congo-red solution and incubated for 15 min, then washed
with 1 M NacCl solution. Next, the clear zone was observed
and measured around the streak lines.

Amylase activity. The amylase activity of the six Strepro-
myces isolates was screened in PDA medium supplemented
with soluble starch. A loop of Strepfomyces was streaked in
the media and incubated for 5 days at 37°C. After that, the
plates were flooded with Grams iodine and measured the
clear zone around the streak lines.

Lignin hydrolysis activity. The lignin hydrolysis activity

of the six isolates of Streptomyces was screened in tryp-
tic soy broth supplement with methylene blue. A loop of
Streptomyces was streaked in the media and incubated for
5 days at 37°C. After that, the clear zone around the streak
lines was observed and measured.

Evaluation of Streptomyces culture filtrates on the
growth of tomato and banana

In vitro tomato seed germination test. The six Streptomy-
ces isolates, STRM103, STRM 104, STRM302, STRM304,
STRM305, and STRM403, were cultured in AGMA broth
for 14 days at 37°C in a shaker incubator at 125 rpm. To-
mato seeds were surface sterilized with 1% sodium hypo-
chlorite and washed with sterile water. Sterilized tomato
seeds cv. Seedathip 3 was soaked with the culture filtrate
of Streptomyces overnight. The seeds were blotted in a
sterile plate containing wet filter papers and kept at room
temperature for 7 days. The percentages of seed germina-
tion, seedling lengths, shoot lengths, root lengths, and fresh
weight and dry weight of shoot and root were measured
and compared with the control treatments. Each treatment
had three replicates (50 seeds per replication).

Effect of culture filtrate on tomato growth under pot
experiment. The six isolates of Streptomyces were evalu-
ated in a pot experiment for their PGP potential in toma-
toes according to the method described by Kawicha et al.
(2020). Tomato seedlings were planted in sterilized loamy
soil for 30 days. The tomato seedlings were then drenched
with 5 ml of the culture filtrate of Streptomyces at 1, 2, 3,
and 4 weeks after planting. The AGMA broth was used
as a control. All tested tomato seedlings were grown in a
greenhouse under natural sunlight and a temperature of
30-33°C/25-28°C (day/night). Seedlings were watered
once a day. The growth parameters, including plant height,
root length, and fresh and dry weight of shoot and root,
were measured 30 days after drenching the culture filtrate.
The experiment was carried out with 3 replicates (3 plants
per replication).

Effect of culture filtrate on banana growth under
pot experiment. In a pot experiment, the six isolates of
Streptomyces were evaluated for their PGP potential on a
banana. Micro-propagated banana, Musa (ABB Group)
‘Pakchong 50 was transferred to peach moss, grown in an
evaporated greenhouse for 1 month, and then transferred
to sterile loamy soil. Then, the plants were drenched with
5 ml of the culture filtrate of Streptomyces isolates at 1,
2, 3, and 4 weeks after planting. The AGMA broth was
used as a control. All tested banana seedlings were grown
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in a greenhouse under natural sunlight and a temperature
of 30-33°C/25-28°C (day/night). Seedlings were watered
once a day. At 30 days after planting, the growth param-
eters, including plant height and root length and fresh and
dry weight of shoot and root, were measured. The experi-
ment was carried out with 3 replicates (3 plants per replica-
tion).

Results

Isolation and identification of the Streptomyces isolated
from soils. Six isolates of the Streptomyces-like colony
were isolated, including STRM103, STRM104, STRM302,
STRM304, STRM305, and STRM403. The various colors
of aerial mycelia, including white, brown, and grey, were
observed. Two types of spore-bearing aerial hyphae, in-
cluding rectiflexbiles spore-chain arrangement (STRM302,
STRM305, and STRM403) and spira spore-chain arrange-
ment (STRM103, STRM104, and STRM304), were ob-

® STRM304 (D)

S. violaceusniger CGMCC4.1423 (1Q244446)
S. demainii NRRL B-1478 (NR043723)

S. yogyakartensis DSM41766 (NR117958) (A)
S. hygroscopicus DEM20745 (KX611801)

S. sporocinereus ACSL8 (KY585974)

S. javensis C27 (MH229954)

S. iranensis HM 35 (NR116697)

served under a light microscope (Fig. 1). The 16S rRNA
gene sequence of all isolates has the highest homology
with bacteria in the genus Streptomyces. A phylogenetic
tree based on the neighbor-joining method was generated
and indicated that the six isolates of the Streptomyces-like
colony were located in the same clade as the Streptomy-
ces species (Fig. 1). Based on the molecular data from
the 16S rDNA gene sequence and the bacterial morphol-
ogy, these isolates belonged to the genus Streptomyces,
which should be referred to as Streptomyces sp. isolate
STRM103, STRM104, STRM302, STRM304, STRM305,
and STRM403.

In vitro antagonistic activity test. The dual culture as-
say assessed all isolates’ antagonistic ability against the
two isolates of Fol, isolate TFPK101 and TFPK401. The
results presented in Table 1 showed that Streptomyces iso-
late STRM103 showed the highest PGI against the isolate
TFPK401 (78.1 + 2.5%), followed by Streptomyces iso-

8. roseoverticillatus NRRL B-1993 (NR118009) C
S. misionensis NBRC13063 (NR112355) ( )

—S. pi

x‘l['S. phaeochromogenes R-21 (MN658349)
S.

S. malaysiense MUSC136 (KF682184)
S. misionensis PESB25 (JN869290)

@ STRM302 (C) Bl
'S. morookaense NBRC13416 (NR112529)

S. thioluteus JCM4087 (MT760480)

S. orinoci NBRC13466 (NR041228)

S. crystallinus NIOT MBAMS?2 (MN173834)

haeoluteichromaigenes NRRL B-5799 (NR042096)

costaricanus NA13 (JQ768264)

@ STRM305 (E)

@ STRM103 (A)

@ STRMI104(B)
S. griseorubiginosus BTU6 (MH482889)
S. aquilus R46 (MZ254834)
S. cinnabarigriseus JS360 (NR159271)
S. fimbriatus VITSK (KX364005)
S. canus LZ11-42 (MT845841)
S. phaeopurpureus AC-6 (MF359563)
41S. roseochromogenus p9 (HQ166113)

@ STRM403 (F)
86 = S. neopeptinius BTU20 (MH482901)

S. pseudovenezuelae TU15 (MH482875)

t t

0.08 0.06 0.04 0.02

S. roseogriseus NRRL B-3229 (DQ026651)

i Bacillus subtilis IAM 12118 (NR112116)
0.00

Fig. 1. Phylogenetic relationship of the six strains of Streptomyces spp. based on partial 16S rDNA gene sequences. A neighbor-joining
tree was constructed using Mega 6. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1,000 replicates) is shown next to the branches (cut-off value of 50%). Pictures shown on the right side are a colony and spore-chain

morphology.
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Table 1. In vitro antifungal activity of six isolates of Streptomyces spp. against Fusarium oxysporum f. sp. lycopersici and F. oxysporum f.

sp. cubense
Mycelial growth reduction (PGI) (%)*
Strep i:gg;ess SPP- F. oxysporum f. sp. lycopersici F. oxysporum f. sp. cubense
TFPK101 TFPK401 KPS1-3 PT4-3
STRM103 51.2£19b 78.1+25a 0.0+0.0d 0.0+0.0d
STRM104 65.0+006a 70.5+0.7a 0.0+0.0d 0.0+0.0d
STRM302 0.0+0.0d 0.0+0.0d 77.4£2.1b 76.1£0.8b
STRM304 419+19¢ 541+1.8b 89.5+0.8a 100.0£0.0a
STRM305 50.6+1.6b 753+24a 0.0+0.0d 41.0+£39¢
STRM403 0.0+£0.0d 369+25¢ 524+16¢ 76.1+38b

*Means + standard deviation followed by the different lower-case letters indicate significant differences according to Tukey’s range test (P < 0.01)

between the isolates of Streptomyces in the same column.

lates STRM305 (75.3 + 2.4%), STRM104 (70.5 + 0.7%),
STRM304 (54.1 + 1.8%), and STRM403 (36.9 + 2.5%),
respectively. Streptomyces isolate STRM104 showed the
highest PGI against the isolate TFPK101 (65.0 + 0.6%),
followed by Streptomyces isolates STRM103 (51.2 +
1.9%), STRM305 (50.6 + 1.6%), and STRM304 (41.9 +
1.9%), respectively. Interestingly, the isolates STRM103,
STRM104, and STRM305 showed a broad-spectrum activ-
ity against all isolates of the tested plant pathogenic fungi
(Table 1). These results indicated that the antifungal activ-
ity depended on the isolates of Streptomyces and Fol.

For the antagonistic ability against Foc, most Strepto-
myces isolates inhibited the growth of Foc, ranging from
41.0 £ 3.9% to 100.0 = 0.0%, except isolate STRM103,
and STRM104. The percentage of fungal mycelial growth
reduction varied depending on the isolates of Streptomy-
ces and Foc. Among them, the selected soil Streptomyces
isolate SRTM304 showed the highest PGI in all the tested
fungi. The results presented in Table 1 showed that Strep-

tomyces isolate STRM304 showed the highest PGI against
the isolate KPS1-3 (89.5 = 0.8%), followed by Streptomy-
ces isolates STRM302 (77.4 + 2.1%) and STRM403 (52.4
+ 1.6%), respectively. Streptomyces isolate STRM304
showed the highest PGI against the isolate PT4-3 (100.0 +
0.0%), followed by Streptomyces isolates STRM302 (76.1
+ 0.8%), STRM403 (76.1 £ 3.8%), and STRM305 (41.0 £
3.9%), respectively. Interestingly, the isolates STRM304
showed a broad-spectrum activity against all isolates of the
Fusarium oxysporum (Table 1).

Effect of Streptomyces spp. culture filtrate on Fusarium
wilt control under pot experiment

Biocontrol of Fusarium wilt disease in tomato. Based
on the in vitro antifungal activity, Streptomyces isolate
STRM103 and STRM104 were selected to be assessed
their ability to control Fusarium wilt in tomatoes under
greenhouse conditions. The results showed that the disease
severity score and disease index were affected by the appli-

Table 2. Effect of culture filtrate from Streptomyces sp. isolate STRM 103 and STRM104 on disease severity, disease index, and disease

control of Fusarium wilt of tomato under pot experiments

Treatments

Disease severity score (0-4)"

Disease index (%) Disease control (%)

AGMA broth + water (control) 1.0+£0.0d
AGMA broth + Fol TFPK101 50£0.0a
AGMA broth + Fol TFPK401 50+00a
STRM103 + Fol TFPK101 1.6+05¢
STRM103 + Fol TFPK401 2.0£0.0 be
STRM104 + Fol TFPK101 04+05d
STRM104 + Fol TFPK401 29+09b

0 -
100 -
100 -

393 60.7
50 50

10.7 89.3
71.4 28.6

AGMA, arginine-glycerol mineral salt agar; Fol, Fusarium oxysporum f. sp. lycopersici.
‘Data are presented as mean + standard deviation. Means followed by the different lower-case letters denote significant differences (P < 0.01)

between the treatments.
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TFPK101 STRM103 + TFPK101

o

STRM103 + TFPK401

%\
L
a’]'ﬁ*

TFPK401

' STRM104

STRM104 P TFPKlOl Control

Fig. 2. Fusarium wilt disease symptom in tomato after 4 weeks of Fusarium oxysporum f. sp. lycopersici (Fol), isolate TFPK101 and
TFPK401 inoculation. Culture filtrate of Streptomyces sp. isolate STRM 103 and STRM 104 were drenched on the soil near the tomato’s
root crown 2 days before Fol inoculation and every week after Fol inoculation.

cation of culture filtrates. The disease severity score of the
culture filtrate STRM103 and STRM104 -treated tomatoes
significantly decreased from 5.0 = 0.0 to 1.6 + 0.5, and 0.4
+ 0.5 on tomatoes inoculated with Fo/ isolate TFPK101,
respectively. The disease severity score on tomatoes inocu-
lated with Fol isolate TFPK401 was also decreased from
5.0£0.0t0 2.0+ 0.0 and 2.9 £ 0.9 when the culture filtrate
of STRM103 and STRM104 were applied, respectively.
Culture filtrate derived from Streptomyces sp. isolate
STRM104 showed the lowest disease severity score when
applied against Fol isolate TFPK101, followed by the cul-
ture filtrate from Streptomyces sp. isolate STRM103. The
disease control efficiency of culture filtrates ranged from
28.6% to 89.3%, which depends on Fol isolates and Strep-
tomyces isolates (Table 2, Fig. 2).

Biocontrol of Fusarium wilt disease in banana. Based
on the in vitro antifungal activity, Streptomyces isolate
STRM304 was selected to be assessed its ability to control
Fusarium wilt in bananas under greenhouse conditions.
The culture filtrate of isolate STRM304 significantly de-
creased the disease severity score and disease index on
bananas inoculated with Foc isolates (Table 3, Fig. 3). The
disease severity score of the culture filtrate-treated banana
significantly decreased from 5.0 = 0.0 and 5.0 + 0.0 to 2.1
+ (0.8 and 1.9 = 0.6 on bananas inoculated with Foc isolate
KPS1-3 and PT4-3, respectively. Also, the disease index
of culture filtrate applied bananas were lower than with-
out culture filtrate application. The percentage of disease
control on all Foc isolates inoculated bananas ranged from
71.9% to 78.1%.
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Table 3. Effect of culture filtrate from Streptomyces sp. isolate STRM304 on disease severity, disease index, and disease control of Fu-
sarium wilt of micro-propagated banana seedling under pot experiments

Treatments Disease severity score (1-5)°* Disease index (%) Disease control (%)
AGMA broth + water (control) 1.0+£0.0¢c 0 -

AGMA broth + Foc KPS1-3 50+00a 100 -

AGMA broth + Foc PT4-3 50+00a 100 -
STRM304 + Foc KPS1-3 2.1+£08b 28.1 71.9
STRM304 + Foc PT4-3 1.9+0.6b 21.9 78.1

AGMA, arginine-glycerol mineral salt agar; Foc, Fusarium oxysporum f. sp. cubense.

‘Data are presented as mean + standard deviation. Means followed by the different lower-case letters denote significant differences (P < 0.01)
between the treatments.

Foc KPS1-3 STRM304 + Foc KPS1-3

Fig. 3. Fusarium wilt disease symptom in banana after 4 weeks of Fusarium oxysporum f. sp. cubense (Foc) isolate KPS1-3 and PT4-3
inoculation. Culture filtrate of Streptomyces sp. isolate STRM304 was drenched on the soil near the banana’s root crown 2 days before
Foc inoculation and every week after Foc inoculation.

In vitro PGP traits investigation of Streptomyces spp. STRM304 (4.0 £ 0.4 pg/ml), whereas the remaining iso-
All the six strains of Streptomyces spp. produced IAA in lates produced IAA between (1.9 + 0.2)-(3.9 + 0.3) pg/ml
the presence of L-tryptophan with the highest activity by The six isolates were able to solubilize phosphate. The iso-
the isolate STRM104 (4.2 + 0.2 pg/ml) followed by isolate late STRM305 presented the highest activity with 12.7 £ 0.9
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Table 4. In vitro PGP traits of the six isolates of Streptomyces spp.

Plant growth promoting activities®

Isolates IAA production  Phosphate solubilization  Starch hydrolysis Lignin hydrolysis Cellulase activity
(ng/ml) (mm) (mm) (mm) (mm)

STRM103 39+03a 11.9+£0.2 ab 40.0+09b 18.7+1.8a 39.0+1.6ab
STRM104 42+02a 7.8+33ab 40.8+03b 203+0.7a 40.5+0.6a
STRM302 36+06a 74+£19b 342+12c¢ 183+0.8a 63+1.8d
STRM304 40+04a 73+04D 48.7+09a 175+32a 36.4+0.6 bc
STRM305 39+0.1a 127£09a 402+09b 19.0+2.1a 38.1+13ab
STRM403 19£02b 11.1+0.2ab 425+03b 0.0+0.0b 34.0+0.7¢

PGP, plant growth-promoting; IAA, indole acetic acid.

*Means + standard deviations followed by the different lower-case letters indicate significant differences according to Tukey’s range test (P <

0.05) between the isolates of Streptomyces in the same column.

mm of a halo zone surrounding the streak lines, followed
by isolate STRM103 (11.9 = 0.2 mm) and STRM403 (11.1
+ (0.2 mm), whereas the halo zone of remaining isolates
was between (7.3 + 0.4)-(7.8 = 3.3) mm. For the starch hy-
drolysis activity, isolates STRM304 showed the highest ac-
tivity with the large zone (48.7 + 0.9 mm), followed by the
isolate STRM403 (42.5 + 0.3 mm), whereas the clear zone
of remaining isolates was between (34.2 £ 1.2)-(40.8 +
0.3) mm. Five strains (STRM103, STRM 104, STRM302,
STRM304, and STRM305) of Streptomyces spp. could
produce the enzyme to lysis of lignin substrate with the
clear zone ranging from (17.5 + 3.2)-(20.3 = 0.7) mm,
whereas the remaining isolates (STRM403) had no hydro-
lysis activity of lignin. The cellulase activity was observed
in all the tested strains. The isolate STRM104 has the high-
est activity with 40.5 = 0.6 mm of clear zone, whereas the
clear zone of the remaining isolates was between (6.3 +
1.8)-(39.0 = 1.6) mm (Table 4).

Evaluation of Streptomyces culture filtrates on the
growth of tomato and banana

In vitro tomato seed germination test. The blotter method
investigated the effect of culture filtrate on seed germina-
tion of tomato plants. After treatment, we found that the
isolates STRM 103, STRM104, and STRM305 signifi-
cantly enhanced seed germination percentage compared
with the control treatment and other treatments (Table
5). The isolates STRM 103, STRM104, and STRM305
also significantly enhanced PGP parameters, total seed-
ling length, shoot, and root length. Among them, isolate
STRM103 showed the highest total seedling length (10.6
+ (.2 cm), followed by isolate STRM305 (9.3 + 0.7 cm)
and STRM104 (9.1 £ 0.6 cm). Moreover, STRM103
and STRM104 significantly enhanced total seedling

fresh weight, shoot, and fresh weight compared with the
control and other treatments (Table 5). The STRM104
and STRM103 showed the highest total seedling fresh
weight (1.5 £ 0.1 g), followed by isolate STRM302 and
STRM305. These indicated that the PGP activity depended
on the Streptomyces isolates.

Effect of culture filtrate on tomato growth under pot
experiment. After observation, the PGP ability of six iso-
lates of Streptomyces showed that the isolates STRM302
and STRM304 positively affect some tomato growth pa-
rameters such as shoot length, root length, and the total
length measured 30 days after culture filtrate application.
In contrast, the remaining isolates did not affect these pa-
rameters after being compared with the control treatment
and other treatments except the isolates STRM305 and
STRM403, which negatively affect tomato growth (Table
6). The shoot and root fresh weight and shoot and root dry
weight of Streptomyces culture filtrate-treated tomatoes and
untreated tomatoes (control) were significantly different.
Streptomyces isolate STRM302 had the highest activity of
PGP traits based on the values of shoot fresh weight (4.9
+ 0.0 g), root fresh weight (0.39 £+ 0.0 g), and total fresh
weight (5.3 + 0.1 g) and shoot dry weight (0.37 £ 0.0 g),
root dry weight (0.06 = 0.0 g) and total dry weight (0.43 +
0.0 g). The results showed that STRM305 and STRM403
reduced the growth of tested tomatoes based on some
growth parameters, such as plant length and weight (Table
6).

Effect of culture filtrate on banana growth under pot
experiment. After observation, the PGP ability of six iso-
lates of Streptomyces showed that isolate STRM305 had
exhibited a more significant effect on all the growth param-
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Table 7. Effect of culture filtrate from the six selected isolates of soil Streptomyces on micro-propagated banana seedling under pot ex-

periments
PGP parameters under pot experiments®
Treatments Length (cm) Fresh weight (g) Dry weight (g)
Shoot Root Total Shoot Root Total Shoot Root Total

Control 46.6+1.0 294+29 76.0+34b 22.6+1.0ab 150+1.1ab 37.6+19ab 18+0.1 13+0.1 3.1+02
STRM 103 449+1.7 341+£35 79.0+3.1ab 20.1+14b 113+13b 314+25b 1.7+0.1 13+0.1 3.0+03
STRM 104 464+19 384+39 84.8+39ab 23.6+18ab 13.5+12ab 37.1+27ab 19+0.1 13401 33+02
STRM 302 47719 374+23 851+29ab 234+12ab 143+13ab 37.7+23ab 18+0.1 13+0.1 3.1+02
STRM 304 493409 365+29 858+33ab 23.8+13ab 144+13ab 382+25ab 19+0.1 13+02 32+03
STRM 305 494+14 38.0+39 874+42ab 250+14a 159+09a 409+21a 20+£0.1 14+02 3.5+03
STRM 403 490+13 39.0+38 88.0+42a 228+14ab 139+1.1ab 36.6+2.1ab 19+13 13401 3.2+02

"Data are presented as mean + standard deviation. Means followed by the different lower-case letters denote significant differences (P < 0.05)

between the isolates of Streptomyces in the same column.

eters of micro-propagated banana seedlings. In contrast, the
remaining isolates affected some parameters, with some
variation, compared with the control treatment (Table 7).
The most extended shoot length (49.4 = 1.4 cm) and lon-
gest total length (87.4 + 4.2 cm) as well as heaviest shoot
fresh weight (25.0 = 1.4 g), root fresh weight (15.9 + 0.9
g), and total fresh weight (40.9 + 2.1 g), and heaviest shoot
dry weight (2.0 + 0.1 g), root dry weight (1.4 £ 0.2 g) and
total dry weight (3.5 = 0.3 g) were observed in the banana
seedlings treated with the isolate STRM 305. The results
showed that STRM 103 seems to reduce the growth of
tested banana seedlings based on growth parameters such
as shoot length, shoot and root fresh weight, and shoot and
root dry weight (Table 7).

Discussion

Streptomyces spp. has been used as a natural source of new
antibiotics. Around 7,600 biologically active secondary
metabolites have been characterized and produced by the
genus Streptomyces (Subramaniam et al., 2016; Watve et
al., 2001). They also produce various bioactive secondary
metabolites, such as antimicrobial, antitumor, and antihy-
pertensive (de Lima Procopio et al., 2012; Liu et al., 2013).
Moreover, several Streptomyces species have also been
used as biocontrol agents against many plant pathogens
because they have shown the potential to produce bioactive
compounds, reducing or inhibiting the mycelial growth of
several fungi (Bressan and Figueiredo, 2008; Ezziyyani et
al., 2007; Mukherjee and Sen, 2006). Therefore, Strepto-
mycetes can be a promising agent to replace some synthetic
fungicides (Verma et al., 2012). In the present study, six
isolates of Streptomyces-like colonies were isolated from

soil and identified by the 16S rDNA; the region comprising
about 1,500 bp with hypervariable and conserved regions
is universal in all bacteria. Moreover, the hypervariable re-
gions of the 16S rDNA sequences provide species-specific
signature sequences widely used in bacterial identifica-
tion (Ling et al., 2020). After the blast search alignment,
the high homology sequence (more than 97% identity)
between six isolates and the members of the genus Strepto-
myces was observed. The result indicated that six isolates
were the bacteria in the genus Streptomyces based on the
systematic identification of the prokaryote’s cut-off value
at 97.0 (Stackebrandt and Ebers, 2006). Moreover, the
neighbor-joining phylogenetic tree and their morphologi-
cal characters also concluded that six isolates belong to the
genus Streptomyces. However, further work is required to
identify species.

After bacterial identification, the antifungal activity of
the six isolates of Streptomyces was evaluated against 2
isolates of the phytopathogenic Fo/ and 2 isolates of the
phytopathogenic Foc. The various in vitro antifungal abili-
ties against the isolates of Fol and Foc were observed.
The isolate STRM304 has shown the most potent broad-
spectrum antagonistic activity. Among them, the isolate
STRM103 and STRM104 showed the highest antagonistic
activity against the phytopathogenic Fol, whereas the iso-
late STRM304 showed the highest antagonistic activity
against the phytopathogenic Foc. These results indicated
that the antifungal activity depended on the interaction
between the isolate of antagonistic Streptomyces and the
fungal pathogen. The variation in antifungal activity is due
to the production of extracellular hydrolytic enzymes such
as cellulase, amylase, and ligninase, which are well-known
antifungal compounds that can directly or indirectly attack
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the fungal pathogen by degrading the cell wall. However,
secondary metabolites and/or antibiotics must be produced
at the right time and at high enough levels to attack the
pathogens (Marois, 1990). In our study, high-level produc-
tion of cellulase enzyme activities was detected and may
provide these three isolates (STRM103, STRM104, and
STRM304) with the potential to control phytopathogenic
Fol and Foc. Cellulase is one of the lytic enzymes found in
antagonistic microbes and plays a key role in cleaving cel-
lulose bonds. Three types of cellulase have been reported
and secreted by fungi: B-glucanase, cellobiohydrolase,
and B-glucosidase (Panchapakesan and Shaker, 2016).
This agreed with the previous research of Mukherjee and
Sen (2006), who indicated that lytic enzymes such as
B-glucanase from the strains of Streptomyces sp. had the
activity to control plant pathogens. Similarly, Trejo-Estrada
et al. (1998a, 1998b) demonstrated that the production of
B-glucanase from S. violaceusniger YCED-9 could inhibit
the mycelia of the fungal pathogen. Moreover, this was
supported by the in vivo biocontrol experiment. The culture
filtrate derived from the Streptomyces sp. isolate STRM104
and STRM103 showed a lower disease severity score and
disease index in inoculated tomatoes than in the control
treatment. Similarly, the culture filtrate derived from Strep-
tomyces sp. isolate STRM304 showed a lower disease
severity score and disease index in inoculated bananas than
the control treatment. This indicated that the culture filtrate
had the potential to protect and suppress the fungal patho-
gen in the inoculated tomato and banana plants treatments
until 4 weeks after inoculation when compared with those
of the control treatments (Tables 2 and 3, Figs. 2 and 3).
The PGP activity under in vitro and planta and lytic en-
zyme of the six isolates of Streptomyces spp. was investi-
gated. Key indicators to clarify PGP ability, including IAA
activity and phosphate solubilization, were detected, with
some variation. In this study, the six strains could improve
the percentage of tomato seed germination compared to
the control treatment (Table 5). Furthermore, the culture
filtrates of all strains also stimulate the growth of tomato
seedlings compared to the total length and fresh weight
with the control treatment (Table 6). In banana seedlings,
the culture filtrates from all isolates of Streptomyces,
except isolate STRM103, could stimulate the growth of
banana seedlings. The shoot length of banana seedlings
treated with the isolate STRM302, STRM304, STRM305,
and STRM403 had longer than the remaining treatments
and control treatment. Moreover, the shoot fresh weight,
root fresh weight, total fresh weight, shoot dry weight, root
dry weight, and total dry weight in the STRM305 treatment
were also more remarkable than those of the other treat-

ments (Table 7). These results reveal that Streptomyces spp.
stimulated the significant efficient growth promotion due
to its production of IAA. IAA is a common plant hormone
belonging to the class of auxins that play an essential role
in plant growth and development since it induces cell elon-
gation and division (Vurukonda et al., 2018). These results
agree with those of El-Tarabily et al. (2009) and Khamna
et al. (2010), who reported that the various endophytic
Streptomyces species, such as S. rimosus, S. viridis, and S.
olivaceoviridis, have been produced IAA, which improves
the growth of the host plants by increasing germination of
seeds, root elongation, and root dry weight. Furthermore,
the high growth rates of tomato and banana seedlings in the
treatments applied with Streptomyces spp. may be due to
the inorganic phosphate solubilization activity of Strepto-
myces spp., because it also plays an essential role in the en-
hancement of plant growth (Hamdali et al., 2008). The lytic
enzyme, such as amylase from Streptomyces, plays a vital
mechanism in competitive saprophytic ability (Bhai et al.,
2016). The ability to produce cellulase of the Streptomyces
strain may be the crucial antagonistic activity against some
plant pathogenic fungi (Bhai et al., 2016).

Based on these results, the six strains of Streptomyces
spp. showed antifungal activity against Fol and Foc by pro-
ducing lytic enzymes including cellulase, amylase, and lig-
ninase and PGP trait including IAA activity and phosphate
solubilization under in vitro conditions. In the seed germi-
nation test and pot trial, applying culture filtrate to tomato
and banana plants greatly enhanced the percentage of to-
mato seed germination and plant growth. Moreover, culture
filtrate had the activity to suppress the fungal pathogens by
delaying the disease symptom on inoculated tomato and
banana plants. Thus, our results demonstrated the potential
of soil Streptomyces isolate STRM103, STRM104, and
STRM304 to be used as a biocontrol agent in tomatoes and
bananas, respectively, without adverse effects on tested
plant growth. However, a greater understanding of the en-
vironmental conditions, rhizosphere colonization, and the
interaction between the antagonist and the pathogen are re-
quired for the long-term use of the biological control agent
of Fusarium wilt disease.

Conflicts of Interest

No potential conflict of interest relevant to this article was
reported.

Acknowledgments

This research project was financially supported by Ma-



120 Kawicha et al.

hasarakham University (MSU). The authors also thank
the Department of Agriculture and Resources, Faculty of
Natural Resources and Agro-Industry, Kasetsart University
Chalermphrakiat Sakon Nakhon Province Campus, and
Mahasarakham University, Faculty of Science for support-
ing equipment and space for this study.

References

Al-Askar, A. A., Abdul Khair, W. M. and Rashad, Y. M. 2011. In
vitro antifungal activity of Streptomyces spororaveus RDS28
against some phytopathogenic fungi. Afr. J. Agric. Res.
6:2835-2842.

Al-Askar, A. A., Rashad, Y. M. and Abdulkhair, W. M. 2013. An-
tagonistic activity of an endemic isolate of Streptomyces ten-
dae RDS16 against phytopathogenic fungi. Afi: J. Microbiol.
Res. 7:509-516.

Alijani, Z., Amini, J., Ashengroph, M. and Bahramnejad, B.
2019. Antifungal activity of volatile compounds produced by
Staphylococcus sciuri strain MarR44 and its potential for the
biocontrol of Colletotrichum nymphaeae, causal agent straw-
berry anthracnose. Int. J. Food Microbiol. 307:108276.

Ambrico, A. and Trupo, M. 2017. Efficacy of cell free superna-
tant from Bacillus subtilis ET-1, an Tturin A producer strain,
on biocontrol of green and gray mold. Postharvest Biol. Tech-
nol. 134:5-10.

Amini, J. and Sidovich, D. F. 2010. The effects of fungicides on
Fusarium oxysporum f. sp. lycopersici associated with Fu-
sarium wilt of tomato. J. Plant Prot. Res. 50:172-178.

Arcury, T. A. and Quandt, S. A. 2003. Pesticides at work and at
home: exposure of migrant farm workers. Lancet 362:2021.

Bano, N. and Musarrat, J. 2003. Characterization of a new Pseu-
domonas aeruginosa strain NJ-15 as a potential biocontrol
agent. Curr: Microbiol. 46:324-328.

Basak, B. B. and Biswas, D. R. 2009. Influence of potassium sol-
ubilizing microorganisms (Bacillus mucilaginous) and waste
mica on potassium uptake dynamics by sudan grass (Sorghum
vulgare Pers.) grown under two Alfisols. Plant Soil 317:235-
255.

Bauer, J. S., Hauck, N., Christof, L., Mehnaz, S., Gust, B. and
Gross, H. 2016. The systematic investigation of the quorum
sensing system of the biocontrol strain Pseudomonas chlo-
roraphis subsp. aurantiaca PB-St2 unveils aurl to be a bio-
synthetic origin for 3-oxo-homoserine lactones. PLoS ONE
11:¢0167002.

Ben Abdallah, D., Tounsi, S., Gharsallah, H., Hammami, A. and
Frikha-Gargouri, O. 2018. Lipopeptides from Bacillus amy-
loliquefaciens strain 32a as promising biocontrol compounds
against the plant pathogen Agrobacterium tumefaciens. Envi-
ron. Sci. Pollut. Res. 25:36518-36529.

Bertram, R., Schlicht, M., Mahr, K., Nothaft, H., Saier, M. H. Jr.
and Titgemeyer, F. 2004. In silico and transcriptional analysis
of carbohydrate uptake systems of Streptomyces coelicolor

A3(2). J. Bacteriol. 186:1362-1373.

Bhai, R. S., Lijina, A., Prameela, T. P., Krishna, P. B. and Thampi,
A. 2016. Biocontrol and growth promotive potential of Strep-
tomyces spp. in black pepper (Piper nigrum L.). J. Biol. Con-
trol 30:177-189.

Bressan, W. and Figueiredo, J. E. F. 2008. Efficacy and dose-
response relationship in biocontrol of Fusarium disease in
maize by Streptomyces spp. Eur. J. Plant Pathol. 120:311-
316.

Chater, K. F., Biro, S., Lee, K. J., Palmer, T. and Schrempf, H.
2010. The complex extracellular biology of Streptomyces.
FEMS Microbiol. Rev. 34:171-198.

Chen, A., Sun, J., Matthews, A., Armas-Egas, L., Chen, N.,
Hamill, S., Mintoff, S., Tran-Nguyen, L. T. T., Batley, J. and
Aitken, E. A. B. 2019. Assessing variations in host resistance
to Fusarium oxysporum f. sp. cubense race 4 in Musa spe-
cies, with a focus on the subtropical race 4. Front. Microbiol.
10:1062.

Cross, T. 1989. Growth and examination of Actinomycetes some
guidelines. In: Bergey s manual of systematic bacteriology,
eds. by S. T. Williams, M. E. Sharpe and J. G. Holt, Vol. 4,
pp- 2340-2343. Williams and Wilkins Company, Baltimore,
MD, USA.

de Lima Procopio, R. E., da Silva, I. R., Martins, M. K., de Aze-
vedo, J. L. and de Aragjo, J. M. 2012. Antibiotics produced
by Streptomyces. Braz. J. Infect. Dis. 16:466-471.

Dias, M. P, Bastos, M. S., Xavier, V. B., Cassel, E., Astarita, L.
V. and Santarém, E. R. 2017. Plant growth and resistance
promoted by Streptomyces spp. in tomato. Plant Physiol. Bio-
chem. 118:479-493.

Duan, Y., Chen, J., He, W., Chen, J., Pang, Z., Hu, H. and Xie,
J. 2020. Fermentation optimization and disease suppression
ability of a Streptomyces ma. FS-4 from banana rhizosphere
soil. BMC Microbiol. 20:24.

El-Tarabily, K. A., Nassar, A. H., Hardy, G. E. S. J. and Sivasi-
thamparam, K. 2009. Plant growth promotion and biological
control of Pythium aphanidermatum, a pathogen of cucum-
ber, by endophytic actinomycetes. J. Appl. Microbiol. 106:13-
26.

El-Tarabily, K. A. and Sivasithamparam, K. 2006. Non-strepto-
mycete actinomycetes as biocontrol agents of soilborne fun-
gal plant pathogens and as plant growth promoters. Soil Biol
Biochem. 38:1505-1520.

Ezziyyani, M., Requena, M. E., Egea-Gilabert, C. and Candela, M.
E. 2007. Biological control of Phytophthora root rot of pep-
per using Trichoderma harzianum and Streptomyces rochei in
combination. J. Phytopathol. 155:342-349.

Ghorbel, S., Kammoun, M., Soltana, H., Nasri, M. and Hmidet,
N. 2014. Streptomyces flavogriseus HS1: isolation and char-
acterization of extracellular proteases and their compatibility
with laundry detergents. Biomed. Res. Int. 2014:345980.

Hamdali, H., Hafidi, M., Virolle, M. J. and Ouhdouch, Y. 2008.
Growth promotion and protection against damping-off of
wheat by two rock phosphate solubilizing actinomycetes in a



Streptomyces against Fusarium 121

P-deficient soil under greenhouse conditions. Appl. Soil Ecol.
40:510-517.

Hao, D., Gao, P, Liu, P, Zhao, J., Wang, Y., Yang, W., Lu, Y., Shi,
T. and Zhang, X. 2011. AC3-33 a novel secretory protein,
inhibits Elk1 transcriptional activity via ERK pathway. Mol.
Biol. Rep. 38:1375-1382.

Kanini, G. S., Katsifas, E. A., Savvides, A. L., Hatzinikolaou, D.
G. and Karagouni, A. D. 2013a. Greek indigenous streptomy-
cetes as biocontrol agents against the soil-borne fungal plant
pathogen Rhizoctonia solani. J. Appl. Microbiol. 114:1468-
1479.

Kanini, G. S., Katsifas, E. A., Savvides, A. L. and Karagouni, A.
D. 2013b. Streptomyces rochei ACTA1551, an indigenous
Greek isolate studied as a potential biocontrol agent against
Fusarium oxysporum f. sp. lycopersici. Biomed. Res. Int.
2013:387230.

Kawicha, P., Laopha, A., Chamnansing, W., Sopawed, W.,
Wongcharone, A. and Sangdee, A. 2020. Biocontrol and plant
growth-promoting properties of Streptomyces isolated from
vermicompost soil. Indian Phytopathol. 73:655-666.

Keikha, N., Mousavi, S. A. A., Nakhaei, A. R., Yadegari, M. H.,
Bonjar, G. H. S. and Amiri, S. 2015. In vitro evaluation of
enzymatic and antifungal activities of soil-Actinomycetes iso-
lates and their molecular identification by PCR. Jundishapur J.
Microbiol. 8:¢14874.

Khamna, S., Yokota, A., Peberdy, J. F. and Lumyong, S. 2010.
Indole-3-acetic acid production by Streptomyces sp. isolated
from some Thai medicinal plant rhizosphere soils. EurAsian J.
Biolsci. 4:23-32.

Kirankumar, R., Jagadeesh, K. S., Krishnaraj, P. U. and Patil, M.
S. 2008. Enhanced growth promotion of tomato and nutrient
uptake by plant growth promoting rhizobacterial isolates in
presence of tobacco mosaic virus pathogen. Karnataka J. Ag-
ric. Sci. 21:309-311.

Ling, L., Han, X,, Li, X., Zhang, X., Wang, H., Zhang, L., Cao, P.,
Wu, Y., Wang, X., Zhao, J. and Xiang, W. 2020. A Streptomy-
ces sp. NEAU-HV?9: isolation, identification, and potential as
a biocontrol agent against Ralstonia solanacearum of tomato
plants. Microorganisms 8:351.

Liu, G., Chater, K. F., Chandra, G., Niu, G. and Tan, H. 2013.
Molecular regulation of antibiotic biosynthesis in Streptomy-
ces. Microbiol. Mol. Biol. Rev. 77:112-143.

Marois, J. J. 1990. Biological control of diseases caused by Fu-
sarium oxysporum. In: Fusarium wilt of banana, ed. by R. C.
Ploetz, pp. 77-81. APS Press, St. Paul, MN, USA.

McGovern, R. J. 2015. Management of tomato diseases caused
by Fusarium oxysporum. Crop Prot. 73:78-92.

Mintoff, S. J. L., Nguyen, T. V., Kelly, C., Cullen, S., Hearnden,
M., Williams, R., Daniells, J. W. and Tran-Nguyen, L. T. T.
2021. Banana cultivar field screening for resistance to Fusar-
ium oxysporum f. sp. cubense tropical race 4 in the Northern
Territory. J. Fungi 7:627.

Moore, N. Y., Pegg, K. G., Bentley, S. and Smith, L. J. 2001.
Fusarium wilt of banana: global problems and perspectives.

In: Banana Fusarium wilt management: towards sustainable
cultivation, eds. by A. B. Molina, N. H. Nikmasdek and K.
W. Liew, pp. 11-30. INIBAP-ASPNET, Los Banos, Laguna,
Philippines.

Mukherjee, G. and Sen, S. K. 2006. Purification, characterization,
and antifungal activity of chitinase from Streptomyces ven-
ezuelae P10. Curr: Microbiol. 53:265-2609.

Panchapakesan, A. and Shankar, N. 2016. Fungal cellulases:
an overview. In: New and future developments in microbial
biotechnology and bioengineering, ed. by V. Gupta, pp. 9-18.
Elsevier, Amsterdam, Netherlands.

Panhwar, Q. A., Othman, R., Rahman, Z. A., Meon, S. and Is-
mail, M. R. 2012. Isolation and characterization of phosphate-
solubilizing bacteria from aerobic rice. Afi: J. Biotechnol.
11:2711-2719.

Pérez-Vicente, L. F., Dita, M. A. and Martinez de la Parte, E.
2014. Technical manual prevention and diagnostic of Fu-
sarium wilt (Panama disease) of banana caused by Fusarium
oxysporum f. sp. cubense tropical race 4 (TR4). In: Workshop
on Diagnosis of Fusarium Wilt (Panama Disease) Caused by
Fusarium oxysporum f. sp. cubense Tropical Race 4: Mitigat-
ing the Threat and Preventing Its Spread in the Caribbean,
pp. 1-74. Food and Agriculture Organization of the United
Nations, Rome, Italy.

Reis, A., Costa, H., Boiteux, L. S. and Lopes, C. A. 2005. First
report of Fusarium oxysporum f. sp. lycopersici race 3 on to-
mato in Brazil. Fitopatol. Bras. 30:426-428.

Sajitha, K. L. and Florence, E. J. M. 2013. Effects of Streptomy-
ces sp. on growth of rubberwood sapstain fungus Lasiodiplo-
dia theobromae. J. Trop. For. Sci. 25:393-399.

Sangdee, A., Kornphachara, S. and Srisawat, N. 2016. In vitro
screening of antagonistic activity of soil Streptomyces against
plant pathogenic fungi and assessment of its characters. J.
Agric. Technol. 12:173-185.

Shen, Z., Ruan, Y., Chao, X., Zhang, J., Li, R. and Shen, Q. 2015.
Rhizosphere microbial community manipulated by 2 years of
consecutive biofertilizer application associated with banana
Fusarium wilt disease suppression. Biol. Fertil. Soils 51:553-
562.

Singh, V., Tripathi, C. K. M. and Bihari, V. 2008. Production,
optimization and purification of an antifungal compound
from Streptomyces capoamus MTCC 8123. Med. Chem Res.
17:94-102.

Song, W., Zhou, L., Yang, C., Cao, X., Zhang, L. and Liu, X.
2004. Tomato Fusarium wilt and its chemical control strate-
gies in a hydroponic system. Crop Prot. 23:243-247.

Srividya, S., Thapa, A., Bhat, D. V., Golmei, K. and Dey, N.
2012. Streptomyces sp. 9p as effective biocontrol against chil-
li soilborne fungal phytopathogens. Eur: J. Exp. Biol. 2:163-
173.

Stackebrandt, E. and Ebers, J. 2006. Taxonomic parameters revis-
ited: tarnished gold standards. Microbiol. Today 33:152-155.

Subramaniam, G., Arumugam, S. and Rajendran, V. 2016. Plant
growth promoting actinobacteria: a new avenue for enhancing



122 Kawicha et al.

the productivity and soil fertility of grain legumes. Springer,
Singapore. 298 pp.

Suresh, P., Vellasamy, S., Almaary, K. S., Dawoud, T. M. and
Elbadawi, Y. B. 2021. Fluorescent pseudomonads (FPs) as
a potential biocontrol and plant growth promoting agent as-
sociated with tomato rhizosphere. J. King Saud Univ. Sci.
33:101423.

Taechowisan, T., Chuaychot, N., Chanaphat, S., Wanbanjob, A.
and Tantiwachwutikul, P. 2009. Antagonistic effects of Strep-
tomyces sp. SRM1 on Colletotrichum musae. Biotechnology
8:86-92.

Tamura, K., Stecher, G., Peterson, D., Filipski, A. and Kumar, S.
2013. MEGAG6: molecular evolutionary genetics analysis ver-
sion 6.0. Mol. Biol. Evol. 30:2725-2729.

Trejo-Estrada, S. R., Paszczynski, A. and Crawford, D. L. 1998a.
Antibiotics and enzymes produced by the biocontrol agent
Streptomyces violaceusniger YCED-9. J. Ind. Microbiol. Bio-
technol. 21:81-90.

Trejo-Estrada, S. R., Sepulveda, I. R. and Crawford, D. L. 1998b.
In vitro and in vivo antagonism of Streptomyces violaceusni-
ger YCED?9 against fungal pathogens of turf grass. World J.
Microbiol. Biotechnol. 14:865-872.

Verma, V. C., Singh, S. K. and Prakash, S. 2012. Bio-control and
plant growth promotion potential of siderophore producing
endophytic Streptomyces from Azadirachta indica A. Juss. J.
Basic Microbiol. 51:550-556.

Vurukonda, S. S. K. P, Giovanardi, D. and Stefani, E. 2018. Plant
growth promoting and biocontrol activity of Streptomyces

spp. as endophytes. Int. J. Mol. Sci. 19:952.

Wang, Y., Xia, Q., Wang, G., Zhang, H., Lu, X., Sun, J. and
Zhang, X. 2017. Differential gene expression in banana roots
in response to Fusarium wilt. Can. J. Plant Pathol. 39:163-
175.

Watve, M. G., Tickoo, R., Jog, M. M. and Bhole, B. D. 2001.
How many antibiotics are produced by the genus Streptomy-
ces? Arch Microbiol. 176:386-390.

Weisburg, W. G., Barns, S. M., Pelletier, D. A. and Lane, D. J.
1991. 16S ribosomal DNA amplification for phylogenetic
study. J. Bacteriol. 173:697-703.

Weller, D. M. 2007. Pseudomonas biocontrol agents of soilborne
pathogens: looking back over 30 years. Phytopathology
97:250-256.

Xio, K., Kinkel, L. L. and Samac, D. A. 2002. Biological control
of Phytophthora root rots on alfalfa and soybean with Strep-
tomyces. Biol. Control 23:285-295.

Zivkovié, S., Stojanovi¢, S., Ivanovic, 7., Gavrilovi¢, V., Popovi¢,
T. and Balaz, J. 2010. Screening of antagonistic activity of
microorganisms against Colletotrichum acutatum and Colle-
totrichum gloeosporioides. Arch. Biol. Sci. Belgrade 62:611-
623.

Zuo, C., Deng, G., Li, B., Huo, H., Li, C.,, Hu, C., Kuang, R.,
Yang, Q., Dong, T., Sheng, O. and Yi, G. 2018. Germplasm
screening of Musa spp. for resistance to Fusarium oxysporum
f. sp. cubense tropical race 4 (Foc TR4). Eur. J. Plant Pathol.
151:723-734.



