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ABSTRACT

Plant pathogenic bacteria cause severe damage to crop yields and product quality in
Vietnam, as well as in many countries around the world. The objective of this study
was to isolate and identify new sources of biological materials that exhibit resistance
to plant pathogens. In this study, a total of 72 different strains of actinomycetes were
isolated from soil samples collected from various locations. Among these strains,
CP1.3 demonstrated intense antagonism towards five tested bacteria and the
Fusarium oxysporum fungus. The CP1.3 strain displayed robust growth and
exhibited strong antibacterial activity at a temperature of 30°C, pH range of 7.0-8.0,
and salt concentrations up to 1.0%. It also utilized D-glucose, D-sorbitol, and
maltose as good carbon sources while producing extracellular enzymes such as
chitinase, cellulase, and protease. By analyzing the nucleotide sequence of CP1.3's
16S rRNA and compared to the nucleotide sequence from Genbank, it revealed that
this strain has a close relationship with the Streptomyces aureofaciens species
(99.03% similarity). As a result attained, the strain CP1.3 was named as
Streptomyces aureofaciens CP1.3.
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Introduction

Plant diseases cause numerous losses of agricultural products in Vietnam as well as in
numerous other countries in Southeast Asia and around the world. The outbreak of diseases on
valuable plants has a strong impact on farmers' livelihoods, especially in areas where alternative
plants are not available. According to the report of Velu et al. (2015), there have b approximately
7100 plant-pathogenic microbes, including viruses, bacteria, fungi, nematodes, and insects, with
about 150 of them being planted pathogenic bacteria. Bacteria are responsible for most plant
diseases, such as bacterial wilt, leaf spot, leaf burn, swelling, and ulceration, etc. Diseases caused
by bacteria are common in tropical regions. Some species also cause soft rot in fruits and
vegetables before and after harvest. Plant pathogenic bacteria belonging to the genera
Erwinia, Pectobacterium, Pantoea, Agrobacterium, Pseudomonas, Ralstonia, Burkholderia, Acid
ovorax, Xanthomonas, Clavibacter, Xylella, Spiroplasma, and Phytoplasma, which can attack
many cultivated plants and typically cause the most significant damage.

Nowadays, farmers in many countries are moving towards sustainable agriculture, which
involves minimizing chemical applications and increasing the use of biological preparations in
biocontrol and treating plant diseases. Biological preparations help to improve product quality and
consumer health as well as environmentally friendly. Actinomycetes are a group of
microorganisms that have received much attention from many worldwide microbiologies because
they can inhibit pathogens by secreting antibiotics and competing for nutrients (Giang et al., 2020).
Actinomycetes can also stimulate disease resistance and help plants tolerate to adverse
environmental conditions (Hasegawa et al., 2006). Approximately about 23,000 bioactive
secondary metabolites from microorganisms have been discovered, with over 10,000 of them
being synthesized by actinomycetes. These actinomycetes-derived metabolites account for 45% of
all active microbial metabolites (Sudha et al., 2019). Additionally, actinomycetes were reported to
play a key role in decomposing lignocellulose, solubilizing inorganic phosphate, and nitrogen
fixation (Ha et al., 2010). Hence, applying actinomycetes caused by bacteria is one of the most
feasible ways to manage plant diseases. Therefore, this study attempted to isolate and identify the
potential actinomycetes with promising antimicrobial and antibacterial activities.

Materials and Methods
Materials

In this study, the tested microbes used were Xanthomonas axonopodis, Rastonia
solanacearum, Clavibacter michiganensis, Xanthomonas sp., Bacillus subtilis, and Fusarium
oxysporum. All these microbes were kindly provided by Vietnam Institute of Industrial Chemistry.

Isolation of Actinomycetes

Streptomyces were isolated from soil samples collected in Cuc Phuong National Park
according to the method described by Dong et al. (2014) and Giang et al. (2022) with some minor
modifications. Briefly, one gram of soil sample was taken and serially diluted up to 1072 using
distilled water as a diluent. The mixture was vigorously shaken using a vortex; 0.1 ml of each
dilution was placed on a Gause | agar disc (g/l): starch 20, K;HPO4 0.5, MgS04.7H20 0.5, NaCl
0.5, KNOs 1, FeSO4 0.01, agar 20, pH 7.0-7.2; and the inoculum was spread properly using a
sterile glass spreader. The inoculated plates were allowed to stand at room temperature for 5-10
min to allow the liquid to be absorbed and were then incubated at 30°C for 7 days. Identification
of the actinomycetes was done based on macroscopic and microscopic examination and
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physiological tests as suggested by Bergey's Manual of Systematic Bacteriology, 2nd Edition, Vol
5, The Actinobacteria, Part A.

Antibacterial activity of isolated actinomyces strains

In this experiment, the Well-diffusion Method was done according to the previously
described by Mounyr et al. (2016), the test bacterial strains were separately inoculated in the Petri
dishes with LB agar media at 30°C for two days in the incubator. A hole was made in this disc
using a sterile well cutter with a diameter of 0.5 cm. Each newly isolated streptomyces strain was
incubated in liquid Gause | medium on a shaker with a speed of 200 rpm at 30°C. After five days
of incubation, taken 100 ul of streptomyces culture and then put in the hole on the agar disk with
the test bacteria. The Petri dishes were incubated under 30°C for 6 h. The antimicrobial compounds
diffused into the agar and inhibited the germination and growth of the test bacteria, and then the
diameters of the inhibition growth zones were measured (Figure. 1). The antibacterial activity of
streptomyces strains was measured using the formula D-d (mm), where d was colony diameter;
and D was the inhibition zone diameter.

Figure 1. Measurement of antibacterial activity by the well diffusion method; D implied the
inhibition zone diameter, d: was colony diameter.

Determination of Minimum Inhibitory Concentrations (MICs). Test bacterial strains were
separately inoculated into the Petri dish with LB agar media at 30°C for two days in the incubator.
Using the sterile-well cutter to make a hole (0.5 cm in diameter), each newly isolated streptomyces
strain was incubated in liquid Gause | medium on a shaker (centrifuged 200 rpm at 30°C). After 7
incubation days, the culture was centrifuged at 8000 rpm, 10 min, 4°C, and free cell solution was
collected. To measure the MIC value, two-fold serial dilutions of 50, 25, 12.5, 6.25, 3.125, 1.562,
and 0.781 pl of the collected solution were prepared and added to the wells in the test discs (These
dishes were kept in an incubator under 30; the results were assayed after 12 h. The MIC is the
lowest concentration able to inhibit any visible fungal growth (Dhanasekaran et al., 2012).

Antifungal activity of selected Streptomyces strains

The antifungal activity of Streptomyces isolates was tested using a dual culture technique using
PDA medium (Dhanasekaran et al., 2012). A mycelial disc of the fungal pathogen (5mm dia.) was
placed at one end of the Petri plate. The streptomyces antagonists have streaked 1 cm away from
the periphery of the Petri plate just opposite the mycelial disc of the pathogen. Visual observation
on the inhibition of pathogenic fungal growth was recorded after 96 h of incubation compared to
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the PDA plate simultaneously inoculated with fungal pathogen only as the control. The percentage
of test pathogen inhibition by the streptomyces isolate was evaluated using the dual culture
technique. The radial growth of mycelium in mm was measured, and percent inhibition (PI) was
calculated as formula: Pl= (C-T)/Cx100, where C was the growth of the test pathogen (mm) in
the absence of the antagonistic isolate; T was the growth of the test pathogen (mm) in the presence
of the antagonistic isolate.

Morphological characteristics

Macroscopic characteristics of newly isolated streptomyces strains were observed,
including aerial mycelium, submerged mycelium, color, and diffusible pigments (Alice et al.,
2018). In this experiment, the streptomyces strains were cultured on agar media, specifically,
Gause | (g/l): starch 20, KoHPO4 0.5, MgS04.7H20 0.5, NaCl 0.5, KNO3z 1, FeSO4 0.01, agar 20,
pH 7.0-7.2; Gause Il (g/l): meat extract 30ml, peptone 5, NaCl 5, glucose 10, agar 20, and ISP
media: ISP1, ISp2, ISP3, ISP4, ISP5, ISP6, and ISP7. Each medium has different nutrient sources:
(ISP1 (g/l): tryptone 5, yeast extract 3, agar 20, pH 7.0; ISP2 (g/l): yeast 4, malt extract 10, glucose
4, agar 20, pH 7.3; ISP3 (g/l): wheat starch 20, agar 20, solution off micromineral salts 1.0 ml, pH
7.0; ISP4 (g/l): starch 10, KoHPO4 1, MgS04.7H20 1, NaCl 1, (NH4)2SO04 2, CaCOs 2, solution of
micromineral salts 1.0 ml, agar 20, pH 7.0; ISP5 (g/l): L-asparagin 1, glycerin 10, K;HPO4 1,
solution of micromineral salts 1.0 ml, agar 20, pH 7.0; ISP6 (g/l): peptone 10, yeast extract 1, iron
citrate (FeCeHsO7) 0,5, agar 20, pH 7.0; ISP7 (g/l): glycerin 15, L-tyrosin 0.5, L-asparagin 1,
K2HPO4 0.5, MgS04.7H20 0.5, NaCl 0.5, FeSO4.7H20 0.01, solution of micromineral salts 1.0
ml, agar 20, pH 7.0; The compounds of solution of micromineral salts (g/ml) were: FeSO4.7H.0
0.01, MnCl2.4H20 0.1g, ZnS04.7H20 0.19).

Carbon sources utilizing ability: Isolated streptomyces strains were cultured on medium
ISP9 (g/1) [(NH4)2S04 2.64, KH2PO4 2.38, KoHPO4.3H20 5.65, MgS0O4.7H20 1, B solution 1.0
ml, agar 20, pH 7.0] supplemented with 1% different carbon sources including: D-glucose,
maltose, D-fructose, D-sobitol, L-arabinose, dextrin, D-xylose, D-galactose, and L-rhamnose. B
solution compounds (g/ml): CuSO4.5H,O 0.64, FeSO4.7H.O 0.11, MnCl2.4H.O 0.79,
ZnS04.7H,0 0.15, distilled water 100ml.

Enzyme activity: Extracellular chitinase, cellulase, amylase, and protease activities were
determined using agar disc diffusion. Streptomyces strains were cultivated in liquid Gause |
medium at a suitable temperature and pH on the shaker at 200 rpm. After 7 days of incubation, the
culture was centrifuged at 8000 rpm for 15 min and the supernatant was collected and used as the
crude enzyme. It was then made a well in the prepared agar discs containing substances
corresponding to the test enzyme, put 100 pl of the crude enzyme into these wells, and kept these
dishes in an incubator at 30°C for 24 h. Enzyme activity was evaluated by the diameter of the clear
zone around the well after staining with lugol for amylase, cellulase, chitinase, and black amino
for protease. Effects of temperatures, pH, and NaCl concentrations on the growth and antibacterial
activity of isolated Streptomyces strains were examined. For this aim, streptomyces strains were
cultured at different temperatures (30°C, 37°C, 45°C, and 50°C), pH (4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10, 11, and 12), and NaCl concentrations (0.0%, 0.5%, 1.0%, 3.0%, 5.0%, 7.0%, and 9.0%).
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Molecular Identification and Statistical Analyses

Total DNA extraction: New selected Streptomyces strain was cultured in liquid Gause |
medium. After 7 days of incubation, the total DNA of this strain was extracted using the method
described by Farhad et al. (2016). The 16S rRNA genes were amplified by primers 27F
(5’AGAGTTTGATCCTGG CTCAG3’) and 1492R (5'- GGTTACCTTGTTA CG ACTT - 3°).
The PCR reaction cycles included: 95°C: 5 min, 29 cycles (94°C: 30 seconds, 53°C: 30 second,
72°C: 1 min), 72°C: 10 min, keep samples at 4°C. The PCR products were electrophoresed on
agarose gel 1% and sent to the Molecular Laboratory of The Department of Molecular Biology
and Applied Biotechnology, Faculty of Biotechnology, Vietnam WNational University of
Agriculture for nucleotide sequencing. Sequencing of 16S rRNA has been made and compared
with bacterial nucleotides in the GenBank database (www.ncbi.nlm.nih.gov). All raw data were
statistically analyzed by the Excel version 2016.

Results and Discussion
Isolation of Streptomyces Strains

From the collected soil samples, we isolated 72 Streptomyces strains on the Gause | agar
medium. These strains were distinguished from each other by the color of the aerial mycelia, based
on the color table of Tresner and Buckus (Hien et al., 2014) and divided into 8 different color
groups as shown in Table 1.

Table 1. Color groups of isolated Streptomyces strains

Color Group Quantity of Ratio (%)
isolated strains
White 37 51.39
Grey 16 22.22
Yellow 6.0 8.33
Red 4.0 5.56
Blue 1.0 1.39
Green 1.0 1.39
Violet 2.0 2.78
Brown 5.0 6.94

Antibacterial Activity of the Isolated Strains

Actinobacteria can presently synthesize different types of secondary metabolites; many of
these have exhibited pharmaceutically important biological activities with various promising
biological activities. In fact, over 70% of anti-infection agents in nature were derived from
actinomycetes. Streptomyces is the most prominent genus of actinomycetes known for the
production of numerous bioactive metabolites (Sudha et al., 2019). In this study, after isolation
and purification, 72 Streptomyces isolates were first evaluated against the 5 tested bacterial strains
by the agar diffusion method as previously described by Mounyr et al. (2015). As the results shown
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in Figure 2, it documented only one strain CP1.3 was able to antagonize all 5 tested bacterial
strains. In a previous report, Keser et al. (2009) isolated 15 Streptomyces strains against X.
campestris pv. vesicatoria with a diameter of antagonistic holo ranges from 8 mm to 21 mm. Some
actinobacterial strains in the study of Mustafa et al. (2004) reported that C. michiganensis
displayed the inhibition zone in diameter of these strains ranging from 9-13 mm, equivalent
antagonistic zone diameter of strain CP1.3 in our study. In the same investigation with the bacterial
strain, Mustafa et al. (2004) found that the greatest antagonistic diameter was 13 mm and the
lowest was 9 mm, both smaller than the diameter of the antagonistic clear halo diameter of CP1.3.
The author identified 16 actinomycete strains that were antagonistic to 10 bacterial strains (Mustafa
et al., 2004). On the other hand, only two actinomycete strains were able to combat at least 5 or
more bacterial strains. The Bacillus subtilis strain was hostile to both actinomycete strains, while
only one was antagonistic to the Clavibacter michiganensis. In another study, Zhao et al. (2019)
showed antibacterial efficacy against two strains of bacteria, Ralstonia solanacearum and
Micrococcus luteus, with an antagonist diameter of 23 mm for Ralstonia solanacearum bacteria.
However, there was no inhibition of Micrococcus luteus activity. In this study, the identified CP1.3
strain was shown to be slightly feeble in antibacterial activity compared to the previous report but
it can antagonize a wide range of bacterial species.

Figure 2. The antagonistic clear halo of CP1.3
(A) Xanthomonas axonopodis; (B) Rastonia solanacearum; (C) Clavibacter michiganensis;
(D) Xanthomonas sp.; (E) Bacillus subtilis

Table 2. CP1.3 strain antimicrobial activity against 5 bacterial strains

Strains Clear halo (mm)
Xanthomonas axonopodis 5.0+0.1
Rastonia solanacearum 4.0£0.1
Clavibacter michiganensis 11.0+0.1
Xanthomonas sp. 2.0+0.1
Bacillus subtilis 5.0+0.1

Minimum Inhibitory Concentrations (MICs) of CP1.3 Strain

Antibiotics have been routinely utilized to prevent and cure bacterial infections in recent years.
On the other hand, drug resistance is caused by the misuse or abuse of antibiotics. As a result, the
minimum inhibitory concentration (MIC) must be determined to suggest and manage antibiotic
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concentrations. The antagonistic ability of CP1.3 was determined based on the diameter of the
clear halo formed when the actinomycete extract was added. The amount of extract for all tested
bacterial strains was 100 pul, followed by 50 pl, 25 pl, 12.5 pl, and 6.25 pl. The studied bacterial
strains were not inhibited when the volume of extract employed was 3.125 pl. The least inhibitory
concentration of the CP1.3 strain to inhibit Xanthomonas axonopodis was 6.25 pl, while the
remaining Rastonia solanacearum, Clavibacter michiganensis, Xanthomonas sp., and Bacillus
subtilis strains both had a minimum inhibitory concentration of 12.5 ul (Figure 2).
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Figure 2. The minimum inhibitory concentrations (MICs) of CP1.3 strain

Investigation of Antifungal Activity of Actinomycetes CP1.3

Fusarium oxysporum is a fascinating fungus that extensively spreads in the environment and
causes significant crop damage. In this experiment, the dual culture method approach was used to
investigate the antagonistic activity of the selected CP1.3 strain against F. oxysporum. The results
revealed that antagonism began after 4 days, and after 7 days, there was a definite antagonism with
a percentage inhibition of 32.5%. The fungus developed over 42 days but did not reach the
actinomycete surface (Figure 3). Previously, Hien et al (2014) reported that the strain HN1 could
antagonize F. oxysporum and retain resistance for 19 to 22 days, which was shorter than the strain
CP1.3 in our study.

In this study, the CP1.3 strain was selected to continue the research as it could biosynthesize
the powerful antifungal agent F. oxysporum, retain great antifungal resistance, and have the ability
to protect plants from F.oxysporum infection.

Figure:3'.7Antagonist activity of CP1.3 strain against Fusarium oxysporum
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(A) 7 days; (B) 42 days

Biological characteristics of the selected actinomycete strain
Morphological characteristics

Actinomycetes are a group of Gram-positive bacteria with morphological characteristics
similar to fungi. However, when cultivated on different mediums, actinomycetes have a wide
variety of colors (Alice et al., 2018). One of the main criteria for distinguishing actinomycetes
strains is the composition of the growth medium, the substrate mitochondria, the gaseous
mycelium's capacity to create soluble pigments, and the development of melanin (Table 3).
Because melanin production causes the color of the culture medium to change from yellow to dark
brown or black, the color of the CP1.3 strain's culture media did not change from 24 h of culture
to the 21st day of culture. As a result, strain CP1.3 did not produce melanin pigment. Some
previous studies reported the same our findings (Hien et al., 2014; Lan et al., 2015; Loi et al.,
2013). However, Thao et al. (2016) and Tuong et al (2015) have shown that there are actinomycete
strains capable of generating melanin pigment. The morphology of the filaments on the slide was
observed under the optical microscope after 24 h of incubation, and spores developed after 36 h.
The sporophyte chain of the CP1.3 strain is branching, segmented, and helical (Figure 4).

Table 3. Morphological characteristics of strain CP1.3 on different media

Medium 7 days 14 days 21 days
AM SM AM SM AM SM
Gause | White Yellow  White, violet ~ Brown Grey, Dark
violet brown
Gause Il Brown Brown Brown Brown Brown Brown
ISP1 White Brown White Brown White Dark
brown
ISP2 Brown Brown  White, brown  Brown Grey Dark
brown
ISP3 White, grey Brown Gray, white Dark Grey Dark
brown brown
ISP4 White Brown Grey Dark Grey Dark
brown brown
ISP5 White, dark Black White, dark Black Grey Black
brown brown
ISP6 White Brown White Brown White Brown
ISP7 White, black Black White, black Black Grey, Black
black

Note: AM: Aerial mycelium, SM: Substrate mycelium
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Figure 4. Spore production sequence of CP1.3 strain

Physiological and biochemical properties

In this study, our survey on the growth ability of strain CP1.3 on ISP9 medium supplemented
with different carbon sources showed that CP1.3 strain could grow well in carbon sources such as
D-glucose, D-sorbitol, and maltose; medium growth in carbon sources such as L-arabinose, D-
galactose, L-rhamnose, dextrin and weak growth in D-fructose and D-xylose carbon sources. We
further examined for the presence of chitinase, cellulase, and protease enzymes, it showed that the
CP1.3 strain could synthesize all 3 enzymes, most noticeably chitinase (16mm) activity, as shown
in Figure 5. As a consequence, actinomycete extract would be digested by animal corpses such as
crabs, shrimp, and crab shells, reducing smell pollution in the environment. On the other hand,
chitin is a crucial component of the fungal cell wall, and actinomycetes can make chitinase, thus
when utilizing them to prevent fungal illnesses, the chitinase enzyme will come into play and boost
the antagonistic impacts.

A

Figure 5. The ability to produce extracellular enzymes of actinomycetes CP1.3
(A) Chitinase; (B) Cellulase; (C) Protease

Environmental conditions have a significant impact on microorganisms' life and metabolic
activities. As a result, strain CP1.3 was grown on Gause | medium at various temperatures, pH
levels, and salt concentrations. The results revealed that the CP1.3 strain developed and had high
antibacterial activity at 30°C, pH 7.0-8.0, and was tolerant to salt concentrations up to 1.0% and
was ranked as a low salt tolerance group (Larsen et al., 1986).
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Molecular Identification of Actinomycetes CP1.3

In this experiment, we employed a molecular biology approach based on the similarity of
this strain's 16S rRNA gene fragment with actinomycetes strains in the GeneBank in order to
identify the actinomycetes in this study. Actinomycetes' DNA was isolated using the method of
Farhad et al (2016). To amplify the 16S rRNA gene segment of CP1, the primers 27F and 1492R
were applied. Three strains were utilized, and electrophoresis yielded a single DNA band of
roughly 1500 bp, which was within the theoretically possible size, while using this primer for
multiplexing (Figure 6).

Marker CP1.3 DC (-)

1500 bp

Figure 6. PCR results were generated with primers from the actinomycete CP1.3 16S
rRNA region

As the results attained, the nucleotides in PCR products were sequenced. After getting the
sequence, use the BLAST tool to compare it to other sequences in the gene bank and use Mega X
software to create a phylogenetic tree for the CP1.3 strain. The results are shown in Figure 7.

o5 cP1.3
—: Streptomyces aureofaciens CSRS11
,7 Streptomyces varius NBRC 13800
- Ki

pora aureofaciens NRRL 2209

Streptomyces aureofaciens B197

Streptomyces psammoticus ACJ 43
&9 { Streptomyces rimosus MJM8796
°0 Streptomyces aureofaciens MUM11199

Ki ora sp. DLYT2

92

Kitasatospora arboriphila ACT25

&6 { Streptomyces phosalacineus LMG 20102
s Streptomyces cinereorectus NBRC 14768

—
0.0020

Figure 7. Phylogenetic tree based on 16S rRNA sequence of actinomycete strain CP1.3
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With a bootstrap value of 90, this phylogenetic tree showed that the CP1.3 strain belongs to the
same value as Streptomyces aureofaciens CSRS11. Furthermore, nucleotide sequencing data
revealed a 99.03 % similarity of 16S rRNA between actinomycete strains CP1.3 and Streptomyces
aureofaciens CSRS11. These two strains are comparable in terms of dependability and
resemblance. As a result, we concluded that the CP1.3 strain is closely related to Streptomyces
aureofaciens CSRS11, and | called it Streptomyces aureofaciens CP1.3.

Conclusions

In conclusion, 72 actinomycetes strains were isolated and purified, and CP1.3
actinomycetes strains were chosen for their significant antimicrobial activity against 5
Xanthomonas axonopodis, Rastonia solanacearum, Clavibacter michiganensis, Xanthomonas sp.,
and Bacillus subtilis strains. Strain CP1.3 is not only has significant antibacterial properties, but it
can also inhibit the growth of the fungus Fusarium oxysporum. At 30°C, pH 7-8, salt tolerance up
to 1.0%, and good utilization of carbon sources ( D-glucose, D-sorbitol, and maltose), the CP1.3
strain develops and has high antibacterial potential. This strain can produce extracellular enzymes:
chitinase, cellulase, and protease. The comparison and analysis of 16S rRNA nucleotide sequences
from actinomycete strain CP1.3 with nucleotide sequences from Streptomyces aureofaciens on
Genbank discovered that this actinomycete strain is closely related to Streptomyces aureofaciens.
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