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Abstract
Marine-derived actinobacteria are considered as potential sources of bioactive metabolites including 
antifungal substances. Fifteen out of 155 marine-derived actinobacteria exhibited strong antifungal 
activity against the rice blast fungus Pyricularia oryzae. Their extracts were further determined 
for minimum inhibitory concentrations (MIC) and minimum fungicidal concentrations (MFC). Ethyl 
acetate extract from the strain AMA49 and its subfraction AMA49F1 strongly inhibited hyphal growth 
of various P. oryzae strains with MICs (8 to 16µg/ml) and MFCs (16 to 128µg/ml) comparable to 
propiconazole. Both extracts destroyed fungal membrane and organelles, completely inhibited conidial 
germination, appressorium formation, and were non-toxic to Galleria mellonella. High performance 
liquid chromatography/mass spectrometry identified oligomycin A and its derivatives as the active 
components of AMA49F1 besides several diketopiperazines. AMA49 was identified as a Streptomyces 
sp. based on morphological characteristics and 16S rDNA sequence analysis. The results suggest that 
the Streptomyces sp. strain AMA49 is a potential biocontrol agent against rice blast pathogen P. oryzae. 
This is the first report on the inhibitory effect of the marine-derived Streptomyces extract containing 
oligomycin A and its derivatives on mycelial growth, conidial germination and appressorium formation 
of P. oryzae.
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INTRODUCTION
 Rice is a staple food that feeds almost 
half of the world population1. The 2018/19 
world rice total supply is estimated at 657.9 
million tons2. The fungus Pyricularia oryzae 
(syn: Magnaporthe oryzae) causes the highly 
destructive rice blast disease, which is found 
in at least 85 countries worldwide3. The effects 
of the fungus are so severe with approximately 
30% of rice production losses globally that it was 
placed first in a list of the top ten fungal plant 
pathogens4. Blast disease is typically controlled 
by chemical fungicides, including tricyclazole, 
isoprothiolane, probenazole, propiconazole, 
carbendazim, blasticidin and kasugamycin3,5,6. 
However, excessive use of chemical fungicides in 
agriculture has damaged human health and the 
environment, and has led to the development of 
fungicide-resistant pathogens7. Therefore, there 
is a growing need for new, environmentally safer 
and more potent fungicides. Antifungal activity 
has been reported in secondary metabolites from 
microbes, especially actinobacteria. Many reports 
have shown that actinobacteria protect plants 
and exhibit antagonistic effects against several 
phytopathogenic fungi8,9. 
 Terrestrial actinobacteria have long 
been a source of bioactive compounds against 
fungal plant pathogens10,11,12. In addition, they 
have been exhaustively investigated, leading 
to less new compounds discovered. Marine 
environment covers more than 70% of the earth’s 
surface. It is also evident that there was higher 
functional ecosystem diversity in the marine 
environment than the terrestrial ecosystem13. 
Therefore, marine-derived actinobacteria 
have become a potential source of bioactive 
compounds14. Many new compounds such as 
bonactin15, chandrananimycins15, marinomycins15, 
salinosporamide A15,  trioxacarcins15 and fluvirucin 
B616 have been isolated from marine-derived 
actinobacteria. The majority of secondary 
metabolites from marine actinobacteria 
were derived from members of the genus 
Streptomyces17,18. Most of them have terrestrial 
origins. However, the actinobacteria from 
marine habitat developed with unique chemical, 
physicological, and structural features to survive 
under varying salinity, pressure, and temperature 
in marine ecosystems19. Furthermore, the activity 

of marine-derived actinobacteria against fungal 
plant pathogens has rarely been reported. 
 In this study, actinobacteria from marine 
habitats were isolated and their antifungal 
activities against the rice blast pathogen P. oryzae 
were investigated. The effects on fungal cells of the 
most active crude extract and its subfraction were 
determined. The active isolate was then identified 
using the morphological characteristics and 
molecular methods based on 16S rDNA sequence 
analysis.

MATERIALS AND METHODS 
Sample collection and actinobacterial isolation
 Forty marine samples were collected 
around Nakhon Si Thammarat, Trang, Satun, 
Songkhla and Phuket provinces in southern 
Thailand. There is no specific permission required 
in these locations. The samples consisted of 17 
sediments, 16 marine animals (nudibranch, sea 
fan, sea anemones, sea squirts and sponges) and 
seven algae. Samples were kept in plastic bags 
containing sea water and placed in ice boxes. The 
samples were transported back to the laboratory 
and processed as soon as possible after collection. 
Sediment samples were placed in Petri dishes and 
air dried at room temperature for a week. The 
dried sediments underwent chemical and physical 
treatment as previously described20. Algae and 
invertebrate samples were pretreated using a 
lyophilization process. The diluted samples were 
inoculated onto chitin agar21, modified soil extract 
agar (A9)22,23 and starch-yeast extract-peptone-
seawater agar (SYP-SW)24. All media were prepared 
with 60% natural seawater and supplemented 
with cycloheximide (50 mg/l) and nalidixic acid 
(20 mg/l)25. All plates were incubated at 25 ± 2°C 
for four weeks. Actinobacteria were isolated and 
purified on A9 medium. The pure cultures were 
stored in 20% glycerol at -80°C.
Source of P. oryzae
 Sixteen isolates of P. oryzae, comprising 
six virulent strains from paddy (PTRC1-6) and 
ten isolates from rice near-isogenic-lines (NILs) 
(PTRC7-16) were obtained from the Phattalung 
Rice Research Center (PTRC), Thailand. They were 
grown on potato dextrose agar (PDA) slants at 25 
± 2°C for seven days and then stored at 4°C. All 
isolates were newly subcultured on PDA before 
use26.
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Antifungal assay of actinobacterial culture broth
 Actinobacteria were selected based on 
morphotypes and cultured in ISP2 medium with 
60% seawater at 25 ± 2°C for four weeks. The 
four-week-old actinobacterial culture broths were 
screened for antifungal activities against P. oryzae 
PTRC1 by an agar well diffusion method27. Briefly, 
wells (7 mm in diameter) were punched in four 
places 0.5 cm from the edge of the fungal colony 
and each well was filled with 80µl of culture broth. 
Plates were incubated at 25 ± 2°C for three to 
five days. The radii (mm) of the fungal colony on 
the test and control plates were then measured. 
The percentage of hyphal growth inhibition was 
calculated using this formula: Inhibition (%) = 
100 - [(R2 / r2) x 100], where R and r represent the 
average of triplicate measurements of radii (mm) 
of fungal colonies in the test and control plates, 
respectively28.
Fermentation and extraction of crude extracts
 Actinobacteria that inhibited P. oryzae 
PTRC1 more than 80% in the culture broth 
screening test were selected for cultivation in ISP2 
medium with 60% seawater for four weeks under 
static conditions at 25 ± 2°C. Fermentation broths 
were separated into culture filtrate and cells by 
filtration and extracted with organic solvents20. 
Three crude extracts were obtained from each 
isolate: broth ethyl acetate extract (BE), cell ethyl 
acetate extract (CE) and cell hexane extract (CH).
Antifungal screening test of crude extracts 
 The actinobacterial crude extracts were 
dissolved in 100% DMSO to obtain stock solutions 
of 100 mg/ml. The antifungal activities of the 
crude extracts at a concentration of 200µg/ml 
were determined using an agar microdilution 
method in 24 well-plate29. The standard fungicide 
propiconazole at a concentration of 20µg/ml and 
0.2% DMSO were used as positive and negative 
controls, respectively. Agar plugs (1.5 mm in 
diameter), cut from the periphery of three-day old 
P. oryzae PTRC1 grown on PDA, were placed in the 
middle of the surface of the agar in each well. The 
microplates were incubated at 25 ± 2°C for three 
days. Crude extracts that completely inhibited 
hyphal growth at this concentration were further 
determined to quantify their minimum inhibitory 
concentrations (MIC) and minimum fungicidal 
concentrations (MFC).

Determinat ion of  minimum inhibitory 
concentration (MIC) and minimum fungicidal 
concentration (MFC) 
 The actinobacterial  extracts and 
propiconazole were diluted with melted PDA to 
final concentrations from 0.25 to 128µg/ml. The 
DMSO at 0.2% was used as a negative control. 
Tests were performed in the same manner as 
the screening test in four replicates. The MIC was 
defined as the lowest concentration of extract 
that completely inhibited fungal growth (100% 
inhibition). Fungal agar plugs from MIC wells and 
higher concentrations were transferred to new 
PDA plates and incubated at 25 ± 2°C for five 
days. The concentration of extract that completely 
inhibited hyphal growth on the new plates was 
recorded as the MFC. 
Fractionation of bioactive extract AMA49CE
 The most active crude extract AMA49CE 
against P. oryzae PTRC1 was fractionated by 
column chromatography over Sephadex LH-20. 
Elution was performed with 100% methanol. 
Fractions showing similar chromatograms on 
TLC were combined and evaporated to dryness 
under reduced pressure to obtain subfractions. 
All fractions were checked for antifungal activity 
against P. oryzae PTRC1. The major component 
of the most active fraction against P. oryzae 
PTRC1 was analysed by high performance liquid 
chromatography/mass spectrometry (HPLC/MS).
Compound identification
 The extract AMA49F1 was dissolved 
in methanol (c = 3 mg/ml) and analysed by 
high-resolution electrospray ionisation mass 
spectrometry (HRESIMS) as described in detail 
previously30. To confirm the identity of oligomycin 
A, an oligomycin standard provided by the Natural 
Compound Library (NCL) of the German Centre for 
Infection Research (DZIF) was analysed in the same 
manner. Finally, a mixture of the extract AMA49F1 
and the oligomycin standard was co-injected.
Effect of active crude extract and its fraction on 
fungal hyphae
 The effect of AMA49CE and AMA49F1 on 
the hyphal surface of P. oryzae PTRC1 was further 
studied using scanning electron microscopy (SEM). 
Their effect on cell components was studied using 
transmission electron microscopy (TEM)31. Agar 
plugs from the edge of a three-day-old colony 
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of P. oryzae PTRC1 were treated at 25 ± 2°C for 
three days with the AMA49CE and AMA49F1 
at four times their MICs (4xMIC). All samples 
were prepared for SEM and TEM at the Scientific 
Equipment Center, Prince of Songkla University. 
Conidial germination inhibition test
 Conidia of P. oryzae PTRC1 (3.5 x 105 
conidia /ml) were prepared in 0.1% Tween20. 
Then, 50µl of conidial suspension were mixed with 
50µl of the extract to obtain final concentrations 
of 1xMIC, 2xMIC and 4xMIC in a well-microscopic 
slide. Propiconazole and DMSO were used as 
positive and negative controls, respectively. Three 
replicates per treatment were performed. The 
test slides were placed in a moist chamber and 
incubated at 25 ± 2°C for 24 h. After incubation, 
2µl of the treated conidia were dropped onto 
PDA, then further incubated at 25 ± 2°C for three 
days to check for viability. The percentages of 
germinated conidia and appressorium formation 
were determined under a light microscope (100 
conidia per replicate)32. The percent reduction of 
conidial germination and appressorium formation 
compared to a control was then computed. Germ 
tube lengths of the germinated conidia were also 
measured.
Toxicity testing
 In vivo toxicity testing was performed 
using Galleria mellonella larvae33. The use of 
invertebrates does not need ethical permission 
according to Thai law and others34,35. G. mellonella 
larvae (220-250 mg) at the sixth developmental 
stage were stored in sterile Petri dishes in 
darkness at 30°C for 24 h before use. Ten healthy 
G. mellonella larvae with no melanization were 
used in each replicate. Three replicates were used 
in each treatment. AMA49CE and AMA49F1 were 
separately dissolved in DMSO and diluted with PBS 
to 4xMIC. In the treatment group, 10µl of each 
extract was injected into the last left proleg and 
last right proleg, using an Ultra-Fine II syringe. Two 
control groups were used in this study: members 
of the first control group were injected in each 
last proleg with 10µl of 3.2% DMSO in PBS, and 
the other control group received no injection. 
Larvae were incubated at 30°C for 72 h without 
feeding33 and the dead larvae were investigated. 
Larvae were considered dead if they did not move 
after being touched with a sterile pipette tip. The 
percentage mortality of larva was calculated36.

Identification of actinobacteria
 The strain AMA49 was characterized by 
phenotypic characteristics including the color of 
the colony, aerial mycelium, substrate mycelium, 
and color of soluble pigment. Spore shape was 
also considered after 14 days growth at 25 ± 2°C 
on yeast extract-malt extract agar (ISP2), oatmeal 
agar (ISP3), inorganic salts-starch agar (ISP4), 
glycerol-asparagine agar (ISP5), and tyrosine agar 
(ISP7). Carbon utilization (D-glucose, D-fructose, 
raffinose, cellobiose, sucrose, rhamnose and 
mannitol) was also determined37. Each carbon 
source was added to Pridham and Gottlieb carbon 
utilization basal medium at a final concentration 
of 1%. The basal medium plus D-glucose and 
sugar-free basal medium were used as positive 
and negative controls, respectively. AMA49 was 
grown on the carbon utilization medium for 
14 days at 25 ± 2°C. The growth was measured 
and compared with the growth on positive and 
negative controls media. The 16S rRNA gene 
was amplified from the genomic DNA using 
primers 20F (5'-GAGTTTGATCCTGGCTCAG-3') 
and 1500R (5'-GTTACCTTGTTACGACTT-3'). 
Amplified PCR products were sequenced directly 
by Macrogen Inc., Korea using universal primers. 
The consensus DNA sequence was compared 
to sequences in the EzTaxon database with the 
BLASTN program. Multiple alignments of the 
sequences were analysed using the program 
BioEdit Sequence Alignment Editor (version 
7.0.4.1)38. The phylogenetic tree was constructed 
with Neighbour-Joining (NJ) algorithms using 
Molecular Evolutionary Genetics Analysis version 
6.0 (Mega 6.0) software39.
Statistical analysis
 The data of conidial germination 
inhibition, appressorium formation inhibition 
and germ tube length of P. oryzae PTRC1 were 
analysed by two-way ANOVA. Tukey HSD post-
hoc test (P < 0.05) was used in the analysis. The 
percent mortality of G. mellonella was analysed 
using one-way ANOVA with Tukey HSD post-hoc 
test (P < 0.05). All tests were performed using SPSS 
statistical software version 11.5.

RESULTS
Actinobacterial isolation and antifungal activity 
screening test
 A total of 525 isolates of actinobacteria 
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were obtained from different sources including 
mangrove soil (156 isolates), marine organisms 
(160 isolates), marine sediments (26 isolates) 
and soil from a lagoon (183 isolates). From 
these 525 isolates, 155 were selected based on 
their colonial morphology for antifungal activity 
screening by an agar well diffusion method. 
Among them, 64 isolates (41.29%) presented 
antifungal activity against P. oryzae PTRC1. Of 
these 64, 15 isolates that exhibited more than 
80% hyphal growth inhibition were selected for 
fermentation and extraction. Among the top 15 
active isolates, 9 were isolated from seaweeds, 
4 from mangrove soils, and each one from sea 
fan and marine sediment. Fourteen isolates were 
identified as Streptomyces sp. and one isolate 
as Micromonospora sp. using morphological 
characterization (Table 1).
Antifungal activity of actinobacterial crude 
extracts
 A total of 45 crude extracts from the 15 
most active actinobacteria were screened for their 
antifungal activity against P. oryzae PTRC1. Only 
five crude extracts from two isolates, AMA49BE, 
AMA49CE, AMA49CH, AMA50BE and AMA50CE 
could inhibit P. oryzae PTRC1. Their MIC/MFC 

values ranged from 8/32µg/ml to 128/>200µg/
ml (Table 2). Cell ethyl acetate crude extract from 
AMA49 (AMA49CE) showed the best activity. 
Therefore, AMA49CE was selected for further 
tested with various pathogenic strains of P. 
oryzae. In these tests, the MIC and MFC values 
of AMA49CE were in the range of 8 to 16µg/ml 

and 16 to 128µg/ml, respectively. Against the 
same pathogenic strains, the MIC and MFC ranges 
of propiconazole were 4 to 8µg/ml and 128 to 
>128µg/ml (Table 3), respectively. 
Fractionation and effect of active fraction on P. 
oryzae PtRC1 hyphae
 The most active crude extract AMA49CE 
against P. oryzae PTRC1 was fractionated by CC 
over Sephadex LH-20 to yield five subfractions 
(F1-F5). Subraction F1 (AMA49F1) showed the 
strongest activity against P. oryzae with MIC/MFC 
values of 8/16µg/ml, while subfractions F2-F5 
were less active (MIC and MFC values ≥ 128µg/ml). 
The effect of AMA49CE and AMA49F1 on fungal 
morphology was also studied using SEM. Normal 
hyphae were observed in untreated samples 
(Fig. 1a). P. oryzae treated with 4xMIC (32µg/
ml) of propiconazole showed obvious hyphal tip 
swelling (Fig. 1c). Hyphal morphologies of P. oryzae 

Table 1. The top 15 active actinobacteria strains against hyphal growth of P. oryzae PTRC1 by an agar well diffusion 
method

Strains Morphological  Source Inhibition 
 characterization  (%)

AMA15 Streptomyces sp. Mangrove soila 88.89
AMA16 Streptomyces sp. Mangrove soila 88.89
AMA49 Streptomyces sp. Mangrove soila 82.64
AMA50 Streptomyces sp. Mangrove soila 87.46
AMR5 Streptomyces sp. Padina sp. (seaweed)b 80.86
AMR6 Streptomyces sp. Padina sp. (seaweed)b 82.64
AMR9 Streptomyces sp. Padina sp. (seaweed)b 80.86
AMR29 Streptomyces sp. Padina sp. (seaweed)b 86.56
AMR64 Streptomyces sp. Melithaea sp. (sea fan)c 82.64
AMR67 Streptomyces sp. Acanthophora spicifera  85.94
  (seaweed)c

AMR69 Streptomyces sp. Gracilaria sp. (seaweed)c 85.31
AMR71 Streptomyces sp. Padina sp. (seaweed)c 87.46
AMR75 Streptomyces sp. Gracilaria sp. (seaweed)c 84.33
AMR76 Streptomyces sp. Gracilaria sp. (seaweed)c 82.64
ALA2 Micromonospora sp. Marine sedimentd 84.22

a Samples collected from mangrove forest (5-10 cm from soil surface) of  Songkhla Lake, Songkhla, Thailand, b sample collected 
from the Andaman sea, Trang, Thailand, c samples collected from the Andaman sea, Phuket, Thailand, and d sample collected 
from marine sediment (6-10 cm from sediment surface) from the Songkhla Lake, Songkhla, Thailand.
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were severely affected by AMA49CE (Fig. 1e) and 
AMA49F1 (Fig. 1g) at 4xMIC (32µg/ml). The treated 
hyphae were swollen, expanded and flattened (Fig. 
1e and g). Moreover, distorted conidia were also 
observed in both samples treated with AMA49CE 
and AMA49F1 (Fig. 1e and g).

 The effects of AMA49CE and AMA49F1 
on fungal cell components were further studied 
with TEM. Untreated hyphae revealed normal 
intact fungal cell components (Fig. 1b), including 
cell wall (CW), cell membrane (CM), nucleus (N), 
nuclear membrane (NM), mitochondria (M), 

Fig. 1. Scanning electron microscopic (SEM, left) and transmission electron microscopic (TEM, right), images of 
untreated P. oryzae PTRC1 hyphae (negative control) (a-b), hyphae treated with  32µg/ml (4xMIC) of propiconazole 
(positive control) (c-d), with 32µg/ml (4xMIC) of AMA49CE (e-f) and hyphae treated with 32µg/ml (4xMIC) of MA49F1 
(g-h) after incubation at 25 ± 2°C for three days. CW, cell wall; CM cell membrane; V, vacuole; M, mitochondria; 
N, nucleous; NM, nuclear membrane; S, septum. White arrows in (e) and (g) indicate the abnormal condia. Black 
arrows in (d), (f) and (h) indicate the cell membrane damage.
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vacuole (V) and septum (S). On the other hand, 
the hyphae treated with 4xMIC of AMA49CE (Fig. 
1f) and AMA49F1 (Fig. 1h) showed cell membrane 
alterations including membrane ruptures, 
membrane shrinking and separation from the 
cell wall. Moreover, the extracts penetrated into 
cytoplasm and destroyed the organelles. These 
alterations were similar to those of P. oryzae PTRC1 
hyphae treated with propiconazole at 4xMIC 

(32µg/ml) (Fig. 1d).
Toxicity of active crude extract and its fraction
 G. mellonella  were injected with 
AMA49CE and AMA49F1 at 4xMIC (32µg/ml). The 
mortality rate 72 h after injection with AMA49CE 
and AMA49F1 were only 6.7%, which was classified 
as harmless. Propiconazole, a standard antifungal 
agent, was classified as harmless. No mortality 
was observed in the control DMSO-injected larvae 
(Table 4).
Conidial germination inhibition
 Conidia of P. oryzae PTRC1 germinated 
well in 0.032% DMSO (negative control). After 24 
h of incubation, 98.66% of conidia germinated 
with long germ tube lengths up to 100 mm and 

Table 2. Antifungal activity against P. oryzae PTRC1 
of five active crude extracts from marine-derived 
actinobacteria strains AMA49 and AMA50

Crude  MIC/MFC 
extracts (µg/ml)

AMA49BE 128/>200
AMA49CE 8/32
AMA49CH 32/64
AMA50BE 64/128
AMA50CE 64/64

BE: broth ethyl acetate extract, CE: cell ethyl acetate 
extract, CH: cell hexane extract, MIC: minimum inhibitory 
concentration, MFC: minimum fungicidal concentration.

Table 3. Antifungal activity of cell ethyl acetate crude 
extract from Streptomyces sp. AMA49 (AMA49CE) 
against pathogenic strains of P. oryzae

P. oryzae      MIC and MFC (µg/ml)

strains    AMA49CE      Propiconazole
      crude extract

 MIC MFC MIC MFC

PTRC 1 8 32 8 128
PTRC2 16 128 8 128
PTRC 3 16 32 8 128
PTRC 4 16 16 8 128
PTRC 5 8 32 8 128
PTRC 6 8 64 8 128
PTRC 7 8 32 8 128
PTRC 8 8 32 8 128
PTRC 9 16 32 8 128
PTRC 10 16 16 8 >128
PTRC 11 8 64 8 >128
PTRC 12 8 32 4 128
PTRC 13 8 32 8 128
PTRC 14 16 64 8 >128
PTRC 15 8 128 8 >128
PTRC 16 8 32 4 128

MIC: minimum inhibitory concentration, MFC: minimum 
fungicidal concentration

Fig. 2. The effect of extracts AMA49CE and AMA49F1 
from Streptomyces sp. AMA49 on P. oryzae PTRC1 
condia at 1xMIC (8µg/ml), 2xMIC (16µg/ml) and 4xMIC 
(32µg/ml) after 24 h incubation anaylsed by two-way 
ANOVA and Turkey HSD post-hoc test. Propiconazole 
and DMSO were used ad positive and negative controls, 
respectively. The data represent mean values based on 
three replicates in each treatment. Error bars indicate 
the ± SE. (* P ≤ 0.001; main effect of concentration. 
(a) condial germination inhibition, (b) appressorium 
formation inhibition, (c) germ tube lenght.
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75.67% produced appressoria. The effects of 
AMA49CE and AMA49F1 on conidial germination, 
germ tube elongation and appressorium formation 
were determined at 1xMIC (8µg/ml), 2xMIC 
(16µg/ml) and 4xMIC (32µg/ml) after 24 h 

incubation. AMA49CE and AMA49F1 at 4xMIC 
completely inhibited conidial germination as well 
as propiconazole (Fig. 2a). Both extracts at 1xMIC 
had less effect than propiconazole on conidial 

Table 4. Percent mortality of Galleria mellonella treated with extracts from Streptomyces sp. AMA49

Concentrations      % Mortality± SE

 AMA49CE AMA49F1 Propiconazole 3.2%DMSO Un-injected

4xMIC 6.7 ± 3.3a 6.7 ± 3.3a 0.0 ± 0.0a 0.0 ± 0.0a 0.0 ± 0.0a

Toxicity level64: harmless (< 50% mortality), slightly harmful (50-70% mortality), moderately harmful (80-90% mortality), harmful 
(> 99% mortality). MIC: minimum inhibitory concentration (4xMIC = 32 µg/ml). Propiconazole and DMSO were used as positive 
and negative controls, respectively. The comparison of mean of mortality (%) between extract was performed by one-way 
ANOVA. The same letter indicates a non significant difference (Tukey HSD post-hoc test, P < 0.05). Values represent the mean 
of three replications ± standard error (SE).

Fig. 3. Phylogentic tree of Streptomyces sp. AMA49 based on 16S rDNA sequecnes. The number on each branch 
represents bootstrap values (≥ 50%) from Neighbor-joining support with 1000 replications. The scale bar indicates 
1% estimated sequence divergence. Actinomadura madurae X97889 was used as root of tree. 

germination; however, they could inhibit germ tube 
elongation (Fig. 2a and c). In addition, AMA49CE 
and AMA49F1 at 2xMIC and 4xMIC could also 
completely inhibit appressorium formation (Fig. 
2b). Both extracts (AMA49CE, AMA49F1) inhibited 
conidial germination, appressorium formation and 
germ tube length in a concentration-dependent 
manner. Furthermore, AMA49CE (4xMIC) showed 
sporicidal activity after 24 h treatment, while the 
conidia were completely killed by AMA49F1 at all 
concentrations tested (1xMIC, 2xMIC, and 4xMIC) 
after 24 h treatment (data not shown). 

Characterization of the major component in the 
active fraction
 AMA49F1 was analysed by HPLC/MS. 
The UV spectrum showed two major peaks at the 
retention times of 3.77 to 3.80 min and 4.00 to 
4.08 min. The molecular formula of C11H18N2O2, 
deduced from a peak at m/z at 211.1442 in 
the HRESIMS spectrum, implied that the peak 
indicated diketopiperazines (DKPs). Besides, a 
peak presented at 15.3 min with UV absorption 
maxima at 224 nm. HRESIMS data displayed a m/z 
value at [M+H]+ 813.5121, indicating a molecular 
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formula of C45H74O11. A database search within 
the Dictionary of Natural Products suggested 
oligomycin A, which was confirmed by HPLC 
analysis using an oligomycin standard. Several 
other peaks with m/z at 807.5262, 821.5050, 
805.5096 and 791.5311 at retention times of 13.6, 
13.8, 14.4 and 15.5 min indicated the presence of 
further members of the oligomycin family.
Morphological and molecular identification of 
actinobacterium AMA49
 AMA49, isolated from mangrove 
soil from Songkhla Lake, was the most active 
actinobacterium against P. oryzae in this study. 
Its aerial mycelia were white in a colony grown on 
yeast extract-malt extract agar (ISP2) and glycerol-
asparagine agar (ISP5), white to brown on oatmeal 
agar (ISP3) and tyrosine (ISP7), and pale yellow 
on inorganic salts starch agar (ISP4). No soluble 
pigment was observed after 14 days of incubation. 
This strain was able to utilize D-glucose as a carbon 
source (positive control), but not D-fructose, 
raffinose, cellobiose, sucrose, rhamnose, or 
mannitol. The spore chains presented as the 
spiral type. On the different culture media, the 
morphological characteristics and spore chains 
indicated that AMA49 belonged to the genus 
Streptomyces. The 16S rDNA sequence of strain 
AMA49 was compared with other sequences 
using the EzTaxon server. The sequence of 
AMA49 was most similar to Streptomyces 
phaeoluteichromatogenes AJ391814 with 99.49% 
similarity and the phylogenetic tree, constructed 
with MEGA 6.0 using the Neighbor-Joining method, 
showed that strain AMA49 was closely related to 
the genus Streptomyces (Fig. 3). The morphological 
characteristics and phylogenetic tree of AMA49 
were considered confirmation that the strain was 
Streptomyces sp. The culture of Streptomyces sp. 
AMA49 was, therefore, deposited at the BIOTEC 
Culture Collection, Thailand as BCC77514. The 16S 
rDNA sequence of Streptomyces sp. AMA49 was 
submitted to the NCBI database by Accession No. 
KX129898.

DISCUSSION
 Rice blast, caused by P. oryzae fungus, 
is the most destructive disease of rice and many 
strains of Streptomyces have had important 
applications in agriculture as biocontrol agents 
against various plant pathogens, including P. 

oryzae40. Since marine environments are a good 
source of actinobacteria producing bioactive 
metabolites41, we have used various chemical and 
physical sample treatments in order to minimize 
contamination with fungi and other bacteria 
and to obtain marine-derived actinobacteria as 
many as possible, such as treatment with liquid 
nitrogen, 0.05% sodium dodecyl sulfate and 
5% yeast extract42, 1.5% phenol, dry heat43 and 
rehydration and centrifugation44 as well as four 
selective isolation media including actinomycete 
isolation agar, modified soil extract agar45,46, 
humic acid vitamin agar46 and starch nitrate agar47 
supplemented with cycloheximide and nalidixic 
acid. One hundred and fifty five out of 525 isolates 
were selected based on different morphologies. 
Among them, 64 of 155 isolates inhibited hyphal 
growth of P. oryzae PTRC1, exhibiting 34 to 89% 
inhibition by an agar well diffusion method. Isolate 
AMA49 isolated from mangrove soil in Songkhla 
Lake, Thailand, was the most active strain. This 
strain was identified as Streptomyces sp. using 
morphological characteristics and molecular 
identification based on the 16S rDNA sequencing. 
In addition, culture broth as well as extracts 
from cells and broth of AMA49 exhibited strong 
antifungal activities against various strains of P. 
oryzae. Most reported studies of the anti-P. oryzae 
activity of Streptomyces strains were based on dual 
culture methods26,48,49,50. This technique is only a 
quantitative method and it is difficult to make 
comparisons with the activities of other strains 
or antifungal agents because the results from 
this method depend on the solubility of active 
metabolites released into the agar medium. In 
our study, we first screened for potential isolates 
from their culture broths. After that, extracts 
from broths and cells were further tested. 
Although microorganisms produce secondary 
metabolites intracellularly and extracellularly, 
the agar well diffusion method used in this study 
detects mainly the extracellular metabolites 
that excreted into the fermentation medium. 
This medium may contain antifungal substances 
as well as hydrolytic enzymes. However, our 
preliminary study indicated that this isolate did 
not produce chitinase enzyme (data not shown). 
Therefore, the main antifungal activity may only 
be due to antifungal substances. Cells extracted 
with ethyl acetate of AMA49 (AMA49CE) and its 
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subfraction (AMA49F1) showed strong activity 
against P. oryzae PTRC1 with low MIC (8 mg/ml) 
close to propiconazole, a standard antifungal agent 
(MIC 8 mg/ml). Ethyl acetate fermentation broth 
extracts from S. roseobiolascens XAS585 and S. 
roseofulvus XAS588 isolated from marine mud 
inhibited hyphal growth of fungal plant pathogens 
by more than 90% at 150 mg/ml51. In this study, 
AMA49CE at 8 to 16 mg/ml completely inhibited 
the growth of P. oryzae (100% inhibition). This 
suggests that AMA49CE has greater inhibitory 
activity than the strains S. roseobiolascens 
XAS585 and S. roseofulvus XAS58851. Conidial 
germination and appressorium formation are 
important processes in the penetration of P. 
oryzae into plant tissues52. This activity has been 
confirmed in greenhouse conditions by various 
investigators48,50. AMA49CE and AMA49F1 showed 
strong inhibition on conidial germination and 
appressorium formation. They also exhibited 
sporicidal activity. Streptomyces is the major genus 
of marine–derived actinobacteria that produced 
novel bioactive compounds15. There are several 
parameters that affect growth and metabolite 
production of marine-derived actinobacteria. 
Most marine-derived actinobacteria are believed 
to be terrestrial and have physiologically adapted 
to a marine environment53. Some isolates require 
seawater for growth54. In our study, we prepared 
the isolation media in 60% seawater. However, our 
obtained isolates grew well in ISP2 agar without 
seawater. Therefore, AMA49 was further grown in 
all media without seawater. The sea mud-derived 
S. roseobiolascens XAS585 and S. roseofulvus 
XAS588 were also fermented in the production 
media prepared with distilled water51. 
 Various types of antifungal compounds 
effective against plant pathogenic fungi have 
been isolated from Streptomyces spp. such as 
6-prenylindole55, 3-acetonylidene-7-prenylindolin-
2-one, 7-isoprenylindole-3-carboxylic acid56, 
fungichromin57, cyclo(leu-pro)58 and oligomycin 
A59. Our AMA49CE and its fraction AMA49F1 
contained oligomycin A and its derivatives based 
on HPLC/MS analysis. Oligomycins belong to the 
polyketide macrolide antibiotics. Oligomycin A 
has been identified as a potent inhibitor of the 
mitochondrial ATP synthase. It can bind to a 
common drug-binding site in the ATP synthase 
shared with other drugs60. Oligomycin A was 

obtained from culture broth of Streptomyces 
libani As1 isolated from sea-mud soils in Korea59. 
It showed strong antifungal activity across a 
range of 1xMIC (3-5µg/ml) against the hyphal 
growth of many phytopathogenic fungi including 
Magnaporthe grisea. The efficiencies of oligomycin 
A were similar to those of metalaxyl, chlorothalonil, 
and tricyclazole. In addition, oligomycin A did not 
show any phytotoxicity on pepper, cucumber and 
rice plants. These findings reveal the potential of 
oligomycins in agriculture. Although oligomycin 
A was only a minor component in AMA49F1, its 
potent antifungal activity can explain the observed 
bioactivity of the extracts. The likewise detected 
diketopiperazines, cyclic dipeptides, might work 
co-operatively. One of the diketopiperazines, 
cyclo(leu-pro) extracted from Streptomyces sp. 
KH-614 from terrestrial soil, showed antifungal 
activity against P. oryzae at 1xMIC value of 2.5µg/
ml58.
 The possible mechanisms of action of 
AMA49CE and AMA49F1 were revealed by the 
SEM and TEM studies. Clear alterations to the 
fungal membrane included swollen, expanded 
and flattened hyphae, observed by SEM, and 
membrane shrinking and separation from the 
cell wall, observed by TEM. In addition, damaged 
organelles were also observed by TEM. To our 
knowledge, the effects of the above mentioned 
antifungal compounds on hyphal morphology have 
not been reported.
 G.  mel lonel la  immune system is 
functionally and structurally similar to the 
mammalian immune system61. Therefore, the 
toxicity testing of drugs using G. mellonella larvae 
as a model has been widely used because of its 
correlation to toxicity testing using mammalian 
models such as mice and rats62. Although some 
cytotoxicity against HeLa cells has been detected 
for oligomycins A–E63, both AMA49CE and 
AMA49F1 produced a harmless effect on the G. 
mellonella model. 
 In conclusion, Streptomyces sp. AMA49 
produced the active antifungal metabolite 
oligomycin A and diketopiperazines both in the 
cells and released into the culture media. Extracts 
from cells of this strain inhibited hyphal growth, 
conidial germination, and appressorium formation 
of P. oryzae and were nontoxic. Therefore, the 
extract AMA49CE and the partially purified fraction 
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AMA49F1 from Streptomyces sp. AMA49 can be a 
good candidate as a biocontrol agent against the 
rice blast fungus. 
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