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’S*CC‘*F"E": Forty-eight Streptomyces strains were screened for antifungal activities against P.
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T —— digitatum P2 and P. italicum 16 isolated from oranges infected with green mold and
November 11, 2024 blue mold diseases, respectively, using the dual culture method. Among 48 screened
strains of Streptomyces, S. murinus NARZ showed the strongest activity by
completely inhibiting the growth of both pathogens. The antifungal activities of S.
murinus NARZ were evaluated based on the percentage inhibition of radial growth
(PIRG, %) using culture filtrate (CF) and ethyl acetate crude extract. The ECs, values
of the 7-day S. murinus CF were 13.25% and 33.72% against P. digitatum P2 and P.
italicum 16, respectively. The ECs, and MICy, values of the crude extract were 45.03
pg/mL and 193.15 pg/mL for P. digitatum P2, and 68.25 pg/mL and 295.60 pg/mL
for P. italicum 16, respectively. Notably, out of the six International Streptomyces
Project Media (ISP2, ISP3, ISP4, ISP4G, ISP4Y, and ISP8), ISP3 medium was
optimal for S. murinus NARZ cultivation to produce antifungal metabolites, with
50% CF yielding 100% inhibition against both Penicillium pathogens. Furthermore,
the CF had notable thermal resistance; the PIRGs decreased from 100% to 74.22% for
P. digitatum P2 and to 64.59% for P. italicum P6 after treatment at 121°C for 15 min.
The tests showed that oranges sprayed with 100% CF of S. murinus NARZ remained
symptom-free of blue and green mold diseases after a seven-day incubation following
artificial inoculation with Penicillium species. This study highlights the potential of
Streptomyces strains, particularly S. murinus NARZ, as effective biocontrol agents
against postharvest fungal diseases in oranges.
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Introduction

Citrus fruits are globally valued as an important
source of their rich health-related nutrients, such as
carotenoids, flavonoids, pectin, calcium, potassium,
phytonutrients, phenolic compounds, vitamin C,
soluble and insoluble fibers (Abobatta, 2019).
Regardless of their significance, citrus fruits are
vulnerable to postharvest diseases that result in huge
economic losses. Notably, blue mold and green mold
diseases, caused by Penicillium italicum and P.
digitatum, respectively, contribute to estimated
postharvest losses ranging from 10% to 90%
(Shojaee et al., 2014; Wang et al., 2022).

After invading the fruit, these fungal pathogens
produce natural acids, reducing the pH level to align
with the ideal range for their enzymes that break
down cell walls, such as polygalacturonases.
Additionally, citrus volatiles have been suggested to
assist the development of P. digitatum (Ladaniya,
2008). While P. digitatum infects citrus via
mechanical wounds, affecting individual fruits
(Bhatta, 2022), P. italicum targets healthy citrus
directly and releases enzymes that soften neighboring
fruits, aiding in fungal entry (Ladaniya, 2008). Initial
infection of citrus results in small water-soaked
lesions with white mycelia bordered by a ring of
rotting pericarp. These lesions then expand, and
spores adopt a green for P. digitatum or a bluish hue
for P. italicum (Ladaniya, 2008; Wang et al., 2022).
Ultimately, the infection spreads throughout the
mericarp of the fruit, leading to its complete decay
(Bhatta, 2022).

The primary risks posed by Penicillium species stem
from their spores, which appear as fine powders that
are readily air-borne (Ladaniya, 2008), along with
their swift disease cycle, typically 3-5 days at 25°C
(Bhatta, 2022). Synthetic fungicides have been used
extensively to tackle blue and green mold postharvest
citrus diseases. As public concerns regarding human
health, food safety, and environmental effects
increase, there's a growing interest in discovering
eco-conscious management approaches. An attractive
strategy is biological control, which addresses
postharvest diseases using antagonistic
microorganisms, offering a promising alternative
approach (Bhatta, 2022; Wang et al., 2022).
Antagonistic microbes such as Pseudomonas
fluorescens (Wang et al., 2018), Clavispora
lusitaniae (Perez et al.,, 2019), Aureobasidium
pullulans (Freimoser et al., 2019) , Streptomyces spp.
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(Shojaee et al., 2014), S. philanthi (Boukaew et al.,
2020) have been employed to manage P. italicum and
P. digitatum. Notably, the Streptomyces genus stands
out as a potent crop protection agent because of its
bioactive secondary metabolites that possess
antibacterial, antifungal, anti-inflammatory, and
antitumor properties (Ayed et al., 2021; Hasani et al.,
2014; Shojaee et al., 2014). Procopio et al. (2012)
reported that up to 80% of antibiotics have been
derived from the Streptomyces genus, with over
10,000 bioactive compounds (Ayed et al., 2021).

The current study aimed to screen the antifungal
properties of 48 Streptomyces specimens isolated
from soil samples in Vietnam against P. digitatum P2
and P. italicum 16. The selected strain underwent
diverse in vitro tests to evaluate its antifungal
characteristics regarding the culture filtrate and crude
extract. Furthermore, experiments have investigated
its potential as an antagonist of blue and green mold
diseases in orange fruits.

Material and Methods

Material

Forty-eight Streptomyces spp. isolates obtained from
various soil samples in five provinces in Vietnam,
including Thua Thien Hue, Gia Lai, Nghe An, Thanh
Hoa, and Quang Nam, were screened for antifungal
activities against the phytopathogenic fungi P.
italicum and P. digitatum. Oranges, free of injuries or
diseases, uniformly shaped, and sized, were
handpicked from Nam Dong district, Thua Thien Hue
province, Vietnam. The specimens were quickly
carried to the laboratory and used within 24 hours.

Fungal isolation

Oranges showing typical symptoms of blue and green
mold diseases were procured from Dong Ba market,
Thua Thien Hue province, Vietnam, and used to
isolate P. italicum and P. digitatum following
previous descriptions with slight modifications (El-
majberi et al., 2020; Ahmad et al., 2023). From the
greenish and bluish lesion surface on oranges, spores
of Penicillium pathogens were picked and placed into
Petri plates using sterilized toothpicks. The Petri
plates contained PDA (potato dextrose agar)
supplemented with chloramphenicol (250 mg per
liter) to prevent bacterial growth. The plates were
incubated at 25-28°C until typical colonies appeared.
Suspected Penicillium isolates were subcultured and
purified using the single isolation technique (Noman
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et al.,, 2018). Those isolates were preliminary
screened as P. italicum and P. digitatum based on
their morphologies according to descriptions of Pitt
and Hocking, 2009 and Palou, 2014. Finally, the
isolates were identified by analyzing their ITS
(Internal Transcribed Spacer) region using the Sanger
sequencing method with the primer set (ITS1, 5'-
TCCGTAGGTGAACCTGCGG-3' and ITS4, 5'-
TCCTCCGCTTATTGATATGC-3") (Zarrin et al.,
2016), using the service of a DNA SEQUENCING
company (Can Tho, Vietnam). Resulting sequences
underwent BLASTn searches against databases
deposited in GenBank (Altschul et al., 1990) to
identify their taxonomy. A phylogenetic tree was
built based on sequences of isolates in this study and
reference sequences obtained from GenBank
databases using MEGA11 software (Tamura et al.,
2021). All sequences were aligned and equalized
with ClusterW. The neighbor-joining phylogenetic
tree was generated with pairwise gap deletion.
Aspergillus oryzae NRRL 447 (NR 135395.1) was
used as an outgroup.

Screening for the
Streptomyces sp.

The antifungal abilities of 48 Streptomyces spp. were
screened using a dual culture method with minor
modifications (Dezfully and Ramanayaka, 2015). P.
italicum and P. digitatum were independently
cultured on PDA medium. Each Streptomyces sp. was
streaked (1 cm) in a straight line on ISP4 agar across
the equator of the Petri dish and then incubated for 96
h at 28 °C. The ISP4 medium comprised soluble
starch (10 g/L), CaCO; (2 g¢/L), NaCl (1 g/L),
(NH4)2SO4 (2 g/L), MgSO,.7H,0 (1 g/L), K;HPO, (1
g/L), ZnS0O,.7H,0 (0.001 g/L), MnCl,.7H,0 (0.001
g/L), and agar (20 g/L). Two pieces (5 mm) from
growing pure colonies of each fungus were
independently placed on either side of the
Streptomyces streak at the midpoint between the
streak and edge of the plate.

The antifungal efficacy of Streptomyces strains was
determined by assessing the growth of P. italicum
and P. digitatum after seven-day incubation at 28°C
(Azish et al., 2020). Inhibition levels were
categorized as follows: wvery strong (+++),
demonstrating complete inhibition of P. italicum and
P. digitatum growth; strong (++), indicating fungi
could survive on the agar pieces but could not reach
the 1SP4 agar; weak (+), suggesting slight growth but
failed to reach the Streptomyces streak; and none (-),

antifungal ability of

&‘f‘tb\"‘
Wi/ Asian ] Agric & Biol. xxxx(x).
) g

indicating healthy growth of fungi. The strain
exhibiting the most robust inhibition was selected for
further testing.

Antifungal activity of culture filtrate obtained
from the selected Streptomyces strain

The selected Streptomyces strain was cultured in ISP4
medium at 28-30°C for seven days with shaking at 100
rpm. The culture filtrate (CF) was then obtained by
centrifuging the mixture for five minutes at 5,000 rpm
and sterilizing the supernatant with a 0.22 um
membrane (Jacob et al., 2017). The CF was aseptically
added to Petri dishes containing PDA medium,
generating six dilutions, representing  specific
concentrations from 50% CF to 0% (control) at 10%
intervals. A 5 mm piece of each fungus was excised
from the edge of the pure colony and individually
placed in the center of the prepared Petri dishes. This
process was repeated thrice for each concentration of
the CF. The radial growth diameters of fungal colonies
on Petri plates were measured, and each fungus’s
average growth rate (mm/day) was documented. After
seven days, the formula PIGR (%) = (C — T) x 100/C
was used to compute the percentage inhibition of radial
growth (PIRG, %), where C and T stand for the colony
diameters of the control and tested concentration (mm),
respectively. Additionally, the half-maximal effective
concentration (ECsy) was determined (Jacob et al.,
2017; Qi et al., 2019).

Effect of cultivation media on antifungal activities
of the selected Streptomyces strain

The selected Streptomyces strain was cultured on
ISP4 agar at 28-30°C for five days, and the cells were
collected using 1 mL of sterile distilled water in
Eppendorf tubes. After vortexing, 100 pL of the
prepared Streptomyces cell suspension was added to
250-mL flasks, each containing 100 mL of six
distinct media: ISP2, ISP3, ISP4, ISP4G, ISP4Y, and
ISP8, with three replicates per medium. The media
were prepared following previously outlined
procedures (Shirling and Gottlieb, 1966). The ISP2
medium contained malt extract (10 g/L), yeast extract
(4 g/L), and dextrose (4 g/L). ISP3 medium included
FeSO, .7H,O (0.1 g/L), oatmeal (20 g/L), MnCl,
4H,0 (0.1 g/L), and ZnSO, .7H,O (0.1 g/L). The
ISPAG and ISP4Y media contained the same
components as the ISP4 medium (mentioned above),
with the addition of glucose (20 g/L) and yeast
extract (1 g¢/L), respectively. The ISP8 medium
contained peptone (5 g/L), KNO; (1 g/L), and meat
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extract (3 g/L). The protein sources for these media
were purchased from HiMedia (India).

Subsequently, the culture flasks were shaken at 100
rpm at 28-30°C for seven days, and their CFs were
independently added to Petri dishes containing PDA
medium, achieving a concentration of 50% CF.
Control plates contained PDA medium without any
CF addition. The effect of cultivation media on
antifungal activity was evaluated based on PIRG (%)
against P. italicum and P. digitatum (Jacob et al.,
2017; Qi et al., 2019). Cells collected from each
medium were dried at 55°C until their weight was
stable (Bundale et al., 2015). The medium with the
highest antifungal activity, as indicated by CF, was
chosen for subsequent experiments.

Effect of thermal treatment on antifungal activity

CFs obtained from the selected cultivation medium
underwent heat treatment at various temperatures: 30,
60, 90, and 121°C for 15 min, replicated thrice per
temperature. These treated CFs were evaluated for the
effect of thermal treatment on their antifungal efficacy
at a concentration of 50% by calculating the PIRG (%)
against P. italicum and P. digitatum (Chen et al., 2021).

Antifungal activities of crude extract obtained
from the selected Streptomyces strain

The CF obtained from the selected -cultivation
medium was mixed with 99% ethyl acetate (Duksan,
Korea) in an equal volume, shaken for 45 min, and
left to settle for 15 min, leading to separation into two
distinct layers. The upper organic layer was collected,
while the lower aqueous suspension was subjected to
another round of mixing with ethyl acetate and
iterated to ensure complete extraction of all
antifungal compounds. The upper layers were
combined and concentrated using a vacuum rotary
evaporator (Buchi Rotavapor R-100) at 40°C and 338
mbar vacuum. The resulting extract was dried using a
Iyophilizer (Alpha 1-2 LSCbasic, Christ) to yield
crude extract (CE) (Jacob et al., 2017).

The antifungal activity of CE was assessed relying on
the average growth rate (mm/day) and PIRG (%)
against both fungi on PDA medium plates,
supplemented with varying CE concentrations: 0
(control), 12.5, 50, 100, 200, and 400 pg/mL. PDA
plates containing nystatin (10 pg/mL,
MedChemExpress, USA) were positive controls.
Eachexperiment was replicated thrice for each tested
CE concentration. Finally, ECs, and minimum
inhibitory concentrations (MICgy) were determined.
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Antifungal activities of the CF against green mold
and blue mold diseases on orange fruits
Antagonism assays were carried out according to
previously  described  methods with  minor
modifications (Boukaew et al., 2020; Shojaee et al.,
2014). One mL of sterile distilled water was added to
Petri plates containing seven-day-old P. italicum and
P. digitatum independently. The spore suspension
was collected through a four-layer sterile cheesecloth
and was adjusted to 10° spores/mL for use as the
inoculum (Boukaew et al., 2020).

The oranges underwent a double wash with tap water,
followed by immersion in NaOCI (2% v/v) for 3-5
minutes, and then washed with sterile distilled water.
The oranges were wiped using sterile tissues to
remove excess water from their surfaces. On the
equator of each orange, two opposing wounds (2 mm
depth and 2 mm width) were created using a sterile
needle (Boukaew et al., 2020).

The CF was diluted with sterilized distilled water to
obtain various concentrations, including 0%, 10%,
20%, 40%, 50%, and 100% CF. Each orange was
sprayed with 30 mL of the prepared CF preparation at
a distance of 20 cm from the fruits to make a thin mist
and dried at room temperature for one hour (Shojaee et
al., 2014). The positive control was Fosetyl aluminum
(5 po/mL, Bayer), which underwent the same
treatment as the CF applied to oranges.

These oranges were artificially inoculated with 10 pL
of each prepared P. italicum and P. digitatum
inoculum into the wounds. After allowing 30 min for
drying, each fruit was placed in a plastic box with
dimensions of 200 x 130 x 50 mm and then kept at
room temperature. These boxes contained sterile
water-moistened tissues to maintain humidity. This
procedure was replicated thrice for each tested CF
concentration and for each tested fungus. Each fruit's
lesion diameter (mm) was recorded after three days
using a digital micrometer every two days for seven
days. The antifungal properties of CF were determined
using the formula PIRG (%) = (R; — Ry)/Ry, where R,
and R, represent the lesion diameters of control orange
fruits and oranges treated with CF concentrations,
respectively (Yong et al., 2022).

Statistical analysis

The experimental data were statistically analyzed
using the SPSS program (v. 20.0) via one-way
ANOVA (Duncan’s test) with a significance level set
at p<0.05.
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Results

Fungal isolation

During fungal isolation, isolates showing typical P.
italicum and P. digitatum morphologies were
subcultured and purified. Colonies showing olive
green surface, flat, powdery texture, and free of
exudate droplets with cream-yellow on the reverse
side were suspected as P. digitatum. On the other
hand, colonies showing bluish-gray, planar,
velutinous, heavy sporing without exudate droplets
and enclosed by a white mold ring with brown on the
reverse were suspected as P. italicum. Under
microscopic observation, conidia of suspected P.
digitatum and P. italicum were ellipsoidal to
cylindrical or subglobose, smooth-walled with
irregular branches attaching spores on the tips,
measuring 2.3-2.7 x 3.7-4.2 um in size (Figure-1).
The morphological characteristics observed were
consistent with the descriptions provided by Palou
(2014) and Pitt and Hocking (2009) for P. italicum
and P. digitatum. After preliminary screening based
on fungal morphologies, representative isolates of
suspected P. digitatum (isolate P2) and P. italicum
(isolate 16) were sequenced in their ITS region. The
BLASTn searches indicated that isolate P2 was
100% identical to P. digitatum PD-038
(MT573500.1) and the isolate 16 100% matched P.
italicum aT3 (KU561924.1). Furthermore, the
phylogenetic analysis indicates that the isolate P.
italicum 16 and P. digitatum P2 were closest to P.
italicum aT3 and P. digitatum PD-038, respectively
(Figure-2). Therefore, they were identified as P.
digitatum P2 and P. italicum 16 and used for further
experiments. The ITS sequences of P. digitatum P2
and P. italicum 16 were submitted to GenBank and
assigned the accession numbers PP737844 and
PP737843, respectively.

Screening for antifungal activities of Streptomyces
sp.

The 48 tested Streptomyces strains exhibited varying
levels of antifungal efficacy (Error! Reference
ource not found.). Among these strains, only one
strain (2.10%) inhibited the growth of P. digitatum
P2 and P. italicum 16. Eight strains (16.67%), 20
strains (41.66%), and three strains (6.25%) showed
strong, weak, and no antifungal activity, respectively,
against both Penicillium fungi. Three strains
(6.25%), namely NB2.01, NBA.01, and NYD.01,
displayed strong antifungal activity against P.
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digitatum P2 but showed weak activity against P.
italicum 16. In contrast, four strains (8.33%),
including G25.105, NT2.01, NBA.03, and NV4.06,
showed strong antifungal activity against P. italicum
16 but had weaker effects on P. digitatum P2. Five
strains (10.42%), listed as H12, H16, ND2.12,
HT125, and NNY.01, demonstrated weak antifungal
activity against P. digitatum P2, but none against P.
italicum 16. Meanwhile, four strains, NBY.08,
NTY.04, NBA.02, and NBY.03, accounting for
8.33%, did not have antifungal activities against P.
digitatum P2 but weak against P. italicum 16.

C
Figure-1. Morphological characteristics of P.
digitatum P2 (top row) and P. italicum 16 (bottom
row). a: colony observed from the top side of Petri
dish, b: colony observed from the bottom side of
Petri dish, c: micrographs of conidia

Pende il irafieume [§
faarie evelfesne siram aT3 (KUSHI924, 1)
ez expanswan PED (6255401 )
 Panieiflin cdyveapesmaon CRS 306 48 (NRO7T145.1)
Pemtcilfum abgrésim FI
Pevseilranr afgatorimr {WRAS0G92 1)

Aspergtlins oryzae NEEL 447 (NR 135395.1)

i

Figure-2. A phylogenetic tree indicates a
relationship between isolates P. italicum 16 and P.
digitatum P2 with other reference strains based on
their sequences of ITS region using the Neighbor-
Joining method by MEGAL11. Accession numbers
of reference strains are in parentheses. Scale bar:
0.010 substitutions per nucleotide position.
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Table-1. Antifungal activities of Streptomyces spp. against P. digitatum P2 and P. italicum 16

Streptomyces Antifungal activities Streptomyces Antifungal activities
No D P. digitatum | P.italicum | No D P. digitatum p_italicum 16
P2 16 P2 '

1 G25.105 + ++ 25 NBY.08 - +
2 H12 + - 26 ND2.03 ++ ++
3 H16 + - 27 ND2.12 + -
4 HC111 + + 28 ND4.01 ++ ++
5 HC6 + + 29 NN2.03 - -
6 HDM.32 + + 30 NN4.01 - -
7 HDM1.22 + + 31 NN4.14 ++ ++
8 HN1.11 + + 32 NNA.03 + +
9 HT123 - - 33 NBY.05 + +
10 HT125 + - 34 NNY.01 + -
11 HTD.03 + + 35 NNY.02 + +
12 ISP5069 + + 36 NNY.08 + +
13 N2B1 ++ ++ 37 NT2.01 + ++
14 N2R3 ++ ++ 38 NT4.03 + +
15 N2R4 ++ ++ 39 NT4.13 + +
16 N4B5 + + 40 NTA.01 + +
17 N4R1 ++ ++ 41 NTA.03 + +
18 NARZ +++ +++ 42 NTY.03 ++ ++
19 NB2.01 ++ + 43 NTY.04 - +
20 NBA.O1 ++ + 44 NV2.03 + +
21 NBA.02 - + 45 NV2.04 + +
22 NBA.03 + ++ 46 NV4.04 + +
23 NYD.01 ++ + 47 NV4.06 + ++
24 NBY.03 - + 48 NVA.01 + +

Note: (+++), (++), (+), and (-) indicate very strong, strong, weak, and none antifungal activity, respectively.

Of the 48 strains, NARZ exhibited the strongest
activity in preventing the growth of both fungi and
was selected for comprehensive evaluation of its
antifungal attributes. This strain was previously
identified as Streptomyces murinus in our previous
publication (Nguyen et al., 2022).

Effect of S. murinus NARZ on controlling P.
digitatum P2 and P. italicum 16

The growth rate of P. digitatum P2 was consistently
lower than that of P. italicum 16 at all tested CF doses
(Error! Reference source not found.). Without CF
supplementation, the growth rates were 5.72 mm/day
and 6.11 mm/day in diameter for P. digitatum P2 and
P. italicum 16, respectively. With the addition of 50%
CF from S. murinus NARZ, a significant reduction in
growth rate was observed, dropping to 1.51 mm/day
and 2.02 mm/day in diameter for P. digitatum P2 and
P. italicum 16, respectively.

g‘t\ Asian ] Agric & Biol. xxxx(x)
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Table-2. Effect of the CF concentrations on
growth rate and PIRG of P. digitatum P2 and P.
italicum 16

CE Growth rate (mm/day) PIRG (%)
concentra di 'tP.t P. italicum di 'tP.t P. italicum
tion % igitatum 16 igitatum 16
P2 P2
0 |572+033° 6610153 0.00 +0.00° | 0.00 + 0.00'
b| 4.98+ 4437 + 1853 +
10 3.18 +£0.13 0.03" 1770 0.65°
o 420% 58.49 + P
20 2.37£0.14 o1 03 |3L2214
a| 341z 65.10 + 4428 +
30 2.00+0.21 0.178 > 06" 3016
a 293= 67.47 = 5218 +
40 | 18740237 5o 2.17° 0.55
. (| 7385z 66.90 +
50 1.51 +0.05° | 2.02 +0.04 068" 058"
The data are shown as mean =+ standard

deviation. Varied letters within a column indicate a
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statistically significant difference at p < 0.05,
determined by Duncan’s test.

Higher CF concentrations led to higher PIRG values.
The ECy, values of CF for P. digitatum P2 and P.
italicum 16 were determined to be 13.25% (y =
17.527In(x) + 4.7185; R2 = 0.9868) and 33.72% (y =
28.625In(x) - 50.701; Rz = 0.9494), respectively. At a
50% CF concentration, PIRG reached 73.85% and
66.90% for P. digitatum P2 and P. italicum 16,
respectively. There was a statistically significant
difference in the PIRG and growth rate (p < 0.05) for
both P. digitatum P2 and P. italicum 16 at every interval
of CF concentration level, except for P. digitatum P2 at
30% and 40%. Therefore, 50% CF was used for
subsequent experiments for both tested pathogens.

Effect of cultivation media on antifungal activity
of S. murinus NARZ

The CFs obtained from S. murinus NARZ cultivated
in different media were added to Petri dishes
containing PDA medium at a concentration of 50%.
The results revealed that the composition of culture
media significantly influenced the dried biomass of
S. murinus NARZ and the antifungal activities of CF
against P. digitatum P2 and P. italicum 16 (

Table-3 and Figure-3).

Table-3. Effect of cultivation media on antifungal
activities of S. murinus NARZ and its dried
biomass

Growth rate Dried
(mm/day) PIRG (%) biomass
Cultivati of S.
on media | ,. P . P.' . P . p murinus
digitatu | italicu | digitatu |italicum NARZ
mP2 | mlI6 | mP2 16 (ma/L))
Control | 5.09+ [5.93+ | 0.00+ | 0.00+
(0% CF) | 0.30° | 0.04* | 0.00" | 0.00°

ispp | 3:58% [4.72% 0.00+ [2040+ [ 1.81+
0.27° | 0.04° | 0.00" | 065 | 0.03°

ispg | 0:00% | 0.00 % | 100.00 [ 100.00 | 5.17
0.00° | 0.00% | £0.00° | +0.00* | 0.03

1SP4. 1.20fi 1.95;: 76.25b¢ 67.06bi 6.38 +
0.09" | 0.15" | 2.64 2.55 0.02°

1spa | 205+ [2.17£[50.60+ [63.30+ | 4.83+
0.17¢ | 0.13% | 2.20° | 2.07° | 0.01*

391+ |4.18+ |23.23+[29.46+ | 467+

ISPAY" 1 "927¢ | 0.09% | 1.01° | 1.68° | 0.03°
|spg | 275+ [448+ 4506+ | 2451+ 327+
0.23% | 0.19° | 1.28% | 2.86° | 0.04

The data are shown as mean =+ standard
deviation. Varied letters within a column indicate a

o . .
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statistically significant difference at p < 0.05
(Duncan’s test).

Cont ISP2 ISP3 ISP4 ISP4 IS ISP8

Figure-3. Morphologies of P. digitatum P2 (above)
and P. italicum 16 (below) on PDA medium
supplemented with 50% CF collected from
various cultivation media of S. murinus NARZ.
The control was PDA medium without the
addition of CF.

The 1SP2 medium was the least suitable for S.
murinus NARZ growth and antifungal compound
production. The dried biomass was only 1.81 mg/L,
and the PIRGs reached 0.00% and 20,40% for P.
digitatum P2 and P. italicum 16, respectively.
Notably, P. digitatum P2 colonies grew more quickly
in plates containing 50% CF of ISP2 medium than in
control plates, with a growth rate of 5.58 mm/day and
5.09 mm/day, respectively. ISP4 was the most
suitable for S. murinus NARZ biomass, measuring
6.38 mg/L. This medium also facilitated the
accumulation of antifungal metabolites in S. murinus
NARZ, with PIGRs of 76.25% and 67.06% for P.
digitatum P2 and P. italicum 16, respectively.
Incorporating glucose and yeast extract in ISP4, as
seen in ISP4G and ISP4Y, reduced the dried biomass
of S. murinus NARZ and its antifungal activities. The
CF harvested from the ISP8 medium resulted in PIRGs
of only 45.96% for P. digitatum P2 and 24.51% for P.
italicum 16. Conversely, the ISP3 medium emerged as
the most suitable medium for cultivating S. murinus
NARZ for the robust production of potent antifungal
compounds, and the PIRGs reached 100% for both P.
digitatum P2 and P. italicum 16. Consequently, the
ISP3 medium was chosen for further cultivation of S.
murinus NARZ in subsequent experiments.

Effect of thermal treatment on antifungal activity
of S. murinus NARZ

The CF of S. murinus NARZ cultivated in ISP3
medium for seven days underwent heat treatment at
30, 60, 90, and 121°C for 15 min before being
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independently added to the PDA medium to obtain
50% CF. Interestingly, the antifungal properties of
the CF remained stable after treatment at high
temperatures. PIRGs were well-preserved, with
PIRG of 98.29% and 83.07% for P. digitatum P2 and
P. italicum 16, respectively, after being subjected to
90°C for 15 min. The PIRGs exhibited a slight
reduction, reaching 74.22% for P. digitatum P2 and
64.59% for P. italicum 16, after treatment with CF at
121°C for 15 min (Table4).

Table-4. Effect of thermal treatment on PIRG (%)
of the 50% CF from S. murinus NARZ against the
two fungi

Table-5. Effect of CE concentrations (ug/mL) on
the growth rate of P. italicum and P. digitatum,
and their PIRGs

PIRG (%)
Temperature, P. digitatum o
°C ' %2 P. italicum 16
30 100.00 + 0.00* | 100.00 + 0.00%
60 100.00 + 0.00° | 95.68 +0.72°
90 98.29+0.42° | 83.07+2.33°
121 7422 +1.28° | 64.59 + 1.49°
The data are shown as mean =+ standard

deviation. Varied letters within a column signify a
statistically significant difference at p < 0.05
(Duncan’s test).

Antifungal activities of crude extract obtained
from S. murinus NARZ

The crude extract of S. murinus NARZ significantly
inhibited the growth of both Penicillium species.
PIRGs were dose-dependent (Table 5). At 400
pg/mL of the extract, the growth of both fungi was
completely inhibited. The ECsy and MICqq values of
S. murinus NARZ crude extracts against P. digitatum
P2 and P. italicum 16 were calculated. The ECs
reached 45.03 pg/mL and 68.25 pg/mL and MICgy,
were 193.15 pg/mL and 295.60 pg/mL for P.
digitatum P2 and P. italicum 16, respectively. The
equations were y = 27.469In(x) — 54.579 and R2 =
0.9636 for P. digitatum P2 and y = 27.788In(x) —
65.234 and R? = 0.9976 for P. italicum 16. Nystatin
(10 pg/mL) also inhibited the growth of P. digitatum
P2 and P. italicum 16. Its efficiency against P.
digitatum P2 was similar to 25 pg/mL of S. murinus
NARZ extract. The colony morphologies of P.
digitatum P2 and P. italicum 16 appeared smaller and
denser when exposed to extracts from S. murinus
NARZ.

T
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Growth rate
CE (mm/day) PIRG (%)
concentrati P. P. P. P.
on, pg/mL | digitatum | italicum | digitatum | italicum
P2 16 P2 16
0 506+ | 592+ | 0.00+ 0.00 +
0.17° 0.16° 0.00° 0.00"
125 4.43 * 5.53 * 12.46ft 6.61 +
' 0.23 0.22 1.72 1.15°
25 361+ | 464+ | 2866+ | 2167+
0.25° 0.23° 2.63° 1.89
50 218+ | 339+ | 56.95+ | 42.76+
0.15¢ 0.21¢ 1.65° 1.98°
100 1.08 + 2.14 ;_r 78.69 £ 63.9 +
0.14° 0.13 2.16° 1.22°
200 0.12 + 097+ | 97.65+ 83.69 +
0.02" 0.10° 0.36" 1.26°
400 0.00 + 0.00+ | 100.00 £ | 100.00 +
0.00° 0.00" 0.00° 0.00°
Nystatin 10 | 3.67+ | 2.69+ | 2751+ | 54.64+
pg/mL 0.16° 0.16° 0.98° 2.03¢
The data are expressed as mean =+ standard

deviation. Different letters in a column indicate a
statistically significant difference at p < 0.05
(Duncan’s test).

Antifungal activities of the CF against blue mold
and green mold diseases on orange fruits

The CF of S. murinus NARZ significantly inhibited
the development of blue and green mold diseases in
orange fruits experimentally inoculated with P.
italicum 16 and P. digitatum P2, respectively (Error!
Reference source not found.). Obvious disease
symptoms did not appear in any oranges treated with
100% CF during the experimental period (seven
days), and the PIGRs reached 100%. These fruits
were firm and fresh. The typical visible symptoms of
green and blue mold diseases appeared after five
days with various severities on the remaining fruits
treated with lower concentrations of CF. At the same
concentrations of CF, P. digitatum P2 invaded almost
all the orange fruits from the wounded sites, while P.
italicum 16 formed smaller lesion areas after seven
days (Figure-4). This meant that the PIGR of CF
against blue mold disease was higher than that of
green mold disease. At a concentration of 50% CF,
the PIGRs reached 49.28% for green mold disease
and 84.22% against blue mold disease, respectively.
The ECsg and MICgy, values of CF against green mold
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were 47.29% and 90,77%, respectively (y = 0.9199x +
6.5061; R2 = 0.995). For the blue mold, the ECs, and
MICqy, values of CF were 7.13% and 78.93%,
respectively (y = 0.557x + 46.035 and Rz = 0.9071).
The positive control, Fosetyl Aluminum (5 pg/mL),
also inhibited the invasion of green and blue mold
diseases. The controlled efficacy of Fosetyl
Aluminum against green mold disease was similar to
that of 40% CF, with 41.34%-42.46% of PIRGs,
respectively. However, the fungicide had a higher
efficacy on blue mold disease than 40% CF, with
73.32% compared to 62.41%.

Table-6. The PIRG (%) of S. murinus NARZ CF
against blue mold and green mold disease
development on oranges after 7 days

CF concentration, % Green rr?c:lFéIG ((gol)ue old
10 15.89 +1.21" [53.13 + 2.02'
20 27.75 + 1.15° | 56.75 + 2.12°
30 33.64 + 1.23" [58.95 + 1.53°
40 42.46 + 1.57° |62.41 + 1.26°
50 49.28 + 1.66° [84.22 + 2.04°
+
100 100.00+000°| 1P
Fosetyl Aluminium (5| 41 5/ 4 1 gg° |73.32 + 1.42°
Hg/mL)

+ standard

The data are expressed as mean
deviation. Different letters in a column indicate a
statistically significant difference at p < 0.05

(Duncan’s test).

Discussion

In response to growing concerns about public health
and environmental well-being, numerous studies
worldwide have actively explored novel antibiotics
(Qi et al., 2019). In the present study, S. murinus
NARZ showed the highest antifungal activity against
P. digitatum P2 and P. italicum 16. Interestingly, only
one study has reported antifungal activity associated
with S. murinus, targeting Pythium aphanidermatum
responsible for damping off disease in watermelons
(Ge et al, 2023). Thus, a comprehensive
investigation of the antifungal characteristics of this
S. murinus species is necessary. In this study, we
evaluated the antifungal activity of S. murinus against
P. digitatum P2 and P. italicum 16 in vitro and on
orange fruits infected with the pathogens.

The interplay between growth metabolism and the
secretion of secondary metabolites in microorganisms
is greatly influenced by the composition and
concentration of nutrients (Reddy et al., 2011). The
disparity observed in the antifungal activities and
dried biomass of S. murinus NARZ was strongly
linked to the constituents of the culture media.
Although the International Streptomyces Project
medium system was developed to characterize
Streptomyces species (Shirling and Gottlieb, 1966),
each strain has species-specific growth and bioactive
metabolite synthesis conditions.

Under nutritionally sufficient conditions,

actinomycete cell metabolism rather than secondary
metabolites (Bundale et al., 2015; Reddy et al.,
2011). Carbon sources also play a key role in this
dynamic process.

100% 50%

40%

30%

Fosetyl Aluminium

9 9
20% 10% 5 pg/mL

0%
(Control)

Figure-4. Efficacy of CF concentrations in inhibiting the growth of blue mold (top row images) and green

mold (bottom row images) diseases after seven days
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Monosaccharides are known to support biomass
development rather than antibiotic production.
Conversely, complex carbon sources, such as
polysaccharides or slowly utilized nutrients, are
believed to stimulate secondary metabolite synthesis
(Bundale et al., 2015; Hasani et al., 2014; Jacob et
al.,, 2017). This aligns with our findings, as S.
murinus NARZ cultivated in ISP3 and ISP4 media
containing oatmeal and soluble starch, respectively,
exhibited a high PIRG against Penicillium pathogens.
Both media also facilitated the growth of S. murinus
NARZ. Interestingly, biomass and antifungal
metabolite production of S. murinus NARZ were
reduced when cultivated in the ISP4G medium.
Moreover, adding yeast extract in the ISP4Y medium
significantly diminished the antifungal activity of S.
murinus NARZ. This trend was also observed in the
ISP2 medium. The presence of glucose and yeast
extract may induce catabolite repression, inhibiting
the production of enzymes responsible for secondary
metabolite biosynthesis (Reddy et al., 2011).
Furthermore, trace minerals, such as zinc, iron, and
manganese, in the ISP3 medium could potentially
elevate the level of antibiotic production in the S.
murinus NARZ strain (Hasani et al., 2014).

ISP8 medium, which lacks carbon sources and is rich
in nitrogen sources (peptone, meat extract, and
KNO3), reduced the production of both antifungal
metabolites and biomass in S. murinus NARZ. In
contrast, potassium nitrate and peptone were deemed
favorable nitrogen sources for antifungal production
in S. chilikensis ACITM-1, followed by yeast and
malt extracts (Singh et al., 2017). Similarly, peptone
has been demonstrated to be a good source for
maximizing the production of bioactive metabolites
by Streptomyces lavendofoliae Y8 against Bacillus
cereus (Bundale et al., 2015). Another study revealed
that soytone (5%) and maltose (5%) served as the
optimal nitrogen sources and carbon for antibiotic
synthesis by S. albidoflavus C247 (Islam et al.,
2009). Considering numerous reports, it is believed
that the production of antifungal compounds by a
particular strain depends significantly on the
composition of the cultivation media and the
microorganism used for testing.

The stability under heat conditions is crucial for
determining the practicality of bio-preparations (Kaur
and Manhas, 2014). Remarkably, the CF from S.
murinus NARZ demonstrated good thermal
tolerance, with PIRGs being well retained when
treated at temperatures below 90°C. The PIRGs were
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only reduced by 25.78% and 35.41% with the CF
treated at 121°C for 15 min, for P. digitatum P2 and
P. italicum 16, respectively, in comparison with the
PIRG of the CF treated at 30°C for 15 min. Similar
findings have been reported for extracts and CF from
other Streptomyces species. For example, crude
extracts from Streptomyces sp. TM32 maintained a
wide inhibitory zone against Alternaria alternata
even after autoclaving at 121°C and 15 psi for 15 min
(Nakaew et al., 2019). The CF of S. hydrogenans
DH16 demonstrated thermal stability against
Colletotrichum acutatum after heating at 37, 50, and
70°C for 1 h. However, the antifungal activity
decreased by 10 and 33.33% after boiling the
supernatant at 100°C for 1 h and autoclaving (121°C
for 30 min), respectively (Kaur and Manhas, 2014).
Crude extract of Streptomyces sp. H4 was evaluated
for its antifungal activity against Colletotrichum
fragariae, which causes anthracnose in strawberry
fruit after heating at 50, 60, 70, 80, 90, 100, and
121°C within 30 min. The antagonistic activity was
stable at temperatures below 50°C but became
sensitive at temperatures above 60°C, dropping to
38.05% after 121°C treatment for 30 min (Li et al.,
2021). The antifungal activity of S. murinus JKTJ-3
against P. aphanidermatum was attributed to
secondary compounds like actinomycin D and
enzymes that break down cell walls, such as
chitosanase and B-1,3-glucanase (Ge et al., 2023).
The strong thermal resilience of CF from S. murinus
NARZ in our study suggested that its antifungal
properties might be due to antibiotics rather than
enzymes or other heat-sensitive substances.

Antifungal activities of Streptomyces species have
been widely reported on different species and
pathogens. Volatile organic compounds produced by
Streptomyces sp. strain S97, such as monoterpenes,
sesquiterpenes, alkenes, alcohols, ketones, pyrazines,
and esters, contributed to the inhibitory effect against
Botrytis cinerea (Ayed et al., 2021). Streptomyces sp.
SLRO3 suppressed the growth of Pestalotiopsis theae
causing gray blight in tea in vitro and in vivo because
of secondary metabolites, including tetradecane,
nonadecane,  10-Henicosene,  3-Eicosene, 1-
Hexadecanol, 1-iodo-2-methylundecane, tetradecane,
2,6,10- trimethyl, Decane — 2,3,5,8 trimethyl, Pterin-
6-carboxylic acid, and 1-octadecanesulfonylchloride
(Marimuthu et al., 2020). S. cuspidosporus strain
SA4 produced 1,2-Benzenedicarboxylic acid and
bis(2-methyl propyl) ester compounds, which
demonstrated inhibitory effects against a range of
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bacteria and fungi (Sholkamy et al., 2020). On the
other hand, the synthesis of extracellular enzymes,
such as B-1,3-glucanase and chitinase, has been used
to explain for antifungal efficiency of Streptomyces
species in the previous studies, for example, S.
luomodiensis against Fusarium oxysporum f. sp.
cubense (Qi et al., 2024), S. angustmyceticus against
Lasiodiplodia theobromae (Ruangwong et al., 2022).
It is noteworthy that previous studies have
demonstrated the biological control capabilities of S.
murinus (Das et al., 2023; Ge et al., 2023). Using
MS/MS analysis, Das et al. (2023) reported that
actinomycin D, cinnabaramide A, desferrioxamine E,
and pentamycin were present in extracts obtained
from the supernatant of S. murinus THV12. This
strain  possesses 47 biosynthetic gene clusters
responsible for the production of polyketide
synthases and non-ribosomal peptide synthetase
enzymes, melanin, siderophores, ectoine,
lantipeptides, terpenes, lassopeptides, and other
putative products (Das et al., 2023). Ge et al. (2023)
explained the antifungal mechanism of S. murinus
strain JKTJ-3 against P. aphanidermatum as the
production of f-1,3-glucanase, chitinase, and
actinomycin D.

In this study, the great inhibitory efficiency of the
culture filtrate and ethyl acetate extract thereof,
collected from S. murinus NARZ against P. digitatum
P2 and P. italicum 16, indicated that it contained
antifungal compounds. However, the culture filtrate
might contain compounds that did not contribute to
antifungal properties, such as some medium residues,
or contain unstable antifungal products, like
enzymes. Ethyl acetate is a semi-polar solvent that
has been widely used to extract unidentified
compounds from Streptomyces species (Ambarwati et
al., 2020; Marimuthu et al., 2020; Nakaew et al.,
2019; Sholkamy et al., 2020). Therefore, we aimed to
examine if the ethyl acetate crude extract of S.
murinus shows antifungal activities. The high
antifungal effects of the extract obtained from S.
murinus NARZ against P. digitatum P2 and P.
italicum 16 established a premise for conducting
further research that analyzes substances responsible
for the antifungal activities of this strain.

The CF of S. murinus NARZ not only effectively
inhibited the growth of P. italicum 16 and P.
digitatum P2 in vitro but also suppressed the
development of blue and green mold diseases in
orange fruits. The utilization of microbial
fermentation broths or their extracts in controlling
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postharvest diseases has been widely studied. Crude
extracts of the S. chumphonensis AM-4 strain (1500
mg/L) showed good inhibition against the
progression of green mold and blue mold diseases,
reaching relative control efficacy of 92,91% and
84,91%, respectively, after five days of inoculation
(Hu et al., 2019). Fungal invasion by P. digitatum on
lemon and orange fruits was reduced after treatment
with the ethanolic filtrate of Streptomyces sp. 3400
JX826625 (Onja et al., 2022). Culture and metabolite
supernatants of Streptomyces strain 328 inhibited the
development of P. digitatum on orange fruits,
reducing disease incidence to 22% and 0%,
respectively, compared with more than 90% in fruits
without treatment with Streptomyces strain 328
(Shojaee et al., 2014). Various Streptomyces strains
have demonstrated good biological control against
other postharvest diseases, such as S. rochei A-1
against apple ring rot caused by Botryosphaeria
dothidea (Zhang et al., 2016) and S. murinus JKTJ-3
against watermelon damping-off caused by P.
aphanidermatum (Ge et al., 2023), S. netropsis
A52M against Botrytis cinerea on cherry tomatoes
(Montesdeoca-Flores et al., 2023), etc. In this study,
100% CF of S. murinus NARZ showed good efficacy
in controlling blue and green mold diseases on
orange fruits, with 100% PIRGs. The antifungal
mechanism of  Streptomyces species against
postharvest fungal pathogens may be due to their
potential for secondary metabolite production,
including antibiotics, cell wall lytic enzymes, growth
promoters, and herbicides (Hu et al., 2019; Khan et
al., 2023). Therefore, biological control agents may
reduce the use of fungicides in controlling
postharvest diseases.

Conclusion

In this study, out of the 48 tested Streptomyces
strains, S. murinus NARZ showed the highest
antifungal activity against both P. digitatum P2 and
P. italicum 16. Both CF and CE of S. murinus NARZ
effectively inhibited the growth of P. digitatum P2
and P. italicum 16. Of the six tested cultivation
media, the CF collected from S. murinus NARZ
cultured in ISP3 medium showed the highest
antifungal activity and good thermal resistance.
Furthermore, the CF of S. murinus NARZ showed
good antifungal efficacy in controlling green mold
and blue mold diseases in orange fruits. This is the
first study using S. murinus isolated from soil to
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evaluate biocontrol potential against P. digitatum and
P. italicum pathogens in Vietnam.
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