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Soil microorganisms with diverse bioactive compounds such as Streptomyces are appreciated

as valuable resources for the discovery of eco-friendly fungicides. This study isolated a novel
Streptomyces from soil samples collected in the organic green tea fields in South Korea. The isolation
process involved antifungal activity screening around 2400 culture extracts, revealing a strain
designated as S. collinus Inha504 with remarkable antifungal activity against diverse phytopathogenic
fungi. S. collinus Inha504 not only inhibited seven phytopathogenic fungi including Fusarium
oxysporum and Aspergillus niger in bioassays and but also showed a control effect against F. oxysporum
infected red pepper, strawberry, and tomato in the in vivo pot test. Genome mining of S. collinus
Inha504 revealed the presence of the biosynthetic gene cluster (BGC) in the chromosome encoding

a polyene macrolide which is highly homologous to the lucensomycin (LCM), a compound known for
effective in crop disease control. Through genetic confirmation and bioassays, the antifungal activity
of S. collinus Inha504 was attributed to the presence of LCM BGC in the chromosome. These results
could serve as an effective strategy to select novel Streptomyces strains with valuable biological
activity through bioassay-based screening and identify biosynthetic gene clusters responsible for the
metabolites using genome mining approach.
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Chemical fungicides have traditionally been employed for managing phytopathogenic fungi like Fusarium, Bot-
rytis, and Colletotrichum, all of which pose substantial risks to crop yields in conventional agriculture"?. However,
the use of chemical fungicides has restricted due to worries related to their human health impacts and environ-
mental contamination®. As a result, alternative methods are being explored to inhibit these phytopathogenic
fungi that damage crops without having these adverse effects. One promising approach is to utilize soil-dwelling
microorganisms, such as Pseudomonas, Bacillus, and Streptomyces species as eco-friendly pesticides*. Results
of previous studies and commercial products containing these microbial strains have demonstrated significant
potential for eco-friendly alternative pesticides as biocontrol agents against phytopathogenic fungi*®.
Actinomycetes, primarily composed of Streptomyces species, are filamentous high G + C soil microorgan-
isms renowned for their unique morphological differentiation and exceptional capacity to produce valuable
bioactive compounds as secondary metabolites’. Extensive research has been conducted on these species to
discover natural products with potential applications in both medicine and agriculture, as well as to develop
novel derivatives of a natural product that is already known”®. From the medicine aspect, natural products
derived from actinomycetes are continuously being studied as potential sources such as antibiotic, anticancer,
antiviral, and antioxidant drugs”!®. As the emergence of drug-resistant pathogens continues to present a grow-
ing threat, diverse strategies are currently being explored to uncover and systematically re-engineer novel and
cryptic biosynthetic gene clusters (BGCs) within actinomycetes for the purpose of developing more advanced
drugs!!. From the agriculture aspect, the development of eco-friendly pesticides based on Streptomyces species
has garnered considerable attention, as it offers a means of replacing the use of harmful chemical pesticides that
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cause environmental pollution'?. Furthermore, Streptomyces continues to be reported in the soil environment,
especially in the rhizosphere, to promote plant growth and control various diseases of plants through interac-
tion with plants®.

Among the secondary metabolites biosynthesized by Streptomyces, polyenes, known for their strong antifungal
activity, is typically characterized by having the polyketide core and 3 to 8 conjugated double bonds'*. The poly-
ene core’s synthesis is carried out by the enzymatic complex known as polyketide synthase (PKS) consisting of
domains with various functions’. In addition, the polyene core is undergone to post-PKS modification by various
enzymes including cytochrome P450, sulfonyl transferases, and glycosyl transferases'>. Among the antifungal
polyenes, macrocyclic polyenes such as amphotericin B, nystatin Al, natamycin and lucensomycin have been
widely used to control fungi, such as being used to treat severe fungal infections, as a preservative in food, or to
control fungal diseases in crops'*!*"”. In addition, linear aminopolyol polyenes with amino or guanidino moieties
such as linearmycin and mediomycin have potential to be applied as a wide range of antibiotics to have antifungal
activity as well as antibacterial activity'®!?. The antifungal mechanism of action of these polyene compounds
hinges on the creation of ion channels, facilitated by their interaction with fungal ergosterol®. This interaction
culminates in the permeabilization of fungal cell membranes, leading to the efflux of crucial intracellular ions,
such as K* and Mg?*, ultimately resulting in the demise of fungal cells®.

Thus far, several polyenes have been derived from Streptomyces as active ingredients for controlling diseases
caused by various phytopathogenic fungi (Fig. 1). Natamycin, a polyene macrolide compound biosynthesized
by S. chattanoogensis L10, has been reported to exhibit inhibitory effects against a spectrum of phytopathogenic
fungi. Notably, it impedes the growth of Penicillium digitatum, Rhizopus stolonifer, Alternaria alternata, and
Botrytis cinerea, causative agents of fruit decay, black bread mold, leaf spots, and gray mold, respectively'’. In
a similar vein, Lucensomycin, another polyene macrolide compound synthesized by S. plumbeus strain CAS5,
has demonstrated its promise in inhibiting the growth of Botrytis cinerea, responsible for causing gray mold?".
Furthermore, neotetrafibricin A, a linear aminopolyol polyene compound produced by S. rubrisoli Inha 501, has
showcased its effectiveness in restraining the growth of a diverse array of phytopathogenic fungi. These include
Aspergillus niger, Alternaria alternata, Colletotrichum gloeosporioides, and various Fusarium strains, implicated
in black mold, leaf spots, anthracnose, and fusarium wilt, respectively. Collectively, these findings underscore
the potent antifungal capabilities of Streptomyces strains, producers of polyenes as secondary metabolites, in
effectively controlling a wide spectrum of phytopathogenic fungi.

In a previous study, 149 antifungal strains were selected by conducting antifungal bioassay of about 2400
actinomycetes. Also, HPLC analysis confirmed that 51 strains among the selected cultures biosynthesized polyene
compounds. Among these strains, one strain showing the strongest antifungal activity could produce polyene
compounds and was highly homologous to Streptomyces collinus (named Streptomyces collinus Inha504). The
in vitro bioassay and in vivo pot test against phytopathogenic fungi confirmed that S. collinus Inha504 could
be a promising candidate, providing an alternative and eco-friendly solution for controlling phytopathogenic
fungi in agriculture.

Materials and methods

Strains and growth conditions

Streptomyces collinus Inha504 was distributed from the Industrial Biomaterial Research Center, Korea Research
Institute of Bioscience and Biotechnology (KRIBB), South Korea. S. collinus Inha504 was grown in BD™ tryptic
soy broth (TSB) at 30 °C for the seed culture and BD Difco™ ISP4 agar at 30 °C for the sporulation. Conjugants
were grown on mISP4 (BD Difco™ ISP4 37 g, tryptone 1.5 g, and yeast extract 0.5 g per liter) at 30 °C. All Escheri-
chia coli strains were incubated at 37 °C in LB (tryptone 10 g, yeast extract 5 g, NaCl 5 g, glucose 1 g, and agar
15 g per liter) medium (appropriate antibiotics added where necessary). Alternaria alternata KACC (Korean
Agricultural Culture Collection) 40,019, Aspergillus niger ATCC (American Type Culture Collection) 9642, Can-
dida albicans ATCC 14,053, Colletotrichum gloeosporioides KACC 40,003, Fusarium oxysporum KACC 42,795,
Fusarium solani KACC 44,891, Fusarium semitectum KCTC (Korean Collection for Type Cultures) 16,672, and
Fusarium verticillioides KCTC 6065 were grown on PDA medium (potato starch 4 g, glucose 2 g, and agar 15 g
per liter) at 28 °C for 3 days.
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Figure 1. Actinomycete-derived various polyene compounds against phytopathogenic fungi.
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Antifungal pot test

For in vivo antifungal activity against Fusarium wilt, S. collinus Inha504 was cultured in TSB medium for 3 days.
To prepare red pepper, strawberry, and tomato seedlings for in vivo pot test, the crop seedlings were grown in
vinyl pots (diameter 10 cm) at 31.2+ 1 °C for 2 weeks. Five tree seedlings were treated with 100 mL of the 500-fold
diluted S. collinus Inha504 culture medium (about 10° CFU/mL), and a negative control was treated only with
100 mL of TSB medium. After 24 h, the potted seedlings were wounded on the stem and treated with Fusarium
oxysporum KACC 40,051 cultured in PDB medium for 7 days. After 2 weeks, the appearance of the seedlings was
examined to measure the degree of Fusarium wilt infection (0: disease-free-100: crop failure). The pot-to-pot
significance difference test was performed at the 95% level using the DMRT method*.

Genome sequencing of S. collinus Inha504

The S. collinus Inha504 genome was sequenced at Macrogen (South Korea) using the Illumina HiSeq (Illumina,
USA) platforms and the PacBio RSII (Pacific Biosciences, USA). Library preparation for Illumina HiSeq sequenc-
ing was performed using the TruSeq DNA sample preparation kit for Illumina (NE, USA), with a library insert
size of 350 bp; Library preparation for PacBio RS SMRT sequencing was performed using the PacBio DNA
Template Prep Kit 1.0 (Pacific Biosciences, USA) and the library insert size was 20 kb. A high-quality sequence
was obtained by correcting the assembled contig error using Pilon (v1.21) software. The de novo assembly of
the sequenced fragments was performed using HGAP (v3.0) performs. The validation check of the analyzed
fragments was performed using BLAST (v2.7.1 +) software and BUSCO (v3.0) software. The annotation was
performed using Prokka (v1.12b) software.

Production and purification of lucensomycin

S. collinus Inha504 was inoculated in 200 mL of TSB medium at 30 °C and 220 rpm for 48 h. The pre-cultures
were added to 2 L of GSS medium (soybean flour 25 g, glucose 20 g, soluble starch 10 g, yeast extract 4 g, CaCO;
2 g,NaCl 2 g, beef extract 1 g, and K,HPO, 0.25 g per liter) in a 5 L bioreactor for batch fermentation. After 120 h
cultivation, the culture broth was extracted 1:1 with n-butanol and concentrated using a vacuum evaporator.
The concentrated extract was dissolved in methanol, loaded onto a column packed with a C-18 reversed-phase
silica gel (Daiso, Japan), and eluted with methanol-water (30:70, v/v) to remove the residual medium compo-
nents from the GSS medium. The eluted extract was purified using the fraction collector (Interchim, France)
on a gradient comprised of solvents A (water) and B (methanol): 0-10 min, 30% B (v/v); 10-110 min 30-100%
B; and 110-120 min 100% B at a flow rate of 20 mL/min**. The fractions containing lucensomycin with >90%
purity were detected at 303 nm and analyzed by HPLC. For the chromatographic conditions, solvent A (50 mM
ammonium acetate, pH 6.5) and solvent B (methanol) were used for elution and loaded onto ZORBAX SB-C18
(4.6 mm x 250 mm, 5 pm, Agilent, USA). The column was equilibrated with 50% B (v/v); the flow rate was set
to 1.0 mL/min using the following conditions: 0-3 min, 50-75% B; 3-30 min 75-100% B; 30-33 min 100-50%
B; and 33-40 min 50% B*.

LC-MS analysis

The lucensomycin showing >90% purity was analyzed using Waters Synapt™ XS Q-ToF HDMS (Waters, Milford,
CT, USA) coupled with Waters UPLC I-class (Waters, Milford, CT, USA). Mass spectrometry was equipped
electrospray ionization (ESI) source and analysis was conducted using MS mode. The scan mass range was set
from m/z 50 to 2500, and the scans were set as 1 s duration. Detailed ionization condition and MS method was
as follow: for ionization, positive and negative capillary voltage were 3.0 kV and 2.5 kV, MS source temperature
was 150 °C in case of positive mode and 100 °C in negative mode, desolvation gas temperature was 500 °C in
case of positive mode and 250 °C in negative mode with 600 L/h gas flow. For detection, MS method was set to
sensitivity mode and sampling cone voltage was 40 V, and detector voltage was set to 2250 V. MS machine was
calibrated before detection using sodium iodide calibrant, and all analyzing process were revised using leucine
encephalin in real time. For the chromatographic conditions, mobile phase A (0.1% formic acid in distilled water)
and B (0.1% formic acid in acetonitrile) were used for elution and prepared sample was applied onto a Waters
BEH C18 UPLC column (2.1 mm x 150 mm, 1.7 um). The flow rate was set to 0.2 mL/min under the following
conditions: 0-1 min, 80% A; 1-3 min, 80-60% A; 3-13 min, 60-30% A; 13-15 min, 30-10% A; 15-17 min, 10%
A; 17-18 min 10-80% and 18-20 min, 80% A.

Inactivation of LCM S3 gene

An LCM 83 gene inactivation cassette, including a homologous arm of the LCM S3 gene, was constructed by
PCR amplification using the following primer pairs: LCM_S3_del._F (5'- GCCAGTGCCAAGCTTGTCTAC
ACCCAAGGACAGC-3") and LCM_S3_del._R (5'-CTGCAGCCCAAGCTTAGTCACCGCCGTCGTAGAA-3")
(Fig. S5). The amplified fragments were ligated into pKC1132 digested with HindIII using an In-Fusion Cloning
kit (Takara Bio, Japan). The LCM S3 gene inactivation cassette was then introduced to E. coli ET12567/pUZ8002
and conjugated directly with S. collinus Inha504 by homologous recombination. The LCM S3 disrupted mutants
were selected on ISP4 agar plate containing apramycin, and then PCRs were performed to verify its genotypes.

In vitro assays for biological activities

The in vitro antifungal assay was performed based on The Clinical and Laboratory Standards Institute document
M27-A3%*. After C. albicans was cultured in PDB medium at 30 °C for 1 day, the cultured solution was diluted
with PDB medium until the OD value reached 0.3 at 530 nm. A working suspension was prepared with a 1:2000
dilution with RPMI-1640 broth media (with glutamine and phenol red, without bicarbonate, Sigma-Aldrich,
USA), resulting in 5.0 x 10?-2.5 x 10° cells per pL. Various concentrations (25-1600 pg/mL) of polyene antibiotics
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dissolved in 10 uL. DMSO were added to the working suspension of 990 pL. The mixtures were then incubated
at 30 °C without shaking for 2 days. The colorimetric red-to-yellow change in the mixture indicated the growth
of C. albicans. The minimum inhibitory concentration (MIC) was determined by measuring the minimum
concentration that changed the color to yellow. The experiment was performed in duplicate’.

The in vitro hemolysis assay was performed using a previously reported method?. Defibrinated horse blood
was purchased from Kisan Biotech (South Korea). The polyene compounds were diluted to 1-200 ug/mL with
DMSO. A 50 uL sample of each polyene solution was added to 450 uL of 2.5% defibrinated horse blood buffered
with RBC buffer (150 mM NaCl, 10 mM NaH,PO,, 1 mM MgCl,, and pH 7.4), resulting in a tenfold dilution
of each concentration of polyene. The samples were then incubated at 37 °C for 30 min. After incubation, the
samples were centrifuged at 10,000 g for 2 min. Subsequently, 100 uL of the supernatant from each sample was
added to a 96-well plate, and the absorbance was read at 540 nm using a microplate reader (TECAN, Switzer-
land). The percentage hemolysis of each sample was defined as (Abs, —Abs /Abs —Abs ) x 100

sample
to calculate the Minimum Hemolysis Concentration (MHC)%.

negative positive negative
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All methods were carried out in accordance with relevant guidelines and regulations in this paper.

Results

Isolation of the S. collinus Inhago4 produced antifungal polyene compounds

Through previous studies, 51 strains with antifungal activity and producing polyene compounds were screened
among 2419 actinomycetes'®(Fig. S1). Among the screened strains, one Streptomyces sp., showing strong anti-
fungal activity against C. albicans and F. oxysporum, was selected as the final candidate for the development of
eco-friendly pesticides based on actinomycetes. The final selected strain was isolated from the organic green tea
fields in Jeolla Province, South Korea (34°51'31.7"N 127°08'48.1"E) and showed 99.93% similarity to Streptomyces
collinus strains by phylogenetic analysis based on 16S rRNA sequences (Fig. 2A). The final selected strain was
named Streptomyces collinus Inha504.

Antifungal bioassay of S. collinus Inha504 against various phytopathogenic fungi

In order to confirm the potential of S. collinus Inha504 to develop into a microorganism based eco-friendly
pesticide, antifungal bioassay was performed using agar plugs cultured for 7 days on GSS plate against various
phytopathogenic fungi, Fusarium oxysporum, Fusarium solani, Fusarium verticilliodes, Fusarium semitectum,
Aspergillus niger, Colletotrichum gloeosporioides, and Alternaria alternata (Fig. 2B). As shown in Fig. 2B, S. col-
linus Inha504, which had clear inhibition zones around the agar plug of the strain, was confirmed to inhibit the
growth of the most phytopathogenic fungi tested.

Also, several crops were infected with E oxysporum (KACC 40,051), which causes wilt disease in plants,
and treated with S. collinus Inha504 culture broth to confirm whether the strain could be applied as microbial
fungicide through in vivo pot-scale test (Fig. 3). The crops used in the pot-scale test were red pepper, strawberry,
and tomato, and the control rates were 50.1%, 53.9%, and 63.6%, respectively, and the control rate was converted

A ‘ _95|_Streptomyces sp. strain HUAS 15-9_CP106798.1 (98.55%) B ] o
%0 Streptomyces sp. strain RDPA3-2_MN058255.1 (98.48%) / 4
Streptomyces sp. strain Caat 7-52_CP098485.1 (98.94%) @ &
59 [ Streptomyces sp. strainInha504 /
Streptomyces collinus strain L2_CP052033.1(99.93%) A
Streptomyces collinus strain SQ_CP052032.1(99.93%) Candi dt;/ Aspergillus

Streptomyces collinus strain Tu365_CP006259.1(99.93%)
Streptomyces sp. strain TCH32-26_MH598364.1 (99.67%)
Streptomyces sp. strain HCCB11876_KT354239.1(99.34%)
Streptomyces sp. strain WI04-3A_EU080961.1 (99.27%)

9 L Streptomyces sp. strain HF6_MN826239.1 (99.21%)
Streptomyces sp. strain NT 0401_DQ985808.1 (98.75%)

20 Streptomyces sp. strain HUAS 14-6_CP106795.1 (98.42%)

albicans niger

92| streptomyces galbus strain DSM 40089_NR026178.1 (98.42%) Colletotrichim Aleraorie Ensarmm
gloeosporioides alternata oxysporum
Streptomyces lasalocidi strain ATCC 31180_MK852399.1 (98.35%)
37 Streptomyces sp. strain 19-388_MT883497.1(98.61%)
Uncultured bacterium clone 1-339_KC554085.1 (98.48%)
95 || Streptomyces hawaiiensis strain ATCC 12236_CP021978.1 (98.61%)
(Similarity %) 5 Streptomyces hawaiiensis strain NRRL 15010_MF407320.1 (98.61%)
[ — sg|| Streptomyces qaidamensis strain $10-2_MH257694.1 (98.55%) .
0.21 73| Streptomyces qaidamensis strain $10_CP015098.1 (98.55%) Fusarium Fusarium Fusarium
verticillioides semitectum solani

Figure 2. (A) Phylogenetic tree of S. collinus Inha504 based on the 16S rRNA sequence; the evolutionary
history was inferred using the Neighbor-Joining method. Evolutionary analyses were conducted in MEGA73
(B) Antifungal assays of S. collinus Inha504 against various phytopathogenic fungi.
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Figure 3. In vivo pot test of S. collinus Inha504 against F. oxysporum. A pot test was conducted on (A) tomato,
(B) strawberry, and (C) red pepper. The left side of (A), (B), and (C) was treated with 500-fold diluted S. collinus
Inha504 culture medium, and the right side was treated with TSB medium (negative control). (D) The control
rate of S. collinus Inha504 for each crop.

based on the infection rate by repeating five seedlings three time (Figs. 3 and S2). Through pot-scale test, Inha504
has been proven to have good potential as microbial fungicide, with the control rate of more than 50% that can
be registered as an organic agricultural material in Korea.

Bioinformatic analysis of S. collinus Inha504 whole genome sequence

Whole-genome sequencing of S. collinus Inha504 was performed preferentially to identify the biosynthetic
gene cluster (BGC) present on the chromosome responsible for the production of target polyene macrolide
compounds. The complete genome sequence was deposited in the National Center for Biotechnology Informa-
tion (NCBI) with an accession number NZ_CP136667.1. The whole genome size was 9,194,571 bp, no plasmid
was found, and the GC content was 72.07% (Fig. 4A, Table S1). In addition, the genome contained 8072 genes,
18 rRNAs, and 90 tRNAs (Table S1). The encoding gene sequences were aligned with the eggnog database to
predict the estimated gene function, of which 7797 genes, 96.6% of the total genes, were successfully annotated
by Eggnog databases® (Fig. 4B).

S. collinus Inha504 whole genome sequence was analyzed to reveal the BGCs of the secondary metabolites
associated with antifungal activity by antiSMASH. By the antiSMASH 7.0, S. collinus Inha504 chromosome
contains 37 tentative BGCs of the secondary metabolites?*(Fig. 4C). In detail, there were 15 clusters associated
with polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS), which are well known for con-
densing using small building blocks to produce larger natural products, including four T1PKSs, one T2PKS,
three T3PKSs, five NRPSs, and two NRPS-PKS hybrid clusters. The other clusters were analyzed to belong to
five terpenes, four lanthipeptides, three siderophores, two melanins, one lassopeptide, and one ectoin cluster
(Fig. 4C). Especially, BGC # 35 was predicted to be the most likely BGC to biosynthesize the target polyene
macrolide compound, lucencomycin (LCM).

Identification of the BGC corresponding to the antifungal compound in S. collinus Inha504
chromosome

Based on previous studies of LCM and bioinformatic analysis of BGC #35, the polyene macrolide biosynthe-
sized by S. collinus Inha504 was judged as LCM, and we intend to prove this judgment®(Figs. 4C and S3). First,
the biosynthetic pathway by BGC #35 was predicted based on bioinformatic analysis, and the structure of the
predicted compound was confirmed.?’(Fig. 5, Table 1). And then, the LC-MS analysis of S. collinus Inha504
cultured and purified polyene compounds (>90% purity) observed a signal of m/z 708.3626 for [M + H]* and
m/z 706.3430 for [M—-H]", which matched the calculated signal of m/z 708.3590 for [M + H]* and m/z 706.3444
for [M—H]~ in LCM*(Fig. S4). Finally, we disrupted the LCM S3 (PKS gene) in BGC #35 to confirm that BGC
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Figure 4. (A) Circular whole-genome map drawn by applying the annotation result of the S. collinus Inha504
chromosome. Marked characteristics are shown from the outside to the center; CDS on the forward strand, CDS
on the reverse strand, tRNA, rRNA, GC content, and GC skew (B) Classification of CDS by eggnog annotation
(C) Analysis of secondary metabolite biosynthetic gene clusters by antiSMASH 7.0

#35 corresponds to LCM (Fig. S5). As expected, HPLC analysis of LCM S3-disrupted mutant cultures confirmed
that the LCM peak disappeared (Fig. S6). Therefore, BGC #35 is responsible for the biosynthesis of LCM in the
S. collinus Inha504.

In vitro antifungal activity and hemolytic toxicity of LCM

The purified LCM was evaluated for both in vitro antifungal activity against C. albicans and the hemolytic toxicity
with horse blood. The antifungal activity was measured by the minimum inhibitory concentration (MIC) evalu-
ation assays using the colorimetric change in the RPMI-1640 media containing the fungus®. Interestingly, the
MIC of LCM (0.25 pug/mL) against C. albicans was lower than amphotericin B (0.5 ug/mL) and natamycin (2 pg/
mL) (Table 2, Fig. S7). Moreover, the MHC (minimum hemolytic concentration) value for LCM was 10.923 pg/
mL, while for amphotericin B was 8.049 ug/mL. In contrast, the MHC value of natamycin was 48.784 pg/mL,
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Figure 5. ORFs encoded in the putative LCM biosynthetic gene cluster and proposed biosynthetic pathway to
LCM (more details of ORFs are listed in Table 1). The light gray dash line represent the domains of polyketide
synthases (PKSs) in LCM BGC, and the blue dash line is the sugar motif (thamnose) synthesis (Created with

BioRender.com).
ORF Size* | Predicted function Strand | S. cyanog $136 homolog® (%)
LCM A 344 GDP-mannose 4,6-dehydratase | — 97
LCM B 256 | Thioesterase + 91
LCM S1 6442 | Type I PKS - 93
LCM S0 3033 | TypeIPKS - 95
LCMC 483 Glycosyltransferase + 95
LCMD 352 GDP-perosamine synthase + 97
LCME 392 Cytochrome P450 + 96
LCMF 64 Ferredoxin - 91
LCM $4 1990 | Type I PKS - 96
LCM S3 1789 | Type I PKS - 94
LCM S2 9250 | Type I PKS - 95
LCM G 578 ABC transporter + 95
LCMH 640 ABC transporter + 96
LCM1I 386 Cytochrome P450 - 93
LCMRI 192 Transcriptional regulator + 91
LCMRII 200 Transcriptional regulator - 93
LCM] 549 GMC oxidoreductase - 96
LCMRIII | 1186 | Transcriptional regulator + 91

Table 1. Annotation of the ORFs in the LCM biosynthetic gene cluster. *Size in the number of amino acids. ®S.
cyanogenus S136 is the production strain of lucensomycin®. The homolog shows amino acid sequence identity
(%).
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Ampbhotericin B Nystatin A1 Natamycin LCM
Antifungal activity (MIC, pg/mL)*
Candida albicans
ATCC 14,053 0.5 1 2 0.25

Table 2. In vitro antifungal activity of polyene macrolides. MIC, minimum inhibitory concentration (values
resulting in no visible growth of C. albicans).

indicating that the in vitro toxicity of LCM was lower than that of amphotericin B but higher than that of nata-
mycin (Figs. 6 and S8). Based on in vitro assays for amphotericin B and LCM, it was confirmed that the antifungal
activity of LCM against C. albicans was not only better than amphotericin B, but also lower hemolytic toxicity.
Also, based on in vitro assays for natamycin and LCM, it is speculated that the difference in antifungal activity
and toxicity may be attributed to the variation in the functional group at position CO1.

Discussion
Through this study using the antifungal activity-based screening approach, 149 strains of actinomycetes with
antifungal activity were selected out of 2419 strains. Further HPLC analysis revealed 51 strains of actinomycetes
capable of producing polyene compounds. On the other hand, the traditional activity-based screening approach
encountered difficulties in uncovering the type and chemical structure of the target compound until structural
analysis was conducted. To overcome these difficulties, 37 putative BGCs were predicted through the whole
genome sequencing and BGC (gene cluster) analysis of S. collinus Inha504. Of these, the PKS genes contained
ten BGCs as the core biosynthetic genes. Due to advances in sequencing technology and the accumulation of
previous research on the biosynthetic pathway of natural products, predicting the biosynthetic pathway and
structure of the type I PKS system has become increasingly straightforward, following the conventional rules of
the PKS multi-domain modular system. Through antiSMASH analysis of all BGCs in S. collinus Inha504, BGC
#35 encodes the target antifungal compound, which is the previously reported polyene macrolide known as
lucensomycin (LCM)?. Gene disrupted experiment confirmed that BGC #35 is responsible for the presence of
LCM. As a result, this research facilitated the efficient and predictable utilization of eco-friendly microorganisms
as a promising alternative to synthetic fungicides with potential benefits for the nature and human health (Fig. 7).
This research confirmed the potential of eco-friendly microbial fungicides based on Streptomyces as alterna-
tives to synthetic fungicides associated with various environmental and health issues. Several microbial fungicides
based on Streptomyces strains are commercially available, such as AGBIO’s MYCOSTOP based on S. griseovir-
idis K61 producing the polyene macrolide candicidin, and NOVOZYMES’ ACTINOVATR based on S. lydicus
WYEC108 producing the polyene macrolide natamycin®. Furthermore, ongoing research continue to confirm
the potential of Streptomyces isolates as putative bio-fungicides. These include the discovery of S. yongxingensis
JCM 34,965, which biosynthesizes niphimycin C for controlling banana fusarium wilt, the discovery of S. rubrisoli
Inha501, which biosynthesizes I-NTF for inhibiting various phytopathogenic fungi, and the discovery of Strep-
tomyces sp. FX13, which biosynthesizes oligomycin A for controlling fungicide-resistant Boirytis cinerea'®>"*2,
The newly isolated S. collinus Inha504 inhibited various phytopathogenic fungi, highlighting its potential
for applications as the biocontrol agent through in vivo pot test for crops (strawberry, tomato, and red pepper).
To develop the microbial fungicide based on S. collinus Inha504, optimization of the culture condition and its

120
100
80 - .
- 50% Hemolysis
4
< 601 @ Amphotericin B 8.049+0.126 pg/mL
N
2 @ Nystatin A1 96.365+1.504 png/mL
§ i @ Natamycin 48.784+0.280 pg/mL
= 20 1 @ Lucensomycin 10.923+0.021 pg/mL
0 4
0 1 2 3
log,, concentration (ng/mL)
Figure 6. In vitro toxicity of polyene macrolides. The minimum hemolytic concentration (MHC) evaluation
assays (values causing 50% hemolysis against horse blood cells percentage standard deviation).
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Figure 7. Isolation of novel Streptomyces having potential as bio-control agent and confirmation of LCM BGC
(Created with BioRender.com).

formulation study is currently underway. Additionally, through genetic confirmation, it was demonstrated that
the antifungal activity of S. collinus Inha504 was attributed to the presence of LCM BGC in the chromosome.
These results provide an effective strategy to select a novel bacterial strain with valuable biological activity and
identify a biosynthetic gene cluster responsible for the metabolite using a genome mining approach.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Received: 7 December 2023; Accepted: 22 March 2024
Published online: 02 April 2024

References

1.

2.

3.

10.

11.

12.

13.

Dean, R. et al. The Top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 13(4), 414-430. https://doi.org/10.
1111/j.1364-3703.2011.00783.x (2012).

Parnell, J. J. et al. From the lab to the farm: An industrial perspective of plant beneficial microorganisms. Front Plant Sci. 7, 1110.
https://doi.org/10.3389/fpls.2016.01110 (2016).

Singh, A. et al. Advances in controlled release pesticide formulations: Prospects to safer integrated pest management and sustain-
able agriculture. J. Hazard Mater. 385, 121525. https://doi.org/10.1016/j.jhazmat.2019 (2020).

. Chang, X. et al. Maize-soybean relay strip intercropping reshapes the rhizosphere bacterial community and recruits beneficial

bacteria to suppress Fusarium root rot of soybean. Front. Microbiol. 13, 1009689. https://doi.org/10.3389/fmicb.2022.1009689
(2022).

. Ghadamgahi, E et al. Plant growth-promoting activity of Pseudomonas aeruginosa FG106 and its ability to act as a biocontrol agent

against potato, tomato and taro pathogens. Biology (Basel) 11(1), 140. https://doi.org/10.3390/biology11010140 (2022).

. Sun, X. et al. Bacillus velezensis stimulates resident rhizosphere Pseudomonas stutzeri for plant health through metabolic interac-

tions. ISME J. 16(3), 774-787. https://doi.org/10.1038/s41396-021-01125-3 (2022).

. Donald, L. et al. Streptomyces: Still the biggest producer of new natural secondary metabolites, a current perspective. Microbiol.

Res. 13, 418-465. https://doi.org/10.3390/microbiolres13030031 (2022).

. Bu, Q. T. et al. Rational construction of genome-reduced and high-efficient industrial Streptomyces chassis based on multiple

comparative genomic approaches. Microb. Cell Fact. 18(1), 1-17. https://doi.org/10.1186/s12934-019-1055-7 (2019).

. Manivasagan, P, Venkatesan, ., Sivakumar, K. & Kim, S. K. Pharmaceutically active secondary metabolites of marine actinobacteria.

Microbiol. Res. 169, 262-278. https://doi.org/10.1016/j.micres.2013.07.014 (2014).

Jakubiec-Krzesniak, K., Rajnisz-Mateusiak, A., Guspiel, A., Ziemska, J. & Solecka, J. Secondary metabolites of actinomycetes and
their antibacterial, antifungal and antiviral properties. Pol. J. Microbiol. 67(3), 259-272. https://doi.org/10.21307/pjm-2018-048
(2018).

Hobson, C., Chan, A. N. & Wright, G. D. The antibiotic resistome: A guide for the discovery of natural products as antimicrobial
agents. Chem. Rev. 121(6), 3464-3494. https://doi.org/10.1021/acs.chemrev.0c01214 (2021).

Ab Rahman, S. E. S., Singh, E., Pieterse, C. M. & Schenk, P. M. Emerging microbial biocontrol strategies for plant pathogens. Plant
Sci. 267, 102-111. https://doi.org/10.1016/j.plantsci.2017.11.012 (2018).

Kim, D. R. et al. A mutualistic interaction between Streptomyces bacteria, strawberry plants, and pollinating bees. Nat. Commun.
10(1), 4802. https://doi.org/10.1038/s41467-019-12785-3 (2019).

Scientific Reports |

(2024) 14:7757 | https://doi.org/10.1038/s41598-024-57888-0 nature portfolio


https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.3389/fpls.2016.01110
https://doi.org/10.1016/j.jhazmat.2019
https://doi.org/10.3389/fmicb.2022.1009689
https://doi.org/10.3390/biology11010140
https://doi.org/10.1038/s41396-021-01125-3
https://doi.org/10.3390/microbiolres13030031
https://doi.org/10.1186/s12934-019-1055-7
https://doi.org/10.1016/j.micres.2013.07.014
https://doi.org/10.21307/pjm-2018-048
https://doi.org/10.1021/acs.chemrev.0c01214
https://doi.org/10.1016/j.plantsci.2017.11.012
https://doi.org/10.1038/s41467-019-12785-3

www.nature.com/scientificreports/

14. Carolus, H., Pierson, S., Lagrou, K. & Van Dijck, P. Amphotericin B and other polyenes-discovery, clinical use, mode of action and
drug resistance. J. Fungi (Basel) 6(4), 321. https://doi.org/10.3390/jof6040321 (2020).

15. Caftrey, P, De Poire, E., Sheehan, ]. & Sweeney, P. Polyene macrolide biosynthesis in streptomycetes and related bacteria: Recent
advances from genome sequencing and experimental studies. Appl. Microbiol. Biotechnol. 100(9), 3893-3908. https://doi.org/10.
1007/500253-016-7474-z (2016).

16. Meena, M., Prajapati, P.,, Ravichandran, C. & Sehrawat, R. Natamycin: A natural preservative for food applications-a review. Food
Sci. Biotechnol. 30(12), 1481-1496. https://doi.org/10.1007/s10068-021-00981-1 (2021).

17. Chen, D. et al. Bio-source substances against postharvest diseases of fruits: Mechanisms, applications and perspectives. Postharvest
Biol. Technol. 198, 112240. https://doi.org/10.1016/j.postharvbio.2023.112240 (2023).

18. Zhang, L. et al. Characterization of giant modular PKSs provides insight into genetic mechanism for structural diversification of
aminopolyol polyketides. Angew. Chem. Int. Ed. Engl. 56(7), 1740-1745. https://doi.org/10.1002/anie.201611371 (2017).

19. Park, H.S., Nah, H. ], Kang, S. H., Choj, S. S. & Kim, E. S. Screening and isolation of a novel polyene-producing Streptomyces strain
inhibiting phytopathogenic fungi in the soil environment. Front. Bioeng. Biotechnol. 9, 692340. https://doi.org/10.3389/fbioe.2021.
692340 (2021).

20. Neumann, A., Wieczor, M., Zielinska, J., Baginski, M. & Czub, ]. Membrane sterols modulate the binding mode of amphotericin
B without affecting its affinity for a lipid bilayer. Langmuir. 32, 3452-3461. https://doi.org/10.1021/acs.langmuir.5b04433 (2016).

21. Kim, J. D,, Kang, J. E. & Kim, B. S. Postharvest disease control efficacy of the polyene macrolide lucensomycin produced by Strep-
tomyces plumbeus strain CA5 against gray mold on grapes. Postharvest. Biol. Technol. 162, 111115. https://doi.org/10.1016/j.posth
arvbio.2019.111115 (2020).

22. Kramer, C. Y. Extension of multiple range tests to group correlated adjusted means. Biometrics 13(1), 13-18 (1957).

23. Won, H. . et al. Improved recovery and biological activities of an engineered polyene NPP analogue in Pseudonocardia autotrophica.
J. Ind. Microbiol. Biotechnol. 44(9), 1293-1299. https://doi.org/10.1007/s10295-017-1954-8 (2017).

24. Rex, J. H. et al. Reference Method for Broth Dilution Antifungal Susceptibility Testing of Filamentous Fungi; Approved Standard, 3
(Clinical and Laboratory Standards Institute, Wayne, 2008).

25. Nedal, A. et al. Analysis of the mycosamine biosynthesis and attachment genes in the nystatin biosynthetic gene cluster of Strep-
tomyces noursei ATCC 11455. Appl. Environ. Microbiol. 73, 7400-7407. https://doi.org/10.1128/ AEM.01122-07 (2007).

26. Park, H. S. et al. Stimulated biosynthesis of an C10-Deoxy Heptaene NPP B2 via regulatory genes overexpression in Pseudonocardia
autotrophica. Front. Microbiol. 11, 19. https://doi.org/10.3389/fmicb.2020.00019 (2020).

27. Huerta-Cepas, J. et al. EggNOG 5.0: A hierarchical, functionally and phylogenetically annotated orthology resource based on 5090
organisms and 2502 viruses. Nucleic Acid Res. 47, 309-314. https://doi.org/10.1093/nar/gky1085 (2019).

28. Blin, K. et al. antiSMASH 7.0: New and improved predictions for detection, regulation, chemical structures and visualisation.
Nucleic Acids Res. 51, W46-W50. https://doi.org/10.1093/nar/gkad344 (2023).

29. Yushchuk, O. et al. Eliciting the silent lucensomycin biosynthetic pathway in Streptomyces cyanogenus S136 via manipulation of
the global regulatory gene adpA. Sci. Rep. 11, 3507. https://doi.org/10.1038/s41598-021-82934-6 (2021).

30. Evangelista-Martinez, Z., Ek-Cen, A., Torres-Calzada, C. & Uc-Vérguez, A. Potential of Streptomyces sp. strain AGS-58 in control-
ling anthracnose-causing Colletotrichum siamense from post-harvest mango fruits. J Plant Pathol. 104(2), 553-563. https://doi.
0rg/10.1007/s42161-022-01104-3 (2022).

31. Xiao, L., Niu, H. J., Qu, T. L., Zhang, X. E & Du, E Y. Streptomyces sp. FX13 inhibits fungicide-resistant Botrytis cinerea in vitro
and in vivo by producing oligomycin A. Pestic Biochem Physiol. 175, 104834. https://doi.org/10.1016/j.pestbp.2021.104834 (2021).

32. Chen, Y. et al. Discovery of Niphimycin C from Streptomyces yongxingensis sp. nov. as a promising agrochemical fungicide for
controlling banana fusarium wilt by destroying the mitochondrial structure and function. J Agric Food Chem. 70(40), 1278412795
(2022).

33. Kumar, S., Stecher, G. & Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 33(7), 18701874 (2016).

Acknowledgements

This study was supported by Agricultural Microbiome R&D Program, Ministry of Agriculture, Food and
Rural Affairs, Republic of Korea (as part of the (multi-ministerial) Genome Technology to Business Trans-
lation Program No. 918008-04). This work was also funded by National Research Foundation of Korea
(NRF-2021R1A2C2012203).

Author contributions

H.-S.P, S.-H.K,, S.-S.C., and E.-S.K. designed the experiments. H.-S.P, S.-H.K., and S.-S.C. performed the experi-
ments. H.-S.P. and E.-S.K. wrote the manuscript. All authors contributed to the article and approved the submit-
ted version.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-57888-0.

Correspondence and requests for materials should be addressed to E.-S.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:7757 | https://doi.org/10.1038/s41598-024-57888-0 nature portfolio


https://doi.org/10.3390/jof6040321
https://doi.org/10.1007/s00253-016-7474-z
https://doi.org/10.1007/s00253-016-7474-z
https://doi.org/10.1007/s10068-021-00981-1
https://doi.org/10.1016/j.postharvbio.2023.112240
https://doi.org/10.1002/anie.201611371
https://doi.org/10.3389/fbioe.2021.692340
https://doi.org/10.3389/fbioe.2021.692340
https://doi.org/10.1021/acs.langmuir.5b04433
https://doi.org/10.1016/j.postharvbio.2019.111115
https://doi.org/10.1016/j.postharvbio.2019.111115
https://doi.org/10.1007/s10295-017-1954-8
https://doi.org/10.1128/AEM.01122-07
https://doi.org/10.3389/fmicb.2020.00019
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.1038/s41598-021-82934-6
https://doi.org/10.1007/s42161-022-01104-3
https://doi.org/10.1007/s42161-022-01104-3
https://doi.org/10.1016/j.pestbp.2021.104834
https://doi.org/10.1038/s41598-024-57888-0
https://doi.org/10.1038/s41598-024-57888-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports | (2024) 14:7757 | https://doi.org/10.1038/s41598-024-57888-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Isolation of Streptomyces inhibiting multiple-phytopathogenic fungi and characterization of lucensomycin biosynthetic gene cluster
	Materials and methods
	Strains and growth conditions
	Antifungal pot test
	Genome sequencing of S. collinus Inha504
	Production and purification of lucensomycin
	LC–MS analysis
	Inactivation of LCM S3 gene
	In vitro assays for biological activities
	Ethical approval and consent to participate

	Results
	Isolation of the S. collinus Inha504 produced antifungal polyene compounds
	Antifungal bioassay of S. collinus Inha504 against various phytopathogenic fungi
	Bioinformatic analysis of S. collinus Inha504 whole genome sequence
	Identification of the BGC corresponding to the antifungal compound in S. collinus Inha504 chromosome
	In vitro antifungal activity and hemolytic toxicity of LCM

	Discussion
	References
	Acknowledgements


