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Marine Streptomyces chumphonensis KK1-2T produces
piericidin Al as the major secondary metabolite
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ABSTRACT: Strain KK1-2T is the type strain of marine Streptomyces chomphonensis. Since the discovery of this
Streptomyces species, the secondary metabolite of the type strain has not been characterized. Based on genome sequence
analysis, the biosynthetic gene cluster of piericidin Al was detected in the genome of strain KK1-2". The isolation of
secondary metabolites and spectroscopy data confirm the chemical structure of piericidin A1 produced by the type

strain. This study is the first report of the genome analysis and the secondary metabolite produced by the type strain

of S. chumphonensis.
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INTRODUCTION

Microorganisms are a primary resource driving drug
discovery [1]. They produce a large number of
bioactive secondary metabolites which used in phar-
maceuticals and agriculture today [2].

The Actinobacteria, Gram-positive bacteria with
high G+C contents in DNA, have been well known
for the antibiotic producers. Among known mi-
crobial metabolites, approximately 45% were pro-
duced by actinobacteria. Furthermore, 70% of acti-
nobacterial bioactive secondary metabolites were
produced from the members of the genus Strepto-
myces [3]. In general, actinobacteria are widely
distributed in terrestrial habitats [4]. Over the
past decade, the unexplored and under-explored
habitats, such as the marine ecosystem, are believed
to be rich sources of actinobacteria [5]. Since the
discovery of the obligate genus Salinispora, marine
actinobacteria are considered as promising sources
for the discovery of novel bioactive compounds
[6,7].

The type strain is the strain used when the
species was described for the first time. In 2014,
we proposed a new marine Streptomyces species,
Streptomyces chumphonensis, isolated from marine

sediment collected from Chumphon Province, Thai-
land [8]. However, the secondary metabolites and
the genome analysis of the type strain were not
reported. This study aims to isolate the secondary
metabolites produced by the type strain of S. chum-
phonensis KK1-2T and determine the biological ac-
tivities of the pure compound. The genome se-
quence of the type strain was analyzed and dis-
cussed in this study.

MATERIALS AND METHODS
Fermentation

The inoculum was prepared using yeast extract-
dextrose broth (yeast extract 1.0 g; dextrose 1.0 g;
distilled water 100 ml; pH 7.0). One full loop of
strain KK1-2T was cultured in an Erlenmeyer flask
containing 100 ml of yeast extract-dextrose broth
and incubated on the incubator shaker at 180 rpm
30°C for 4 days. Then, 1.25 ml of inoculum was
transferred into each of 500 ml Erlenmeyer flasks
containing 125 ml the production medium (soluble
starch 20.0 g; glycerol 5.0 g, defatted wheat germ
10.0 g; meat extract 3.0 g; yeast extract 3.0 g;
CaCO, 3.0 g; 11 of 50% (v/v) artificial seawater;
pH 7.5). The production medium (6 1) was cultured
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under shaking condition at 180 rpm 30 °C for 8 days.
Mycelia were separated from the culture broth by
centrifugation at 3000 rpm for 5 min. The mycelia
cake was extracted with ethanol (95% v/v) for 5 h;
and the cell debris were separated by using paper
filtration. The filtrate was evaporated to dryness
and dissolved in 300 ml of distilled water. This
aqueous solution was partitioned with ethyl acetate
three times. Finally, the ethyl acetate layer was
evaporated to dryness to obtain 1.15 g of crude ethyl
acetate extract or yellow gum.

Isolation and structure elucidation of the major
secondary metabolite

The major secondary metabolite in the crude
mycelial extract was determined and isolated using
HPLC (Dionex-Ultimate 3000 series) and open col-
umn chromatography (RP18-ODS) and preparative
HPLC equipped with the Pegasil ODS sp.100 col-
umn (20 x 250 mm), respectively,. NMR spectra,
including 'H and *C NMR as well as 2D NMRs
(*H-'H COSY, 'H-'3C HSQC, 'H-'3C HMBC), were
obtained from Bruker Advance 400 MHz NMR spec-
trometer. HRESIMS data were obtained from Bruker
MicroTOF spectrometer.

DNA extraction and genome analysis

The genomic DNA was extracted from the cells
using the PureLink™ genome DNA kit (Thermo
Fisher Scientific). Draft genome sequencing was
performed on Illumina HiSeq X ten sequencer using
2x150 bp paired-end read and assembled using
Unicycler, the genome assembly program [9]. An-
notation of the assembled genome was carried out
using the genome analysis service at PATRIC [10].
The analysis of secondary metabolite biosynthesis
gene clusters in the genomes was carried out using
antiSMASH 5.0 [11]. A phylogenomic tree was
constructed using the TYGS web server (https://
tygs.dsmz.de/) [12].

Biological activity of the pure compound

The antibacterial activity against Bacillus cereus
ATCC 11778 and antifungal activity against Can-
dida albicans and cytotoxicity against KB (oral hu-
man epidermoid carcinoma), MCF-7 (human breast
cancer, ATCC HTB-22), and NCI-H187 (small cell
lung cancer) cell lines were determined using re-
sazurin microplate assay [13,14]. The antiGram-
negative bacteria against Pseudomonas aeruginosa
strain K2733 was determined using an optical den-
sity microplate assay [15]. The neuraminidase
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inhibition was determined using fluorometric de-
termination (MUNANA-based enzyme inhibition as-
say) [16]. The antimalarial activity against Plas-
modium falciparum K1 was determined using the
microculture radioisotope method [17]. The green
fluorescent protein microplate assay was used to
determine anti-Mycobacterium tuberculosis H37Ra
(ATCC 25177), the cytotoxicity test against Vero
cell (African green monkey kidney fibroblasts,
ATCC CCL-81) and the anti-Herpes simplex virus

type-1 [18].

RESULTS

Isolation and chemical elucidation of the major
secondary metabolite

In this study, 1.15 g of yellow gum was obtained
from the mycelial extract. The fermentation and iso-
lation procedures of the major secondary metabo-
lite of S. chumphonensis KK1-2T was summarized
in Fig. 1. The HPLC analysis of the mycelial ex-
tract showed the main compound at retention time
(RT) 19.81 min (Fig. S1). To purify this target
compound, the crude mycelial extract was applied
to an octadecyl silane (ODS) column, equilibrated
with water, and eluted using stepwise gradients
of H,0:MeOH 100:0, 90:10, 60:40, 40:60, 20:80,
and 0:100. Two fractions, containing the target
compound eluted with 20:80 and 0:100, were con-
centrated to yield 220.6 and 703.9 mg, respectively.
Both fractions were dissolved with a small amount
of MeOH and purified by HPLC (Pegasil ODS SP100;
20 x 250 mm; Senshu Scientific) using isocratic 85%
MeOH with a flow rate of 15 ml/min. The amount
of the target compound obtained was 170.4 mg
(14.82% yield of the crude extract) and coded as
KK1-2 P1 (Fig. 1).

The KK1-2 P1 was colorless oil. It showed
maximum absorption at A 235 and 267 nm in the
UV spectrum. The HRESIMS showed a pseudo-
molecular ion [M+H]* at m/z 416.2795, suggesting
a molecular formula of C,;H, NO,.

The 'H NMR spectrum of KK1-2 P1 (in CDCl,)
displayed characteristic proton signals of 6 methyls
[at & 1.60 (d, J = 6.3 Hz), 1.73 (s), 1.79 (s), 0.78
(d, J = 6.6 Hz), 1.62 (s), and 2.20 (s)]; 2 methoxys
[at &4 3.81 (s) and 3.92 (s)]; 2 methylenes [at
85 3.35 (d, J = 6.9 Hz) and 2.77 (d, J = 6.9 Hz)];
2 methines [at &y 2.66 (m) and 3.61 (d, J =
9.1 Hz)]; and 5 olefinic methines [at &y 5.39 (t,
J =6.8,13.6 Hz), 5.58 (m), 6.07 (d, J = 15.6 Hz),
5.2 (d, J =9.71 Hz), and 5.46 (m)]. The *C NMR
and DEPT 135 spectra gave 25 carbon signals cor-
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Streptomyces chumphonensis
cultured in 6 I of the production broth

- 30°C, 180 rpm, 8 day
- Centrifugation 3,000 rpm 5 min

[
Mycelia

- Extracted with ethanol

- Evaporated to dryness

- Adding 300 ml of water
- Partitioned with Ethyl acetate

|
Culture broth

[
Water layer

Ethyl acetate layer

- Evaporated to dryness

Crude ethyl acetate extract (1.15g)
(yellow gum)

- ODS open column
- Eluted with gradient methanol:water (0-100%)

Fraction 1  Fraction 2 Fraction 3
H,0 10% 40%

: methanol Methanol

(44.0 mg)

Fraction 4 Fraction 5 Fraction 6
60% 80% 100%
Methanol Methanol Methanol
(38.2 mg) (220.6 mg) (703.9 mg)
- Purified by preparative HPLC
- Pegasil ODS SP100 (20 x 250 mm)
- Isocretic 85% methamol)
KK1-2 P1 KK1-2 P1
(163.7mg) (6.7 mg)

Fig. 1 Scheme of the isolation of the major secondary metabolites from the mycelial extract of S. chumphonensis KK1-2T.

Fig. 2 Chemical structure of piericidin Al.

responding to 6 methyls [at §, 10.5 (C-6"), 13.0 (C-
13),16.5 (C-14),12.9 (C-15),17.3 (C-16), and 10.4
(C-17)]; 2 methoxys [at 8. 60.5 (C-7’) and 53.0 (C-
8)1; 2 methylenes [at &; 34.3 (C-1) and 43.0 (C-
4)]; 1 methine [at & 36.8 (C-9)]; 1 oxymethine [at
8¢ 82.8 (C-10)]; 5 olefinic methines [at & 122.2 (C-
2), 126.6 (C-5), 135.6 (C-6), 133.0 (C-8), and 123.3
(C-12)]; 3 quaternary olefinics [at §; 134.7 (C-3),
135.8 (C-7), and 135.5 (C-11)]; and 5 quaternary
aromatics [at 8 150.7 (C-17), 112.1 (C-2'), 154.1
(C-39), 127.9 (C-4"), and 153.5 (C-5')] (Table 1).
'H and 3C spectral data of KK1-2 P1 and pie-
ricidin A1 were identical (Table 1) [19]. Based
on NMR and mass spectral data, KK1-2 P1 was,
therefore, identified as piericidin Al (Fig. 2). The
NMR spectra of the compound were shown in

Figs. S2 and S3. However, biological activities of
KK1-2 P1 showed a negative result in all tests used
in this study.

Genome and secondary metabolite biosynthetic
gene clusters of strain KK1-2T

The draft genome assemblies of strain S. chom-
phonensis KK1-2T was submitted to Gen-Bank as
accession number JACXYU000000000, and publicly
available. The assembled genome sequence of
strain KK1-2T had 52 contigs, with a total length
of 5823549 bp and an average G+C content of
73.31% (Fig. S1). The genome had 5406 protein-
coding sequences (CDS), 61 transfer RNA (tRNA)
genes and 3 ribosomal RNA (rRNA) genes. The
result of the subsystems and genes was provided
in Fig. S4. Based on the prediction of secondary
metabolite biosynthesis gene clusters using anti-
SMASH, strain KK1-2T showed a total of 28 sec-
ondary metabolite biosynthetic gene clusters, as
summarized in Table 2. The result of ClusterBlast
revealed that one of the T1PKS was 100% similar
to the biosynthetic gene clusters of piericidin Al of
Streptomyces sp. SCSIO 03032 (BGC0001169) and
Streptomyces piomogenus (BGC0000124) (Fig. 3).
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Table 1 The selected 'H and '3C spectral data of KK1-2P1 and piericidin Al.

KK1-2 P1 (in CDCl,)

Piericidin Al (in CDCl,) [19]

Position
8¢ (ppm) 8y (ppm) 8¢ (ppm) Sy (ppm)
multiplicity (J in Hz) multiplicity (J in Hz)
1 34.3 3.35(d, 6.9) 33.4 3.36 (d, 6.9)
2 122.2 5.39 (t, 13.6, 6.8) 122.2 5.43 (t, 13.1, 6.9)
3 134.7 - 134.8 -
4 43.0 2.77 (d, 6.9) 43.1 2.78 (d, 6.9)
5 126.6 5.58 (m) 126.8 5.65 (m)
6 135.6 6.07 (d, 15.6) 135.7 6.08 (d, 15.6)
7 135.8 - 136.0 -
8 133.0 5.20 (d, 9.7) 133.1 5.23 (d, 9.6)
9 36.8 2.66 (m) 36.3 2.68 (m)
10 82.8 3.61 (d,9.1) 82.8 3.62 (d,9.1)
11 135.5 - 135.6 -
12 123.3 5.46 (m) 123.5 5.5 (m)
13 13.0 1.60 (d, 6.3) 13.2 1.60 (d, 5.3)
14 16.5 1.73 (s) 16.6 1.75 (s)
15 12.9 1.79 (s) 13.1 1.73 (s)
16 17.3 0.78 (d, 6.6) 17.3 0.79 (d, 6.7)
17 10.4 1.62 (s) 10.5 1.59 (s)
1 150.7 - 150.8 -
2/ 112.1 - 112.0 -
3’ 154.1 - 154.0 -
4 127.9 - 127.8 -
5’ 153.5 - 153.5 -
6 10.5 2.20 (s) 10.5 2.28 (s)
7’ 60.5 3.81 (s) 60.6 3.85 (s)
8 53.0 3.92 (s) 53.0 3.95 (s)

Table 2 The distribution of biosynthetic gene clusters in S. chumphonensis KK1-2T.

Cluster Type From To Most similar known cluster
PKS-like, transAT-PKS 13924 95509 Lagriamide (NRP + polyketide) (9%)

2 NRPS, T1PKS, ectoine 110663 175514 Ectoine (100%)

3 siderophore 250565 266816 Macrotetrolide (polyketide) (33%)

4 NRPS-like 528197 572051 Indigoidine (saccharide) (27%)

5 Lanthipeptide 708929 731553 SapB (Ripp:Lanthipeptide) (75%)

6 T2PKS 6838 79107 Hiroshidine (polyketide) (41%)

7 NRPS, terpene 138149 210149 Mirubactin (NRP) (78%)

8 terpene 264024 286014 Hopene (terpene) (30%)

9 NRPS, T1PKS 522691 566031 Telomycin (NRP) (8%)

10 NRPS-line, betalactone 428781 458923 A-500359/A-500359 B (NRP)(5%)

11 NRPS-like, butyrolactone 252937 296371 Lomofungin (21%)

12 T1PKS 394317 425142 Fulvirucin B2 (polyketide) (11%)

13 Siderophore 68596 83262 Ficellomycin (NRP) (3%)

14 T1PKS 267077 304194 Piericidin A1 (polyketide) (91%)

15 T1PKS 1 47303 Lorneic acid A (polyketide) (23%)

16 NRPS, T1PKS 54784 134351 Incednine (polyketide) (4%)

17 CDPS 26119 46859 Primycin (polyketide) (5%)

18 T2PKS 183082 237461 Prejedomycin/rabelomycin/gaudimycin C/gaudimycin D
/UEM6/gaudimycin A (polyketide: Type II+saccharide:
hybrid/tailoring) (14%)

19 NRPS 32292 78681 Diisonitrile antibiotic SF2768 (NRP) (66%)

20 T1PKS, PKS-like 79108 119567 Arsono-polyketide (polyketide) (62%)

21 Ladderane, arylpolyene 1 38990 Atratumycin (NRP) (34%)

22 NRPS, lanthipeptide 14797 89168 Argimycin PI/argimycin PII/nigrifactin/argimycin PIV
/argimycin PV/argimycin PVI/argimycin PIX (polyketide:
modular type I) (8%)

23 T1PKS 38500 91497 pyrrolomycin A/pyrrolomycin B/pyrrolomycin C
/pyrrolomycin D (polyketide) (40%)

24 Terpene 1 14644 Geosmin (terpene) (100%)

25 T1PKS 1 2874 Nigericin (polyketide) (55%)

26 LAB thiopeptide 396291 428740 -

27 Other 108822 149922 -

28 T1PKS 1 2542 -

In this study, the genes involved in piericidin Al pro-
duction including, PieR, PieAl, PieA2, PieA3, PieA4,
PieA5, PieA6, PieB1, PieC, PieD, PieB2, and PieE,
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BGC0001169: piericidin A1 (100% of genes show similarity), Polyketide: Modular type I
C oD o 2 2 NoD
BGC0000124: piericidin A1 (100% of genes show similarity), Polyketide

DD DTN

Fig. 3 The BLAST result using antiSMASH 5.0 showing the type 1 polyketide synthase (T1PKS) in the genome of strain
KK1-27, which is 100% similar to the known biosynthetic gene clusters of piericidin A1 of Streptomyces sp. SCSIO 03032
(BGC0001169) and Streptomyces piomogenus (BGC0000124).

KK1-2T shared the same cluster with Strepto-
myces durbertensis DSM 1045487, Streptomyces
qginglanensis CGMCC 4.6825", Streptomyces ra-
diopugnans CGMCC 4.3519", Streptomyces barku-
lensis RC 18317, Streptomyces taklimakanensis
TRM433357, and Streptomyces megaspores NRRL B-
163727 (Fig. S5). The genome analysis of these
closely related Streptomyces species revealed no pie-
ricidin biosynthetic gene cluster in the genome. This
result indicated that the piericidin Al biosynthetic
gene cluster is not related to the species within this
phylogenetic cluster.

DISCUSSION

Piericidin A1, a-pyridone antibiotics, was first iso-
lated from the type strain of Streptomyces mobaraen-
sis [20]. This compound is mainly isolated from
various Streptomyces species from both terrestrial
and marine origins [21]. Although piericidin Al
did not show any biological activities against tested
bacteria, yeast, virus, and cancer cell lines used in
this study, in a previous study by other researchers,
this compound exhibited insecticidal activity against
green caterpillars, the larva of Pieris rapae crucivora,
silkworms, and the larva of Bombyx mori [20]. Pie-
ricidin Al was first discovered as potent inhibitors
of complex I of the electron transport chain in
mitochondria and some bacteria. Jeng et al [22]
showed that at low concentrations, piericidin Al
reacted at a site near the reduced NADH dehy-
drogenase. Meanwhile, at high concentrations,
the compound inhibited the succinic dehydrogenase
system [22]. In 1970, Mitsui et al [23] studied
the piericidin antagonistic effects of vitamin K3 on
the respiratory chains of insects and mammals in
the presence of piericidin Al. Vitamin K3 could
overcome the inhibitory effect of piericidin A on
the respiratory chain of the mammals, but not the
insects. In that study, 0.167 mg/kg of piericidin
Al increased the respiratory rate and lowered the

blood pressure rapidly. In addition, vitamin K3 (10-
40 mg/kg) could refresh the response to piericidin A
in rats [23]. Recently, Morgan et al [24] found that
piericidin A1 can block Yersinia Ysc Type III secretion
system (T3SS), a bacterial virulence factor found in
several Gram-negative pathogens. Lately, the total
synthesis of piericidin A1 was proposed by Schn-
ermann et al [25] and Lipshutz & Amorelli [26].
In addition, the proposed biosynthetic pathway of
piericidin Al has been described in the study of
Liu et al [19].

In this study, it was noted that the piericidin
Al was mainly obtained from the mycelia of marine
S. chumphonensis KK1-2T. In the cell-free broth, the
compound was not detected or seen at a very low
level (data not shown). The detection of piericidin
Al biosynthetic gene cluster in the genome could
support the strain KK1-2"s ability to produce the
piericidin Al. Based on the results obtained from
this study, it can be concluded that the type strain of
S. chumphonensis KK1-2T is one of the piericidin A1
producers.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found at http://dx.doi.org/10.2306/
scienceasial513-1874.2021.024.

Acknowledgements: This study was supported by the
Thailand Research Fund via a 2011 Royal Golden Jubilee
PhD Program as a scholarship to W.P and The Grants for
Development of New Faculty Staffs, Ratchadaphiseksom-
phot Endowment Fund, Chulalongkorn University.)

REFERENCES

1. Matsumoto A, Takahashi Y (2017) Endophytic acti-
nomycetes: promising source of novel bioactive com-
pounds. J Antibiot 70, 517-519.

2. Demain AL, Sanchez S (2009) Microbial drug discov-
ery: 80 years of progress. J Antibiot 62, 5-16.

3. Bérdy J (2005) Bioactive microbial metabolites. J
Antibiot 58, 1-26.

www.scienceasia.org


http://www.scienceasia.org/
http://dx.doi.org/10.2306/scienceasia1513-1874.2021.024
http://dx.doi.org/10.2306/scienceasia1513-1874.2021.024
http://dx.doi.org/10.1038/ja.2017.20
http://dx.doi.org/10.1038/ja.2017.20
http://dx.doi.org/10.1038/ja.2017.20
http://dx.doi.org/10.1038/ja.2008.16
http://dx.doi.org/10.1038/ja.2008.16
http://dx.doi.org/10.1038/ja.2005.1
http://dx.doi.org/10.1038/ja.2005.1
www.scienceasia.org

276

4.

10.

11.

12.

13.

14.

Phongsopitanun W, Sripreechasak B Rueangsawang
K, Panyawut R, Pittayakhajonwut B Tanasupawat S
(2020) Diversity and antimicrobial activity of cul-
turable endophytic actinobacteria associated with
Acanthaceae plants. ScienceAsia 46, 288-296.

. Dhakal D, Pokhrel AR, Shrestha B, Sohng JK (2017)

Marine rare actinobacteria: isolation, characteriza-
tion and strategies for harnessing bioactive com-
pounds. Front Microbiol 8, ID 1106.

. Maldonado LA, Fenical W, Jensen PR, Kauffman CA,

Mincer TJ, Ward AC, Bull AT, Goodfellow M (2005)
Salinispora arenicola gen. nov., sp. nov. and Salinis-
pora tropica sp. nov., obligate marine actinomycetes
belonging to the family Micromonosporaceae. Int J
Syst Evol Microbiol 55, 1759-1766.

. Jensen PR, Moore BS, Fenical W (2015) The marine

actinomycete Genus Salinispora: A model organism
for secondary metabolite discovery. Nat Prod Rep 35,
738-751.

. Phongsopitanun W, Thawai C, Suwanborirux K, Kudo

T, Ohkuma M, Tanasupawat S (2014) Streptomyces
chumphonensis sp. nov., isolated from marine sedi-
ments. Int J Syst Evol Microbiol 64, 2605-2610.

. Wick RR, Judd LM, Gorrie CL, Holt KE (2017) Uni-

cycler: Resolving bacterial genome assemblies from
short and long sequencing reads. PLoS Comput Biol
13, €e1005595.

Wattam AR, Davis JJ, Assaf R, Boisvert S, Brettin
T, Bun C, Conrad N, Dietrich EM, et al (2017) Im-
provements to PATRIC, the all-bacterial bioinformat-
ics database and analysis resource center. Nucleic
Acids Res 45, D535-D542.

Blin K, Shaw S, Steinke K, Villebro R, Ziemert N, Lee
SY, Medema MH, Weber T (2019) antiSMASH 5.0:
update to the secondary metabolite genome mining
pipeline. Nucleic Acids Res 47, W81-W87.

Meier-Kolthoff JB Goker M (2019) TYGS is an auto-
mated high-throughput platform for state-of-the-art
genome-based taxonomy. Nat Commun 10, ID 2182.

O’Brien J, Wilson I, Orton T, Pognan F (2000) Investi-
gation of the alamar blue (resazurin) fluorescent dye
for the assessment of mammalian cell cytotoxicity.
Eur J Biochem 267, 5421-5426.

Saker SD, Nahar L, Kumarasamy Y (2007) Mi-
crotitre plate-based antibacterial assay incorporating
resazurin as an indicator of cell growth, and its
application in the in vitro antibacterial screening of
phytochemicals. Method 42, 321-324.

www.scienceasia.org

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

ScienceAsia 47 (2021)

Wiegand I, Hilpert K, Hancock R (2008) Agar and
broth dilution methods to determine the minimal
inhibitory concentration (MIC) of antimicrobial sub-
stances. Nat Protoc 3, 163-175.

Leang SK, Hurt AC (2017) Fluorescence-based neu-
raminidase inhibition assay to assess the suscepti-
bility of influenza viruses to the neuraminidase in-

hibitor class of antivirals. J Vis Exp 122, ID 55570.
Desjardins RE, Canfield CJ, Haynes JD, Chulay JD

(1989) Quantitative assessment of antimalarial ac-
tivity in vitro by a semiautomated microdilution tech-
nique. Antimicrob Agents Chemother 16, 710-718.
Changsen C, Franzblau G, Palittapongarnpim P
(2003) Improve green fluorescent protein reporter
gene-based microplate screening for antituberculosis
compounds by utilizaing an acetamidase promoter.
Actimicrob Agent Chemother 47, 3682-3687.

Liu Q, Yao E Chooi YH, Kang Q, Xu W, Li Y, Shao
Y, Shi Y, et al (2012) Elucidation of piericidin Al
biosynthesis locus revealed a thioesterase-dependent
mechanism of alpha-pyridone ring formation. Chem
Biol 19, 243-253.

Tamura S, Takahashi N, Miyamoto S, Mori R, Suzuki
S, Nagatsu J (1963) Isolation and physiological ac-
tivities of piericidin A, a natural insecticide produced
by Streptomyces. Agr Biol Chem 8, 576-582.

Chen Y, Zhang W, Zhu Y, Zhang Q, Tian X, Zhang
S, Zhang C (2014) Elucidation hydroxylation and
methylation steps tailoring piericidin Al biosynthe-
sis. Org Lett 16, 736-739.

Jeng M, Hall C, Crane FL, Takahashi N, Tamura S,
Folkers K (1968) Inhibition of mitochondrial electron
transport by piericidin A and related compounds.
Biochemistry 7, 1311-1322.

Mitsui T, Fukami J, Fukunaga K, Takahashi N, Tamura
S (1969). Antagonistic effect of vitamin K3 on the
respiratory chain of insects and mammals in the pres-
ence of piericidin A. Agr Biol Chem 34, 1101-1109.
Morgan JM, Duncan MC, Johnson KS, Diepold
A, Lam H, Dupzyk AJ, Martin LR, Wong WR,
et al (2017) Piericidin Al blocks Yersinia YSC type
III secretion system needle assembly. mSphere 2:
e00030-17.

Schnermann MJ, Romero FA, Hwang I, Nakamaru-
Ogiso E, Yagi Y, Boger DL (2006) Total synthesis of
piericidin A1l and B1 and key analogues. J Am Chem
Soc 128, 11799-11807.

Lipshutz BH, Amorelli B (2009) Total synthesis of
piericidin Al. Application of a modified Negishi
carboalumination-nickel-catalyzed cross-coupling. J
Am Chem Soc 131, 1396-1397.


http://www.scienceasia.org/
http://dx.doi.org/10.2306/scienceasia1513-1874.2020.036
http://dx.doi.org/10.2306/scienceasia1513-1874.2020.036
http://dx.doi.org/10.2306/scienceasia1513-1874.2020.036
http://dx.doi.org/10.2306/scienceasia1513-1874.2020.036
http://dx.doi.org/10.2306/scienceasia1513-1874.2020.036
http://dx.doi.org/10.3389/fmicb.2017.01106
http://dx.doi.org/10.3389/fmicb.2017.01106
http://dx.doi.org/10.3389/fmicb.2017.01106
http://dx.doi.org/10.3389/fmicb.2017.01106
http://dx.doi.org/10.1099/ijs.0.63625-0
http://dx.doi.org/10.1099/ijs.0.63625-0
http://dx.doi.org/10.1099/ijs.0.63625-0
http://dx.doi.org/10.1099/ijs.0.63625-0
http://dx.doi.org/10.1099/ijs.0.63625-0
http://dx.doi.org/10.1099/ijs.0.63625-0
http://dx.doi.org/10.1039/C4NP00167B
http://dx.doi.org/10.1039/C4NP00167B
http://dx.doi.org/10.1039/C4NP00167B
http://dx.doi.org/10.1039/C4NP00167B
http://dx.doi.org/10.1099/ijs.0.062992-0
http://dx.doi.org/10.1099/ijs.0.062992-0
http://dx.doi.org/10.1099/ijs.0.062992-0
http://dx.doi.org/10.1099/ijs.0.062992-0
http://dx.doi.org/10.1371/journal.pcbi.1005595
http://dx.doi.org/10.1371/journal.pcbi.1005595
http://dx.doi.org/10.1371/journal.pcbi.1005595
http://dx.doi.org/10.1371/journal.pcbi.1005595
http://dx.doi.org/10.1093/nar/gkw1017
http://dx.doi.org/10.1093/nar/gkw1017
http://dx.doi.org/10.1093/nar/gkw1017
http://dx.doi.org/10.1093/nar/gkw1017
http://dx.doi.org/10.1093/nar/gkw1017
http://dx.doi.org/10.1093/nar/gkz310
http://dx.doi.org/10.1093/nar/gkz310
http://dx.doi.org/10.1093/nar/gkz310
http://dx.doi.org/10.1093/nar/gkz310
http://dx.doi.org/10.1038/s41467-019-10210-3
http://dx.doi.org/10.1038/s41467-019-10210-3
http://dx.doi.org/10.1038/s41467-019-10210-3
http://dx.doi.org/10.1046/j.1432-1327.2000.01606.x
http://dx.doi.org/10.1046/j.1432-1327.2000.01606.x
http://dx.doi.org/10.1046/j.1432-1327.2000.01606.x
http://dx.doi.org/10.1046/j.1432-1327.2000.01606.x
http://dx.doi.org/10.1016/j.ymeth.2007.01.006
http://dx.doi.org/10.1016/j.ymeth.2007.01.006
http://dx.doi.org/10.1016/j.ymeth.2007.01.006
http://dx.doi.org/10.1016/j.ymeth.2007.01.006
http://dx.doi.org/10.1016/j.ymeth.2007.01.006
http://dx.doi.org/10.1038/nprot.2007.521
http://dx.doi.org/10.1038/nprot.2007.521
http://dx.doi.org/10.1038/nprot.2007.521
http://dx.doi.org/10.1038/nprot.2007.521
http://dx.doi.org/10.3791/55570
http://dx.doi.org/10.3791/55570
http://dx.doi.org/10.3791/55570
http://dx.doi.org/10.3791/55570
http://dx.doi.org/10.1128/AAC.16.6.710
http://dx.doi.org/10.1128/AAC.16.6.710
http://dx.doi.org/10.1128/AAC.16.6.710
http://dx.doi.org/10.1128/AAC.16.6.710
http://dx.doi.org/10.1128/AAC.47.12.3682-3687.2003
http://dx.doi.org/10.1128/AAC.47.12.3682-3687.2003
http://dx.doi.org/10.1128/AAC.47.12.3682-3687.2003
http://dx.doi.org/10.1128/AAC.47.12.3682-3687.2003
http://dx.doi.org/10.1128/AAC.47.12.3682-3687.2003
http://dx.doi.org/10.1016/j.chembiol.2011.12.018
http://dx.doi.org/10.1016/j.chembiol.2011.12.018
http://dx.doi.org/10.1016/j.chembiol.2011.12.018
http://dx.doi.org/10.1016/j.chembiol.2011.12.018
http://dx.doi.org/10.1016/j.chembiol.2011.12.018
http://dx.doi.org/10.1080/00021369.1963.10858144
http://dx.doi.org/10.1080/00021369.1963.10858144
http://dx.doi.org/10.1080/00021369.1963.10858144
http://dx.doi.org/10.1080/00021369.1963.10858144
http://dx.doi.org/10.1021/ol4034176
http://dx.doi.org/10.1021/ol4034176
http://dx.doi.org/10.1021/ol4034176
http://dx.doi.org/10.1021/ol4034176
http://dx.doi.org/10.1021/bi00844a010
http://dx.doi.org/10.1021/bi00844a010
http://dx.doi.org/10.1021/bi00844a010
http://dx.doi.org/10.1021/bi00844a010
http://dx.doi.org/10.1271/bbb1961.34.1101
http://dx.doi.org/10.1271/bbb1961.34.1101
http://dx.doi.org/10.1271/bbb1961.34.1101
http://dx.doi.org/10.1271/bbb1961.34.1101
http://dx.doi.org/10.1128/mSphere.00030-17
http://dx.doi.org/10.1128/mSphere.00030-17
http://dx.doi.org/10.1128/mSphere.00030-17
http://dx.doi.org/10.1128/mSphere.00030-17
http://dx.doi.org/10.1128/mSphere.00030-17
http://dx.doi.org/10.1021/ja0632862
http://dx.doi.org/10.1021/ja0632862
http://dx.doi.org/10.1021/ja0632862
http://dx.doi.org/10.1021/ja0632862
http://dx.doi.org/10.1021/ja809542r
http://dx.doi.org/10.1021/ja809542r
http://dx.doi.org/10.1021/ja809542r
http://dx.doi.org/10.1021/ja809542r
www.scienceasia.org

ScienceAsia 47 (2021) S1

Appendix A. Supplementary data

Table S1 Assembly details.

Assembly detail

Contigs 52
G+C content 73.31
Plasmids 0
Contig L50 5
Genome length 5823549
Contig N50 350958
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Fig. S1 (a) HPLC chromatogram using UV 210 nm detector of mycelial extract of S. chumphoensis KK1-2" and (b) UV-
visible spectrum of the target compound at the retention time of 19.81 min.
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Fig. S2 'H NMR spectrum (400 MHz, CDCIS) of KK1-2 P1 (piericidin Al).

13C-NMR of KK1-2 P1 (15 mg) 4in CDLC13
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Fig. $3 '*C NMR spectrum (400 MHz, CDCL,) of KK1-2 P1 (piericidin A1).
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Subsystems (subsystem no., gene no.)

M METABOLISM (93, 797)

M PROTEIN PROCESSING (41, 227)

M STRESS RESPONSE, DEFENSE, VIRULENCE (30, 130)

M ENERGY (29, 281)

M DNA PROCESSING (18, 82)

M CELLULAR PROCESSES (13, 80)

B MEMBRANE TRANSPORT (10, 42)

M RNA PROCESSING (9, 39)

M CELL ENVELOPE (8, 18)

M REGULATION AND CELL SIGNALING (8, 59)
MISCELLANEOUS (4, 12)

Fig. S4 An overview of the subsystems, a set of proteins that together implement a specific biological process or
structural complex, of the genome of strain KK1-2T.

KK1-2T

»»»»» Streptomyces durbertensis DSM 1045387
- Streptomyces qinglanensis CGMCC 4.6825"
------- Streptomyces radiopugnans CGMCC 4.35197
----- Streptomyces barkulensis RC 18317
----- Streptomyces taklimakanensis TRM433357
----- Streptomyces megasporusNRRL B-163727
------ Streptomyces xinghaiensisS187"
8 II --------- Streptomyces palmaeJCM 312897
------- Streptomyces sclerotialusNRRL-ISP 52697
------- Streptomyces rimosusATCC 109707
_55{ ------- Streptomyces rimosusNRRL ISP-52607
 nDREREER Streptomyces peucetius NRRL WC-3868"
""""" Streptomyceschrestomyceticus NBRC 134447
w Streptomyces paromomycinus NBRC 154547
- Streptomyces lucensisJCM 44907
T00 Streptomyces griseoflavus JCM 44797
T00 — Streptomyces pilosus JCM4403"
98L_ streptomyces flavoviridis JCM 43727

|
T00]

100

100

100

Fig. S5 The phylogenomic tree of S. chumphonensis KK1-2T and related type strains of the genus Streptomyces available
on the TYGS database. The numbers above branches are GBDP pseudo-bootstrap support values from 100 replications.
The tree was rooted at the midpoint.
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