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B E. AL AWARKE LA AT EMERAERRENAYNRS. LB 8] AEERIKSHY
& B Onchidium sp. KR W & 545 F B Streptomyces ardesiacus SCSIO LO23 A 73t %, &
FE T L RBRMZWEM, AW ENSRIAR KRR LA M RIER, [FE] XA %
AR IZ A MRBEAT L BERACFF AR LB, AR A4 &8 k4 B 452 germicidin 4464,
F AR ki F B X-Ray £ dh T H AR T s eb e 454 % % ; #)8 Mlumina HiSeq * B 478
MREATA KR AN G, 44 antiSMASH #= BLAST & o0k LI E P germicidin £ 44
A Yo IR ) B IE B A A o IR, BT F IR AR — T AT AN AR (4 XR]
N AM3 3EFRE L BTN B LT 6 ANukihlR A4 germicidin A (1). germicidin B (2).
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germicidin D (3). germicidin H (4). isogermicidin A (5)#= isogermicidin B (6), &4 246
stet ) é Y 24T A R ESEAAER . @idxt llumina HiSeq M5 4 RAMZ &F o4, L6FR
FIE, BHE T LS A NS R X KR, FLEE R EM 1-6 69 £ S REZRRATT T

(44 RAFRTHEA T Ak S. ardesiacus SCSIO LO23 kR germicidin KL 6944, A& kS
AAEMEBRILE, FFETZREMGFRAm,

KHEIR: germiciding A MA Ak, IR BESBE; Streptomyces ardesiacus; #i% LW A KL H
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Abstract: Marine epiphytic actinomycetes are potential sources of natural bioactive products with
unique structures. [Objective] To isolate and identify the secondary metabolites of Streptomyces
ardesiacus SCSIO LO23 which was derived from marine Onchidium sp. (Mollusca), and analyze their
biosynthetic gene clusters and biosynthetic pathways. [Methods] A variety of media were used to
optimize the fermentation of the strain. Further large-scale fermentation and extraction were performed
to yield the germicidins. The structures of the germicidins were characterized by spectroscopy and
single-crystal X-Ray diffraction. The whole genome of the strain was sequenced by Illumina HiSeq.
antiSMASH and BLAST were combined for gene function annotation and biosynthetic pathway
analysis of germicidins in the strain. The biosynthetic gene was further verified by heterologous
expression. [Results] Six germicidins were isolated and identified from the fermentation products of
AM3 medium, which were germicidin A (1), germicidin B (2), germicidin D (3), germicidin H (4),
isogermicidin A (5), and isogermicidin B (6). Compounds 2 and 6 showed excitatory effect on zebrafish
neurobehavior at the concentration of 30 umol/L. The biosynthetic gene was verified by bioinformatic
analysis and heterologous expression, and the biosynthetic pathways of compounds 1-6 were deduced.
[Conclusion] The structures, bioactivity, and the biosynthetic genes of germicidins from S. ardesiacus

SCSIO LO23 are clarified, which lays a solid foundation for the study of this type of compounds.

Keywords: germicidin; biosynthesis; type Il polyketide synthase; Streptomyces ardesiacus; marine
epiphytic actinomycetes
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PR EE KRR EE, kIl
SER, BREEFRNINEIERES . . BEEs)
HWWAEN A R B T — RN EAA
) B ZRES R R AL I A - 1, X ek & W)
TEPUMIE . Brae . BUR . SRR . Puad oM
YU BE S 7 101 o g RN AL
MR 17 FEEAEY RN 5+, A 7 F
WA T IR RSB CE
HESh P 43 B AR A ), (H A 5 T 2B ) B % R Ok
DI 22 S FOR I A e, 8k Bk 22 ) T AR 3
A TR A B, (R AT BEn ge A TR R
B, ok e A (AT B Y A i MR G A
FPAI(TTX , ET-743 | bryostatins Z5) g 52prA: 70,

g AL R AR TR W R3S BE AR MR
(Alternaria) . W %5 J& ( Aspergillus) X 5 %5 &
(Penicillium)ELT1H ; B 50 % J& (Pesudomonas) |
IR & (Vibrio) . TERE & (Micrococcus) . 24l
58 J& (Bucillus) F1 51 Bl 15 J& (Alteromonas) >k
TRAN B, DL K 5 25 B 8 (Streptomycetes) F /N LY
I J& (Micromonaspora) I i £k /& %5 , B A 1R
8 FAREEREY . Bhsh . BRI, K
Vkshyy . Woesh . Bk sh . B,
VR IR A G A Wy ] 7 A Z R R T, X L
AP RZIY R EER AP, Sung S
KRR Streptomyces sp. PTY08712 HIAL i
PRI AR AR 3 A BRGSO R 2 AT T
(Bacillus subtilis) . it H 4 PO bR 4 ¥ €0 48 25 2K TR
(methicillin-resistant Staphylococcus aureus ,
MRSA) 1) %5 it 28 fif 4 ¥ granaticin |
granatomycin D Ll )2 dihydrogranaticin B.Charan
AU DACVE A B2 /DN B0 T 43 B B G 24
BRI B8 A 400 8V LA g 3 M R A 1 — 2R
TR diazepinomicin, Che %M\ 45
FERFFAE 2R T Streptomyces sp. CMN-62 H143 B
AT 3 A HAHL HIND Ji 3 NF-«B {5 5 i 18

<l actamicro@im.ac.cn, & 010-64807516

T M 0BT AE PR anthranosides A—-C. 3T
W, AN SEIG E A X TR L AR R T 5
o, RS T — BRI YRR R TE S,
DA Vg i o A ik e TR Streptomyces pratensis
SCSIO LCY05 Fh7 g 3 34> E A 2 2 40 il e 2
i ER (Micrococcus  luteus) 1% £ 09
anthracimycin Z84b& 4™, DR 7 AT W G 12
FERRF A LR T Streptomyces sampsonii SCSIO
054 oy & 2 BAY 2 B 51w 1 P A B A
julichrome Z8fbA41%, DA it B A Tl 26 7
Streptomyces olivaceus SCSIO LO13 Hi4y 3]
borrelidins 25fL &4, e SERE F, ik
NANSZE TR T julichrome Z’MbEWIHAEYI&
A AR

P, FRATTHE R RO VS 1A Sl R B 31 1 Vg
A A Tt e A A M i — 2 R AR
a8 a4 15 3 ik £ S. ardesiacus SCSIO
LO23. fESLHEAN b, FRATIRIZ R i IR X i
RRIEA T R TEOUAL 2030 o R R I A R
By 8158) 6 4~ germicidin ZR1IL&¥), HZEH
i NMR . MS SR80 04 Fil X-ray 558 T 55
W (B 1), FESLIERT b, Z55 L4y . A4
YIME B i 5 R A B An IR i IR 3R 0L,
E T EWHEY G AR, JFXNZRI &
VIR A AR AT T R -

WL

1.1 EMRIE
Bk S. arde siacus SCSIO LO23 705 A Kk

. V5 V8 358 R U8 B R AR 30 ) 4 B (Onchidium
sp.), IZFAAR B ek R B R T A S T
MR SR TS E . TR 25% HHMERFD
FEOREE T 2 B B VR EIF I 9T-80 °C VKAH
1.2 NHBE5AF

Bruker AVANCE 700/175 #5305 4% %
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(A) 0

Germicidin A (1), R,=CH,CH,, R,=CH(CH,)CH,CH,

Germicidin B (2). R,=CH,CH,, R,=CH(CH,),
Germicidin D (3), R,=CH3, R,=CH(CHy,),
Germicidin H (4), R,=CH3, R,=(CH,),CH3
Isogermicidin A (5), R,=CH,CH,, R,=CH,CH(CH,),
Isogermicidin B (6), R, =CH,CH;, R,=(CH,),CH;

B)

1 HEM1-6 HULFEMRAIKEY 2 B RITHEH®B)

Figure 1

Y (Bruker 23 7)) ; Bruker maXis /543 ¥ K17
8] J5 3% {3 (Bruker /3 7)) ; XtaLABPro X-Ray 5.
AT (7 Rigaku); 5 WAH € 3% 1Y Infinity
1260 (ZHEMR D) HR S8 A CREE 4N
UARIRBHE A R D)3 Basic Cg 2l £ (415 41
(10x250 mm, 5 pum) (AL FEEHLERHE A R A
#] ) ; Laborota 4000 efficient Ji¢ % 7% K& X
(Heidolph); MQD-BINR & RIRGHEIRAE (M
AR A RS A); Milli-QIntegral 47K
otk — AL B RE RS (Millipore); ABI Veriti
96 FLEE I AL (ABI, FEHK KR4 H]D: A
PRAT R B 22 45 (Videotrack)

il 25 Bk NG b Em R A A R A
F); HEE. CIROER . A ik S 5 Ak 251 5]
B R el AR ) s AN A R R
BORGNEN « 22 2R R BB () R E IR
ARRAF; WA, S8, RRREESEE A
BHOT AR ) (T R A ERTA
WA, FastPfu fE i BRI T 244
Y ARG RN T] . Ndel. EcoR 1. T4 &%
WA T A Fe A A= AR (A6 ) A PR - 3R] &
T Omega AW AR H . 51 R AL ERAY)
BHEA A RIA R ALY oI5 M 4
BEYRH A PR F 8

The chemical structures of compounds 1-6 (A) and the ORTEP drawings of compound 2 (B).

1.3 1EFEERFH
1.3.1 BTFEFRELEMERNERE

MS }5373E(g/L): BEEM 20, HEERE 20,
BUiE 20, pH 7.2-7.4.

P2 Ki g dh(g/L): Hi%ibE 4 |, BERHRIUN 4,
FAFEORY 10, HEER 30, BlE 20, pH 7.2-7.4,

FHF I G R (AE R 20 LB 53Rk
(g/L): BREMAM 10, EERHERU 5, A L
10, Bflg 20, pH 7.2-7.4,

132 HAFEFERUNRIKERE

AM3 i fRJk(g/L): JER 15, wER 5,
W15, AEFE N 15, HEh 30, BRIRES 5,
pH 7.2-7.4,

RA ¥i3R3t(g/L): #ZWE 10, JEK 20, %%
ZEPRHORY 10, FER 30, EOKKY 5, EZPERE 10,
BRIRES 2, TEEICER 100 pL (FEALEE 40 mg/L, 75
IKGEAT Bk 200 mg/L, — /K&K 4 10 mg/L,
MR 4N 10 mg/L, PU/KEALE 10 mg/L),
pH 7.2-7.4,

AM2AB BiF#3E(g/L): IiEMEER 5, #E
S, ML 30, HANE 20, LKGIRREE 0.5,
WRIRES 2, WERHPEEHOR 2, BERR AR 0.5, 4
B 2, A it 4, pH7.2-7.4,

P4 Ki 35 (g/L): WM 10, A E AN 1,

http://journals.im.ac.cn/actamicrocn



2598

Wu Qiaoling et al. | Acta Microbiologica Sinica, 2022, 62(7)

MERER IO 5, BRI B 1, L/KBIREE 1,
FACEN 1, milREL 2, Eh 30, BRIRYS 2, flE
JUZE 100 uL, pH 7.2-7.4,

PEAN R R 3L (g/L) . L 3EH 30, K&
W15, BERREREOE 2, EOKIE S, Afkan 3, &
IKBRRREE 0.5, 7/KFEAES 0.005, FRARES 3,
pH 7.2-7.4,

HTFHELS. ardesiacus SCSIO LO23 FL[H
ZH 1Y) TSB 557 A (g/L): R IR K R B
Rig# 5 30, pH 7.2-7.4,

TR FREURER LB WK IR (g/L):
JEEE R 10, MEREEEECK 5, Sfkdh 10,
pH 7.2-7.4,

1.4 & S. ardesiacus SCSIO LO23 A
HeYiRE AN A F B

27 Kieser Z 1wk, W B Rk A T4 b
% TSB W iAkssE g7, 5558 36 h e & DR TE
& TSE S PR BE AR 2 U, AV A
AR, HALANBEEE; N A 480 pL proteinase K
(NEB, 234 4 0.4 mg/mL)#1 1.5 mL 20%f¥) SDS,
55 °C KR 4 hy KM -E A5 3 W, i
A4 @i 2 R L A 1/10 R F1H) 3 mol/L
NaAC ISR SN B 7E 1R 5], fff DNA #r
s Pk DNA 220090, A 1 mL 70%[%) £ s
VeV 3 IR LBEHAE )5, WA 2 mL IXTE 1 10 uL
10 mg/mL RNA (29K 524 0.05 mg/mL), i %
Vi, FEAE 37 °C /K3 30 min, FE40FEf RNA;
A 8 uL ZE R K (ZWE R 0.1 mg/mL)Fl
2 uL 10%H9 SDS ¥R (A M E R 0.025%), 50 °C
K 2 hy BB Adifie, 5IF LR
J& A 1/10 AR FRE 11¥% 9 3 mol/L NaAc iR %],
P 2 FAARFRE B8 I JoK 21, PR DI3E ;
FH 70%BEEBE 3 UK, BT 5 s & 1 SR K
2 B ECIRE, WM

v Ffl HiSeq/Novaseq “F- 15 #1 Pacbio ¥ 51

<l actamicro@im.ac.cn, & 010-64807516

FEIFESCE M A BRI g, (A
WA HGAP4 53 Falcon (version 0.3)Ff7 =1
W e £ 2 2, (8 FHER A Pilon X 2H 2 45 S ik —
AR IE, 158 e Ay A ke g5 R . R o
Prodigal (version 3.02, JFA%) X gmhid3L [ yE1 7
i ; 65 F BLAST (version 2.2.31+)%5 by X &5 4
SR PEVEAT EOXT, DA X 00000 75 281 %) 4 B I
PR 2 11 77 20 R A T 2 R D) R T R
1.5 B&E#k S. ardesiacus SCSIO L023 B9
FhisE

FEHLA L ZH DNA HL KA S48 5 , R 16S
RNA JEHE A5 27F (5-AGAGTTTGATCC

TGGCT-CAG-3')/1492R (5'-GCTTACCTTGTTA
CGACTT-3")Hl FastPfu &5 BB A /X 16S

rRNA JEF#17 PCR ¥4 50 pL PCR R hifk
%: 16S rRNA B[54 27F/1492R % 1 uL,
DMSO (- HFEW M) 2.5 uL, Buffer 10 pL,
dNTPs 5 uL, dd H,O 28.5 uL, DNA #iti 1 L,
FastPfu = R 5 G WE 1 pL. PCR 25444 : 98 °C
3min; 98°C45s, 57°C45s, 72 °C 1 min,
32 MEFR; 72 °C 10 min, 4 °C {#ii. PCR =
Yy eh 75 M < R AR RO RS ) [ 2tk
F¥ % A Sanger I e X ) e 5 X0 e 2% SR 30
I PF4%, BLAST PHESS R, Jf# il MEGA
7.0.14 BRI R G IR
1.6 EFEMURMKEER

B 1 om’ BARAL T, 23 AR T3 50 mL
AFEWAER SR (AM3, P4, RA. AM2ab. ¥f
FE)RY 250 mL =AM, 28 °C. 200 r/min 5%
PETFHRIREESE 7 d, T, ML 24 A HPLC
O30T o AT R L AR TE AM3 3558 b ) oF
. s, BB 1 om® FHRE T, BRTS
A 50 mL AM3 Ki#3EH 250 mL =i, F
28 °C.200 r/min [#EIR 5% 2 dME W RN F K.
B K B IR R 226 200 mL AM3 K573k
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) 1000 mL =i, T 28°C. 200 r/min 4%
PR HEIRIESE 7 do
1.7 H“EYHMRISSERE

S. ardesiacus SCSIO LO23 ) AM3 K EF K
(28 L)LA 3 900 r/min (13 B 8.0 LA 43 5 TR A4 R
PRIVRL 5 A1 FET DA T 4 B, BT T T 2 B, HPLC
R PR IZ 8, KM AR, W
I BIENRBRECAEZENT, S0 -H B
(100:0, 98:2, 96:4, 94:6, 92:8, 9:1, 8:2, 7:3,
6:4,5:5,0:100, V/V) BhEEVENIS Fr.A1-Fr.A1l;
HPLC Zr#rin Hinfb G Y& 7E Fr.A3
Fr.A4 R4, A% Fr.A3 Fl Fr.A4, EERHZHT,
k-2 B2 2 HBR(95:5, 9:1, 8:2, 7:3, 64, 55,
3:7, 1.9, VIVEREEVERL, #3534 Fr.B1-Fr.B10;
43 Fr.B2-Fr.B4, HJ& ODS J#H:ZHT,
MeCN-H,0 (2:8-10:0,0-120 min), % Fr.C1-Fr.C7;
Fr. C2 HPLC il &£ /24T, MeCN-H,0 (0.4:9.6)
PRI, ik 2.5 mL/min, 544 3 (t:=13.0 min,
7.0 mg)HI{L S Y 4 (tk=13.7 min, 2.5 mg); Fr.C5
HPLC kil %2 H7, MeCN-H,0 (0.5:9.5, 0—
20 min), N 2.5 mL/min, S2EY 1
(txg=11.2 min, 10.0 mg). fb5 Y 2 (x=11.8 min,
47.1 mg). LAY 5 ((r=14.5 min, 10.9 mg). 1k
& 6 (r=15.4 min, 35.8 mg).
1.8 &R EEMENRK

K FHUE AR R 2 6 A G W AT B0 IS
R MR T80 °C VKA H 14 v i I 1
LB AR 2354k, 37 °C. 200 r/min £&/4F,
FiF% 8-12 h; 7E LB VAR T B0 G )
NI, bR EIERRRIFRAE, N 100 pL 95 i e
R, FCHEIRAARERS; IRl 439
W ERA /N IER g, B 5 pl (10 pg)
DMSO % rfb &9, 284t 1F e
Je B - B 81 B RLAE 37 °C REFRM R 4% 12-16 h,
WEELHN R B

1.9 *EYXNHSAMAEITAZMEIFMR
s

S FH R BE T Sk 51 A A R BE T R
HUD ) AB &R, JAFRTE 26.5 °C [EIRKIF G/
5N 14/10 h JEFFOKFRIE R Ga T, o4l
%2 [F FhriE GB/T 39649-2020 ( s2mshy 52
W el ) U . ZAE)E 4 d (dph), H
R BB Eh 4 B B 96 fLtk. T 96 fL
M H i A B 30 umol/L AL &4, 1Mk
HWES 121L, LEYHPEAR, DL 0.184%
FHBEAE R FIPEXT A, DU R 2R (melatonin, MT)
YEM FEPEXT R . SEI0 LI = FEHFLE 48 h; BEL
AT B R E N 5 min —K, A A
AR B &R 4t (Videotrack) i s A 4 B BE T £
frryis s, P32 0 B 1 ol 2247
R o FHFAEI Y Videotrack BI{ESE N -
K (e, 40; burst, 25; freeze, 4; bin size,
60 s, SEIRTF UG FEE A A B G AET B i
TSRS A AU T L5, ZCd b 3 5 B AR
W fL o
1.10 *EMEMERERNFIREFRIE

T, IRV ST, EFE Nde 1
EcoR 1 #EATHET] . WL gem FiJG 21 %
FAE RS T, T AR RS AR A5 5
it 514 gem—NE-F (5-TTCCCATATGGTGGC

CGCATACCTGTGCGCTC-3") #1  gem—NE-R

(5'-ATATATGAATTCTTACAGCCACTCCCCTT
CCAG-3"), VIE#E S. ardesiacus SCSIO LO23

B BE R 2 AR AR, FastPfu = R ELEE 50 pL 2 b,
K&, #47 PCR 44, Cycle-Pure kit [P 3RS
gem SEH Bt gem R A BN E A BJRiER
% pGEM-Teasy #if, #%{t% DHSa I&ZE,

WA T LB+Amp A b, R 50 UE A Y TR 7
RIS TG R, IR AR 26 R P
F) I B IE 5 B EOCIN Y IE A TR AR I R, FH Nde

http://journals.im.ac.cn/actamicrocn
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I f1 EcoR 1 17§V, 315 gem-NE R Bt; If
fl Nde 1 fl EcoR T %} pPWWS50!"IF1 pL646
(ATE)!' Vg tr b1 TRV , 3545 pPWWSO-NE F Bt
1 pL646 (ATE)-NE F Bt F T4 & 420551 1%
$% gem-NE Bt Hll pPWWS0-NE F Bt . pL646
(ATE)-NE J Bt; $IEHIF 07 WAL 2 E. coli
ET12567/pUZ8002 &322, 4355 Streptomyces
coelicolor MI1152 |
M1154 | lividans TK64 |
Streptomyces SBTS5 . Streptomyces
lividans SBT18 4553k iAT5 LAk T4
¥R, MPAFMHEEG T T PCR Bk, HikiE
WA T H AM3 B3R 3L R BERIIE

2 BEREAW

2.1 TE#k SCSIO LO23 BiEFfh L E
itk SCSIO LO23 KWW d)yMiRE M
W2IK(E 2A), 4d EAHFIR M, MFEKEO

Streptomyces  coelicolor
Streptomyces

lividans

(K 2B). ¥ 16S rRNA K[ 741347 BLAST
SAHTEEXT, AL fe S B ZE SRR Streptomyces
ardesiacus, YEILXHZ T2 A Streptomyces
ardesiacus SCSIO L0O23, it MEGA 7.0.14 %k
4% FH neighbor-joining 1544 22 G iEAL A (4] 3).

2 Streptomyces ardesiacus SCSIO LO23 7E
ISP2 15 5F & F FEIEF AR BEHRRS

Figure 2 The strain status of Streptomyces
ardesiacus SCSIO LO23 in different culture periods
on ISP2 medium. A: strain status on the third day
after inoculation; B: strain status on the sixth day
after inoculation.

gy Streptomyces tricolor NBRC 15461 (AB184687)
99 Streptomyces coelicolor A3(2)(Y00411.1)

30 —— Strepromyces humiferus DSM 43030 (AF303491)

44

| Streptomyces ofivacens NRRI1. 3-3009 (JOFHO1000101})
991 Streptonyces pactum NBRC 13433 (AB184398)
Streptomyces coelicoflavis NBRC 15399 (AB 1846350}

Streptomyees tendae ATCC 19812 (D63873)

—

57 SCS10 LO23 (SRR14189677)
93 Streptomyces ardesiacus NRRL B-1773 (DQ02663 1}

86 Streptomyces violaceorubidus LMG 20319 (A1781374)
Streptontyees variabilis NBRC 12825 (AR 184884)

83

0.002 0

Streptomyees nogalarer JICM 4799 (AB045886)

4‘7 Streptomyces viridochromogenes NBRC 3113 (AB184728)
69 Streptomyces violaceochromogenes NBRC 13100 (A3 184312)

3 ET 16S rRNA EE I Streptomyces ardesiacus SCSIO LO23 B & 4t i3t 1L 14

Figure 3 Construction of the phylogenetic tree of Streptomyces ardesiacus SCSIO LO23 based on 16S
rRNA gene. The sequence number in parentheses represents the sequence ID, the numbers represent the
confidence, and the scale bar represents the base substitution rate.

P4 actamicro@im.ac.cn, & 010-64807516
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22 hEM1-6 EMETE

454 "THNMR, C NMR ., 540983 DL &
X-Ray b7 5 S 80 S e b G ) 1-6 451
HAARBHR T

k&1 AERA. (+) HR-ESI-MS &3
[M+H]' W% (m/z 197.117 3, caled for C;H;;0;
197.117 8), 454 %GB i Hoor 1 X0
C11H 605 @8R 4R : '"H NMR (700 MHz,
CD;0D) 6y.5.95 (s, 1H), 2.37 (q, J=7.4 Hz,
2H), 2.44 (h, J=6.9Hz, 1H), 1.71 (m, 1H),
1.52 (dp, J=14.5, 7.3 Hz, 1H), 1.18 d, J=7.0 Hz,
3H),0.86 (t,J=7.5 Hz,3H); °C NMR (175 MHz,
CD;0D) dc: 168.7 (C, C-2), 168.4 (C, C-6),
167.7 (C, C-4), 105.2 (C, C-3), 100.4 (CH,
C-5), 28.5 (CH,, C-10), 18.3 (CH;, C-12), 17.3
(CH,, C-7), 12.8 (CH;, C-8), 11.9 (CH3, C-11),
A5 SRR i g — =T, kA 1
Y€ N germicidin A,

k&% 2 Lkt dh. (+) HR-ESI-MS 23
[M+H] 1§ (m/z 183.102 0, caled for C;oH;s0;3
183.102 1), %54 'H NMR Fil °C NMR #i & H
53 F 2N CoH 14050 HAZHEEHR T : "H NMR
(700 MHz, CD;OD) 8y 5.97 (s, 1 H), 2.44 (t,
J=7.5Hz, 2H), 1.84(s, 3H), 1.75(m, 2H),
0.97 (t, J=7.4Hz, 3H); "“CNMR (175 MHz,
CD;0D) d¢c. 169.6 (C, C-2), 168.6 (C, C-4),
167.7 (C, C-6), 105.2 (C, C-3), 98.9 (CH, C-5),
33.6 (CH, C-9), 20.4 (CH;, C-10, C-11), 17.3
(CH,, C-7), 12.8 (CH;, C-8). Z%k#E 53k
B EY) germicidin B Bl —=", #ifk
G 2 %€ N germicidin B, X-HL AT 451
mE 2 BRIk Tz GRS . G
2 ARG . SRR R, P2/ SIEE, Ak
F/NA 0.1 mmx0.1 mmx0.1 mm; FEES%L. a=
13.361 2 (2) A, b=16.633 8 (4) A, ¢=9.085 6 (3)
A, a=90.00°, £=95.340(2), y=90.00°, H: 4/

RN V=2 010.49(9) A®, 7=8, it %
1.201 g/em’, Cu-Ko §@5T(0=1.541 84 A); Wtk
SATEE 11 566, IMSIATHECN 3 991; R=
0.121 7, wR,=0.399 4, FbIREIEARATAESIFF i
AFdirhty, CCDC %5k 2 077 103,

k&Y 3 A4, (+) HR-ESI-MS 23
[M+H] & (m/z 169.086 5, caled for CoH;30;3
169.086 5), %54 '"H NMR il °C NMR & H
o3 F N CoH 1,050 HAZREEHE T . "H NMR
(700 MHz, CD;OD) 61:5.79 (s, 1H), 2.72 (t,
J=6.9Hz, 1H), 1.85 (s, 3H), 1.22 (d, J=6.9 Hz,
6H); *C NMR (175 MHz, CD;0D) dc: 169.3 (C,
C-6), 169.1 (C, C-2), 168.9 (C, C-4), 99.1 (C,
C-3),98.9 (CH, C-5),33.6 (CH,C-7),20.4 (CH;,
C-8, C-9), 8.3 (CHs, C-10). VA %53k
RIE LAY surugapyrone A —F 0,

L&Y 4 Ak A, (+) HR-ESI-MS 2
[M+H]" % (m/z 169.086 5, calcd for CoH,30s5
169.086 5), 454 '"H NMR il °C NMR #fi & H
TR CoH 05, HREEEWR . "H NMR
(700 MHz, CD;OD) dy: 5.97 (s, 1H), 2.44 (t,
J=7.5Hz, 2H), 1.84 (s, 3H), 1.75 (m, 2H),
0.97 (t, J=7.4 Hz, 3H); "C NMR (175 MHz,
CD;0D) dc: 169.3 (C, C-1), 169.1 (C, C-4),
164.5 (C, C-6), 101.7 (CH, C-5), 98.6 (C, C-3),
36.1 (CH,, C-7), 21.2 (CH,, C-8), 13.6 (CHj,
C-9), 8.3 (CH;, C-10). LI %# 5 SCHk i
i) germicidin H — %,

& s A@lEfk. (+) HR-ESI-MS £ 3
[M+H]' W% (m/z 197.117 3, caled for C;H;;0;
197.117 8), 454 "H NMR F1 *C NMR # & H4p
TN CH 6050 HEREIEWT . '"H NMR
(700 MHz, CD;OD) dy. 5.98 (s, 1H), 2.39(q.,
J=7.4 Hz, 2H), 2.28 (d, J=7.2 Hz, 2H), 1.99 (m,
1H), 0.91 (d, J=6.7 Hz, 6H); °C NMR (175 MHz,
CD;0D) ¢: 168.7 (C, C-2), 167.6 (C, C-6), 164.2
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(C, C-4), 105.2(C, C-3), 102.2 (CH, C-5),
43.4 (CH2, C-9), 28.1 (CH, C-10), 22.4 (CH;,
C-11, C-12), 17.2 (CH,, C-7), 12.8 (CH3, C-8).
ZALE Y 5 SCERIRIE Y isogermicidin A —#1*!,
k&Y 6 AR, (+) HR-ESI-MS £ B
[M+H] W% (m/z 183.101 6, caled for C;oH;505
183.102 1), %54 "H NMR F1 °C NMR #fi & H
TR N CloH 14050 HAZREEUREAT . "TH NMR
(700 MHz, CD;OD) 6y: 5.98 (s, 1 H), 2.44 (t,
J=7.5Hz, 2H), 2.39 (q, J=7.4 Hz, 2H), 1.67 (m,
J=7.4Hz, 2H), 1.03 (t, J=7.4Hz, 3H)0.97 (t,
J=7.4 Hz, 3H); C NMR (175 MHz, CD;0D) ¢

F 1 . ardesiacus SCSIO LO23 R EFHE N FIER

c: 168.7 (C, C-2), 167.8 (C, C-6), 164.8 (C,
C-4), 105.1 (C, C-3), 101.3 (CH, C-5), 36.2
(CH,, C-9), 21.3 (CH,, C-10), 17.2 (CH,, C-7),
13.6 (CH;, C-11), 12.8 (CHs, C-8). LA F¥UiR
5 SCHRIR B ) isogermicidin B —&(1?2,
2.3 S. ardesiacus SCSIO LO23 F k&%)
1-6 £ MEREEKRWENMS D

$5 S. ardesiacus SCSIO LO23 A4 FE N 40
A FAE % antiSMASH P3G R4 720 b, Hi4e 5k
R4 SR 8 309 129 bp, —IL54 27 MEY)
ARG 1), Hr, JEHE 4 gap 101 1
RMKEY, ZEHFEMN T AR DNA

Table 1 Distribution of gene clusters in S. ardesiacus SCSIO LO23

orf From To Type Similar cluster Similarity/%

1 78157 132 435  Heterocyst glycolipid synthase-like PKS

2 445085 466212 Indole cluster 5-isoprenylindole-3-carboxylate 28
B-D-glycosyl ester

3 515851 536059 Terpene Carotenoid 18

4 668224 708430 Type III PKS Germicidin 100

5 933061 974185 Type Il PKS Herboxidiene 8

6 1672228 1682626 Ectoine cluster Ectoine 100

7 2622463 2633 056 Melanin cluster Melanin 60

8 2716720 2727 612 Siderophore cluster Desferrioxamine B/Desferrioxamine E 83

9 4973687 4993 664 RRE-clement containing cluster Thiotetroamide 11

10 5124486 5144216 Terpene Albaflavenone 100

11 5202392 5274928 Type Il PKS Spore pigment 66

12 5387082 5398 047 Butyrolactone cluster

13 5834698 5846021 Siderophore cluster

14 5917 636 5964 553 TypeI PKS (Polyketide synthase)/NRPS-like fragment Undecylprodigiosin 100

15 6037920 6 064 373 Lanthipeptide cluster

16 6158492 6 182997 Terpene Isorenieratene 100

17 6331057 6404 870 Non-ribosomal peptide synthetase Ashimides 100

cluster/bacteriocin or other unspecified

ribosomally synthesized and post-translationally
modified peptide product (RiPP) cluster/terpene

18 6471200 6498 966 Betalactone containing protease inhibitor

19 6588903 6602 166 Siderophore cluster

20 7116 701 7 139 469 Class IlI lanthipeptide clusters like labyrinthopeptin

21 7204945 7230 742 Terpene
22 7281314 7301 739 Phenazine cluster

23 7342 747 7444 829 Non-ribosomal peptide synthetase cluster

24 7448 333 7473 859 Terpene

25 7809 085 7819300 Ribosomally synthesised and post-translationally
modified peptide product (RiPP) cluster

26 8065712 8116 799 Non-ribosomal peptide synthetase cluster

27 8189672 8211 557 Thioamitide RiPPs as found in JOBF01000011

Hormaomycin/hormaomycin A1/ 13
hormaomycin A2/hormaomycin
A3/hormaomycin A4/ hormaomycin

AS/hormaomycin A6

Sap B 100
Hopene 100
Coelibactin 90
Isorenieratene 100
Informatipeptin 42
Coelichelin 100
BE-14106 7

<l actamicro@im.ac.cn, & 010-64807516
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668 224-708 430 bp &, K/NHK 40.2 kb, I
e TIT 8 SR il 5 B AL S TR orf 644 (FRATTHS
HAw4 N gem) 5 SCHRIGERY Streptomyces coelicolor
A3(2)H germicidin A=¥)5 B SCO7221 (Ges) FEH
(RZIRF4 . NC_003888.3)2 A {LIEE N 91.327%.
K, FAHEMAE S, ardesiacus SCSIO LO23
o, R gem (orf 644) 4% 5 Y K A A 57
germicidin ZELE YA B A 13— RS FR
TR HEDN , Fef1@id MEGA 7.0.14 #f4%H
neighbor-joining A4 2 gem ZitSHE H 1 R Gk
TER (K 4).
24 EA gem FIEFTIEEE

N T E LN gem HITNRE, FATHY
Hape i RIan A RE T #dk, WFIE#)E
PR, FH Nde 1 Fl EcoR 1 EATHEY], 3515
gem-NE Jr B3 il 5%k pPWWS50-NE J Bt Al
pPL646(ATE)-NE 1 Beif 4734 4% , &4
AL % E. coli ET12567/pUZ8002 JE&32 755 435
5 8. coelicolor M1152 . S. coelicolor M1154 ., S.
lividans TK64 . S. lividans SBT5. S. lividans
SBT18 SE iR ik Rk T8 A KB . Xt
AR S T T PCR BAEM & B2, HPLC ¥

W % 8L S. lividans TK64 F1 S. lividans SBT18 5¢
U5 2% 35 1E 3 T A T 4 B v oRT DA I 31
germicidin 281k A W 58 A ISR B 1 [R] — 2
(P 5), Halat LC-MS 43#r (K 6) & 31
HAFE5ARRESER germicidin 28465
Wr—%, Mt — 2 iEB KN gem 2 S.
ardesiacus SCSIO LO23 H1 41 57 germicidin 251k
GV B I
2.5 S. ardesiacus SCSIO LO23 H{L &%)
1-6 £MERMIEESF

G54 SCHR B S IR Rk gl U520 ef]
M S. ardesiacus SCSIO LO23 HF1LA4) 1-6 1)
A= R TR AR P DT R 5 Tl AR [N gem St Y
1T 7R SR 5 W 0 o7, NRIWTAR G EA germicidin
SR R AR AR 7 0 5 A LR PR S .
ik A B DR 2 P Bl 0 2, B S. ardesiacus
SCSIO LO23 J [R 4 4y A G A < B8 43 g
U 5 B R (% 2), 157 germicidin 8L 5910
FRE Wi 5 15 B b B Y& BTE gem dtt
1) type I ZRHRA BEAEIL T 47T WAL SRR
[T AcpPg, 7E AcpSs, HEAL N M B B2 12 T 5
HOWEME R apo ERIEL N holo B,

93 — Germicidin synthase Streptomyces sp. 3112.2 (AOAZN3IXNQ3)

em (orfo44) (MZ826698)

100

Germicidin synthase Streptomyces sp. 2231.1 (AOATHSI7B0)
Germicidin synthase Strepromvees sp. PanSC9 (AOA3INI117.C3)
Germicidin synthase Strepromyces sp. BK141 (AOA4ARTGSMO)
Germicidin synthase Streptomyces sp. BK308 (A0A4V2UOFQ)
Germicidin synthase Streptomyces sp. BK161 { ADA4R7I8F3)
Germicidinsynihase Streptomyces sp. SLBN-115 (A0A542GCFS)

Germicidin synthase Strepfomyees sp. 2221.1 (AOASLE0GQYS8)

Putative polyketide synthase Streptomycescoelicolor (strain ATCC BAA-471/A3(2) M145) (Q9K464)
—Putative germicidin synthasc Strepromyeesscabiei (strain 87.22) (C92G16)

100 —— Germicidin synthase Strepromyees sp. BK2035 (AOA4R3BEZ6)

Germicidin synthase Streptomyces sp. Agl09 05-10 (AOATHSPTH7)
100 Germicidin synthase Streptomyces sp. BK329 (AUA4R3BWAD)
99 Germicidin synthase Strepiomyees sp. BK674 (A0A4R3DXX3)
—
0.020

4 gem WwWIZEHB RS LK

Figure 4 Phylogenetic tree of protein encoded by gem gene. The sequence number in parentheses represents
the sequence ID, the numbers represent the confidence, and the scale bar represents the base substitution rate.
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3.4 2,6 1,5
450 : ; + i) SBT18-pL646-gem
450 : P i) TK64-pL646-gem
450 : i) SBT18-pL646-gem

= 450 : N Fiv) TK64-pPWWS0-genm

£ : : Y :

\% 0 ’%"""'— : '

< : i '

0 : ; :
450 : : i vi) SBTI8-CK

0 : i - AN
450 i ; 4 b vii) TK64-CK

0 ANV ANE N ;

o0
O
—_
=]
—_—
J—

12

._.
w
—
S
—
W

t/min

5 gem 1E S. lividans TK64 0 8. lividans SBT18 Hh RiRRIEHI R EELE R 047

Figure 5 Fermentation results of heterologous expression of gem in S. lividans TK64 and S. lividans SBT18.
1): fermentation result obtained by ligating gene gem with pL646(ATE) vector, and then conjugating and
transferring with S. lividans SBT18. ii): fermentation result obtained by ligating gene gem with pL646(ATE)
vector, and then conjugating and transferring with S. lividans TK64. iii): fermentation result obtained by
ligating gene gem with pPWWS50 vector, and then conjugating and transferring with S. lividans SBT18. iv):
fermentation result obtained by ligating gene gem with pPWWS50 vector, and then conjugating and
transferring with S. lividans TK64. v): fermentation results of S. ardesiacus SCSIO LO23 wild-type strain.
vi): fermentation results of S. /ividans SBT18 blank strain. vii): fermentation results of S. /ividans TK64
blank strain.

C ——— | Wal_SBTI8-PL646-ORF644-8 pos 71_01_11021.d: UV, 287 nm

I 4

400 |- [M+H]"169.086 5 [M+H]"197.117 8

20 22
t/min

El 6 SBT18-PL646(ATE)-gem B LC-MS &R 547
Figure 6 Analysis of LC-MS results of SBT18-PL646(ATE)-gem.

FabDy, F) I 78 —BE&HE A % holo-ACP #E4k 2y 5% 1 ZEHIME A R T SEATBE A 55) 55 N Bt ACP
N Tk ACP, FabH., M5 HEAL AR o kimg 40 BB BIR B-BRBE ACP AE i ih #ot ,
AN 2-F LT LA A 3-H L T AR A T A FHRRIK 19 % B 4% 19 methylmalonyl-CoA
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o}, ethylmalonyl-CoA fENIEMEIC, FE)F,
1E gem Zmf% Ay TI1 289 3R R 5 WAL 3 5 ve
KRGS A N L IE L germicidin ZR1L & W)
(Bl 7)o
2.6 L&MW 1-6 BUHNEFMHENIK

FHNEAC 75, BEHL 7 AR 2 CPRYES s
T[4 25 (035 B BRI (Staphylococcus aureus ATCC
29213) ., 485 (04 A BRI (Staphylococcus  aureus
Sau 1862) . 7 = & #F il ¥ B (Bacillus
thuringiensis) . %% 5% BR B (Enterococcus faecalis
ATCC 29212) . Tt H %8 75 K 4 ¥5 £ % 28 K 74
(methicillin-resistant ~ Staphylococcus
MRSA) ., B HERE (Micrococcus luteus) . Hi%E
ZEAUAT I (Bacillus subtilis)| 1 7 FRIE = FCRAIE
(125 KRIGFT i (Escherichia coli). KIGHTHi(E.
coli ATCC 25922) ., ilik v f&{A(Klebsiella pneumoniae
ATCC 13883) . Z i il % 1 51 Jfd 147 (Pseudomonas
aeruginosa pae 1873, MRPA). ¥ i3k (Vibrio

aureus

alginolyticus XSBZ14) , 15 NS (Acinetobacter
baumannii ADR-2) @@%K@H(Acinetobacter
baumannii ATCC 19606)|XHL&¥) 1-6 VAT
P I, R I AEAS YOI K BE (10 g/ )
T, ALEY 1-6 X L5 J B 3 O
277 WEYXHD & MZIT AN

PEH germicidin A (1), germicidin B (2).
isogermicidin B (6)/ H ¥ it fm Il ik Ak & W0 (e
30 pmol/L ¥R J& T X B £t pf 2247 4 A 52 o B
PEXT HEZ5 (B2 25, melatonin, MT)JE F 5| ey
ARG, HAL #4028 N-C Bt k-5 LA
W, HEMJE, SEFEMRIRN, hgs
DA SR AR AR o e, e W B AT
BB, RSz ], e b U
BRI, 25 R germicidin A (DFESZIRIRE T,
Xt BE L A 24 G, T germicidin B (2)
Fl isogermicidin B (6)X} BE & A #2847 A B 3%
A2 A E I (8 8).

F 2 S.ardesiacus SCSIO LO23 HE S AERAAER SR RYHE S EE TR
Table 2 The partial fatty acid synthases gene in S. ardesiacus SCSIO LO23

Name From To Presumed gene

Homologous protein

Sequence ID Similarity/%

function
acpPg,; 2269 739 2269 987 Fatty acid Acyl carrier protein WP_102930822.1 100.00
biosynthetic [Streptomyces diastaticus]
process
acpPgr 5932021 5932266 Fatty acid Acyl carrier protein [S. WP 102931542.1 100.00
biosynthetic diastaticus]
process
acpPg,; 8018 488 8018 766 Fatty acid Acyl carrier protein WP _061440638.1 92.39
biosynthetic [Streptomyces sp.
process CCM_MD2014]
acpSs, 4644 016 4 644 387 Holo-acyl-carrier =~ Holo-ACP synthase WP_102929651.1 100.00
protein synthase [Streptomyces diastaticus]
fabDs, 2267 662 2268 588 Transferase ACP S-malonyltransferase WP_102930824.1 99.03
activity [S. diastaticus]
fabHg, 2 268 605 2269 636 Catalytic activity ~ Ketoacyl-ACP synthase II. WP_108986866.1 99.42
[Streptomyces
coelicoflavus]
fabHg,, 5932 654 5933 646 Catalytic activity ~ Ketoacyl-ACP synthase Il  WP_102931543.1 99.70
[S. diastaticus]
fabHg,; 6 967 640 6 968 590 Catalytic activity ~ Ketoacyl-ACP synthase IIl. ' WP_102929664.1 100.00

[S. diastaticus]

http://journals.im.ac.cn/actamicrocn
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O O

HOJ\/KS’C oA

Malonyl-CoA

R=R,=H R,=CH,
R=R=CH, R=H
R=CH, R,=R,=H
R=R,-CH, R,-H

Isobutyryl-CoA
2-methylbutyryl-CoA
Butyryl-CoA
3-methylbutyryl-CoA

R, O
R, S,COA

4

C SSB
AcpP,, p P HS-AcpP, N HOJ\/U\ S

apo-ACP Holo- ACPa Fab D,

R, O | R, Gem
R, ~"“0H Ri
R,

Germicidin D(3)
Germicidin B(2)
Germicidin A(1)
Germicidin H(4)
Isogermicidin B(6)
Isogermicidin A(S)

RRAERPR
L e { [

Malonyl-ACP

R, OH OH O
Xy

Gem 3
AP = r A et
R
R YR

FabH_ CP

Ho)ﬁ/&S’COA
Gem

Methy]malonyl CoA

Ri CH3 Ethylmalonyl-CoA

R. O 0 O

7 8. ardesiacus SCSIO LO23 L&) 1-6 FIE Y S HIEE
Figure 7 Proposed biosynthetic pathway of compounds 1-6 in S. ardesiacus SCSIO LO23.

3 WwE5E®

FBACBYIRIEFANGE . B A
WY, JRT oMM S0 — 5 o oMt e il
JE—FISTCIRR AR, fEANTE . Y. R
A TAE A, BA KRS EEDN
PESR, TR R G R A A R Rk, ARt
1% B & (pheromones)fE N 17 2 B EAL5H)
H-Z 5 A Yy B S5 2 R 6] 2880 1) A= ) s i
WA, HATZEYEEP T, Germicidin A
B8 — A O R A T R A6 i B R Y
A HoE i A |- A9 Ca® -ATPase # .
VE PR 2 0%, DT 52 M 6~ 7R I 2 1) P 1

Germicidin
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FI, BA T A W] R E 228 K R fE T,
Hor germicidin A ZEARVEE T Al i b A il B £
%@?E‘J%Zi, T AE e VA B2 B T ) Na' /KW
F iR T - TR Tl (AT Pase) AU & P, DATTT 1E 22 0T 4
B & 3 #2017 Germicidin B 1 isogermicidin A
Xt & B 1T (hexokinase 1) HAG i 25 #0116
P, ICso 435~ 7.11 mmol/L F11 8.45 mmol/L,
AT 00 T 9 200 B ) 38 5, XN R AE R T e 1
T — A W s a5 m B g Ak,
A Y
DPPH H L3 brid M, AT /EN— R DPPH
A 3 R
AR ES GRS AL, DO B A ik

germicidin D (surugapyrone A) H
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Chemical compound 1-30 pmol/L
Germicidin A (1) Positive control (Melatonin, MT)-20 umol/L
r — Negative control (MeOH)-0.184%

Waking
O = N W ks YN 0 O

I e e S e aa A AT DA T o
t/h
0 Germicidin B (2) Chemical compound 2-30 umol/L.
——————— Positive control (Melatonin, MT)-20 pmol/L

Negative control (MeOH)-0.184%

DA\ —AD —AD D D = AD D D —\D — D D D — D D —AD = AD —AD —AD —\D —
— IR IO O T=0000 N T O S —— AT NGO D00 N T
= — it Sl

t/h
- Chemical d 6-30 /L
12 Isogermicidin B (6) emical compoun Hmo
Positive control (Melatonin, MT)-20 pmol/L
0. v ———— Negative control (MeOH)-0.184%

O 0 0 — 0 — 0 — 0 =0 0 — 0 0 — 0 — 0 — 0 — 0 — 0 — O —\O —\O —\O —\O —
—— NN A F NN OO0 R NN D — — NN N At F LN UAO O =000 NRND
et e e et e ot Y et Y e Yo e e e e e et e el e (]

t/h

8 8. ardesiacus SCSIO LO23 R EHIX B S & HZ1T A BIF21T

Figure 8 Effects of compounds on zebrafish neurobehavior in S. ardesiacus SCSIO LO23. The blue line is
the experimental data of methanol, the orange line is the experimental data of the compound, and the green
line is the experimental data of the positive control; white and black color block represent the light &
darkness respectively.
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2 S. ardesiacus SCSIO LO23 ) Ay~ Yy 4y
Ei153 6 1~ germicidin 28 &9, Hih germicidin
B (2)Fll isogermicidin B (6) 7 30 umol/L ¥ T
XPE AT A i R AR . a4
L DR I e A0 A A 828 T B Lk AT 4 #
DL SGE o SR RN B UE R I, KL gem S TR
t germicidin RALEY) FE A Y E LR,
55 S TIEA Y 1-6 MAEY & LR .
ARSI T germicidin 2246-G ¥ 5% JL A
FZENG PR G 2L R A S SE it T A KR 22 A
FHEY RN BT, FE RGBS ™ ) i) Bk R 42
PRAL T B AR R
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