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Abstract: [Background] Secondary metabolites from mangrove actinomycetes are an important source
for the discovery of small molecule drugs. [Objective] To isolate and identify the antibacterial secondary
metabolites from mangrove actinomycetes. [Methods] The mangrove actinomycete strains were separated
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and purified using dilution plate method, and antibacterial activity of the strains were assayed by agar
block and filter disk methods. The 16S rRNA gene sequence of an actinomycete strain was used for
species analysis and construction of the phylogenetic tree. The fermentation broth of the actinomycete
strain was analyzed by high performance liquid chromatography (HPLC), and the antibacterial compounds
were purified by silica gel column chromatography and HPLC combining with activity-tracking method.
The structures of the antibacterial compounds were elucidated by high resolution electrospray ionization
mass spectroscopy (HR-ESI-MS) and nuclear magnetic resonance (NMR). [Results] An actinomycetes
strain ZFSM1-146 with strong antibacterial activity was obtained from mangrove soil. Species and
phylogenetic tree analysis showed that the strain belongs to Streptomyces antibioticus. Strain ZFSM1-146
could produce antibacterial compounds 1-3, which were identified as actinomycin Xog, X, and D,
respectively. After preliminary medium optimization, the yield of actinomycin X,, which showed the
strongest antibacterial activity among the 3 compounds, was almost twice as the original yield.
[Conclusion] S. antibioticus ZFSM1-146 was obtained from mangrove soil and could produce
antibacterial compound actinomycins. This study provided a valuable strain for improving the yield of

actinomycins as well as producing new analogs through genetic manipulation.

Keywords: mangrove, Streptomyces antibioticus, antibacterial compounds, actinomycins
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A 5T DAL AR 4 38 v i 3 HH — RRBT BR E E
AR, @it 16S rRNA L ¥4 % H A
FBWENRZE T W, e 50 A w

MRS R . A IEB R, e IR
WA TR P BT 5 e 2ok Jo i A% AR dp 3%
FBe, S MPIEIEEY BRI S5 AR it
FGYEYI B AE T R R B, e SR AL &
Prag s 4R T RTREAV R AR BT IR, A e SeA Ak
GYRRI R I KA T B, R T
LR LR W IR, B2 R R R
PRI
1 RS Tk
1.1 w8
111 IRk EIEHSR

CIMIAR L IEAE SR AR B AR TRIITT 204 R
H SR IX (22°3121N, 114°1'54"E),,
112 #ikE

Bacillus subtilis 168 . Staphylococcus aureus
ATCC 25923, Escherichia coli ATCC 25922 3] A<
LG ZE A7 ; Methicillin Resistant Staphylococcus
aureus (MRSA) ATCC 43300 Hi g 5t 4l R i
IR ST T RRESY =
113 EFHE

FR— SRR AT ETER 20.00 g,
K;HPO, 0.50 g, FeSO, 0.01 g, MgSO, 0.50 g,
KNOs; 1.00 g, NaCl 0.50 g, ¥ifi§ 20.00 g, 7&K
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ERZE 1L, pH 7.3, FTHEER k.

R5 RigEdk. JEpE 103.00 g, K;SO, 0.25 g,
MgCl-6H,0 10.12 g, #j%j#k 10.00 g, M2
R 0.10 g, EICRHEW 2 mL (400 pL/L
W), WetEky 5.00g, TES Buffer5.73 g, ZERKE
KE 1 L, KEEHI KHPO, (0.5%) 10 mL,
CaCl, (5 mol/L) 4 mL, L-Proline (20%) 15 mL,
NaOH (1 mol/L) 7 mL. FHFTRERRRI TR M L

ISP4 HigRdk. WEEHEREM 10.0 g, KHPO,
1.0g, MgSO,1.0g, NaCl1.0g, (NH,),S0,2.04,
CaC032.0 g, MEHMA: FeSO47H,0 1.0 g/30 mL
(54.9 uL), MnCl, 1.0 g/50 mL (196.25 uL), ZnSO,
1.0 g/50 mL (2225 uL), ZEEKEHRZE 1L, AT
LR BRI R B R T

LB }%5:3: NaCl 10.0 g, fEkky 5.0 g, i
HHAM10.0g, ERKEFZELL, HTHAER
LB

MH 7857725 . FREL21.0 g MH R 1573
MART 1LKPEfR. ATEhsY MICE.

TSBHEFEH:: FRE30.0 g TSBIEFHIM R T 1L
KPR TR IR A AR IO R 4 DNA,

M I 553856, BEEERY 20.0 g, KH,PO, 1.5 g,
MgSO,7H,0 059, ZEIM/KEARZE 1L, pH8.0,

MIIE5 335, KEH 20.0 g, KH,PO, 1.5 g,
MgSO,7H,0 059, ZEIM/KEXRZE 1L, pH8.0,

MITDEEFREE: AT METER: 2259, FER# 5.0,
KH,PO, 1.5 g, MgSO47H,0 0.5 g, ZEIMKERE
1L, pH8.0,

MIVE;FR3E. #i%pE 225 g, BEEEH 5.0 g,
KH,PO, 1.5 g, MgSO,7H,0 059, ZEIBKERZR
1L, pH8.0,

M T -MIVEEFER R Ttk w2 - i

JiT A 5 37 5645 1x10° Pa K4 20 min,,

114 FERFIFME

OPMTAE R . Al LR OB . A il R
e SEA HLIR, i m g h 2R A PR A A
iR F I, TEDIA 2AH]

Yip DNA $REGLH &, AL EWRHL (i)
ABRAT; DNA S R &, Jbat Rk
EVHARBRRAH,

fER IR, g — R B A
Al BEEEZERAN, L MNER A RA R mAL
WAL, BEAF; BETIES, RN
AL S A RA R R R K E S, R
HIZRIFARIR) s RIS RA . LI R A
WA BRZA ]

1.2 Ak
121 AWM ETIEREZENS S

KRR RERA AR . FRECS g AT 45 mL
TCHEK AR, 28°C. 225 r/min #L AR 45 min,
BUZCHE Sy 107 g/mb; WZHC 0.5 mL +HHERR =
45 mL K, #LLHHETT 10 £5 LA AR R
il LMzl 1072, 107°, 107, 107° g/mL, £5HX
0.2 mL 2 5%A FER— SR L, BiE
IRIGIRM 28 °C 1535 7 d, BAWMBEM 3 A E
2o PR IR TR RS i R S Al e B R
BRI e [ — 5 R SR 3 N 35 A5 40 50 mg/L
HIRTRE), 5 FPRBCR R A T R — 5 ks
FiEE, 7d RN T
122 FEMMEETGEEiF

Z MRk T P R T i, B R R 2 5 R
28T RS Ml ISP4 [ &K 7% 3 |, 28 °C 557 7 d,
A BA—)2 % 1%358 H5 F8 /R 1R (B. subtilis
168 F1 S. aureus ATCC 25923)f# LB }5: 4L, 12 h
Je WA IE . K 40 pl P RRFE T HE R 204 40 mL
RS BAKREFEHEAY 250 mL FEHfi 7, 28 °C. 225 r/min
HiFR3d, 4% 10%0 43 %45 2 50 mL R5 F1 1SP4
(% S%PHR) AR FEE, T 28 °C. 225 r/min &4
I%, BT 3NERE, 7 dJE, ¥ RS IR
KA L1 (BBH)IIMA R OBEAEE, FE&
WERL 78 RAUE EZE T, % 800 uL FIEE, 15%|R5
FLEEY; 12 d 5, WdE ISPA AR RS 35 0 & e ik v
AORENS, VEISERT, FH4mL WER A, Hig
ZWERL 2R RO EZE T /57T 800 uL A, 33|
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ISP4 FLHW; AL UELC M 3 RINEE 10 pL
R5 Fl ISP4 ML T EHAZ K 6 mm ML UELtH
b, BT T B. subtilis 168 1 S. aureus ATCC
25923 () LB -t b, 12 h Jo W25 R, A}
DA FH g ) % TR
123 EMEE

Uk ZFSM1-146 BY9EF 3 pL #RP T3 3 mL
TSB MAASEFR I LI T, 28 °C. 225 r/min 35
7% 3 .d, 40 DNA {RBURF] &L RN 4
DNA. DUEBURIERZH DNA M, FFHP 140
A 16S rRNA JE[H 38 5 [ 91%F 27F (5'-AGAGTTT
GATCCTGGCTCAG-3")fil 1492R (5'-TACGGCTAC
CTTGTTACGACTT-3)"3 47 PCR #3147 i .
PCR WA Z (50 uL): 2xPrime STAR Mix 25 pL,
27F (10 umol/L) 2 pL, 1492R (10 pmol/L) 2 pL,
MR He JF (150 ng/uL) 2 pL, DMSO 25 L,
ddH,0 16.5 pL. PCR JZJi4fF: 95 °C 5 min;
98 °C 1 min; 98°C 10s, 60 °C 5 s (fFMEH %
1°C), 72°C 1 min40s, 10 /MfE¥f; 98 °C 10 s,
50 °C 5's, 72 °C 1 min 40 s, 30 ME¥; 72 °C
10 min, ) BN BEEE AL FEL UK T DNA B [ml il
R &gtk PCR ™ Wy)5, 238 FH (ZB)ED A Fl
MY .

Wik ZFSM1-146 1Y 16S rRNA LR 4
| NCBI M3 17 BLAST Hexl, F4RARRIMT 1
¥k, 1 MEGA 5.0 f#) ClustalW Mutiple Alignment
Xop o SR rh— B Y 16S rRNA EL[K R4 Fl ZFSM1-
146 Jy9iEAT 2 e 8 ekt , SR Neighbor-Joining #2:
WERRG LB, BELKERRE1 000K, fif
SRR EI(E 50%), [R]EFLA Micromonospora inyonensis
DSM 46123 fERAM2, iE— i itk ZFSM1-146
HOHEMIEE LR
124 AEFHRIRES BENEEEYREHHE

AR ZFSM1-146 1 40 pL #7317 40 mL
RS AT #2561 250 mL )i, 28 °C. 225 r/min
W% 3 d, HL40 mL FhFife 4 2 75 400 mL R5
WARKE AL L LEEH, T 28°C. 225 r/min &

B 7d, LR 10 Lo REFRH SRR R O
W3 WIREIFAEBOK, 78T 5 REAHLEEY L
TR T I S R e R A R M €80 R A
O3S B A3 gy ) TR AR R R I T T
o RIEHIEY S840 R H HPLC 536
e Hinfk G5, AR HPLC 4ifk Hin
HEY .

HPLC kil 5514 : Widh#H: MeOH-H,0; il
#: . Fisher Wharton Xbrige-C18, 5 um, 4.6 mmx
250 mm; . 1 mL/min, AIUALY . 0-30 min,
20%-100% MeOH; 30-35 min, 100% MeOH. #f
8T Y HPLC Ry A B R — 2

HPLC Ziifb &1 WahtH: MeOH-H,O; (4
7%4: . SHIMADZU Shim-Pack GIS-C18, 10 pm,
10 mmx250 mm; HiE: 4 mL/min. KL
0—-35 min, 75% MeOH,
125 MEFEMYREWETE

Wil HPLC 4ifk, 38bAY 1-3 s,
SHbE Y 1-3 #:47 HR-ESI-MS #:0, #i5E 4> 1
i8S G 1-3 HmRE ARG,
I NMR BORK LG 1-3 B3 Ik
1.2.6 MEFEEMRE/NIERENE

2 WAL G I R A 1 7 Bk DOV A T AR A B o
W, W& 1-3 0 &/Nlw ik 5
(Minimum Inhibitory Concentration, MIC). k&
Y 1-3 1 DMSO #fi#, FCiil Bk ; B. subtilis
168. S. aureus ATCC 25923 Fll MRSA ATCC 43300
A, RE AR 1.6,
08. 04, 02, 01, 005, 0.025. 0.012 5.
0.006. 0.003. 0.001 5. 0.000 75 umol/L, E. coli
ATCC 25922 T BT, 1B 2P LR FE R
Jy 160, 80, 40, 20, 10. 5. 2.5, 1.25. 0.625.
0.3125, 0.16, 0.08 umol/L.
127 WEEZRF=MHK

FH M I-MIVE; F R TURAL R R Xop.
Xo B D 7L, KIS B M $E B 15 ) R
R5 577 B RN R T 5 7 WP U 7
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2 HRE4W
21 AWM TIEREEN S B RIEMEIFIE

STIRUN I ANERRE R S VAR i N wk B R
| 350 MRAKER A o 43 8 AT T S i i B iR pak
W, AR 22 BRI 5I4E RS Fi ISP4
SEAR X B. subtilis 168 Fl1 S. aureus ATCC 25923
HOAT TR 5 A0 07 A5 3 ) O B R AR
B, AR BN 1L MR R R5 5% ISP4 & T H
L%} B. subtilis 168 F1 S. aureus ATCC 25923 4
MG PEGR 1), EkE ZFSM1-146 & B =4y r i
PTG PRI, R IR A, R IOZ B R i
— W5
22 EMEERRAFLZEMBIGE

Wbk ZFSM1-146 1y 16S rRNA FE[H JF51 2
BLAST [bX}, Z5REIIEEZFSM1-146 558 # &
(Streptomyces) Y I A& H A # m i AL .
MEGA 5.0, ¥ Hitk ZFSM1-146 1) 16S rRNA JL[H
J7 370 5 AFRL A AT 1) S [i) i 5 A A K 16S rRNA L
K %41 5% 41 Neighbor-Joining ¥t R4 K EHT,
SELLKE 1, Wik ZFSM1-146 5 Streptomyces
antibioticus NRRL B-1701 7£[f]—~~433Z, Bootstrap
{EIKE] 100%, HIMIPEHR 100%. ATRIEE ik
ZFSM1-146 J& THE&G B P AERE R . F Ak

x1 SN RS0 1SP4 ZEZFEIRMIE B. subtilis 168
1 S. aureus ATCC 25923 BRI & B B 1%
Table 1 The inhibition zone diameter of R5 and ISP4
fermentation crude extracts against B. subtilis 168 and S.
aureus ATCC 25923 was detected by re-screening
No. R5 inhibition zone ISP4 inhibition zone
diameter (cm) diameter (cm)
B. subtilis S. aureus B. subtilis  S. aureus

168 ATCC 25923 168 ATCC 25923
ZFSF12-2 1.0 0.8 0.0 0.0
ZFSF21-28 0.0 0.0 2.0 1.8
ZFSM1-4 25 1.5 24 1.8
ZFSM1-29 2.0 2.0 2.0 1.6
ZFSM1-88 1.8 1.4 0.0 0.0
ZFSM1-92 1.6 2.0 1.8 1.8
ZFSM1-96 2.5 15 24 1.8
ZFSM1-129 2.5 1.5 24 1.8
ZFSM1-146 2.6 24 2.0 1.6
ZFSL1-82 0.0 0.0 2.0 1.8
ZFSL2-2 1.2 1.4 1.5 1.4

ZFSM1-146 f#) 16S rRNA :[H 41 14 % GenBank
BRI, PRISE5 MW362453,
23 AEBERMEFEMEYROHE

Itk ZFSM1-146 KB CIR CFRAHL . Jig
AR RANGE TR 2R ; W eE i %2 6T
Jrik, MR L & b - W R R (100:0,
99:1, 98:2., 97:3, 96:4. 95:5, 94:6. 93:7.
90:10. 85:15, 0:100, {AFILL)BEEEVERG, 75 %
13 MEEAE A 4> Fri—Frl3. Fri-Frl3 £ HPLC Fflyg

791 Streptomyces galbus DSM40089 (X79852)
551" Streptomyces longwoodensis NBRC 14251 (AB184580)
o1 Streptomyces bungoensis NBRC 15711 (AB184696)
75 Streptomyces capoamus (AB045877)

61

58

85
95

0.01

Streptomyces cvaneus NRRL B-2296 (AF346475)
Streptomyces curacoi NBRC 12761 (AB184841)
Streptomyces cellostaticus ISP 5189 (AY999742)
Streptomyces yokosukanensis NRRL B-3353 (DQ026652)
ZFSM1-146 (MW362453)
\7100 Streptomyces antibioticus NRRL B-1701 (AY999776)
Streptomyces alanosinicus NBRC 13493 (AB184442)
Micromonospora inyonensis DSM 46123 (X92629)

1 EF 16S rRNA EEFF#E B E K ZFSM1-146 RER EH

Figure 1 Phylogenetic tree of strain ZFSM1-146 based on 16S rRNA gene sequences

H: $E5 R 16S rRNA LT FI7E GenBank HH SRS 43 AMEH %7~ Bootstrap {H; iR FERIEILIEE

Note: The GenBank accession number of 16S rRNA gene sequences are shown in the brackets; Numbers at branch nodes represent

bootstrap value; Bar (0.01) represents sequence divergence
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YRR IS PEAGI , 25 R BOR Fr5—Fri3 A EE
TEE(E 2A); HXT Fr5—Fri3 () HPLC 45 5%, 435
/i Frs L Fr7 59, R HPLC R 25 443 B
WA I PRI, 53 i . i i A iv X 4 4>
253 (B 2C), FHUCE 3 4T R 1A 0400 B 336 42
gEIR R di L il A iv A TS TE(E 2B).
i, i Aliv 204343 i HPLC A, 253 /R4
FSHEEY RS 1. 2 13—, kAL
1 E Bk ZFSM1-146 7= TR TG P9 o 2
G 1-3 (B 2C). HoAhHA 0BG M0 Ak
Wi b — ot 2 e MRS A S
Y 1. Wik HPLC 4ifk, SEfkEY 1-3 M4l
o, AR, AW 1-3 BRI 7.4£0.4
72.63.1 F 54.7+4.3 mg/L .

2.4 MEIESY RS

&Y 1, Loekk, #id HR-ESI-MS #iE
LAY 109 miz Jy 1 271.630 8 [M+H]", FHit&EH
3K CeaHesN120170 KBHALEW 1 RS Kl 3 1
PEMOERGRE D °C NMR FEA ], ZEY 5
LW BB AWAAHLENR & . JE—2 5 3Ckd
UE TR R Xop AL REELTR LY, RIMLAY 1 53C
B ARGE R R Xop MBI —2M®, D9 A
ELAY 1k Actinomycin Xop.

&Y 2, gLk, Wil HR-ESI-MS #iE
AW 2 19 miz Hy 1 269.616 3 [M+H]", I3+
N CeHeaN12017, HALAY 1 70 2 ANER
o B EY 1 S5EY 2 kS EdE, KM=
HRONMR,, (HEY 2 ERBZ T 155 &
209.04, H#EMILLAY 2 1Y B-Ring HH %R Cy LY
FREGAR PR, RO, EER M i
BTt 5 3CHk 191438 M AZ RE B texs, b G
Y 2 BIRHEE R SRR X, IEdE —3k, AT
EAEY 2 5 Actinomycin Xy,

k& 3, ataR, il HR-ESI-MS e
1AM 31 miz 2l 1 255.638 0 [M+H]", Ffi14 H14)
F3UN CeoHgsN12016, HAL AW 170 1 ANEEF
k&M 2 0 LR T 2 2 AR T B

B. subtilis 168 S. aureus ATCC 25923

B. subtilis 168

S. aureus ATCC 25923

Crude extract of strain ZFSM1-146 14
A~ pbacs i

- |J|

A \ f‘l‘\’ ‘\

: : T
1 ii i iv

5.0 10.0 15.0 20.0 25.0 30.0 35.0

¢ (min)

Fr5+Fr7

B2 Btk ZFSM1-146 X BEEF=14nE &1 & HPLC 534
Figure 2 Antibacterial activity and HPLC analysis of
strain ZFSM1-146 fermentation products

H: A BEBAEENT Fri-Fri3 MUBLRITEERIN; B: Fro+Fr7
B YR PTRE G AR I ;. C: ZFSM1-146 ST ¥ I
Fr5+Fr7 HPLC 2 Hr (Kl 254 nm). i: Fr5+Fr7
10-30 min R4 ; ii: Fr5+Fr7 §1 30.7-31.3 min 4R Ay
FEY s il Fro+Fr7 ¥ 31.6-32.0 min WAERY Y5 iv: Fr5+Fr7
 32.2-32.5 min YL )

Note: A: Antibacterial activity of Fr1-Fr13 of silica gel column
chromatography; B: Antibacterial activity of different fractions
from Fr5+Fr7; C: HPLC profiles of crude extract of ZFSM1-146
fermentation broth and Fr5+Fr7 (detection at 254 nm). i:
10-30 min HPLC fraction of Fr5+Fr7; ii: 30.7-31.3 min HPLC
fraction of Fr5+Fr7; iii: 31.6—32.0 min HPLC fraction of Fr5+Fr7;
iv: 32.2-32.5 min HPLC fraction of Fr5+Fr7
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G2 5EY 3MmatEdE, KIEGY 31ES
WMEZ T — M55 & 23.01, #EMALAY 3 1 B-Ring
2R Cq LRSS AL, B
PR T M. 5 SCmkRE B RE B e U8 Ak
Y1 3 WS St AR D iIEE—20, "I
EAEY 3 4 Actinomycin D,

&Y 1-3 k2= 25 f DKL 3, BmEEE I s
L 2,
25 MEEMHMRE/NDERENE

302 3 Pk EE XA R AN A9 MIC {H,
JUZETA 2 Xop. X2 F1 D XJ B. subtilis 168, S. aureus
ATCC 25923 Fil MRSA ATCC 43300 #§HA B 1Y
IPEIEE ;. TR ZR X, 1 D B RO B4 T
R Z Xop, 1T HLBEZRTRZR Xo M0 TR 16 1 it
ARG R IR E R X, 1 D 7EIRYT HH B. subtilis
F1'S. aureus 5| AL 9 1& YL DL HIE MRSA 5[ & (1 ifi
R)J5 T HA EAE &
26 MEBRHERFEHVTMAL

Wik M I-MIViX 4 FpsEsRdt, RALEEE W

ZFSM1-146 JRR R 17 5, 42RRY] MIE SR
TR B =, Xog. Xo Ml D 3X 3 MMM
k%) 8.4+0.8, 136.0+5.8 Fl1 39.4+1.9 mg/L (3 4),

HA AR X 1y 155 136.045.8 mg/L, %
IREVRALRTRG 2 A5, F AP e fe U 2k 1
S. parvulus OUCMDZ-2554 1= it 2k 4 2 D 1 & i 5%
PEEATARAL , e BRI R R IE 2SR, B R I
B3 Hk . KoHPO, 1.5 g, MgS0, 0.5 g, M#RHEE
59, A PETEN 22.5 9, FRIEEZK 1L, 246G pH 7.5;

GRS T 4d, BEMHE 150/500 mL, #hEE
3%, KPR 12d, PRfb/E R D - it
EALHTHY 3.6 £, 1A% 364 mg/L. TEILHEER: I,

Wang I E R = IR R Xop. X2 1 D 1Y
S. heliomycini WH1 f4 & B 2501 A4k, Mfi]5E
3 3 B DR 2 s B 1 R VA B R pH (B %
PRRAE P I R 7 A — s RS s Uk #%
KO EFEREQW K G K, pH 8.0)f M I-MIVE:
FRHE R, ZERBRERA M ISR L A ™
R R Xop. Xo Al D WY/~ fiim; ek

1: Actinomycin X,,; R;=OH, R,=H
2: Actinomycin X, R,R,=0O

3: Actinomycin D

3 EW1-3 8%

Figure 3 The structures of compounds 1-3

R,=R,=H
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R2 EY 1-3 WXEEIE(CDCL)
Table 2 The NMR data (CDCI;) of compounds 1-3

Position 1 2 3
BC NMR (&)° HNMR (&)° BC NMR (&)° *H NMR (&3)° BCNMR (&) HNMR (&)°
Chromophore
1 102.86, C 101.86, C 101.91, C
2 147.01, C 14751, C 147.72,C
3 179.16, C 179.21, C 179.28, C
4 113.67, C 113.75,C 113.67, C
5 145.02, C 146.06, C 145.25, C
6 140.73, C 140.64, C 140.63, C
7 128.50, C 128.03, C 127.79, C
8 130.46,CH  7.36,d (7.6) 130.47,CH  7.36,d(7.7) 130.42, CH 7.36, d (7.4)
9 126.18,CH  7.64,d (7.8) 126.31,CH  7.61,d(7.7) 125.90, CH 7.62,d (7.2)
10 131.36, C 132.23,C 132.73,C
11 129.63, C 129.29, C 129.28,C
12 146.05, C 145.17,C 146.03, C
4-Me  7.90, CHs 2.23,s 7.93, CHs 2.23,s 7.94, CHs 2.25,s
7-Me  15.26,CH;  2.54,s 15.23,CH; 255, 15.21, CHs 2.55, s
1-CO  169.09, C 166.65, C 169.17, C
10-CO  166.79, C 166.20, C 166.67, C
a-ring
L-Thr 1 168.84, C 168.77, C 168.67, C
NH 7.49,d (6.9) 7.16,d (7.0) 7.18,d (6.7)
55.48, CH 4.84,dd (7.0,2.0) 55.09, CH 454, dd (5.7, 2.5) 55.38, CH 451, dd (6.7, 2.4)
75.36, CH 5.25, m 74.88, CH 5.15, m 75.21, CH 5.21, m
17.79,CHs  1.29,d (6.1) 17.31,CH;  1.13,d (6.5) 17.92, CH; 1.25, d (5.0)
D-Val 1 173.34,C 173.69, C 173.90, C
NH 8.20, d (4.8) 7.67,d (4.9) 8.00, d (5.0)
2 58.91, CH 3.59, m 58.67, CH 3.56, dd (9.2, 6.2) 59.07, CH 3.55, m
3 31.44, CH 2.12,m 31.84, CH 2.13,m 31.97, CH 215, m
4 19.19,CH;  0.90,d (7.0) 18.96 CHs 0.90, d (7.4) 19.20 CHs 0.91, d (6.4)
5 19.38,CH;  1.13,d (6.7) 19.20,CHs  1.12,d(7.2) 19.43, CHs 1.12,d (5.8)
L-Pro 1 173.49, C 173.28,C 17350, C
2 56.92, CH 6.04, d (8.9) 56.53, CH 5.95, d (9.1) 56.58, CH 6.01, d (8.8)
3 31.97,CH,  2.06,m 31.14,CH,  1.84,m 31.44, CH, 1.81, m
2.69, m 2.75, m 2.67, m
4 23.00,CH,  213,m 2312,CH,  2.07,m 23.17, CH, 2.08, m
2.18,m 2.28,m 2.29, m
5 4762,CH,  3.87,m 4758,CH;  3.74,m 47.75, CH, 3.73, m
3.90, m 3.97, m
Sar 1 166.50, C 166.43, C 166.64, C
N-Me 35.10,CH;  2.94,s 3492,CH;  2.88,s 35.12, CHs 2.88,s
2 51.50,CH,  3.65,d (17.6) 51.47,CH,  3.64,d(17.3) 51.55, CH, 3.64,d (17.2)
(FF20)
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4.74,d (17.6) 4.72,d (17.3) 4.72,d (17.2)
Meval 1 167.70, C 167.64, C 167.81, C
N-Me 39.42, CHs 2.95,s 39.54,CH;  2.92,s 39.42, CHs 2.90, s
2 71.37,CH 2.69, m 71.38, CH 2.65, m 71.55, CH 2.67, m
3 27.26, CH 2.69, m 27.06, CH 2.65, m 27.07, CH 2.67, m
4 19.32, CHs 0.75,d (2.9) 19.35,CH;  0.73,d (5.7) 19.38, CHs 0.74, d (5.0)
5 21.75, CHs 0.96, d (6.0) 21.75,CH;  0.95,d (5.6) 21.84, CH3 0.96, d (6.2)
B-ring
L-Thr 1 167.70, C 169.06, C 167.70, C
NH 7.44, d (6.3) 7.67,d (4.9) 7.75, d (5.3)
2 54.87, CH 451, dd (6.4,2.6) 54.89,CH 4.48, dd (6.0, 2.5) 54.99, CH 4,62, dd (6.4, 2.1)
3 74.75, CH 5.25, m 74.79, CH 5.24, m 75.10, CH 5.17, m
4 17.68, CHs 1.25,d (6.1) 17.86,CH;  1.26,d (6.1) 17.50, CHs 1.25,d (5.0)
D-Val 1 173.03,C 174.17,C 173.47,C
NH 7.93,d (6.1) 8.20, d (5.8) 8.18, d (5.5)
2 58.07, CH 3.56, m 57.29, CH 3.70, dd (9.7, 6.0) 58.89, CH 3.55, m
3 31.23,CH 2.12, m 31.99, CH 2.28, m 31.69, CH 223, m
4 19.02, CHs 0.88, d (6.9) 19.06,CH;  0.89,d (7.4) 19.12, CHs 0.88, d (6.2)
5 19.15, CHs 1.11, d (6.7) 19.23,CH;  1.16,d (7.0) 19.24, CH3 1.12,d (5.8)
L-Pro 1 173.24,C 172.84,C 173.41, C
2 56.57, CH 5.98, d (9.0) 54.40, CH 6.56, d (10.4) 56.40, CH 5.95, d (8.7)
3 39.69, CH, 2.13, m 42.05,CH,  2.33,d(17.5) 31.09, CH, 1.86, m
2.16, m 3.84,dd (17.8, 11.1) 2.97, m
4 69.96, CH 4.15,d (17.1) 209.04, C 23.01, CH, 211, m
229, m
5 54.77, CH, 3.73,m 53.00,CH,  3.97,d (19.3) 47.50, CH, 3.73,m
3.94, m 4.56, m 3.84,m
Sar 1 166.20, C 166.04, C 166.42, C
N-Me 35.16, CHs 2.88, s 35.06,CH;  2.89,s 35.05, CH3 2.88, s
2 51.37, CH, 3.63, d (17.6) 51.44,CH;  3.64,d (17.4) 51.52, CH, 3.61, d (17.6)
4,58, d (17.6) 4.60, d (17.4) 4.79, d (17.6)
Meval 1 166.50, C 167.67,C 166.51, C
N-Me 39.32, CHs 2.88, s 39.37,CH;  2.93,s 39.31, CHs 2.93,s
2 71.36, CH 2.69, m 71.57, CH 2.70, m 71.37,CH 2.63m
3 27.14, CH 2.69, m 27.10, CH 2.70, m 27.05, CH 2.63, m
4 19.16, CHs 0.74,d (2.7) 19.39,CH;  0.74,d (6.2) 19.24, CHs 0.74, d (5.0)
5 21.72, CHs 0.95, d (5.8) 21.86,CH;  0.97,d(5.9) 21.73, CHs 0.94, d (6.0)

T % e RAE A 125 MHz; °: SR 500 MHz; ©: SRAE A 150 MHz; ;SR H 600 MHz. Bl 4ds ' CHa: F8RJF 5 CH,:
fPERIEF; CH: BURIEF; C. TIETF . RiSsdad s g, d. X%; dd: W igE; m. ZHIE
Note: % Data were measured at 125 MHz; P Data were measured at 500 MHz; ©: Data were measured at 150 MHz; d: Data were measured

at 600 MHz. CHs: Primary carbon; CH,: Secondary carbon; CH: Tertiary carbon; C: Quaternary carbon in *C NMR data. s: Singlet; d:
Doublet; dd: Double-doublet; m: Multplet in 'H NMR
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£33 MEEZE Xops X #1 D WAEHEA MIC &
Table 3 The MIC values of actinomycin Xgg, X, and D
against different bacteria (umol/L)

Strains Actinomycin  Actinomycin  Actinomycin
Xop X D

B. subtilis 168 0.4 0.006 0.0125

S. aureus 0.4 0.025 0.0500

ATCC 25923

MRSA 0.4 0.025 0.0500

ATCC 43300

E. coliATCC 80.0 40.000 40.000 0

25922

x4 TRBHFELSY 1-3W=E
Table 4 Yields of compounds 1-3 in different media (mg/L)

Medium 1 2 3

R5 7.4+0.4 72.6+3.1 54.7+4.3
M I 1.5+0.3 4.5+0.5 20.1+1.1
MII 3.540.2 43.8+1.7 14.6+1.6
MIII 8.4+0.8 136.0+5.8 39.4+1.9
MIV 7.4+0.4 68.0+2.3 26.8+2.2

M ISR B TR, TESRRIE N 5%, fRfE pH
8.5 i, JMLEE Xop. Xo M D W= 435k %
107.6+4.2 , 283.4+75.3, 458.0£76.3 mg/L. Wang
S [ IE S R T PV A S R R R A Y
BB PR T 2Kl . M T-MIViX 4 Rl
FRAERY D) FEEAE TR IR AR G AR, 8
it M I-MIViX 4 Rk B IR B T O i R 7 i
titk, Z5REM, Etk ZFSM1-146 4K F LI
P U My R 2B R R R R L R R AR S R Y
MIIT, MIVERFREERT, i &)™ i U m T
BRI VE AR IR AR M T R R B R T %=
FraLy AL, RTEEVERIAE B IR MITIRS 53 2
AR T2 TR 3R 7 ke TR A VA i ) MIVE: 3%
FERRA R R . X UCITE R WA A K
PR, BEFE TR ZFSM1-146 & BRI ol %
PEVERE A I O T 3% 17 e
AWFFAT BE R ZFSM1-146 3 i 243 AN ]
R SRR AT IR A R 7 I AL, 5
ATDICR MR SRR X s | $he B . pH {E AN
RN ) S R IR R AT R B R, H—P 8

AW R BRI ZFSM1-146 7R R
FE R T T AT BRI T, R SR AR T
B gp s SR R AL i i R e it TR
[ iAel
3 WikE%®

MR F e — R EY, | 2 MR ARK
NEEZH R, 22 BIFR M a-Ring F1 p-Ring, 1 i Mtz
SRR - IR AR, R A
e R O R AU . B R A
PR iE 1P, 19404F, Waksman %23 1 ek
WP ASER D e R LR R, B2
HHT, MEERE 8 5 B8 58 I R AR R 2 254k
AYELIRF 40 ZF, EEAUFERMLRE D, K
LK C. MERE X, MEARE 2. AR E
Y 204 % D B Iz WESE IR R 2
PR b, (B R Z 0 a0 B v, AR TR
MR . PR TS BREK . e
ik, AR, MEHE D 8 mAd Y kB
Ao KRR YNGR F TS 3 EL
(1) B RIREIR RS W 3-8 H-4-F FEAR 20K
H 2 (4-MHA); (2) TEAERZBEREE A /E T T & Al
3-FRIL-4-F AR 2K R - 2R HIK IR (3) 2 4>
3-FEHL-4- F LA S 2K F R - A IR N TR 46 73 1 %
WR IR 2 AP AR, BFSE R R i Al 4
G R FEANROC TR, A3 B0 1 1 58 0 20 i B
PEARAY IR A R D 26, AN IR By iz
IR B AT RE . 3K IR IR 25 POhE i R P ERIE 2
D-Val A28 FRRK 5 47 (1) MeVal 24 i 22 kB 0 5%
FEK- 1) D-Me-Leu F1 Me-lle Y HE B 4L 25 1Y
PR TG o A5 50 P 1o U T R
) 2,2-BEEN AR F R D, e R &
BUF, RPN G LR AR D A —
OF/ =

AHIFFE IR Hly 52T b - 398 4 988 e ke 2% 1
B, 3 ) 0 A O O e  ELAE B TR P A T
LW, RAEFR WK REK ZFSM1-146 2
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P A P ETE Y . BE T 16S rRNA SE[A
P90 K A ) R GE R W AT, AT ) A0 A TR PR
ZFSM1-146 J& THER W& Wbt EsE SR . RAA
PLIEFI AL N ZFSM1-146 & I3k b 2 U B T
EYEY L, W IE BRI E S 1-3 At
EETEY T ; % HR-ESI-MS Fl NMR %58 i
YRS Y 1-3 BB TR R A,

SRR R Xop. Xo Al D, =5 Hlik %
7.420.4, 72.6%3.1 fil 54.7+4.3 mg/L. it B3R
tedt, MIILEE SR BL i e R m - i, o0 llik
#)8.4+0.8, 136.0+5.8 F139.4+1.9 mg/L, H:jirsk
HZE Xo 774 136.045.8 mg/L, ZiisRLAL T
(1 2 fif; M TR Xop M D, MEAKHE X,
AOINTRNG PE RO . TR R Xo BA A HA Bk
R D IR MBURETE, AT R X 1
Bl Ve FE AT R A DR B, A BF 58 I e
AR R Xo BUbEE IR AL T il , Aesk
WIS TBO A R &R Xop. X Al D #47
S RABT R 7= e Ak LAAS 0T 80 114 T4k T 2 AT
i O P L T P AR T
BRI, MRS R R BT R A E
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