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Isolation and identification of actinomycetes from rhizosphere
soil samples of mangrove forests in Quanzhou Bay and secondary
metabolites of Streptomyces sp. W444
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Abstract: [Objective] To isolate and identify actinomycetes from two mangrove soil samples in
Quanzhou Bay as well as secondary metabolites from the target strain Streptomyces sp. W444 with
antifungal activity.[Methods] The rhizosphere soil samples of two different mangrove plants were
collected from Luoyang River in Quanzhou Bay. Actinomycetes were isolated from the soil
samples by the dilution plating method. The isolates were classified by the phylogenetic tree
constructed based on 16S rRNA gene sequences. The antifungal activities of the isolates were
examined by the agar diffusion method. The target strain Streptomyces sp. W444 was subjected to
fermentation scale-up for the isolation of secondary metabolites. Furthermore, the biosynthetic
gene clusters were analyzed to deduce the biosynthetic pathway of staurosporine. [Results] A total
of 56 strains of actinomycetes were isolated from mangrove soil samples and categorized into 8
genera belonging to 6 families of 6 orders. Among them, Streptomyces and Micromonospora were
dominant, with the relative abundance of 41.0% and 33.9%, respectively. Strain Streptomyces sp.
W444 exhibited excellent antifungal activity, and three indoles (staurosporine, K252c, and
streptochlorin) were isolated and identified from this strain. The biosynthetic gene cluster of
staurosporine was localized in the genome of Streptomyces sp. W444 by bioinformatics analysis.
The biosynthetic pathway of staurosporine was then proposed. [Conclusion] Actinomycetes in the
rhizosphere soil of mangrove plants in Quanzhou Bay had high diversity and contained potential
natural product resources. Staurosporine, K252c, and streptochlorin were isolated from strain
W444. These findings lay a solid foundation for studying the diversity and secondary metabolites
of cultivable actinomycetes in mangrove forests in Quanzhou Bay.

Keywords: mangrove in Quanzhou Bay; actinomycetes; indoles; biosynthetic gene cluster
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TRCER T 7 A B R AR 7= B AT A= g 24
e FAE Y EEORIEC, R, Rk
Nty 1l A 35 R 7 R AR A o ORI, B T e 0 50
IR, DA 30 il A 5 1) e 2 o v 2R JBOBT %
PEP= YA A Ok e, R, 2 I BFSE 4
HOGRE TR B e WAy . 200
AR IRSERRRAE ST, DU X SU R vh SR
R T BEIET, IR IR B TE A=)
IMMAER T A R, BAGEH. SBiE
Fi o RS R A, HFTAL BT K 5 IRK SR
FRORABE , A5 3Z 1 DX 200G o 5 HR:
R TR0, i, Wang 250 DI RS P IR
A N N TR/ B L = IR I s |
(Streptomyces hiroshimensis) GXIMD 06359 /) ¥l
YR, R 4 ET BRI 2R R RS Y
antifungalmycin B-E. [% T antifungalmycin C
Ah, HoAb Ak G Y 0 BoR e JE R B
(Talaromyces marneffei) ELA7 F5H ANl 76 14, H:
F A A1 5 ¥ & (minimum inhibitory concentration,
MIC) g 2-128 pg/mL., Wang ZE2M ™ ZR Bk v 1
ST N S = S Sl B O <
(Streptomyces) ZQ4BG W, 153 9 4~ 32 £
M N B 25 1k & W) flavofungins 1-1X, H:
flavofungins III-1X A# b &%), 1 flavofungins
11 I B0 1 (8 3K 1 (Candida albicans) AT 5
ST o Che SFU AT AR Z0AR bR 2 5 AR
P - e 43 25 (4% B 18 Streptomyces sp. CHQ-64
L, R e M HB RN Z/mAEALSY
reedsmycins A-F, H 7' reedsmycin A Xf {44
ERTRI(C. albicans) HATHE GG, H MIC
JLFE M 25-50 umol/L. Zeng 25U M VAF e 45 FE s
LR MRULAR W) 43 25 19 66 55 85 1R (Streptomyces
albogriseolus) HA10002 H1, 15 3] —J&Fr PR
g2l G PEAL &%) fungichromin B, iZAL& 9%}
RS (Saccharomyces cerevisiae) . 22 700 4k 110

(Fusarium oxysporum)F12E i 55 (4spergillus niger)
B RATHOR M e, 25 BEriE, ZLRAK
TR B G IR T SR BT R TS B, A
SRR RIRZG YL - BT )

by ERANEA R o Y TS N VA RET )| RECR LI B RLTS: N E|
RO X, X T XA Yy R B 58 32 %
L TR REK GG . A FI RN R4
S T TP S B RECEAR W N €2 e g
(R BRI U B A i3 . ASBIFGEARIE T SR M % PH
TLLLR AR PR T b R W 1 40 B 5 50, 4
AT T LLAR R AR B - 3 v T IR R T
2R A5G PP R PTEETE R, 2RI
Streptomyces sp. W444 1£h H R MR AT IR PAR
s, B E T 3 w2 G
¥y . staurosporine, K252c¢ Al streptochlorin, &
BT X LEA S W A& A SCR BE R R, 4
T HAEY G RS . AU TR M AL
BRI 2 R BT IR ZAEE S SR IR
PR F T B8E T B, R R 9 T AR
W R KA S A EREORIE, HiZREY
A& iR S

1 ARSI

1.1 HEHES

FEYIAR PR+ HERE BT 2022 4F 6 H R H R
TSV BAVELLREAR F AR R AP X, AR SOR (R B
mFE1Pr., RELHEMRENRRZLUT
10 em, HEAHIKBECRFEASIUE, THEGTA
SRIET, 4 °CTEH.
1.2 EHFE

STESERSE WL AIEEGERY 20 g, CaCOs1 g,
KH,PO4+3H,0 0.5 g, KNO; 0.1 g, MgSO,+7H,0
0.5g, NaCl0.5g, L-K&E 1g. W2: BEH
0.4 g, JEM 10 g, CaCO;0.1 g, KH,PO,3H,0
02g. W3: #EFEF 40 g, W4: JE# 10 g, EERE
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Table 1

Soil sample from Mangrove Nature Reserve of Luoyang River in Quanzhou Bay

e TR FPIRR PR RN 2

Sample number Plant rhizosphere Latitude and longitude of the sampling site
S1 H ALK Spartina alterniflora 24°55'14"N, 118°39'49"E

S2 Fkiih Kandelia candel 24°54'0"N, 118°40'8"E

REW 3 g, EAM 1.5g, W5: Hil6mL, H
FMR 1 g, KHPO, 3H,01g, MgSO,+7H,0 1 g
W6: JEAER 1 g, Na,HPO4 0.5 g, KCI 1.7 g,
MgSO,-7H,0 0.05 g, FeSO47H,0 0.01 g,
CaC0; 0.02 g, EEHAEFEHW 1 mL. W7 #ij
it 4 g, MRk 4g, ZFEM 10g, A4
AREE 1 mL, &S 4i4: REERAL TS
TR ARSI 98 . A B RE SR 15 g
SRR A 10 g MTEEL, MK ERZ 1L, #
pH 7.2-7.4, Z: iR e BUS Wl w5
R AR AR, LA 4 A L
AR, AU 25, 10, 25, 25 mg/L,
TR G TR IR A A 50 °CALBTINA

REERE IR (/L) IV TETERY 40.0, H#%
B 5.0, 48 4 BF ok 200, E A K S0,
MgSO,4+ 7H,0 0.5, K,HPO, 0.5, CaCOs 1.0,
££ 10, ¥ pH 7.5,

K SR HARE TR PDA itk
1.3 EZERXFIFLEE

pEASY-T1 SRRl & S Bz A8, b
X EEWE ARG ARAF; 2xEs Tag
MasterMix, Jb 5t FE M 20 4 WAk A FR S 7] 5
Chelex-100, Bio-Rad /A~ Al ; AxyPrep PCR 4lifk
R a, 2RI EYHERGONARAF; PCR
19 ER T O 4 o R AR R A BR A F AL
IPTG. & EPAK, JLRiapiE kU RARA
A5 HABEGR A R oA sl g A

s TAES, M ERESEARARAFE;
G E O, BRI PCR
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1, ERGIDEHEA AR R T1780%
KEde, EITMREAEYRHCARA A fHiRR
YRR, DB SRR S A RA R EIR
BFeA, Bl —tEREAER A IRA ] Agilent-
1260 = RCHRAREIEAL, fA3%HE Sl Agilent Eclipse
XDB-C18 #£(5 pm, 250 mm»4.6 mm); #% %1k
¥ % 3% R JH Bruker DRX2500 #% % 4t #§ X
(600 MHz)ill 5%, Lk TMS K INFR, MeOD K%
#1; ESI-MS K JH Agilent 6460 ¥ B AL, LU
CH3OH i ¥ 71 %€ 5 #%E M Sephadex LH-20
(40-70 pm, Amersham Pharmacia Biotech AB,
Ak I S YMC* GEL
ODS-A (12 nm, S-50 pm).
1.4 KEHE

BLTE [ S R TE (ATCC 90028) 10 [ )~ %45 ¥R
IR A R AR, B (FIAT-31087)H
oA A Bk 27 B A 4 B IR 5 T Al S A=
WEFE O B, A i) (QY22) 1l A
AV AR TG
1.5 TIEMHmMAIALIE

¥ 2 O HHERE S TR S b HAA KT
o, AT NE T ARG R ORI . R BT R S
M ke 3 g, BIETF 30 mL 100% JC K 4,
BT 250 mL = AAM(N & 10 D/ NEIRER), 75
P, IRA YIS I AR AT e S mi iR
BRI LM 400 h 6% Fi1 0.05%, T 50 °C
K 10 min, ZJ5HABAEIE 15s, TG
KB R R LW E A 107 gmL Al
107 g/mL. 445 BE SR BER 150 pL 203 A T
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TR EESREE L, B R B E IR A
3ANYEEEAR, 28 CCHHE TR 7 d.
1.6 EHREITEACSRE

PR WLEE R C 45 R 10 0 2 P, PRIk
LR TE TARN A B ARAHAT, 28 °CHEFE 5-7 d;
SR T RN Y 43 B Rk h i — 2P alidk, R
AR L AT B TR 4, PRIRAEAR S Y A
ALV 2 TR L ) AR 8 3R 0 Bl Akl B
FEETI T, T 50% K@ Hilid, -80°C
PR
1.7 EF 16S rRNA EEFF R & F
BE

BRI L H 2] DNA 4252, PCR WK ZR Al
SN S MBS ik, R AR B
Y 27F (5’ -AGAGTTTGATCCTGGCTCAG-3 " )#l
1492R (5'-GGTTACCTTGTTACGACTT-3" ) # 17
16S rRNA FEH ) PCR §71% . PCR ¥4 0.8%
1) 3 R AR O 1 F Dk A I 35 S, G A FR
I A MER AR MR A BR S | 58 . 2 2R
F NCBI #£17 BLAST X, #EHIT X Y
16S rRNA LK #%1, F MEGA 7.0 f) Neighbor-
joining A HERF L EM .

1.8 ABHREMIE RSN
1.8.1 HZE A4 BRI &

W BARBR R IR T AR 5 573, T 28 °C
fEIRAIETE 5 d, WELREE M THA 3 Ik
A 150 mL &R FRIEAY 500 mL #EIEIEH, T
28°C. 180 r/min 1577 3-5d. AWM T 5000 r/min
B0 20 min, HUERERM TR 1d, FRKES
ORI BE VB, 2 )5 T et 728 & AU 46 i
R BEEW, SRR OERZEE 3K,
AVUARRE AR 2 BR; W Lk 2 PR E AT
FH o BRI R B P FH W B A, O Bk
20 mg/mL fEEA, 4 °CukFF & H

1.8.2 MG ERE MR

K HSERRFTALY WO 50, 38 0 ) k400 7
(AR /N B b 25 5% & R ) I TR PR BE . BRI 4%
U9 107 CFU/mL B 100 pL (M &SR H
Hia i I AR A ) AR A B PDA 3
e b, B4R 30 mg/mL R EEWE 100 pL
WINE AN 9 mm FJEALI L, & TFHFHRMT
28 °C (HLIE)EE SR, 2300 F 24 h (H G R ) A
5 d (i S 0 T AR a8 ) e DN LA T B A
BRI T 3 Ik, BOEIME,
1.8.3 L& Ms/MNEREMIC)RINE

SHALAY) F2-1, F4-1 F1 F5-1 JEATHTE T
PR, PHEEXS RO Z R . R ER N 0
IR ATCC 90028, fififi i JJ T QY22 Fl &
% FJIAT-31087. fb-5 W Z R DMSO # i,
K FE B R, R B SR S b & Wi B
200, 100, 50, 25, 12.5. 6.25 pg/mL A4 &k
g, TR b X, A 100 pL R
(1x10° CFU/mL), 28 °CIHiEK73% 72 h, &F4F
FPECms 3 W, BOPME, DIJCHAE K e Rk
JEVE AL G YT Z R Y MIC,
1.9 [AMEHLZEEREYA HPLC-DAD
vkl

B L8 il A i R AR IR, (1 0.45 um 1Y
JENEENE, 3%k Eclipse XDB-C18, 4.6 mmx
250 mm, #EAEE 10 puL, W 3hAH S B - ok
(10%-100%, 60 min), ¥ A 1 mL/min, il
K FH W 55 B4 ) K I 2% (diode array detector,
DAD)KG &%, P FHHE R 190-800 nm.
1.10 Ik W444 B9 K AR FEHR & B2

W B bR Wad4 R T W7 BARRE R L,
28 °CHEF% 4 d, B AT W7 WA IR 5L
1, 28 °C. 250 r/min }5i5% 2 d SR T, H%
HARRFUHCN 5% 4R A 20 L & EERS
FiHrhr, 28 °C. 250 r/min 535 4 d FRBUR R
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REAREEY R 28 IR ik 1.8.1
1.11 KEYR ST EMAL

FLEEYI(8.5 @)% CI8 S AHRE AT IZ ML 4,
KRR HE(10%-100%) e, Y55, HPLC
K & I 1518 4 Fr.1-Fr.7. @84y Fr.2 LHET
Sephadex LH-20, FHEEGENASIE > Fr.2-11, Fr.2-
11 AT R PR VR 4%, 48% HY B /K R A5 24k
AW F2-1 (10.5 mg); 1#4) Fr.4 FAET Sephadex
LH-20, HEEPEMIAS1E ) Fr.4-3, Frd-3 dEfT
JEW ARG, 65% FEKBEBE 2L &%) F4-1
(6.5 mg); 184> Fr.5 L #ETF Sephadex LH-20, H
Pk IR A48 43 Fr.5A-Fr.5C, Fr.5A #4758 RO
Hil#, 70% HIEEKBENE, 4152165 F5-1
(8 mg). fbAWL T (ESI-MS) I NMR % i i
ST S5 ST HL AR R A

2 HER50HT

2.1 EHRDBELEERAEIHREIDIR
PRoTER P AU Rk B 2 A 1 A
ABFSEIE T 16S rRNA 5 [H F 41§ BLAST
Fexf 2o 8, I8 45 R 28 2 EzBioCloud %4
PESATSEE . 2R 2 WP “Similarity” F) 5o T
3 B R R 55 B0 T R AR e I S B R 2
B B AHRUPE A 4 b, B L 16S rRNA 2
PR 900 BG4S H o 2 v 1 R D R 3 BH 4 B R
5B 0 B PR A S R A B AT G R o
F ., N TR AR 43 SR R T AT AR
P . HEF 16S rRNA EHFIIMEN RELF
BB DRI 2 BB, DA 2 B 3R
e S6 MR, R T 6 H 6 F8JE,
R R Y 23 Mk . /NVRFEEE 19 Bk BUTCER

R2 AR MAEIIR PR A 7 B A E

Table 2 Summary of actinomycete strains isolated from rhizosphere soil samples of two different
mangrove plants

Names Mangrove plants Top-hit taxon Accession number Similarity (%)
Wi1-3 Kandelia candel Micromonospora provocatoris (AY894337) PP204174 98.93

W4-1 Kandelia candel Micromonospora aurantiaca (CP002162) PP204175 99.93
W3-1-1 Kandelia candel Micromonospora taraxaci (VIWZ01000001) PP204177 99.30

W3-7 Kandelia candel Micromonospora solifontis (LC383890) PP204178 99.09

W112 Kandelia candel Micromonospora humida (MT907442) PP204181 99.26

W126 Kandelia candel Micromonospora fluminis (LR130241) PP204182 99.78

W321 Kandelia candel Micromonospora globbae (LC177396) PP204183 99.78

Wi152 Kandelia candel Micromonospora fluminis (LR130241) PP204184 100.00

W153 Kandelia candel Micromonospora endophytica (EU560726) PP204185 99.77

W156 Kandelia candel Micromonospora maritima (HQ704071) PP204186 100.00

W343 Kandelia candel Micromonospora aurantiaca (CP002162) PP204187 99.85

W2-1 Kandelia candel Micromonospora aurantiaca (CP002162) PP204191 99.41

W3-4 Kandelia candel Micromonospora taraxaci (VIWZ01000001) PP204192 98.69

W3-6 Kandelia candel Micromonospora terminaliae (KX394339) PP204193 98.37

W3-8 Kandelia candel Micromonospora aurantiaca (CP002162) PP204194 99.49

W136 Kandelia candel Micromonospora fluminis (LR130241) PP204196 100.00

W145 Kandelia candel Micromonospora fluminis (LR130241) PP204197 99.27

>4 actamicro@im.ac.cn, 7 010-64807516
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Names Mangrove plants Top-hit taxon Accession number Similarity (%)
W131 Kandelia candel Streptomyces sundarbansensis (AY550275) PP211921 99.42
W221 Kandelia candel Streptomyces niveus (DQ442532) PP211922 99.50
w141 Kandelia candel Streptomyces sundarbansensis (AY550275) PP211923 99.85
w147 Kandelia candel Streptomyces spirodelae (MW602308) PP211925 99.48
w162 Kandelia candel Streptomyces olivaceus (JOFH01000101) PP211926 99.78
W171 Kandelia candel Streptomyces badius (AY999783) PP211927 99.78
W262 Kandelia candel Streptomyces mayteni (EU200683) PP211928 99.48
W272 Kandelia candel Streptomyces badius (AY999783) PP211929 99.78
W273 Kandelia candel Streptomyces mayteni (EU200683) PP211930 99.48
W372 Kandelia candel Streptomyces badius (AY999783) PP211932 99.78
W444 Kandelia candel Streptomyces fradiae (MIFZ01000280) PP211933 99.93
W462 Kandelia candel Streptomyces olivaceus (JOFH01000101) PP211934 99.93
W471 Kandelia candel Streptomyces sundarbansensis (AY550275) PP211935 99.85
W442 Kandelia candel Streptomyces endocoffeicus (MN116545) PP211940 99.41
W132 Kandelia candel Amycolatopsis lurida (AJ577997) PP211970 99.41
W233 Kandelia candel Amycolatopsis lurida (AJ577997) PP211971 99.34
W334 Kandelia candel Amycolatopsis lurida (AJ577997) PP211973 98.69
w242 Kandelia candel Saccharopolyspora shandongensis (EF104116) PP211985 100.00
W251 Kandelia candel Gordonia terrae (BAFD01000032) PP211986 100.00
W6-2 Spartina alterniflora Micromonospora fluminis (LR130241) PP204179 99.92
Wo6-4 Spartina alterniflora Micromonospora aurantiaca (CP002162) PP204180 100.00
W5-4 Spartina alterniflora Micromonospora aurantiaca (CP002162) PP204195 100.00
W5-1 Spartina alterniflora Micromonospora provocatoris (AY894337) PP204176 99.35
W743 Spartina alterniflora Verrucosispora rhizosphaerae (HQ123438) PP204188 99.55
W751 Spartina alterniflora Micromonospora globispora (KF818390) PP204189 99.62
W763 Spartina alterniflora Micromonospora krabiensis (LT598496) PP204190 99.85
W671 Spartina alterniflora Streptomyces badius (AY999783) PP211936 99.78
w742 Spartina alterniflora Streptomyces spirodelae (MW 602308) PP211937 99.48
W744 Spartina alterniflora Streptomyces spirodelae (MW 602308) PP211938 99.26
W761 Spartina alterniflora Streptomyces olivaceus (JOFH01000101) PP211939 99.93
W572 Spartina alterniflora Streptomyces mayteni (EU200683) PP211941 99.48
W531 Spartina alterniflora Amycolatopsis lurida (AJ577997) PP211975 99.40
W723 Spartina alterniflora Gordonia didemnid (JN615417) PP211976 100.00
W731 Spartina alterniflora Nocardia rhizosphaerae (KP972639) PP211977 99.78
W733 Spartina alterniflora Amycolatopsis keratiniphila (LQMT01000206) PP211978 99.48
W735 Spartina alterniflora Nocardioides luteus (AF005007) PP211979 99.48
W822 Spartina alterniflora Gordonia terrae (BAFD01000032) PP211980 99.93
W831 Spartina alterniflora Amycolatopsis keratiniphila (LQMT01000206) PP211981 99.48
W745 Spartina alterniflora Saccharopolyspora spongiae (KX037095) PP211988 98.66
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Micromonospora sp. W5-4 (PP204195)
Micromonospora sp. W2-1 (PP204191)
68 | Micromonospora sp. W3-8 (PP204194)
93 Micromonospora sp. W6-4 (PP204180)
Micromonospora sp. W4-1 (PP204175)
Micromonospora sp. W343 (PP204187)
Micromonospora sp. W751 (PP204189)
Micromonospora sp. W112 (PP204181)
Micromonospora sp. W763 (PP204190)
60 Micromonospora sp. W3-1-1 (PP204177)
52 Micromonospora sp. W3-4 (PP204192)
| Micromonospora sp. W1 -3 (PP2041 746)
93| | Micromonospora sp. W156 (PP204186)
— Micromonospora sp. W5-1 (PP204176)
Micromonospora sp. W3-6 (PP204193)
Micromonospora sp. W126 (PP204182)
Micromonospora sp. W152 (PP204184)
Micromonospora sp. W136 (PP204196)
Micromonospora sp. W6-2 (PP204179)
Micromonospora sp. W 145 (PP204I978)
Micromonospora sp. W3-7 (PP204178)
Micromonospora sp. W321 (PP2041 83%
Micromonospora globbae WPS1-2T(LC177396)
Verrucosispora sp. W743 (PP204188)
90L| Micromonospora sp. W153 (PP204185)
99" Micromonospora endophytica 2022017 (EU560726)
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Figure 1 Phylogenetic tree constructed by 16S rRNA gene sequence of representative isolates from

mangrove sources.
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B 6 R, WA 2 #k, BRI 3 Mk, 2K
RICHE 1 k. WRICHE | BRFPERITE 1 PR, 7
JEAT 5y B W R T, /N T Dy R R
B AR 41.0%, HREH#EEEE, &
33.9%, HoAthJm kL o s g B R AR 25.0%

XoF 2 Fofr 21 AR 4 R I T R A i )
B VAT R0, & 3B AN T AR K B A
HRPR R RIS R A —E 2R, 4
A A 36 Bk (15 HE 64.3%) Al 20 Bk (5 EE 35.7%)
(3 2 FHIEL 2), BOIHARBR A v /N Bt 1R A
RS 47% F039%, UK R JE A
8%, HAMBELT N 6%, HALKFARFR AL
LW ZHERTR, LoEs 8 MAFER
20 BRI A, BEEE B 30%, /NAAUEEE
25%, HAMMCLR T i 45% (3% 2 Kl 2), 25 BB
i, 2 FRAS [ LD ARAR AR B A mp () R TR B
H A E A —E 2R EROIRPR ERET,
B R RN TR TR JE S LR, S LR
86%; IMAE T ALK FARPR EFET T, PSR R H
AR, &R 75%;
2.2 E ¥k Streptomyces sp. W444 %k E%1H
=4 HPLC S it EEE MR

A TR R G0 K B W 53 28R AE R P
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IR 3, TRae ) 21 MR B A T /NS A
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WA44 75 R TG S b R B IR A = Ry
FE (& 3). RHBRY B XHZ R R & A
P W A7 P A NE PRI, R I T
Streptomyces sp. Wa44 (1) & FEAHLEEPIXT S ER
P ATCC 90028 jifi i it /) 5 QY22 i1 & il %
FIAT-31087 RUPLE BRI 1 . X452 ke 3 A
Kl 4 Fi7n, Streptomyces sp. W444 1) & 2R 24
XFIX 3 A 7 o 4 3 B o ) IR TG 1 A8
T Streptomyces sp. W444 J5 =4y i i =F 5 S H:
KA P B R, AT P b HAE Ry 5 28
IRBA P I 58 P TR R
2.3 Btk Streptomyces sp. W444 R L&
VI BREREE

Xt B kk Streptomyces sp. W444 #E17 20 L 3
KEWE, &OMROFRAERAT 8.5 g MR, it
oE S AH 63 . Sephadex LH-20 #E I 4 3% A
HPLC -1l #5555 B FBolAT 3 A-mIes ik &4
(F2-1. F4-1 F1 F5-1). F ] Fii% ESI-MS. 'H
NMR, CNMR F 5545 SCHR[19-22] LA AT
i & B A1 43 % A streptochlorin, K252¢ i

staurosporine (&l 5).
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sStreptomyces
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Figure 2 The proportion and classification of cultivable actinobacteria isolated from rhizosphere soil samples of

two mangrove plants. A: Rhizosphere soil of Kandelia candel; B: Rhizosphere soil of Sporobolus alterniflorus.
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E3  Streptomyces sp. W444 % EZ1H#FRIHPLCHN 43 4fr
Figure 3 HPLC analysis of fermentation extracts of Streptomyces sp. W444.

<3 Streptomyces sp. WA44 & FE IR INERIE MM TFLE R
Table 3  Primary results of the antifungal activities of crude extract of Streptomyces sp. W444

FE {8 A2k ATCC 90028 15 FIAT-31087 TR QY22

Sample Candida albicans ATCC 90028 Aspergillus niger FIAT-31087 Fusarium solanaceae QY22
W444 20 19 24

Z 1 R Carbendazim 35 37 32

=30 mg/mL; HMERE HRd¥ A mm.

Concentration ¢c=30 mg/mL; Diameter of antifungal circle d: mm.

&4 Streptomyces sp. Wa44 X B2 IR VIR E &
EMEAIGE . A M) QY22; B: KA
FIAT-3108, a: Streptomyces sp. W444 % B KLY
(30 mg/mL); b: BHPE X I £ H R (25 mg/mL);
c: BT IR

Figure 4 Antifungal activities of crude extracts from
Streptomyces sp. W444. A: Fusarium solani QY22;
B: Aspergillus niger FIAT-31087. a: Crude extract of
strain W444 (30 mg/mL); b: Positive control with
carbendazime (25 mg/mL); c: Negative control with
MeOH.

P4 actamicro@im.ac.cn, & 010-64807516

&Y F2-1 HH G K. UV (MeOH)
Amax 221, 271 Fil 286 nm kb A 45 AF W i 04
ESIMS mz 219 [M+H] . "HANMR (MeOD, 600 MHz)
8: 8.20 (1H, s, H-2), 8.02 (1H, d, H-4' ), 7.84
(1H, s, H-2"), 7.46 (1H, d, H-7'), 7.22 (1H, t,
H-6"), 7.16 (1H, t, H-5' ), "C-NMR (MeOD,
150 MHz) &: 149.9 (d, C-2), 145.2 (s, C-5), 137.6
(s, C-7'a), 125.8 (s, C-3'a), 125.2 (d, C-2"), 123.7
(d, C-6"), 121.6 (d, C-5"), 121.4 (s, C-4), 121.2
(d, C-4"), 112.8 (d, C-7"), 103.4 (s, C-3"). LZE4%
Mreebbh . il MR, RUZEY S
SCHR[19]4R3E Y streptochlorin — 2, #f & 114
B ZERUNE SA TR .

A 4-1 HIRE A AR . UV (MeOH)
Amax 240, 288, 333, 360 nm AZbAFHAE I
ESI-MS m/z 310 [M-H] . 'H-NMR (MeOD,
600 MHz)#1 *C-NMR (MeOD, 150 MHz)%#z I
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T4, A LRBREW, AR
B PSR S K252 s — 2, 45 tn A
5B Fn .

b & ¥ F5-1 i ik B 4 [ 1k (MeOH), #£
240, 290 F1 336 nm Ab 2 5E 1Y 55 A WL UK .
ESI-MS 44 H 43 T & T 1% m/z 467.1 [M+H] "
'H-NMR (MeOD, 600 MHz)F1 *C-NMR (MeOD,
150 MH2)8diE W3k 4. 274 k¥R, %1k
YR YERT . BOEYE R 5 G Y AT
FP R —3, S5 AnE SC R,

2.4 Staurosporine £ Y& B & E 7% E L
TS5EYMERERIES

FI JH antiSMASH 7.1 %} Streptomyces sp.
W444 1y 5L R H (Z LK 2 E #2258 2 GenBank,
B35 CP169412. CP169413 Fil CP169414)iF
FFHE M, 45 R E B Cluster 3 5 M| Hemg 2
b &9 &Y 8 I % (GenBank % 3¢ 5 H
ABO88119)24 {1y A= Wy 45 ik R #2 EL AT 60% B AH
P (F 5, B 6A). EWEEFairRM,
cluster 3 A 33 3L, 5 R RS MR
LD HA 9 A4, Hh 5 55| [2,3-a] - Ik JF:
[3,4-c]HRIEREAZ 2544 & UAH G B KL KN orf4-6 Fil
orf9, B/ #]5 Streptomyces sp. TP-A0274 1)
B R A B P staO (4f L-24 5%
iz S AL B . staD (Ja B (LI IS iR 5 ) . staP

(GRS R P450)LA K staC (Hifid 558 AL ) i
W HE H R A B R AR RIEGR 5); £ orf7 A
orf8 i fith 1Y) N-HH JLFL AL [l A O- F BL 6 72 g 7 |
DT AL 2 18 T 2 Z LB 1T (L-ristosamine) Y
4’-NH F1 3-OH HUELSI R, 430 15 B I 3%
AR FER TR staMA F1 staMB 4 bt 9 85 1 H
B ERAITEGER 5); orf2 Al orf3 435 4w fith 40
HaER P450 I N-FERERCRE MG, X 2 DNEE
Uil AL UNESY 78S it B SIUE Y5 A
5 R R A B Y staN Fl staG it
(1) 2R B B AR LR (3R 5);5 orf1 W71 55 4

SRR, 5EMEERA MERE T
staR it i 2 B B m AR (GR 5); 1eAh,
HE— 2053 R IR R il Wl R A DG Y
, Wn staA ( %W % glucose-1-phosphate
thymidyltransferase). staB (4ifi% dTDP-glucose 4,
6-dehydratase)55 . )5 45 & SCRk[25,271%F 2 4~H]
WERRIR A G Y AW & BasR 3T T HES
SERRY RAERZNE N FELH L=
At . £ M R 1) B D B AR A P A A g (R
e 3 AN BRI (] S). L-t 2 FRTE L-Z LR A
AL T (StaO) £k T A= 5 151 Wk -3- P i 2 (indole-3-
propionic acid, IPA)EIERTAY) . Z )5, Eutig
iR A LB (StaD) AL 2 3 TPA ™ A= kg
fi? (chromopyrrolic acid, CPA), 7 ¥ % 7% [iff

BS5 AN EE. A: LEYF2-1; B: LAEYF4-1; C: LEYIFS-1.
Figure 5 Chemical structure of the compounds. A: Compound F2-1; B: Compound F4-1; C:Compound F5-1.
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F=4 LA HIF4-1F0F5-1 59 St iRt 2 12

Table 4 'H and°C NMR data of compound F4-1
and F5-1
Position Compound 4-1 & H values for
compound
0C,type OH 6C, type 5.1
1 112.5,CH 7.63,1H,d 108.9, 7.56, 1H, d
CH
2 126.3,C 744, 1H,t 125.7, 7.45, 1H, td
CH
3 119.4,CH 7.24, 1H,t 120.4,C 7.8, 1H,t
4 127.0,CH 9.20, 1H,d 127.0, 9.27,1H,d
CH
4a 1245,C - 1244,C -
4b 117.7,C - 1154,C -
4c 1203,C - 119.5,C -
5 176.0,C - 175.6,C -
6 — — — —
7 47.1,CH, 5.03,2H,s 45.4,CH, 4.98,2H,s
7a 1347,C - 1339,C -
7b 1159,C - 1158,C -
7c 1243,C - 125.6,C -
8 122.0,CH 8.04,1H,d 121.9, 7.96, 1H, d
CH
9 121.3,CH 7.33,1H,t 121.3, 7.28, 1H, t,
CH
10 126.4,CH 748, 1H,t 1263,  7.41,1H,td,
CH
11 111.8,CH 7.69,1H,t 116.3,CH 8.00, 1H,d
1la 141.1,C - 1409,C -
12a 1308,C - 1319,C -
12b 126.5,C - 128.2,C -
13a 1412,C - 138.1,C -
2! 933,C -
3 84.5,CH 4.04,1H,d
4 52.7,CH 3.25,1H,m
5’ 31.1,CH, 252,2.62,
2H, m
6’ 82.1,CH 6.62, 1H, dd
7' 30.1, CH; 2.39,3H,s
8’ 58.5,CH; 3.14,3H,s
9’ 334,CH; 1.79,3H,s

>4 actamicro@im.ac.cn, 7 010-64807516

(StaG) AL T, K252¢ (F4-1)H N-13 fv 558 Hbs
(1) C-6" o1 K& A /K A6 RNE , - 77 A | e s e 26
T H[E]4A holyrineA; 7EZNAfE 225 P450 [iff (StaN)
4L holyrineA PR & A /K 46 6 [ v, (b
Y C-2" i F N-12 (i A — A4 C-N
P O-KHIE-N-LA LR B R, Bi57EH 5
EERSE StaMA FI StaMB [1EF FHJE | -OH Al
-NH; 433 A AR SO, B8 iR IR AT
2 (F5-1), HAYGMGERME 6B Fin. &G
FEYIRSE R L AT R, Streptomyces sp. W444
i cluster3 FEA TR AIRE BRI EWHIA
2.5 AR MIC ENE

Wk MIC B9 E LB, 3 LA H
) B B MR s, a5 Rk 6 ik, H
Hr, ALE Y F5-1 X R A FIAT-31087 f il
PSR, MIC {4 25 pg/mL, HXF 3 ki &
BIEA — @ FREMMHEN . 1o, a9 Fa-
1 X} M il 5 FIAT-31087 F7ih 9 #ik 7] 1 QY22 £
HA—ZimE e, MIC {534 100 pg/mL.
L2 TR, ALY F2-1 Xhia 20 5 i3 B s
55, AN IO e e ) R QY22 RIS
£, H MIC {E} 200 pg/mL.

3 Wkb&®h

IR A S R G RN E MRS 2 2
oA Wi o 4 Bk R R BT TR TR b XY
60%-75%"", Hoh 28 3w SRR R v
U8 o SR M T BH VT 20 AR bR 32 22 53 A 138 BHTL
TV W R, X VR I, AR AR
T R VR R AR 4y X FOK R AL, %
W5 M) 2 DX 2 15 3 3 04 T4 T 9 DRV A
(25 A6 A AR = 20 BTk, AR 9T ik
BT 7 oy B33t DSV % BH VTR [A] X
BORAE 2 M 20 AR s 48R 5, IR
YoE TR S6 bk, RJE 6 H okt 8w, Hr
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=5 AR BRI IESKIRAStreptomyces sp. Wa44H cluster 3-8 FF AR ISEAE RS T REFFM
Table 5

mangrove plant

Deduced functions of ORFs in cluster 3 in Streptomyces sp. W444 from rhizosphere soil of

Orf  Product Protein Identity (%)/ Proposed function Accession number
size (aa) homolog Similarity (%)

1 957 StaR 68/72 Transcriptional activator BACS55205

2 408 StaN 85/92 Cytochrome P450 BAC55208

3 436 StaG 79/87 N-glycosyltransferase BAC55209

4 504 StaO 82/87 L-amino acid oxidase BAC55210

5 1154 StaD 73/79 Chromopyrrolic acid synthase BACI15759

6 418 StaP 73/80 Cytochrome P450 BAC55212

7 274 StaMA 73/83 Methyltransferase BAC55213

8 288 StaMB 82/89 Methyltransferase BAC55218

9 545 StaC 80/88 Monooxygenase BAF47693

10 280 89/92 Recombinase family protein MET7710960

11 295 96/97 Aminoglycoside phosphotransferase family protein WP_093549433

12 427 97/98 Helix-turn-helix domain-containing protein SCD65229

13 157 100/100 ATP-binding protein WP_283298866

14 150 95/96 DUF6415 family natural product biosynthesis protein WP_283298867

15 157 96/96 DUF6302 family protein WP_229870986

16 66 97/96 DUF5999 family protein WP_229901893

17 221 97/99 Hypothetical protein WP_337674500

18 411 98/99 Methyltransferase, FXLD system WP 283298873

19 65 97/98 FxLD family lanthipeptide WP 093549423

20 1 006 97/97 Lantibiotic dehydratase WP 337674501

21 407 97/98 Lanthionine synthetase C family protein WP 189716992

22 329 97/98 Thiopeptide-type bacteriocin biosynthesis protein WP 308435751

23 241 82/85 Hypothetical protein MERS525945

24 278 97/97 SGNH/GDSL hydrolase family protein WP 031128207

25 338 99/99 Hemolysin family protein WP 359285438

26 516 96/97 Hemolysin family protein WP 359388163

27 142 94/95 GNAT family N-acetyltransferase AYAS81838

28 83 96/96 Antitoxin WP_315879421

29 123 99/99 Fic family toxin-antitoxin system, toxin component WP 317433620

30 126 87/88 Hypothetical protein 0SY 52980

31 226 97/98 Class I SAM-dependent methyltransferase MEV2200025

32 114 98/98 VOC family protein MEV2200026

33 240 96/96 Dethiobiotin synthase WP 317433624

BERETA 21 Bk /NEASRTA 23 KR BUCEGRIE 6 i, BEETEE AN R O R R, AL
PR BEZAM 2 bk, ROBICIE 3 bk, RIRIC SN 5 ] T 0O T Y B LT AT
W1 BRFIARICE 1 bk WZREME TR PR, DA A5 R IE 1 | Pa v 1
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2530kb2532kb2534kb2536kb 2538kb 2540 kb 2542 kb 2 544 kb2 546 kb 2 548 kb

.Regulatory
staR staN staO staPstaMAstaMB staC  spolVCA :g;ﬁ(l)ls S hetic-additional
Y
D @& o > b DD PDED B @& o i
<] > a
2550kb 2552 kb 2554 kb 2556kb 2558 kb 2560 kb 2 562 kb 2564kb 2 566 kb
nisB thyC tlyC bzoD
b ) -D_ C- PdEGaan 9> d4d
nis
>PD — >
B HO g OH
COOH COOH 07X 0
A A SR e
H H N
H H
H IPA Chromopyrrolic acid, CPA
N 0
StaP N
Blestee
iR StaG
K252¢ (F4-1) > —
+
j/\o/\(o‘dTDP J
HO
NH, HolyrlneA
H
¥ o N_o
9 LY s (%‘
sav I sawa (I sa

—_— R
—_—
- 0
HO H,CO

HO HCH, NHCH,
: Staurosporine (F5-1)

El6 StaurosporineBVHE & MEFEFEELL(A)FIEYE RIRFEHES(B)
Figure 6 The located biosynthesis gene clusters of staurosporine (A) and its proposed biosynthetic pathway (B).

*=6  WEYIRR/NMIEREMIC)NE
Table 6 Minimum inhibitory concentration (MIC) test of compounds (pg/mL)

FES M o 88k ATCC 90028 A FIAT-31087 A )] H QY22

Sample Candida albicans Aspergillus niger Fusariums olanaceae QY22
Compound F2-1 >200 >200 200

Compound F4-1 >200 100 100

Compound F5-1 50 25 50

Carbendazim 25 12.5 50

P4 actamicro@im.ac.cn, 7% 010-64807516
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CLREAR I L T B AR — 2, Iy &
FERIEAF AT, 2 MO R ZE R ARAE AR B 1A
RIS SR A R A B A 2 A R I —
225, Hi NE ALK FIAR R A b4 B 13 2 Y
Wi AT TR AN R BN 5, 2 A ]
TR A BB 75%, R H ALK R PR 4
HR B M AT TR TE T SR AT TR T O B Y
PG

G5 G AN IEVETR L, PEHL Streptomyces sp.
W444 VEJ HARBMR, I ArBgsesE 1 3 gl
KAk &%, 45k streptochlorin, K252¢ il
staurosporine, Z5 14 I, REME R LML SV
(K252¢ 11 staurosporine) /A g | W R sk A= Wi,
RILH T Z W AEDTEYE, W Streptomyces sp. ZS-
AL AT S A B RATAEY, b —A0
1Y 2 R T4 YY) streptomholyrine A X [ {478
YR (C. albicans) A BRI TG, H MIC K
12.5 ug/mLPH, gbah, AF5E4r B A5 81 1 K252¢
Xt K FF 5 (Escherichia coli) VA I 4 25 €0, 5 % BR
W (Staphylococcus aureus )t HAG 5 58 2 W0 15
P, H MIC ¥ 50 pg/mL, [RIEF, #5880
AR TR 2R 6 R U C EL A AR R A A o e
HICso R E] 2.7 nmol/LP, R HAE AR BHIF
THALGY, HTHMAaIE s B Es, i
AT A LA A g TP peAh, R R
AR ) LA B0 A A M B 0 1 . 900 Xiao
SO i VR R A KL R T R 1 Streptomyces
coelicolor M1146 43 B 453 2 4714 B AU = AT
- W) (staurosporines M1 F1 M2), = #7715 V43 #r
%2 B staurosporines M1 Fl M2 X i 8 41 fitd (HCT-
116, K562 F Huh 7.5)94: K BAT 3 A
SR 1 N R 1 S A 7 N W e s e 7]
streptochlorin X #H % S R TE B Pythium
dissimile. Botrytis cinerea. Zymoseptoria tritici .
culmorum ~ Hl

Pyriculariaory zae. Fusarium

Rhizoctonia solani %5 Y5 ELAG 58 5 04 410 1 7% PEBS!
Wos i RAFA B R RE . T, BUEE S
Wres R B, Streptomyces sp. W444 MY @/~
AP R A0 L T T PR RTRE S0 R T A g 2k
e EWEDIME, s EEan 3 s
Yy P B MIC E A9 e 45 R ik — 2L 5k T 1
WA, KA RN, HA %
cluster 3 5 596 TR 2 1 24E 1) 6 W36 PR A% v B A
L, FEEAFE G DTIEWR]2,3-a] -AHE I T [3,4-c] ek
FEAZ A B DG BE Y, i — 20 B il e i 2
DR e L A A DG R LR, X 5 T R AR
IE I FEAE R R IMB3-202 P Y 2 AL A K
LRI —B, Z R TURE cluster 3 7
(4 orf2 1 orf3 fT 4 fith Y 4l S (L 5% P450 FI N-Hik
SRR I BA B TE R R PIR B RE T, B ARG
WA R, 2 A A g R e BE A
WL ARIDE SO, 12k B 9T 3 2 1 Y
AL AL RN G BT B BRI R R AT AE Y e T
filt, WHURE RN LIRS i 2 5
BRI, (EAR s — DI R A

ZEERTIR, AW TE R 2 FhZT R ARAE
YIRR PR e B % T 56 MR, JFEET
FERCRIERI LR T[S W 2, 45
RRIUR MBI R AR IR E, L
HER, WA JE#E— DI R R RN TS 2L bR Y
A GRS T 56, RN, ZR5 TikAC
FEMIPTEL TR, M Streptomyces sp. W444 |
W T 3Rk &Y, AL T staurosporine
FAEWAEY G RIERTE, IS T HAY S
Wiak#e, i T staurosporine 24 A W YRR
Wi, RHAEYE e T 5

16 STk = ¥

SROCH : SLE et S AT, S P
PRI Bl SR, PUmiseimife; AR
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