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Abstract: [Objective] To investigate the diversity and potential value of the algae-associated
symbiotic or epiphytic actinomycete resources from South China Sea, we isolated and identified
actinomycetes from different algae samples collected from Xisha Islands and evaluated their
antibacterial activities. [Methods] We used two types of media for the isolation and purification
of actinomycetes and the isolates were identified according to their 16S rRNA gene sequences
and the phylogenetic tree. The activities of their fermentation products against 10 pathogenic
bacterial strains including Streptococcus agalactiae were tested with the punching method. The
whole genome of the target active strain was sequenced and the biosynthetic gene clusters of
secondary metabolites were predicted and analyzed by AntiSMASH. [Results] A total of 36 strains
of actinomycetes were isolated from six kinds of algae. Based on 16S rRNA gene sequence and
phylogeny analysis, they belonged to Streptomyces (2 strains), Rhodococcus (2 strains),
Nocardia (3 strains), Micromonospora (5 strains), and Salinispora (24 strains), respectively.
The antibacterial tests showed that the fermentation products of the 36 strains displayed
inhibitory effect against at least one of ten sensitive bacteria. The antibacterial activities of
Salinispora spp. were stronger than those of other actinomycetes. AntiSMASH analysis showed
that more than 22.28% of the gene sequences in HZ014 genome were related to the
biosynthesis of secondary metabolites, indicating their great potential in natural product
biosynthesis. [Conclusion] The algae of Xisha Islands are home to abundant rare culturable
actinomycetes. In this study, marine obligate rare actinomycetes associated with marine algae,
Salinispora spp., were reported for the first time. The fermentation products of 36 strains of
actinomycetes displayed antibacterial activity, indicating the potential value in the prevention
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of fish diseases. These rare actinomycetes are potential resources for the development of

marine drugs or biocontrol agents.

Keywords: algae; symbiotic or epiphytic actinomycetes; Salinispora; antibacterial activity
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Figure 2 The phylogenetic tree of algae-associated actinomycetes.
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A3: Turbinaria ornate; A4: Caulerpa serrulate; AS: Acanthophora sp.; A6: Ceratodictyon spongiosum.
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Figure 4 The distribution of algae-associated actinomycetes with antibacterial activity. C1: S. aureus; C2:
M. luteus; C3: E. coli; C4: X. campestris pv. mangiferaeindicae; C5: S. agalactiae; C6: S. iniae; C7: V. anguillarum,

C8: V. owensii; C9: P. damselae; C10: V. harveyi.
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Table 1  Antimicrobial activity of algae-associated actinomycetes

Strains C1 C2 C3 C4 C5 C6 C7 C8 C9 C10
Micromonospora sp. HZ001 - — 22 - — _ _ _ _ _
Micromonospora sp. HZ002 — — 21 — — — — _ _ 3
Micromonospora sp. HZ004 - - 17 - - - - — _ _
Micromonospora sp. HZ005 — — 12 — — _ _ _ _ _
Micromonospora sp. HZ006 - - 20 — — — _ _ _ _
Nocardia sp. HZ003 - 6 4 — - - — — _ _
Nocardia sp. HZ008 - 4 18 - - - - _ — _
Nocardia sp. HZ009 - 5 10 - - — - — — _
Salinispora sp. HZ010 2 22 7 4 - - — - 6
Salinispora sp. HZ011 8 30 7 11 24 21 - 8 - 11
Salinispora sp. HZ012 8 31 4 6 - 7 - 6 - 11
Salinispora sp. HZ013 8 28 11 9 8 6 - 7 - 10
Salinispora sp. HZ014 6 27 - 19 27 26 - 8 7 21
Salinispora sp. HZ015 — 9 — 2 — — - - _ 5
Salinispora sp. HZ016 - 15 - 3 — - - — — _
Salinispora sp. HZ017 8 30 - 12 23 13 - 6 - 10
Salinispora sp. HZ018 5 26 - 5 - 4 - — - 7
Salinispora sp. HZ019 8 30 6 7 6 - 5 - 8
Salinispora sp. HZ020 4 25 - 4 4 - - — - 7
Salinispora sp. HZ023 - 5 - - - - _ — _ _
Salinispora sp. HZ024 2 21 - 4 - 3 - - - 5
Salinispora sp. HZ025 5 - - 5 3 4 - - — 5
Salinispora sp. HZ026 6 20 - 6 5 5 12 - - 7
Salinispora sp. HZ027 5 17 - 5 - 4 - - _ _
Salinispora sp. HZ028 - 7 - - - — - - — _
Salinispora sp. HZ029 6 20 - 6 - 6 - - - -
Salinispora sp. HZ030 5 25 20 7 - 5 - - - 9
Salinispora sp. HZ032 — 9 22 — - — _ _ _ _
Salinispora sp. HZ033 - 20 - - - - - _ — _
Salinispora sp. HZ034 8 30 21 7 5 6 - 5 - 8
Salinispora sp. HZ035 2 20 - 5 - 2 - - - -
Salinisporasp. HZ036 8 30 8 8 5 6 - 7 10 9
Streptomyces sp. HZ021 6 5 - 5 7 8 - 8 - 12
Streptomyces sp. HZ022 4 5 - 4 4 5 - - _ 8
Rhodococcus sp.HZ007 — — 20 — — — _ _ _ _
Rhodococcus sp. HZ031 — — 25 - — _ _ _ _ 7
Kanamycin 25 14 17 24 17 16 20 16 15 18

Cl: S. aureus; C2: M. luteus; C3: E. coli; C4: X. campestris pv. mangiferaeindicae; C5: S. agalactiae; C6: S. iniae; CT7:

@ 9

V. anguillarum; C8: V. owensii; C9: P. damselae; C10: V. harveyi. indicated no resistance; the above dates are the size

(mm) of bacteriostatic circle.
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x2 EMRMEHENRER

Table 2 Test on salinity endurance for isolates

Strains NaCl (%)
0 2 3 5 7.5 10 12

Micromonospora sp. HZ001 +++ +++ +++ ++ - — _
Micromonospora sp. HZ002 +++ +++ 4+ ++ + + _
Micromonospora sp. HZ004 +++ +4+ o + _ _ _
Micromonospora sp. HZ005 +++ +++ ++ ++ + + _
Micromonospora sp. HZ006 +++ +++ +++ ++ + _ _
Nocardia sp. HZ003 +++ +++ +4+ + + + _
Nocardia sp. HZ008 +++ +++ +++ ++ ++ + _
Nocardia sp. HZ009 +++ +++ +++ ++ + + _
Salinispora sp. HZ010 - +++ ++ + - _ _
Salinispora sp. HZ011 - +++ +++ ++ — _ _
Salinispora sp. HZ012 - +++ 4+ ++ - - _
Salinispora sp. HZ013 - +++ ++ ++ — _ _
Salinispora sp. HZ014 — ++ ++ + _ _ _
Salinispora sp. HZ015 - ++ - + - _ _
Salinispora sp. HZ016 - ++ ++ + - _ _
Salinispora sp. HZ017 - ++ ++ + _ _ _
Salinispora sp. HZ018 - +++ +++ ++ _ _ _
Salinispora sp. HZ019 - ++ ++ + — _ _
Salinispora sp. HZ020 - +++ +++ + _ _ _
Salinispora sp. HZ023 - + ++ + - — _
Salinispora sp. HZ024 — + ++ + _ _ B
Salinispora sp. HZ025 - ++ o+ ++ _ _ _
Salinispora sp. HZ026 - +++ + _ _ _
Salinispora sp. HZ027 - +++ +++ ++ _ _ _
Salinispora sp. HZ028 - + ++ + - _ _
Salinispora sp. HZ029 - +++ ++ +++ - — _
Salinispora sp. HZ030 - +++ +++ ++ _ _ _
Salinispora sp. HZ032 — ++ 4+ + _ _ _
Salinispora sp. HZ033 - ++ ++ + - _ _
Salinispora sp. HZ034 — ++ ++ + _ _ _
Salinispora sp. HZ035 — ++ ++ _ _ _ _
Salinispora sp. HZ036 - ++ ++ + - _ _
Streptomyces sp. HZ021 +++ +++ -+ +++ +++ ++ -
Streptomyces sp. HZ022 + ++ ++ ++ + — _
Rhodococcus sp.HZ007 + +++ 4+ +++ + - _
Rhodococcus sp.HZ031 - +++ +++ +++ ++ + _

+++: Greatly; ++: Good growth; +:

B 7 bk, A3 BRI 2 bk iR R
3 bk, LTRREUR | bR, BEREUR | bk, TR
LTSI TR K B TR A 7.5% 07T 3 Bk,
S Bh /N AR 1 B STERTR | bk SRR

Weak growth; —: No growth.

J& 1 RE, BRI A F AR Rl
FEAE 5%MA 25 R, Hrh 23 BoORBRIETCER S50
A, YRR JE R R s R RARAE 3%
A K, BT XA PR A58 B
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2.5 BHREMEEYE Salinispora sp. HZ014
REEFRANF ST HH

Wtk HZ014 © 58 4 L 40D e I 414500
BEBRSLIR A B . B 5 R T HAZ L HE A,
HAMNEINHIR . 55—, R HE S
R, GC SR =, AP
GC skew HhiZk; SEDURE, AP IRE 2 55
FEAT L 55 O, AR P R S T A R
FiNlE, FEFEZRISIX (coding sequence, CDS)PA
JEgwAS RNA X (rRNA. tRNA), FHk HZ014 J
LK /N 5.68 Mb, G+C N 69.55%. Xf

SER A AT EER IR, AR AT 4 974 A58 5 (1 G )
X, K/NZH 4.96 Mb, HIER 4 87.30%.

# KEGG $t4# 5 b X iX £ CDS 47 U e i
FE, WA 6 s, SACHIAHSCH CDS 47 1 809 4,
(A5 SR FNREZEAL S WA E CDS A 177 45
5 HAbHTA R SR AESE CDS A 106 15
B H A & LR AR T A DG CDS A 70 4

# 3} AntiSMASH
secondarymetabolites.org) 7E £k W 3l X Salinispora
sp. HZO14 JEPR2H i U G A ™ 1 Lk 1 6 i ik
KRR AL T, 25 RN 3 FR .

(https://antismash.

o WL
w\‘ | 'MI“,‘ -

Size: 5679 833 bp
GC: 69.55%

717 400 o D
_‘ﬁ‘ f "'n\"

5 E Salinispora sp. HZ014 #E [ ¢H E 5]
Figure 5 Nuclear genome of Salinispora sp. HZ014.
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Figure 6 KEGG pathway results classification map of Salinispora sp. HZ014.

R AR HZO14 JE[AZH hAEAE 25 MIETEMIIR
R WG AR R %, 1576 O I s
7Y B AE B & £ IR (nonribosomal
peptides, NRPS). H[iZ (polyketides, PKS). i
% (terpene)Fl PKS-NRPS Z44%, {4 3 PR %
12 il JE T PKS-NRPS KA, fii TN 41
4052 768-4 101 666 nt, S5ikELHTTT (lymphostin)/
HTIRK EL VT BE (lymphostinol) /i L 7T % B
(neolymphostinol B/ kLT b (neolymphostin b)
WG SRR B 100%. REL T /2
ML s bR A R TR (R R AR 1), A B gse il

FIIVE , Miyanaga ZEPO%6 gk 4T T AHSEHFIE R
6., T AL 699 255-791 909 nt A IEAFE 3,

JRJE F PKS-NRPS 2K, 55 | 45 2% & (rifamycin)
A B R FEAYE S 71%. FliEHRE T
CWHEREIAER, BBEFFIEMH4E RNA
REWE, HAPUREE. U . HUR IR ST
P, TN TR IRYT, XS R R
FHAEERTA | 5 2% FCBAEAT IRt A — e B VE o
Yang Z:US1%6 W £ 71 5 & B bk NHF45 4y 53k
BHEE R Bo ZEHFE 6 F A TR R A Al i
(T1PKS), i FHEHZHAY 1503 604—1 548 880 nt,
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k3 HEE HZ014 BREFRBRIFHPENESHERFLER
Table 3 Biosynthetic gene clusters of Salinispora sp. HZ014

Gene  Type Most similar known cluster Similarity Activity Reported References
cluster (%) year
1 NRPS-like Stenothricin 31 Enzyme inhibitor 2014 [22]
2 Terpene Rifamycin 20 Antibacterial 2006 [23]
3 T1PKS, NRPS-like Rifamycin 71 Antibacterial 2006 [23]
4 Ladderane Triacsins 65 - 2019 [24]
5 NAGGN - - - - -
6 TI1PKS Sporolide A/Sporolide B 27 Anticancer 2005 [25]
7 NRPS, Tallysomycin A 5 Antitumour 2007 [26]
lanthipeptide-class-i,
lanthipeptide-class-ii
Terpene, NRPS Thiocoraline 7 Antitumour 2006 [27]
T3PKS Alkyl-O-dihydrogeranyl- 71 - 2011 [28]
methoxyhydroquinones
10 Lanthipeptide-class-i - - - - -
11 NRPS, T1PKS Collismycin 7 Antibacterial, 2012 [29]
antiinflammatory
12 RiPP-like, T1PKS, Lymphostin/Neolymphostinol B/ 100 Immunodepressant 2011 [30]
NRPS-like Lymphostinol/Neolymphostin b
13 NRPS, T1PKS, Salinichelins 76 - 2018 [31]
NRPS-like
14 T1PKS, other Amycomicin 25 Antibacterial - -
15 Butyrolactone Salinipostin G 66 Antibacterial 2017 [32]
16 Guanidinotides Ketomemicin B3/Ketomemicin B4 83 - 2017 [33]
17 T2PKS Paramagnetoquinone 1/ 25 Antibacterial 2017 [34]
Paramagnetoquinone 2
18 Siderophore, thiopeptide, — - - - -
LAP
19 Terpene - - - - -
20 Amglyccycl - - - - -
21 Lanthipeptide-class-ii Azalomycin 8 Antibacterial 2017 [35]
22 Indole Staurosporine 76 Anticancer, 2011 [36]
Antitumour
23 T1PKS, PKS-like Calicheamicin 40 Antitumour 2002 [37]
24 NRPS, T1PKS, Kedarcidin 24 Antitumour 2013 [38]
arylpolyene, ladderane
25 T1PKS, NRPS-like, Calicheamicin 41 Antitumour 2002 [37]

PKS-like, oligosaccharide

—: Not reported.

Dineshkumar 555135 B 14 (1 25 20 1A e bt ik
) E FI A I 2595 % sporolides 14 A BEAE
FRE S AT, #E— 2P B T sporolides H/E
Wik s SRR 23 IR TN Sk 1Y SR i - B

5 sporolide A/sporolide B A= %) & 1lFik K] 7 A L)
PEK 27%. Sporolides 24k & 1) F W) M ELIG Eh 1
5 £ R AR ER 355 vh T B A TR R R T T R 7R TR
CNB-392Ih iy g 354, ENTHAHUEEE,
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(T1PKS), i FHRHFLHAY 5282 562-5 354 572 nt,
5k B % 8 K (calicheamicin) 4 ¥ & hl 5t [A 7%
FAIME R 40%, R B a8 &8 T8 RS ht b
TAPUAE R, X R A A SR 2N Y A R .
Scripps HEFEAF 5T BT AE D EOR 5 A W) R 25 52 v
L F 2006 4E N Salinispora pacifica KW=+
S T s k25 W) cyanosporasides A-B.,
2013 4E X MH 525345 T cyanosporasides C-F,
FEXE = Az A P 0 L R R T T bR 4
P oA

3 W54 #%

i R RV PR v — R R O E B A AR ) R
W, AENIRAE P BT RS RGP G
HEMMAO, IFESAFEEEY R, A
R BB A T8 ¥ S A ) S B A T2 TR T 5T 1 O T 4
Z, TP ORI T A LR
Romanenko %)\ H ARG {221 S FE i P 20 B8 15
F 5 PRF 22 R PAMET VB ER TR, YR 168 rRNA
BN, 5 bRy B bR SR R TR T L
Aii 18 % R TR (Labrenzia) J& . N AF R F 6 F%
VA E G ARHT SO b b DX ) Vi AT 2 AR
FESh o> B AR A5 B 60 AR AT 85 3% 10 e 28 f AR
T, Hoh 10 RS R TR T 11 AT &
(Salinibacterium). P e 45 W38 10 4l 855 357 19 0 12
i 2216E 55 7 FpIEFRIE, ML ZR 4 Ui T 2%
IR IEGHRAE R B P B i 62 BRINAE
TR, TR H AT HOR IS A . A5
VR P VDR S T R AR 1Y © R BE(I 35 . A
ZW . WIWGE . IEERE . il . )
Sy ERE 36 BRIETEATE, e TEAEE .
BERED . NPAIRE . AEREAERIRE, HP
AR AU & Sy 1 YR DA VG U i e B AR PR )
R ENAREIRY), I HIRASR B AR 2 B AR
TE TR AR ER PR rp 25 50 R B0 2 B0 B vk A

ORI Eh PR RO Eh R, SR A0 TR MR A o AR 1Y
S IARRAER, X RUISLL BT 4 215 2 1Y
PAAR AR 55 FL B Ak A Ve R PRI AR OGRS X
VRFVE PR B A0 3E ko ER TR B 7E 2005 4E 4 IE S
i, VR E B2 — D i 0 & P
WEY e, AT LU A 325 BT PR R AR
Yo AR ETEE WIT R T T AR
TEFVERTR B BT . 40 Sun ZE1 | T 21515
S [ R AR AT L O b o3 2 3R AR T VDA
R TR SO A T VDR ER A B 1 K A B
DNA R SCIE 5 Xia 25970 70 16 36 #0 74
CNS205 Sare0718 FE[N AT T UIRESEE

R 3 N S 2 W AR v R R AR TR
Py ] e A R IR A Y 2 5 s 3 B AR
TR, 5 B EHCHT A 5 3500 v RS BE 1 4= 5 o
XL A IR A T A AR L T
B, MYkt T BRIl
40 Song Z5E S MR TEME HE (Sargassum sp. )=
HLIH Trichoderma asperellum & 14 H 43 85 H —
ROV GG, Hrh aTE 4 B
LR ZE M EEEAT A Y tricholumin A, & PEIHFST
SE R KA AY) tricholumin A HA HiMA 4 FCIR
PRI B B A A9 AR 5 5 Chhoi S50 DGR I
W L2820 B Y — P 0 B i A R A
Aspergillus flocculosus , F1 WA =91+ 5 25
531 5 48 ophiobolins 28 520k, X 2ufk
“¥xt 6 BRIk HCT-15, NUGC-3 |
NCI-H23, ACHN. PC-3. MDA-MB-231 ¥j3%
P B I AR e AR 5 Li ZE00Mdi ] PDB 3555 3E
Xof o B2 e LB A= ELER Aspergillus wentii EN-48
HATEEFR . HARE = Wb 23 254530 1 A58
BERATA Y, TEPUAATE PO PRI B 2
f) DPPH H H &5 BREE ] -

AW FEAEDU BT PE PR A & P VD i
I ARAF B R BT /0 1 b fi gk il ek

e
]
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R — & e, Horb 3R 8 ny i e
TR, RN TCFLEEER TR (S. agalactiae) .
W LEERINERI (V. harveyi) SEHF IR 5 IR HAT B HY
FRIVERT, R AR B4 R B T B BER
IREEZ . YK (Vibrio spp.)FEEER T (Streptococcus
spp. )i T A K 7 3R FE M HP R ™ ) A R R
FL BT DU Z MoK SR sh B, lan %
AR BRI 1Y 2 Fh 32 L B0 R v IR 3K R AN
JCFUEEER Y, RlaERR A E—F A B
SBEOR T, AT 5T AE LB | I
S0 M KRR T 2 /D BERS IR YL 27 FhIREEEFIIR
KA, BT E L 30%-50%, i HAE 1355
RGN, JEHL TN E O R b
& K FRFEN B, IR R R T
5 | B2 B9 0 K SR B Bl ) R R H 4
VAT 3 6995 it T B0 5 s 32 AR T 2
IR G, (LG e D v T 24 1 3 0
2k B A RO TG YL A I H 25 R
AE 16 T B9 75 B 16 24 7)ok i /b, ik iy 5 H0BT
B0 AR 20 R 0 Bl A 0 o 59 R Ak R K 7 7 B
b 2 €2 £ B & JR TV () (), PRIt 4240 v o
R 5 ) T e A i ke T R RO T A T
] T A R BRI I 3 A ¢ € B0y ¥ T R B A
WHEME L,

LA B0 o T 4 1) 6 70 1 B bk HZ014 1E
HPrpatk, U7 17 234y fnk g A~
WE WG R R b, KB AR FE W
WA P Y A= 0 & R R, VR 2 R S
HAEE AR A AR R . sporolide A
cyanosporaside . amycomicin . £ &I ffl B &
(staurosporine)FEHUIH . PR . P . sz
il 1 23 5 B A B R RSB o 91 A R
HBRBTLPRREIUER, ABRr I 4
# RNA RGHE, HAYOREE. DU . PrmEk
YSETEE, BIbk HZO14 HhIE AR 3 SRR EH

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

AW B R R AE R 71% ;5 sporolides 251k
GV W) I\ EL R L I 21 A ARIR BT v ke B T
PR I TEEL L CNB-39212 e p 3 B 3015, &
IR BURIETE, Witk HZ014 PAENFE 6 5
sporolide A/sporolide B A= 44 il 3 P % AH DL 14
K 27%. REAERE TH PSSP siE
R, IXEALA Pyt e A0 i 5 AT 5 2L R A
L BRI R 245 W) A0 K AR 7
FRIE XS, Wtk HZ014 AL 23 5
HARREDG MR BARIE S 40%, R
ZESRULW], Bk HZO14 0] g HA 7= 4 JU 25 Hy
BB RNSYEY B BT . Bt #E— 2P AE
FEZK R BAC ), ARLMAAE
BRI VERR B IR G, IR
BRI BTIG R A A SR AT B
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