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Abstract: [Background] Coral reef ecosystem is extremely important in the marine ecosystem,
in which the actinomycetes are the important line of defense against various pathogens.
Therefore, coral-associated actinomycetes are important resources for molecules with
antibacterial activity, indicating tremendous medicinal potential. [Objective] To isolate the
culturable actinomycetes from samples of Xisha stone corals and screen out the strains with
good antibacterial activity. [Methods] Coral-associated actinomycetes were isolated by dilution
separation method and identified by phylogenetic analysis of 16S rRNA gene sequence. The
antibacterial activity test was conducted by the plate confrontation method, and the target strain
was identified. The salinity tolerance test was carried out by plating the strain on ISP2 solid
medium with different concentrations of NaCl, and the thermostability and photostability of the
fermentation products were tested by the plate confrontation method. The genome of the target
active actinomycete was sequenced by Nanopore and Illumina sequencing, and the types of
biosynthetic gene clusters of secondary metabolites were analyzed online by antiSMASH.
[Results] A total of 104 culturable actinomycetes were isolated from 6 samples of Xisha stone
corals, and 27 actinomycetes were obtained after removing duplicates according to colony
morphology and sample source. The 16S rRNA gene sequencing of the 27 strains was
performed, and they were identified as Salinispora (25 strains), Streptomyces (1 strain), and
Gordonia (1 strain) according to sequence alignment and phylogenetic tree analysis. The results
of activity screening showed that Salinispora sp. SH098 had the optimal antibacterial activity
during the antibacterial activity test. Salinispora sp. SH098 did not grow in the salt-free medium
and its salt-tolerant range was 2%—5%. Its fermentation products showed good thermostability
and photostability. The whole genome sequence analysis showed that 21.93% of the gene
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sequences of strain SH098 were related to the biosynthesis of secondary metabolites. The
structure types of predicted metabolites were diverse, which needed to be further explored.
[Conclusion] This is the first report on Salinispora spp. with anti-agricultural pathogenic
bacteria activity from Xisha stone corals in China, which enriches the obligate marine
actinomycetes resources from the Xisha islands of China. It provides new resources for the
development of new microecological agents applied to mariculture and also lays a foundation
for mining antibacterial active substances.

Keywords: stone coral; associated actinomycetes; isolation culture; Salinispora arenicola;
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Figure 1 The numbers of strains from different sites.
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Figure 2 The phylogenetic tree of culturable actinobacteria isolated from corals based on the 16S rRNA
gene sequence. The evolutionary history was inferred using the neighbor-joining method; The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1 000 replicates) are
shown below the branches; Accession numbers are shown in brackets; Bar (0.01) represents sequence

divergence.
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Table 1 Bioactivity screening of fermentation extracts from antagonistic strains (inhibitory zone diameter,
mm)

Pathogenic bacteria SHO001 SH098 SH099 Kanamycin
Photobacterium damselae 18.33+0.23 10.00+0.40 - 18.16+0.47
Vibrio alginolyticus 17.33+0.23 14.33+0.62 - 20.50+0.40
Vibrio harveyi - 9.50+0.40 - 18.83+0.23
Vibrio owensii 10.33+0.23 16.66+0.23 - 19.50+0.40
Streptococcus iniae 13.50+0.47 13.50+0.47 - 18.00+0.47
Streptococcus agalactiae 23.33+£0.47 26.16+1.02 18.66+0.23 18.75+0.23
Ralstonia solanacearum 7.50+1.41 17.50+0.47 9.00+0.47 23.75+0.84
Xanthomonas oryzae pv. Oryzae 7.50+0.47 18.50+0.00 11.50+0.40 28.00+0.81
Methicillin-resistant Staphylococcus aureus 14.50+0.47 21.25+0.23 12.75+0.40 25.00+0.00
Micrococcus luteus 11.00+1.24 27.25+0.23 19.25+0.70 12.00+1.17
Xanthomanas campestris pv. mangiferaeindicae 14.50+0.81 20.50+0.47 9.00+0.47 23.75+0.84

~ JGitE

—: Inactivity.

SRR T R AR B TR A ] AR A 0 3
RS TH SHOO1 5 R f 1A SHO98 My E AR, {H
AR TR SHO98 X na 4k [COR B A M s, IFH.
PR SHO98 X JG L4 3K TR A e v sk 11 A8 4110 T
WS E T RIBER . IR . BERki i nl
S ARG, e TSR
BEAL R T = b, L, BRZRIZH R N TE
PG HLH AT Ry 7K 7 95 3 B 16 1Y 8T i A 4 Ak ]
RE, T DLGE SR iR EA BRI 1 5 Y R b
SH098 i H bRl bk kA7 IR A ISR
24 FHEIMEKRAERER R E L
REM

NIRRT 1 h J5 bR SHO98 il &
PRz 1 B K s 24 E IR 110 3 2 B R 1R T v
M F %, HIE T FEEFIFABIE . 50 °CHI 60 °C
bR S SHO98 A P4 U i E 42 5 = i
(28 °C) F HTEHEAH M (55 2). PG & I 4R HLY)
XoF e 4 CC O G A 3 e A e AR e vk, 4t
Xof i $A05 J5 B 1) B 93 LA B 8 K = B A5 )y T
A e R LA E I Th AL

AN [R5 A1 Ak BB [ J5 B R SHO98 & TR H B

Wkt DG L i R TR B A0 TR 3 PR AR R B R 5 A
SR A ) P BT ARG, SR AR 24 h (NG SE
M AN G, ERH SHO98 A J 4 B () 4 11 16
Peicha e ; LI 48 h 5, RIBEIRIUYI HIHT
BT P T e, (ELATh 5 T PR X 2 1 ) 3
PR 3)o DRI i A T B U 0T G 7L B BR TR TR
(8 P B A B RO RRE I, AN TRk
ASHFRE B = IR B K A RIBT I6 7K 7™ SR A 3
T JEL 2 T 5 PP T R AR E BT AL

F2 ARKEREERTE SH098 2T
G 2 FCS & B9 HD & B B 12 (mm)

Table 2  Inhibition diameters (mm) of strain
SHO098 at different water bath temperatures for
Vibro harveyi

Temperature (°C) SHO098 Kanamycin
28 9.16+0.23a 12.83+0.23a
40 8.66+0.23ab 15.16+0.23¢c
50 8.16+0.23b 15.33£0.47¢c
60 8.16+0.23b 13.834+0.23b

)45 O 5 A )N - BE R IR TE P<0.05 K-F- 22 5% 3%
To compare the data on the same row in the table, different
lowercase letters behind the data show significant difference
at P<0.05 level.
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#3 FREBEKIEATER SH098 12 B4 Xt
Fo 3L 9E Tk B 8940 = B B £ (mm)

Table 3  Inhibition diameters (mm) of strain
SHO098 at different irradiation time for Streptococcus
agalactiae

Ilumination time (h) SH098 Kanamycin

0 33.50+0.40a 22.66+0.94a
1 32.50+0.70ab 22.83+0.47a
3 31.66+0.23b 21.33+0.47a
5 32.00+0.40b 22.00+0.81a
10 32.33+0.62ab 23.00+0.81a
24 31.50+0.00b 23.33+0.47a
48 25.7540.25¢ 22.33+0.47a

[ 5 4 J5 A )/ NG FEER IR TE P<0.05 KF-22 5 1 2%
To compare the data on the same row in the table, different
lowercase letters behind the data show significant difference
at P<0.05 level.

2.5 FHEIUE KA ER E PR

ZER T A2 G IR LI R B, R TR TR TR bR
SHO098 7EER 4350 0. 7.5% . 10%. 12%H)%%
FREPAREAER, TEERE 0N 2%, 3%, 5%
B R SR ALt KA R AT, RUZ AR B gk,
{HANRET 32 7.5% L0 M .
2.6 TE¥k Salinispora sp. SH098 H & £ X
HMNFET S
2.6.1 SHTHER

A Bt 5 38 2o R 38 P T AR SHO98 i
A FE A e, AR - 3500 e R B
353.3 X, AP 3P IR EE 2R 173.4 Xo
SR Flye BRI Pilon FEDEE 5153
1 1> contig, FEANIEHFHK/NA 5.691 Mb, GC %
TN 69.48%, A LA i S RE 4.997 Mb,
WM, ZE R IEF A S 5066 b
4 955 52 A9 45 [X (coding sequence, CDS),
60 > tRNA, 3 > 16S rRNA, 1 tmRNA. [ 3
R AL B ] . 45Tl Ak 22 AR YR R 56 R
HIFIMEE(ER). GC HFELEf). GC
skew HZE(E€) ., AP IREE &8 55 B AR 5

(Wife), AP REREREGERER), S
2 R 4] v A 3 R 4 5 [X(CDS) K AE 4% RNA
X (rRNA. tRNA), LINIIHZERN, SNERER
ESE, )R RFERMEE

2.6.2 COG #1 KEGG BE 4o

TE /N KEARZE X CDS (R/NZh 4.972 Mb,
7 HE P 2H 87.37%) A T RETE R, 96.55%) CDS
2/ —FER . HEE SHO98 B ™) 5 &
15T B & (AR 43 28 B B 3 (COG) #EA T LU X,
COG 43K 26 M IX(A-Z), W1 B Ik R 4% 1 o
FK(E 4A), £ 1614 NRIESIERFATERE, Hrp,
ARG R SRR R 2, 4L 194 4,
R L DR BRI 12.01%; A LR BIPE . #%
WEURZEF A A YA B B R, 3 174 4>,
TR R AR 10.78%; A CRE R A 5%
fh(146 MR, 5 9.04%) . B R I2 S
32 LR, 5 8.17%) M EIERIL A
My ia 5116 AR, 7.18%)5F 5L N
PAR TR

KEGG & &R G4 i 5L K =9 1 40 it o i 48
R AR DL R 3ok 6 35 R 7 4 T B 1 2 SR B e
i, K TR AR SHO98 1) 4 fith LR 5 i 85 s PR ik A 7
Fxt, M iE— 2ot SE e A= 2 B &2 2
170 . 76 KEGG 4l PEHh (& 4B), A 25.37%
PGt LR RIS R, nl 4ok 28 NI, fudh
AR . PREEAE AL | L (E AL B
PRGN ML R G K2, o SR 56 1
HHERZ, A 2 191 4, 5G5S ER 2
WA R B 123 4, SHA A 4%
AR R ILH A 68 1,

H antiSMASH (https://antismash.secondary
metabolites.org)7EZk Wi X} Salinispora sp. SH098
FE DRI R R AR 7 0 A 0 6 S TR A 0 4 7
WA, TR 25 VAR IR BARR A A
BFE R (R 4), R G =4 SR AA
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4200 kb

4400 kb

Size: 5 691 119 bp
GC: 69.48%

3 Etk SH098 % FHHE R
Figure 3 Nuclear genome of strain SH09S.

IEAZ W 1A Z IK(NRPS) . R B2 (PKS) . i
(terpene)Fll PKS-NRPS 447, HiH NRPS 2
FERFEA 31, I H. cluster 7 5 B ARG
MIHiAE R tallysomycin A A RS RIFEAH LR N
5%; Cluster 9 5 HAHME GRS IPTAER
friulimicin A 5 RFERBEAAREL N 12%. PKS 2
HEHEH 44, Hp 18I PKS H, cluster 14 5
AT PN S M BT A R BTK B &R (amycomicin)
B R R AR EE Ry 25%; Cluster 23 5 B A $T

—GC% (average: 69.48%)

W GC skew

Coverage of illumina: 100%

B Depth of illumina (average: 353.3 X)
Coverage of nanopore: 100 %

I Depth of nanopore (average: 173.4 X)

N CDS[rRNA[tRNA

B CDS

IR 1% M BT AE 3R calicheamicin A5 S K AH
I K 40%; 1 PKS (¥ cluster 17 5 HA BT
PSR 2545 paramagnetoquinone &
AL R FEAHLUE N 25%. Terpene ZER:R A
34, Horp cluster 2 5 B AP E TG PR
FAE 5 3R (rifamycin) & BHE RFEARBLUEE S 20%
Cluster 8 5 HAHANER T isorenieratene A
B AR AL A 25%. PKS-NRPS 244 M3t
KA 74, H cluster 3 5 HA HUAN GG P

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



1766 A i AR Microbiol. China

A Group
[ AJRNA processing and modification
[ B|Chromatin structure and dynamics
[ | C|Energy production and conversion
[ | D|Cell eycle control, cell division, chromosome partitioning
. E|Amino acid transport and metabolism
. F|Nucleotide transport and metabolism
] G|Carbohydrate transport and metabolism
. H|Coenzyme transport and metabolism
[ 1Lipid transport and metabolism
.JJTransIatiﬂn, ribosomal structure and biogenesis
. K| Transcription
200 - 194 . L|Replication, recombination and repair
] M|Cell wall/Membrane/Envelope biogenesis
[ NiCell motility
. O|Posttranslational modification, protein turnover, chaperones
[ PlInorganic ion transport and metabolism
. Q|Secondary metabolites biosynthesis, transport and catabolism
. R|General function prediction only
. S|Function unknown
35 . T|Signal transduction mechanisms
] Ullntracellular trafficking, secretion, and vesicular transport
[ v|Defense mechanisms
. X[Mobilome: Prophages, transposons

37

Number of genes

146

ABCDEFGHIJKLMNOPQRSTUVX
Function class

Nervous system | 7
Immune system 2
Excretory system 2
Environmental adaptation
Endocrine system
Digestive system
Xenobiotics biodegradation and metabolism
Nucleotide metabolism
Metabolism of terpenoids and polyketides
Metabolism of other amino acids
Metabolism of cofactors and vitamins
Lipid metabolism
Glycan biosynthesis and metabolism
Global and overview maps
Energy metabolism
Carbohydrate metabolism
Biosynthesis of other secondary metabolites
Amino acid metabolism
Translation
Transcription
Replication and repair
Folding, sorting and degradation
Signaling molecules and interaction
Signal transduction
Membrane transport
Transport and catabolism
Cellular community-prokaryotes
Cell growth and death . ) .
0 250 500 750

Number of genes

Class

I Cellular processes

I Environmental information processing
¥ Genetic information processing

0 Metabolism

I Organismal systems

4 TH#k SH098 By COG (A)#1 KEGG (B)E F4HINgE £ 7
Figure 4 COG (A) and KEGG (B) functional notes on the genome of strain SH098.
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x4 HEHSHIS EFEAEH XK FZMENERERZFLE

Table 4 Biosynthetic gene clusters of strain SH098

Region From (nt) To (nt) Type Most similar known cluster Similarity (%)
1 5910 33922 NRPS Stenothricin 31
2 668 928 689 378 Terpene Rifamycin 20
3 693 918 785218 T1PKS, NRPS-like Rifamycin 71
4 936 001 976 237 Ladderane Triacsins 65
5 1231621 1246370 NAGGN - -
6 1501568 1588876  NRPS, TIPKS Sporolide A/Sporolide B 29
7 1730199 1795573 NRPS, lanthipeptide Tallysomycin A 5
8 2328989 2347958 Terpene Isorenieratene 25
9 2348 558 2404027 NRPS Friulimicin A/Friulimicin B/Friulimicin 12
C/Friulimicin D
10 2655992 2697 041 T3PKS Alkyl-O-dihydrogeranyl- 71
methoxyhydroquinones
11 3591251 3654742  NRPS, TIPKS Caerulomycin A 8
12 4057030 4105959 Bacteriocin, T1PKS, Lymphostin/Neolymphostinol 100
NRPS-like B/lymphostinol/Neolymphostin b
13 4205434 4332102 NRPS, TIPKS, Salinichelins 76
NRPS-like
14 4351618 4405441 T1PKS, other Amycomicin 25
15 4454 050 4465 009 Butyrolactone Salinipostin G 66
16 4527763 4550917  Fused Ketomemicin B3/Ketomemicin B4 100
17 4729755 4802270  T2PKS Paramagnetoquinone 25
1/Paramagnetoquinone 2
18 4877587 4914955  Siderophore, LAP, - -
thiopeptide
19 4915160 4936410  Terpene - -
20 4981292 5002458  Amglyccycl - -
21 5009447 5032398 Lanthipeptide Azalomycin F3a 8
22 5122903 5146112 Indole Staurosporine 76
23 5288065 5360051 T1PKS, PKS-like Calicheamicin 40
24 5384815 5489107 NRPS, TIPKS, Kedarcidin 26
arylpolyene, ladderane
25 5510504 5594132 Oligosaccharide, PKS-like, Calicheamicin 41

T1PKS, NRPS

= R TR F d AR B R TR A

—: The most similar known cluster is not predicted.

MIPLAE R rifamycin A LR ARy 71%;
Cluster 11 S EAHNAEHEHENLED
caerulomycin A & B & K % A U R 8% 5
Cluster 12 5 1E Jy % 9% #1077 09 bk &2 37 7T
(lymphostin) & %3 K 7% A1 BUEE A 100% ; Cluster

24 5 BA MG A E kedarcidin A%
SR FEARRIE A 26%; Cluster 25 5 ELAT HL R
G PERPTA: & calicheamicin & i3k K2 AH AL
YRR 41%. BESCER[161RIE, © MIREHE
O EAEE TR R . REITT . PR R
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AR R RETAER, KiE— P IEs T bk
SHO98 HA 7 A Fr RIP T BRI PE ) B BE T

3 W54 ®

VT TR IR B A 7 A AR T i 2 ke T
S STE TR 2R, Yo kAR TR
BRI A RN ARG R A
PUVD IR B B TR B 1 4 S SOR 5
PR A7 A ot v 0 8 O 3 — R T 1 R A R TR
Pk SHO98, i X Ht A il PEvr o, A Bz
PR 1) 24 T i BB XoF 2 Tl i 200 T ) 5L A 41 i 4
FH 0 JC L% 2K TR I B TR TR 0 91 7T 3 M ey
TRIBEZR, IFHIZE A EY A
RAF At e e Rt e . Wik,
SHO098 1l 5 g /KK 7 SRA S W HE AL | it
T 24700 LA R K 7™ 37 B K A s R A 285 ) ) 5
BBy T R K T SR EE Ml A S € i B R SR B AL T
Bl , HoAA W R TR R
3.1 AMEBEMERZE S T

F 2006-2022 4, ERNAMIFFEARE A
W Ay 2545 21 R R 8 (Nocardia) . 23R TE
J&(Rhodococcus) . il % [C TR J& (Dietzia) . L H9TA
J& (Salinispora) . X% {J& (Gordonia) . %5
J& (Streptomyces) F1 18 W 4 & F} K W )&
(Nesterenkonia)® 62 FitE B!, HAok, B
AR A% SO 3 R R AR X R g g
B8 A o B TR D R 2 AR R TR A
M, YIRBL T VR ZRIA MR, X RV
W R F s R R R . A AT
A b oy B RS M 2k e, b FR R
O FUTR R T, TR K% By (W) AL i
(W2)SR IR A BE S 3 R B s 200 Tk
] PG VD i 2% 5y PR v 2 A5 2 Vb A R A
AL, AT LR 7 TR J 3 TR TE i 2% 5% B v 43 A
BT o AHIESEE IR 1 AT PG DA B B

AR AR TiZE R, WS RRRE
PRITR ASZ RO S 441t 1A 2
3.2 BBEREE

AW E R 1 D PHRGE BT PRI LR
B2, 2o A TG SO b X TR
R | R . T DA S ot A R BT
WEHA, ZEBRILEET 9 A, 2HlE
S. arenicola . S. tropica. S. pacifica. S. cortesian
S. fenicalii . S. goodfellowii . S. mooreana .
S. oceanensis Fl S. vitiensis[zg'm]; Hrp S arenicola
SIS, S, tropica HE S AE W H Rk
PBY 1991 4E, Jensen 0PV E W Salinispora
BRAE 2 B KB i K I JGIE 2R 1 2008 4F,
Tsueng 23V B Salinispora HARAE S/ 5.0 mmol/L
R T AL R IS SR P T LU . M,
B Rk v R A e 1 B 0 R T AR Vi K A
ARG, AR RIS R, Wbk
SH098 7EJC NaCl i ISP2 85975 EARA K, 18
2%—5% NaCl 1 ISP2 i sbnf A K, Hf
2%—3% NaCl [t ISP2 1557 3 K AU I,
3.3 EEEREMZERENR =Y

b 76 B 2k i T LU AR R R A
7/ = N TS NG S R G DR At/ RO
salinosporamides . rifamycins . saliniketals .
cyclomarazines. salinisporamycin 26291 o HL
BHHE . PUREEIEENS, Hid salinosporamides
A PR EA R A0 B e g AR 1 TR T IR
wEoE . B w7 T A BOR R A IS bk
SHO98 (14 B FF 41, ZETI i 25 U PAC S
A G R, 21 NS 2 AR A
L, HommiEEgE 2, EEE 3 (3al5
rifamycin & I AL R 20%F1 71%) &
H#% 6 (5 sporolide A & A3k [ 7 AH LR Ay
29%). KEP#%E 12 (Y9 lymphostin £ AL R AH
U R 100%) . FEFHF%E 14 (45 amycomicin 7
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FEDRIFEABRUEE R 25%) FIFE R % 22 (5 staurosporine
A I R AR R 76%) 4 1Y 7= 1 5 h 1
& AR B AR LR A, HAAE S
B AR AVEAR , TR B X R B A 77 451
BB IR A T R T, BAAIRAIZ RN
B AT EX TR AR R L2 K
G W) S AR )5 RO PR 2 406 55 D T A A
FER o MG, ARSI Al e v D 0 3 [
PO TR AR W) BT IR AR A B L
Mo J5 Sk Uk 223 o AR 43 1 B AR AT B 8T
RUTE A ) 5T AT 43 85 08 SO A ) R I
WEFEATAIESE, R ZRIZ R e 2 I o b
T UL A B iG . I AE 5 A Oy
TR A VTR VR TR TR B U5 T e A P 4
PEEERRE R .
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