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AR BAR S PR AR B 3R 09 AR IR AR A AT IR, W4 O AN BT 3 AR S o AR IR AL AEE, AT
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METFHAEHE, EARSZNALRRT $HM, L+ ISMZ1756 A A LHAH GH AR ; ISM
7J756 BAK A E B (K AEM A #R) 89 Nl-siderophore 2L B £ LA 42 349 % A Ao df A00E, BA &= A3
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Phylogenetic diversity and functional biosynthetic gene clusters of
marine siderophore-producing bacteria of Microbulbifer
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Abstract: [Objective] To reveal the phylogenetic diversity of 12 marine siderophore-producing
bacteria isolated from intertidal sediment samples of Naozhou Island in Leizhou Bay of South
China Sea, and to unravel the components, functions, genetic diversity and genetic evolution of
siderophore biosynthetic gene clusters (BGCs) of the isolates as well as representatives of
Microbulbifer. [Methods] The phenotypic characteristics as well as the siderophore-producing
activity of the strains were observed by conventional methods. The phylogenetic diversity
(including taxon, species, and genetic diversity) of the strains was analyzed based on 16S rRNA
gene sequences. Then, the exact phylogenetic status of the representative strain JSM ZJ756 was
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investigated comprehensively by means of comparative genomics analysis based on whole-genome
sequences, including comparisons of G+C content, average nucleotide identity (ANI), and digital
DNA-DNA hybridization (dDDH) estimated values. We then used multiple bioinformatic stools
including antiSMASH 7.0, BLASTn, BLASTp, and MEGA 11 for rapid identification, annotation,
and sequence alignment of BGCs, thus exploring the components, functions, genetic diversity, and
genetic evolution of siderophore BGCs. [Results] All the 12 isolates were Gram-negative, aerobic,
non-sporulating and slightly halophilic rods with siderophore-producing activity. The results of
phylogenetic analyses based on 16S rRNA gene sequences as well as whole-genome sequences
showed that all the 12 strains belonged to Microbulbifer, representing 6 to 8 species and forming
4 clades with Microbulbifer type strains in the phylogenetic tree. Among them, strain JSM ZJ756
should be a new member of Microbulbifer zhoushanensis. JSM ZJ756 and 9 representative strains
of Microbulbifer each carried one copy of NI-siderophore BGCs, and 8 out of the 10 NI-siderophore
BGCs shared the similarities <40% with known BGCs. According to the types and the similarities
of known BGCs with the NI-siderophore BGCs identified in this study, the 10 NI-siderophore
BGCs could be categorized into 5 functional subtypes: Ochrobactin (JSM ZJ756 and 2 type strains,
JYFX01000060.1, similarity of 28%), Vibrioferrin (M. mangrove DD-13", AB082123.1, 100%; M.
epialgicus DSM 186517, CP005094.1, 85%), Putrebactin (M. agarilyticus GP101, NIBS01000001.1,
40%), Aerobactin (M. echini JCM 30400", AB199785.1, 22%), and unknown functional subtype
(3 type strains including M. variabilis ATCC 700307"). The results of BLASTn and BLASTp
analyses showed that the core biosynthetic gene sequences of the NI-siderophore BGCs identified
were unique, and encoded novel proteins. The results of genetic evolution analysis showed that the
core biosynthetic genes of the NI-siderophore BGCs found exhibited high genetic diversity. In the
phylogenetic tree based on core biosynthetic gene sequences, 9 out of the 10 NI-siderophore BGCs
were grouped to 3 clades, but M. agarilyticus GP101 exhibited an independent evolution path. The
comparative analysis revealed the genetic evolution of NI-siderophore BGCs being consistent with
that predicted based on the 16S rRNA sequences. [Conclusion] All the 12 siderophore-producing
strains isolated from intertidal sediment samples of Naozhou Island in Leizhou Bay of South China
Sea belong to Microbulbifer, demonstrating high phylogenetic diversity, and JSM ZJ756 is a new
member of M. zhoushanensis. The NI-siderophore BGCs of JSM ZJ756 and representative strains
of Microbulbifer are novel and showcase high diversity, which indicates that those strains possess
high potential of producing a variety of novel siderophores. Moreover, strong positive correlations
exist between the biological functions and genetic evolution of the NI-siderophore BGCs and the
phylogeny of JSM ZJ756 and 9 representative strains of Microbulbifer. Therefore, we hypothesize
that the 12 marine siderophore-producing bacteria and the representatives of Microbulbifer are
typical new-resource microbes, and the taxonomy of Microbulbifer, and the metabolic mechanism
and genetic evolution as well as the biotechnological potential of the NI-siderophore BGCs are
worth being further explored.

Keywords: Microbulbifer; marine siderophore-producing bacteria; phylogenetic diversity;
siderophore biosynthetic gene cluster; genetic evolution; new-resource microbe
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Table 1 Comparison of main phenotypic characteristics of the 12 marine isolates studied
Phenotypic 1 2 3 4 5 6 7 8 9 10 11 12
characteristic
Colony color % B Y G-Y C L-Y G-B B G C L-Y B
Motility - - - - + - + - - - +
Catalase + + + + - + + - + + - +
Oxidase - + + - - + - + + -
Nitrate to nitrite — + - + + - - + - +
Growth temperature (°C)
Range 10-40 15-45 10-45 15-45 15-40 10-45 10-40 15-40 10-45 15-45 15-45 15-40
Optimum 30 30-35 30 35 25-30 30 25 25-30 30 35 35 25-30
pH for growth
Range 6.0— 6.0— 5.0- 5.0- 6.0— 6.0- 6.0- 5.0- 6.0- 5.0- 6.0- 6.0-
10.0 10.0 10.0 10.0 10.0 11.0 11.0 11.0 10.0 10.0 10.0 11.0
Optimum 7.5 7.0 7.0-8.0 7.0-7.5 7.5 7.0 7.0-7.5 7.5-8.0 7.0 7.0-8.0 7.5 7.0
Growth with NaCl (%)
Range 1-15 1-15  0-10 1-15  0-10 0-7 0-20 1-20 1-15  0-10 0-10 0-7
Optimum 3-5 3-6 2-3 2-4 2-4 2-3 5-8 3-6 3-6 2-3 2-4 2-3
Hydrolysis
Aesculin - + - - + - - - + - -
Casein - - - + - + - - - +
Gelatin + + - - + + + - + + -
Tween-20 + - + - + + + - + - + +
Tween-40 + + - - - + - - + + + -
Tween-60 - + + - + - - + + -
Tween-80 + - - - - - + - - -
Urea - + - + - + + - - + - +
Diameter of 10 11 9 7 10 12 25 21 14 24 17 15

yellowish cycle
on CSA plate
(mm)

The strains of the serial numbers 1 to 12 referred to were in sequences of JSM ZJ388/395/511/528/529/576/756/844/972/1002/1192/
1199. Colony color: B, brown; C, cream; G-B, grayish brown; G-Y, grayish yellow; L-Y, light yellow; W, white; Y, yellow. +,

Positive; —, Negative.

L, SEER TR B GO TR A S R R it
e, JF e b b e ol S my Bk AR e 32
(JSM ZJ756); % 2—-4 TR bR AH B R EETE UM
TS RNV RS, -5 A SR R R A 8B Y
PEACHE . BARCR UL, W Rk ISM Z)756 5 M.
zhoushanensis TT30" (99.38%). M. sediminum TT37"
(98.41%). M. yuegingensis CGMCC 1.10658" (96.88%)

F1 M. celer ISL-39" (96.67%) %5 ¥ B ML 5 Jy — 5%
(cluster), H P HET 3 AW R IE K % 1 T
(subcluster). ZR1M, WK JISM 21756 TERGKE
R IR T AR S A4y 3 At 11 NS08
PR WA B R A T 3 AR Rk b . bk
JSM Z1576 %5 4 ¥k 5 M. echini AM134" % 4 /> il
RITAR Ry — A KJ%, Wbk JSM 71388 45 4
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R2 WRERBRRSHRENEFAESHEARL T X AR HAFERAT16S rRNAZEFFIHEMME
Table 2  Similarities of 16S rRNA gene sequences of 12 marine siderophore-producing bacteria vs. phylogenetically

close type strains of the genus Microbulbifer

Jr HR(F 51 5) OIS b/ M AL M (top3) (FF41)5) FAIE
Number Strain (accession number) Closely relative species/type strain (top3) (accession number) Similarity (%)
1 JSM ZJ388 (PQ533015) Microbulbifer elongates DSM 6810 (AF500006) 99.03
Microbulbifer salipaludis SM1 T(AF479688) 98.54
Microbulbifer hydrolyticus DSM 11525 (AJ608704) 98.26
2 JSM ZJ395 (PQ533016) Microbulbifer elongates DSM 6810 (AF500006) 98.82
Microbulbifer salipaludis SM1 T (AF479688) 98.34
Microbulbifer hydrolyticus DSM 1 1525 (AJ608704) 98.06
3 JSM ZJ511 (PQ533017) Microbulbifer mangrove DD-13T(LZDE01000120) 99.36
Microbulbifer salipaludis SM1T (AF479688) 98.58
Microbulbifer hydrolyticus DSM 1 15257 (AJ608704) 98.44
4 JSM ZJ528 (PQ533018) Microbulbifer agarilyticus JAMBA3" (AB158515) 99.45
Microbulbifer salipaludis SM1T (AF479688) 97.58
Microbulbifer elongates DSM 6810" (AF500006) 93.31
5 JSM Z7J529 (PQ533019) Microbulbifer salipaludis SM1T (AF479688) 98.81
Microbulbifer hydrolyticus DSM 11525" (AJ608704) 98.81
Microbulbifer mangrove DD-13T (LZDE01000120) 98.46
6 JSM ZJ576 (PQ533020) Microbulbifer variabilis Ni-2088" (AB167354) 98.82
Microbulbifer echini AM134T (KJ789957) 98.61
Microbulbifer epialgicus F-104" (AB266054) 98.47
7 JSM ZJ756 (PQ516908) Microbulbifer zhoushanensis TT30" (OM349535) 99.38
Microbulbifer sediminum TT37" (OM349539) 98.41
Microbulbifer hydrolyticus DSM 115257 (AJ608704) 97.09
8 JSM ZJ844 (PQ533021) Microbulbifer variabilis Ni-2088T (AB167354) 98.79
Microbulbifer echini AM134" (KJ789957) 98.52
Microbulbifer epialgicus F-104T (AB266054) 98.38
9 JSM ZJ972 (PQ533022) Microbulbifer hydrolyticus DSM 11525 (AJ608704) 98.93
Microbulbifer salipaludis SM1T (AF479688) 98.78
Microbulbifer mangrove DD-13" (LZDE01000120) 98.28
10 JSM ZJ1002 (PQ533023) Microbulbifer hydrolyticus DSM 115257 (AT608704) 98.97
Microbulbifer salipaludis SM1" (AF479688) 98.83
Microbulbifer mangrove DD-13T (LZDE01000120) 98.35
11 JSM ZJ1192 (PQ533024) Microbulbifer variabilis Ni-2088T (AB167354) 99.03
Microbulbifer epialgicus F-104T (AB266054) 98.83
Microbulbifer echini AM134" (KJ789957) 98.76
12 JSM ZJ1199 (PQ533025) Microbulbifer variabilis Ni-2088" (AB167354) 99.24
Microbulbifer epialgicus F-104T (AB266054) 99.04
Microbulbifer echini AM134" (KJ789957) 98.97

5 M. agarilyticus JAMBA3" Fl M. elongates 2.3 EREILEMFFI RS 7 EEFELL

DSM 6810" o5 —AMK, JSM ZJ511 4% 3 #k 5 T M S R R G K
M. mangrove DD-13" 4§ 3 A~ B AL bR B f, dEPR T PERRARUATE PERS TR Y ISM 21756 K
5355, R, e T HILHARERE, FF47 T 3R
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0.01

79

51

75 -Microbulbifer okinawensis ABABA23™ (AB500893)
@crobquyer harenosus HB161719T (MG994974)

72 -Microbulbifer gwangyangensis GY2" (JF751045)

L Microbulbifer pacificus SPO729" (DQ993341)

60

Microbulbifer okhotskensis KMM 98627 (OL677189)
-Microbulbifer donghaiensis CN85T (EU365694)
Microbulbifer bruguierae H12" (0Q847679)
Microbulbifer rhizosphaerae Cs16b™ (LN624392)
Microbulbifer aggregans CCB-MM1T (DQ993341)
Microbulbifer maritimus TF-17" (AY377986)
-Microbulbifer spongiae MI-GT (ON849098)

-Microbulbifer variabilis Ni-2088" (AB124836)
-Microbulbifer echini AM134T (KJ789957)
-Microbulbifer epialgicus F-104T (AB266054)
6JSM Z7J576 (PQ533020)
8JSM 71844 (PQ533021)
11ISM ZJ1192 (PQ533024)

78'12JSM ZJ1199 (PQ533025)
Microbulbifer marinus Y2157 (GQ262812)

98

-|1icrobulbifer taiwanensis CC-LN1-127 (FR822983)
55 -Microbulbifer magnicolonia GG15T (OR131332)

84

-Microbulbifer thermotolerans JAMB A94T (AB167354)

Microbulbifer chitinilyticus ABABA212" (AB500894)

5

-Microbulbifer halophilus YIM 91118 (EF674853)

100 [Microbulbifer zhoushanensis TT30T (OM349535)

96 7ISM 71756 (PQ516908)

-Microbulbifer sediminum TT37" (OM349539)

‘lﬁ

Microbulbifer celer 1SL-39" (EF486352)

93

Microbulbifer yuegingensis CGMCC 1.10658" (jgi.1076136)
100l1JSM 71388 (PQ533015)
2JSM ZJ395 (PQ533016)
-Microbulbifer elongatus DSM 6810 (AF500006)
100r Microbulbifer agarilyticus JAMB A3 (AB158515)
4|-—4JSM 71528 (PQ533018)
5ISM 73529 (PQ533019)
100r9ISM ZJ972 (PQ533022)
10JSM ZJ1002 (PQ533023)
_9g|—_Micr0bulbifer mangrovi DD-13" (LZDE01000120)
3ISM ZJ511 (PQ533017)
Microbulbifer hydrolyticus DSM 115257 (AJ608704)
-Microbulbifer salipaludis SM-1T (AF479688)
_91|—Microbulbifer aestuariivivens GHTF-23T (KX982847)
Microbulbifer flavimaris WRN-8T (LRFG02000007)

95

60

65

-Microbulbifer guangxiensis L3T (OM349540)

Bl SRAMESEET16S rRNARFE FHIMZI 124K = Sk ¥ MR E B A S M AR E
W RS L B

Figure 1

Neighbor-joining tree based on 16S rRNA gene sequences showing the phylogenetic relationship of

12 marine siderophore-producing bacteria with type strains of all known species of the genus Microbulbifer.

Numbers at nodes indicate bootstrap values (>50%) based on neighbor-joining analyses of 1 000 resampled

datasets.
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RURRAE A LU A . TR TSM ZI756 A9 3% R 2H K/
by 4221 651 bp, H1 34 > 5 S BE (contig) ) A, ;
N50 K & &y 310 838 bp; G+C & H 61.25%,
&3 684 2 [ i 4 15 ¥ 5 (protein coding
sequence, CDS), &Kk 3674302bp, ek
1Y 87.03%; & 54 1~ tRNA FL[K A1 4 4~ rRNA 3t
R (F245 2 4~ 5S rRNA, 14> 16S rRNA A1 1 4
23S rRNA), %P 58 O 847 T NCBI %k
P& % (https://www. ncbi. nlm. nih. gov/datasets/
genome, JBISER010000000). &k ISM 21756 5
HARG K EREZBYN 10 MO0 EE C A
IR B RR L R 4 22 6] % AN {EL AT dDDH B L3
3, al LLAE Y, Wk ISM Z)756 (L5 M.
zhoushanensis TT30" ) ANI & dDDH £ {4
e T 4 B R R 43 BTk DA AT Y 1 (ANT
95%-96%; dDDH & 70%) (55 3).
24 FERIFAHEXERRSHR
TERCE R I 32 AR, JREH Y
Bln M. chitinilyticus . M. gwangyangensis. M.
maritimus 1 M. okinawensis it = 3 K 2H 2045 |

1M M. agarilyticus . M. hydrolyticus I M. salipaludis
A A A HL Y B #R (non-type strain) [ 3 R 2H K54
BAT5A 25 AT AP A A T H BB T R Y SE
2H % 4 (https://www. ncbi. nlm. nih. gov/datasets/
genome/, 2024-10-31), MR A T fif I ¥k JISM
ZY756 K 0L v I 1 7 BRI T BE . %R
25 A SRV EAR A 3 RSN AR (UL R GERR AR
FANEER) I T BGCs 407, 31X 29 4>
B ARIE R P51, L antiSMASH 7.0 1E4%
BGCs 7 M LB 1] . 4% bk BGCs 41, 2
RE L2 73 A1 14 S5 Hicata 1 & A7 7 B R E W Rt
FRAE O (https://nmbc.cn/resource/attachment/),
"5 A NMDCX0001729. 7 29 A~ He P 4 3
RI 23 KK 179 445 DY BGCs, 1145 1 41
A 4925624 TEIEISM 21756 #i1H 6 25 74
BGCs. # )7 4> i (J7 fii B) BGCs E ZH A1
RiPP-like (T3 29 IR RRESAT , L 58 45101,
Ectoine (26 [#). NRPS (12 [#). NRPS-like (11 F).
Nl-siderophore (10 B )Fl Resorcinol (9 B); &tk
JSM 71756 4 B NRPS My Hifth 5 25 A Y

®"3  ERISM Z)7565 Z 5t 4% § X ZEVINEIEE R B M0 S 2V E iR E F 4H R A L Xt (top10)

Table 3  Pairwise comparisons of genomes of strain JSM ZJ756 vs. top 10 related type strains of the genus

Microbulbifer

o W AR R

Number Species/representative strain

SEHAFI S

Accession number

WA R/N GHC ANI
Size (bp) content (%)
(%)

dDDH
(formula 2, %)

Microbulbifer zhoushanensis TT30"
Microbulbifer sediminum TT37"
Microbulbifer hydrolyticus IRE31"
Microbulbifer salipaludis SNO-2"

Microbulbifer mangrovi DD-13T
Microbulbifer celer KCTC 129737
Microbulbifer marinus CGMCC 1.10657"
Microbulbifer aestuariivivens NBRC 1125337
10 Microbulbifer elongates DSM 68107

O 0 9 AN U bW N =

GCA_021729055.1 4127908 61.28  99.42 96.00 (94.6-97.0)
GCA_021729035.1 3 854 156 60.87 84.75 28.80(26.5-31.3)
GCA_009931115.1 4209 307 57.60  74.78 21.60 (19.3-24.0)
GCA_017303155.1 3979 573 5835 74.73 21.40(19.1-23.8)
Microbulbifer yuegingensis CGMCC 1.10658" GCA_900100355.1 3 664 854 62.01 81.26 24.40(22.1-26.8)
GCA_002009015.1 4 507 547 57.15  74.67 21.80(19.5-24.2)
GCA_020991125.1 4346 001 57.18  71.15 21.40(19.2-23.9)
GCA_900107725.1 3982390 59.75  77.16 21.90 (19.6-24.3)
GCA_039545115.1 3405539 59.65 76.98 21.80(19.6-24.3)
GCA_021165935.1 4196 952 57.57 7495 21.40(19.2-23.9)

"o AR bR

*: Non-type strain.
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BGCs, H:H 53 i (1 1) SR P58 B AR DG 1Y A&
AH 25 1 o DU &0 ME E (ectoine) A= W) A 1l 5k ] 77
(Ectoine & %), HEkEMA ™ A L AH G &
BB AR A W) & AR R 7% (NI -siderophore & A7)
NGO I = N i/ Bl Y I 3 S I 2
NI-siderophore #1417 | IR AR 34T
2.4.1 BE¥K ISM ZJ756 RAGEREBR TR
BERRSAE I & B R FR LA

TEW PR ISM 23756 F2 9 AR 3R 1 1Atk S A
o 2 R B — AR BR A A R
(NI-siderophore), iX 10 /& #£ Y BGCs ZH i F1
THREE O 4258 E A MR8 i ot (U
NMDCX0001729), 4% A #k Nl-siderophore &
ER LS INER 4 FT7R . A Nl-siderophore %& 4]
W8 O B R ) G U O R L B A
AR S FEEL ], B0 R & A B
B T B 12(M. agarilyticus GP101) A& 1 M0
SR H iz AN, HALEMRE A 2 DO

FEPAN 1-3 DMz IR (GR 4).
242 HHk ISM ZJ756 R BEBR RS
ERERE A& R E PR Th RE 2414

AR 45 VT FC 1 56 PR 14 b 26 b HORH B
AR JSM ZI756 B 9 ARt i Jms A Q3 1 ik 14
Nl-siderophore #& [H % 1] DA 43~ 5 /> T BE W 7Y
(£ 35, ¥k ISM ZI756. M. zhoushanensis
TT30" F11 M. sediminum TT37" &4 i) Nl-siderophore
5 28% HHLLT Ochrobactrum anthropi ft) Ochrobactin
AFE (TS . TYFX01000060.1); 5 6
FIT 26 B9 Nl-siderophore 437l 100% F1 85% HH1L
F Vibrio parahaemolyticus 5, Azotobacter vinelandii
CA 4 Vibrioferrin (AB082123.1; CP005094.1)*%3;
12 Fil 25 f#) Nl-siderophore 43l 5 Putrebactin
(NIBS01000001.1; 4 1l ¥ 40%) 1 Aerobactin
(AB199785.1; 22%)H RIS, k&% B 51 22
29 F1 32 FHVCHC Y C IR AR A U O RESE A
Mo — WA RAR T 85% AHARLEE Y i Al f HLAG A

R4 EIRISMZIT56F19M IR E B B MMM R ER KRB A& R E E RS

Table 4 BGC-type Nl-siderophores of strain JSM ZJ756 and representatives of nine known species of the genus

Microbulbifer
FFo ERGERZFSS) KN BENRRES
Number Strain (accession number for the genome) Size Structure of BGC-type NI-siderophore
bp) LA WA RN fE oAty
Core A Regulatory HE[H Others
biosynthetic Biosynthetic- Transport
(bp) additional
J JSM ZJ756 (JBISER010000000) 32781 2(1710,1836) 9 0 1 12
1 M. zhoushanensis TT30" (GCA_021729055.1) 32781 2(1710,1836) 9 0 1 12
2 M. sediminum TT37" (GCA_021729035.1) 32730 2(1863,1848) 8 0 1 12
6 M. mangrovi DD-13" (GCA_002009015.1) 20840 2(1002,1335) 3 3 2 17
128 M. agarilyticus GP101 (GCA_001999945.1) 3012 1(2412) 5 1 0 20
22 M. variabilis ATCC 700307 (GCA_000380565.1) 32698 2 (1821, 1866) 8 1 1 17
25 M. echini JCM 30400T (GCA_041447225.1) 32776 2(1821,1944) 6 1 1 15
26 M. epialgicus DSM 186517 (GCA_041447265.1) 29529 2 (1 743,1 806) 2 0 3 19
29 M. okhotskensis 0S29T (GCA_023895975.1) 9179 2(1821,1866) 2 0 1 4
32 M. spongiae MI-GT (GCA_030440425.1) 32716 2(1824,1866) 6 1 2 14

S ARSI B
. Non-type strain.
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RS EHRISM ZI756H9 AR B E MM R RIEERKE A E R ER KSR
Table 5 Function-based sup-types of BGC-type NI-siderophores of strain JSM ZJ756 and representatives of

9 known species of the genus Microbulbifer’

LR A TR SRS

Type of BGCs" Most similar known cluster®

22 25 26 29 32

Nl-siderophore (1) Ochrobactin (JYFX01000060.1)
Nl-siderophore (2) Vibrioferrin (AB082123.1; CP005094.1)
Nl-siderophore (3) Putrebactin (NIBS01000001.1)
Nl-siderophore (4) Aerobactin (AB199785.1)
NI-siderophore (5) -

28

AP BRI R R3S BT 5 R B R D AR A (sup-type) s SRR BRAH I LR AR AU FR S AR LT A

SRR (%) s SAESAT bR+ KRS, - SRAGIIE]

*: One of the ordinal numerals on the first line was designated for the same strain as in Table 3; *: That with a serial number in

parentheses was a sup-type; °: The value relevant to a strain as well as the relative BGC was the similarity with the most similar

known cluster (%); *: Non-type strain. +: Detected; —: Not detected.

RO R P9, B A B s A ) T ) B
15T BT NI-siderophore .0 %2 P 4 i 1)
AE2E M 2 B 7 51 i) BLASTp /0 M1 45 38 s,
B T HPE 12 (M. agarilyticus GP101)F 4% .0 3 A
o4 5 1 A4 &0 J) g 8 1 GNAT family
N-acetyltransferase #F, Al P& k3 g i 2 4>k
ARG IIEEE M. 715, BLASTp #2& xit
T 19 M LI R A A =ik 12 15(63.2%) 5
s v [ S R 2 B R 3 9 R AR B EEAR T 85%,
BLASTn 3 H1 ZIA 6 %0 3L K (31.6%) A 1%
R PLHL ¥ %] (no significant similarity found) (%
7 : NMDCX0001729). &2, antiSMASH 7.0
BT & LAY Nl-siderophore B 4= ¥ & WAL R 75 5
Z M [R] 201 RE DR A TR AR M 22
BLASTp F1 BLASTn 73 ¥ & Bl A [A) B bk NI-
siderophore & A 7% 1 A% /0> 85 (A1 AZ 0 B L 97
FEEFEE N2, X LR E M ISM
ZJ756 N Ao o Je A e P T Ak NI-siderophore &
R LA s (M DI RE 2 FE R RN A0 BB ik
243 EHk JSM ZJ756 RIBEB R R4
BRI E R EEREE SRR
AR JSM ZJ756 il 9 > (it i J AR vk v
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PR NI-siderophore % Rl 44 5 19 %0
FEH, HAPEEE 12 (M. agarilyticus GP101){Y 5%
A 1A HE R (2 412 bp), 11 HCA A bk
BIPA 2 D A%0HE B KRR -1, 8/
924 -2)c BLASTn 0 #r 8L, X 19 R0k
Hr, B 7 1N(36.8%) 5 s A v R 9 A
ATEART 83%, A 6 1(31.6%) A K HIILH
J¥ % (no significant similarity found) ( 4% 5 :
NMDCX0001729), FKIHF kK JISM 21756 K it
B AR R KA NI-siderophore J5 K7 HA 45
AR RO IR TS . BT AL A R A Y
NI-siderophore Bt & E {L /AT 45 R, LR T IE
Bk JSM ZJ756 F1 M. zhoushanensis TT30" ()
NI-siderophore 1.0 A i BEAHALL A1, HoA 9 4>
NI-siderophore & Al 5 A A% 00 5 DR 3] J 0 40 1y
B AE ZAEE . 7E  T A% 00 55 R P 2 ) A 1) 2R
GEREW L, 9 DRI MR 3 XS
1Y 2R G I 7% (cluster), T8 12 (M. agarilyticus
GP101) 54 1 MRS AL 5 32 (8] 2). HART
. PR ISM Z1756., 1 Al 2 R — A Ihsr i Ak
(7 1, 20{m), W22, 25, 29 Fl 32 WA
I (S 0), AR 6 Fl 26 R I ().

TS o

B

i
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FIXFTI S, % 1A I B R GER T R R BN B ST D0 N A a1 R SR I

A% T8 R sr o AR, % TR I B Ak B9
NI-siderophore 4& A H i) 2 S0 BE K 73 1l B
BT IRST FERE, AR T B AR Y 2 A0 SR
WA — AN A, F R 12 (0
agarilyticus GP101)) NI-siderophore F& K #245: A
MR, EA 1 ADZOHERN, FFHIZER ST
I EHRPE/ NI OERERGE LT LR L
BNEY], EHAMEIE T — sy 3. U
EEEREW], HERk ISM Z756 Ffdt g e A &
P AR ) NI-siderophore J& K% B A % =F & A9 5t
feZrere, Hrp 9 A~k NI-siderophore 5[4
WEIERL T 3 ANST s AL ALY, bR 12
(M. agarilyticus GP101)f%) Nl-siderophore & K #%
D 2 I ARG A 57 A A B A

NI-siderophore HIHE Y (AR (F 5)7FFE T HA%
O FE P FIA 0 Z B R — (K 2),
Bl Ochrobactin . % (2 & JSM ZJ756. A 1.
P& 2)F1 Vibrioferrin B (G5B 6. T 26) B b
20 3 ) 0 A% U B DR A B Y T A IO R
KA AL (IS 22 # 29, & 32)F1 Aerobactin
SRR 25)%F % 11, 1] Putrebactin V%I (F 12)
XTREAR bR 12 B S7 A S X — S5 R T
R T iX %6 Nl-siderophore &K% 4D ie S
WA s B —M. o, TERZO R
A R T AR (B 2), 7EJEF 168 rRNA JE
KT S 1) R KB W E AR — i
(K 1), BARmE, OB EZFM LMK T
% 1L BARTE 16S tRNA JEH Rk B W L ilE

w| 1-1 Microbulbifer zhoushanensis TT30T (GCA_021729055.1) 0.2
J-1 Microbulbifer sp. JSM ZJ756 (JBISER010000000) —
——2-1 Microbulbifer sediminum TT37" (GCA_021729035.1)

22-1 Microbulbifer variabilis ATCC 700307 (GCA_000380565.1)
25-1 Microbulbifer echiniICM 30400" (GCA_041447225.1)

29-1 Microbulbifer okhotskensis OS29" (GCA_023895975.1)

32-1 Microbulbifer spongiae MI-G™ (GCA_030440425.1)

98

100

J:&l Microbulbifer mangrovi DD-13T (GCA_002009015.1)
26-1 Microbulbifer epialgicus DSM 186517 (GCA_041447265.1)
69 6-2 Microbulbifer mangrovi DD-13T (GCA_002009015.1)

100 26-2 Microbulbifer epialgicus DSM 186517 (GCA_041447265.1)
ﬂ| 1-2 Microbulbifer zhoushanensis TT30" (GCA_021729055.1)

6 I-2 Microbulbifer sp. JSM Z1756 (JBISER010000000)

——2-2 Microbulbifer sediminum TT37" (GCA_021729035.1)

22-2 Microbulbifer variabilis ATCC 700307" (GCA_000380565.1)

25-2 Microbulbifer echiniJCM 30400T (GCA_041447225.1)

29-2 Microbulbifer okhotskensis OS29" (GCA_023895975.1)

32-2 Microbulbifer spongiae MI-G™ (GCA_030440425.1)

100

E2 RAWEEETISM 2J576 RN B EE B MK REER KB A EE RO EEFFIERN
ARG EER . FhAHTHIS 5 NERF S 2L NP, [A3K3.

Figure 2  Neighbor-joining tree based on core biosynthetic gene sequences of BGCs-type NI-siderophore
showing the phylogenetic relationship of strain JSM ZJ756 with 9 representatives of the genus Microbulbifer. The
strain serial numbers of 1-32 before species names were respectively designated to the same species as in Table
3, and the flowed-1 or -2 were respectively designated to one of the two core biosynthetic genes of a BGCs-type
NI-siderophore. Numbers at nodes indicate bootstrap values (>50%) based on neighbor-joining analyses of 1 000

resampled datasets.
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BUMSE I R G R B X FR (clade); FRE 12 HIE L
AHXS AL A 325 R T Y 2 SR 2
FT, HAoE 25 5% 11 ERRAE—E, mE
B 6 W5 2 DTIEREIATER(E 3. W 45 FE
HRAE— . HILZ T, BREZEAE YA
BTG DR 2H 5000 1 TR AR U 4 i 3 A T A R A
(45 : NMDCX0001729), X—45REH, £
B R AR R TR 2 1 I R IR T R 14 R AR
JIC ) RE 1) 3515 T8 A0 5 X SE TR AR I R G2 & B LAY
TER R —EE

3 Wik5&#%

TR ) R T X A A TR VR IR, T
G T Z2 B0 Z2 8 A PRI T N SR, AN R ANk
PEHCE I BE . 0L TR (Microbulbifer)VE R
WL TEAN T, BR T M. hydrolyticus® Fil M.
halophilus®™ 73 331 73 25 F1 A il e - S8 o
AP UTURR DAL, Hopls 30 AN Rh 6 A T
WEE, R UURRY), Ay . R
ZLRIAR . AMEE . WEIX . DRI AR A, X
J& B R R BT R 4 SRR
WS L R VRS R ) (v B | R4 | ) AR
W o ASWTFEXT 73 25 A B H IR 85 30 747 7 DORR
PRy 12 MR BRI 22 IR IR T R EA T T R 5¢
BB N, GRS X S T AR 2 SR T O
J&, JESIZIER 9 NP R BRI RS
KREREFR, HREABBEREORGE KT ZHE,
ATk gy 6-8 AW, Hrb bR ISM 21756 )&
FFHUIH (M. zhoushanensis)P” . IPAR =
YAy N R 2 T A B, T BR JSM 23756
Fe 28 A BA BE DN A B0 i e AR P bk
(35 25 NS ATEERER 3 A HE BRI ) L A
23 RZ& . 179 4~ BGCs, “FHEEIIA 4.9 2,
6.2 45 J % BGCs 324 RiPP-like. Ectoine.
NRPS., NRPS-like, NI-siderophore FI Resorcinol;

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

Bk JSM Z1756 i A KR NRPS Ahiy Hoft 5 28
fii 11 BGCs; A1 25 K I (86.2%) Hl A7 5 1 I (16
) £h PR B8 B AH OC 1Y AH 25 1 v 5T Y A s E
(ectoine) 2k ¥ & HY 3k [H] % (Ectoine #E [K] %), i
10 BREE AT 5 8RB E ARG AE W6 il
L% (NI-siderophore J&[H ).

antiSMASH 7.0 73 M & B, &tk ISM Z1756
J 9 At i JE AR P R MR Y NI-siderophore %
PRI 5 22 R PR R A 7 35 AR DI 25 5
FERTRERI I 5 A DIRE AL . B R JSM Z1756
M. zhoushanensis TT30" Fl M. sediminum TT37"
4 Ochrobactin YV (J541]*5 JYFX01000060.1,
FEALLE 28%); T 6 FITE 26 A Vibrioferrin V. 7%
(AB082123.1. 100%; CP005094.1 85%); 12
& Putrebactin V. i (NIBS01000001.1, 40%);
P& 25 & Aerobactin M. (AB199785.1, 22%); il
B 22, 29 Fll 32 ) Nl-siderophore & [K 7% 7 & X
FHVEC Y E RER ARG IR 5 T RESE PR FE (R
W), —Rhy, AUEEART 85% AYIEMHFER
AR R R 1, O B 7 A s A i
Y B ST BLASTn A1 BLASTp 43 #r iF
— RS T N [A] B Ak NI-siderophore & [ /) #%
OREFF I MZOIBEE AN 2, BT
Nl-siderophore FE [ 9% 4% 0 BE R 91 ) BLASTn
O REL, 19 DO HER A 7 45(36.8%) 5%
A 12 v W) 9 B AR AR T 83%, 50 6 4
(31.6%) & 18 & #| VT FiC J¥ 51 (no significant
similarity found), FHE K JISM ZJ756 S ARitl A
JEARZR I B K NI-siderophore J5 K #2420 FE R
G PRETE s BLASTp R IR, A mik 124
P20 S5 DX 20 4 D) BE 2 1 .(63.2%) Y = FE P 41 5
HOHE P b R R A AR PEAR T 85%, #Rizk
HHIIRERBRE o

LT HE DR Y 9] 1) 3542 T8 Ak 70 B 235 2R 3
—HIESE T HRR ISM 23756 1 9 AN it 5 s AR



ot 25 | BUEYSEAR, 2025, 65(4)

1631

2 VE B R 1Y Nl-siderophore i K] 7 7 75 %% 5 1Y
wE 2. Hid, 9 N EFRAY NI-siderophore
FE RO R 3 BV 8 T 3 Ak 37 st 14 1
A6 B, T E AR 12 (M. agarilyticus GP101) Y
NI-siderophore 3 P 774 D) & £1 B A X5 ik 37 19 e Ak
FEAS . XS HE AT R B, [R)— B A% TR AR Y T AR
(1l 2) 7375 90 A7 AH 7] By 58 7. %Y Y NI-siderophore
FEE (K 5), WA R T X 48 Ni-siderophore
BED W AR W T e S s AL S — Bk 1k
Hb, TERZO IR IR B RO bR (8 2), 7E
BT 16S IRNA FEHFSI Y RGE A B A
RIE—E(E 1), R 2805 PR B R 5 1)t
00 T T T R 1) R A T B 1 st AL A X
BRI RGER T RAFTE— B, 2R 04l
RWoR, AU 12 S HERERAARE E SL 5
TP 0 TR S R AR R I R GE R
BREEVIE 2, K1, [#3), 1£ 16S rRNA Jk
HRGELFW L, Ekk ISM 21756 5105
AR ALRE T B RHRIE I T AR i LiE, ISM
71576 45 4 D SLRRER S EALHE 1T A9 AR R TE—
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R, HoAl 3 S50 T bR ) 5 3 A 1 b
Gk HARTE 2 — 1 M. mangrovi DD-13" & 2 4>
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ERRBAR M TR ARIE SR, R RS
BRI A (B 1) 3% —S85 R — 20 38 T
T T B R R A S RE R AL S R G R
BAFAE B VIR IE 1) JGIR ,  JF 4 75 33X 26 50 16 TR Pk
BAR NSRSk se 21

ZE LRk, T 16S rRNA JEHFHIM R4
KB IR LB R 2 o A g R R ], At
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6-8 NHFN, I3 R T O R 1 4 AL &R
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HZ2805 O MR B A FE R AU PETE 40% K
LR, ATkl sr o 5 A~ DiBEE 2 s BLASTn Fil
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FEAIXT ST o LR DL Eordr, 40 A M
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WG JURE PR BT 5 e 1 2 AP R 2 18 B 0
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PRI , A 4 S5 36 TR A PN 1) G0 T S A )
—RAB AT — 2D 5 T AE R R A8 A
Pyge EESOL AN, A SE IR K& BB AR ISM
ZJ756 o 9 A i R Jm AR R PR R PR AT NI-
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KX BETR PR 1Y) 2R G0 R B Z AR 38 e 1Y 1 1] 0%
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