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Characterization of Paenibacillus pabuli and its antibacterial activity
against Gram-negative bacteria
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Abstract: [Background] The emergence and dissemination of new mobile antibiotic resistance genes such
as ndm and mcr, poses a great threat to the treatment of infections associated with multi-drug resistant
Gram-negative bacterial pathogens. [Objective] To screen new antibiotics, bacterial candidates were
isolated and characterized against Gram-negative bacteria. [Methods] First, bacterial strains were isolated
from soils using tryptic soy agar (TSA), and identified by 16S rRNA gene sequencing. Then,
bioinformatics analysis was performed based on the whole genome. Meanwhile, the secondary metabolites
of the candidate strains were predicted by antiSMASH and antibacterial activity was confirmed by the
double layer agar plate assay. Finally, the crude was extracted in methanol and identified using
HPLC-MS/MS. [Results] Paenibacillus pabuli CAU136 was isolated from the soil in Beijing, China. The
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whole genome sequence and antiSMASH analysis showed the great potential of P. pabuli CAU136 to
produce secondary metabolites against bacteria. P. pabuli CAU136 showed antibacterial activity against
different Gram-negative bacterial strains using the double layer agar plate method. Colistin in the crude
extracts of P. pabuli CAU136 was demonstrated based on HPLC-MS/MS analysis. [Conclusion] P. pabuli
CAU136 may produce colistin against diverse Gram-negative bacterial strains.

Keywords: Paenibacillus pabuli, Antibacterial activity, Colistin
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055 A Bk ATCC 29213 (Staphylococcus aureus
ATCC 29213) K K#FT i ATCC 25922 (Escherichia
coli ATCC 25922)I1 F H ] 188 folt = 4y T b DR
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1A CRKP-1 (Klebsiella pneumonia CRKP-1) H #
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Table 1 Indicator bacteria for double layer agar plate

R TR BAR(E R
Strains name Information

S. aureus ATCC 29213
E. coli ATCC 25922

Standard strain

Standard strain

E. coli L14 ESBL+MCR-1
E. coli B2 NDM-5+MCR-1
E. coli F9 ESBL+MCR-1
E. coli 30CZ20EE FLOR+MCR-1
K. pneumonia CRKP-1 KPC-2

P. aeruginosa PA14

TE: FLOR: Jpls iR ST 2.
Note: FLO®: Fluoroquinolone resistance.

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



Wi b2 — RS2 AT 1 9 0 2 S S T 22 ER B B 135 P 2667

112 FEATFUBRIERE

YN SEZH DNA $REGKF & H RARAE LR
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F) ; PrimeScript /2 % %55 & H TaKaRa A Fl ;
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200 r/min ¥53#4 7%, 10 000 r/min 5.0 1 min WA F
A A AT S PRI A B TR R I A SR R A, DU
MRS T 16S rRNA JE[R i PCR 47314, ¥ 48514
JAHTE 16S rRNA JEP#E 5 4 27F (5-AGAGTTT
GATCCTGGCTCAG-3)F1 1492R (5-GGTTACCTT
GTTACGACTT-3), PCR 4% (50 uL): 2xPCR
Taq MasterMix 25 pL, . Fi#5147(10 pmol/L)%
0.5 uL, DNA #iH 1 ul, BEEK#ME %2 50 ul. PCR
J N 4444 95 °C 5 min; 95°C 305,55 °C 30's, 72 °C
90's, 30 MMEH; 72 °C 5min. firfg PCR %4t
bR RS R AR A BRA R . FFASSE 751
£ NCBI AT P F AR L e X 43 B, B A
MEGA 7.0 ¥#t4k4% (Neighbor-Joining): R4 K &
AL
1.4 £EFBLEMERK antiSMASH KRR X i
AR E T

LR 2RI CAUL36 IS4G, @it
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DRI 6 A TR (E A e B R /N2 300 bp), £ KAPA
Hyper Prep Kit &2 i G i 74 3 R 240 SC PR A
Fa A SO T L e bR AE 2100 HEF TR S, BATR
RIS AL (dE ) A R ] llumina HiSeq X
Ten System JEFI0)F, IF4ds 25K 1 Gb LU L
M ¥ J5 Cleaned reads % fi CLC genomics
workbench 9 #£17)751$f4%, De Novo Assembly 2
oM ERIN . PEES CAUL36 S 3ENAHIRL R
antiSMASH® (https://antismash.secondarymetabolites.
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1.5 RT-PCR WIEZ M EREMEREE R
REY)
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ST R R AW A LA PCR 4731, 43
KRR H5445 1.3 —2. 5194 pmxE-F (5-TC
GTGCCTCCGTTATACAGC-3)#l pmxE-R (5-TCT
GGCCTTCAGCGAACAAT-3'), Hi 447 M 1 330 bp.
16S rRNA FERVEN FHPEXT IR, DA 0 i s itk
PR S AE A B RE
1.6 HEEMERINE

K FHSUZ BN - 74 %+ Paenibacillus pabuli
CAUL36 JEAFHIER & LAY 2 o B 5 pl B i iy
P. pabuli CAU136 553%# (% 10" CFU)F TSA ¥4
e, 2 JER— S E AN 0.5 cm B3Rl &L, 37 °C
FIERSR 24 h 5, BUSEKRIGRHI 2255 °C 1Y
fERREFREL, AT S A B B BN
WeREZ) g 10° CFUIML (JAE IR E 2 0.5 N IR
Fepb RS, FERRRE 100 %), 5, HHoEE R
FEREFI AR TE B9 E, BT, 818 37 °C 1533
24 h 5, WEIHEE R KN, %7 10 g Colistin
BB AR T VR B X R
1.7 RERF YRR

PGtk CAUL36 #:Fh T TSB Wiz,
37 °C. 200 r/min ¥;FR G 5AT T TSA 1A
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Kigedrh, 37 °C fHIREEFAE R 3 d I AR
I VR ICEES] 1 mL R, BT 80 °C K
SRS, A 0.5 mL B R v R 571
TRE, 13 000 r/min 2.0 3 min J5 W 4E F %, 40 °C
T N FHe4s)s, 0.5 mL AR %, 551K
FACH PR Y . AR 14 000 r/min 2.0
20 min J&5, FH 0.22 pm iz Eanad IR, TUbRE
SRR
1.8 HPLC-MS/MS 7%

384 435K Shim-pack GIST-Hp C18
(3 um, 2.1 mmx50 mm); st A A 0.1%H RS
&, Vsl B 0.5%FR/K; ik 0.3 mL/min;
PR 5 pbs AR 40 °C5 BSR4 : 0.0-0.5 min,
5% shAH A; 0.5-1.0 min, WishAH A i 5%ZeiAr
e Z 20%; 1.0-2.5 min, 20%3ishAH A; 2.5-3.0 min,
WA A B 20%ZPEA8 i 2 90%; 3—4 min, 90%
T shAH Az 4-5 min Ji A A H 90%ZE M AE i 5 5%;
5-8 min, 5%ishAH A,

JEi S B FUR . EmESS BT, IR R T
s R =X Z2 R W 5 HEIBE S HL I (1S) : 4 500 Vs

BRI . 550 °C; FALA . &R 3.0 L/min; T
dfgtl"%/_:h /gl/_:h 10 L/min; fﬂﬁi/_:h ﬁ/_:h, DL ‘ﬂﬁz
250 °C; JIIHVEHERE . 400 °C, HAMFIESHOLFE 2.

2 ZRH54hr
21 EFHRHEMIBETE

M5 R A AT AR R X A B rh 4y B A 3
26 PRAMTA, il DNA $#2HL, PCR ¥ 35 I 374521
1) 16S rRNA JE[RHE5Z 2 NCBI ##17 BLAST HX ),
YOEIS | —HRZFAFF R AR, 5 Paenibacillus
pabuli 16S rRNA JEFJFHIAHLUE FiE 99%. M
GenBank H A EHA 17 MRPRUEEEFERY 16S rRNA F
KPHIM R R G R TR, 25K 1 R,

R2 ZHEEREWMEHESTHMAEES
Table 2 Characteristic fragment ions and collision energy
of colistin

& FHE B 7% Tl AE

Analyte Characteristic ions pair (m/z)  Collision energy (V)
Colistin A 391.10>384.70*, 391.10>101.40  —10.00, —20.00
Colistin B 386.30>380.20*, 386.30>101.50  —14.00, —20.00

v R T
Note: *: Quantitative ion.

Paenibacillus amylolvticus® (D83396.2)

55

88 Paenibacillus tianmuensis®
I— Paenibaciltus validus® (AB073203.1)
Paenibacillus chitinolvticus® (AB045100.1)

100
100 [ Paenibacillus xvlanexedens® (EU558281.1)
CAUIT36 (MK063642.1)

99 L Paenibacilfus pabuli® (AB045094.1)
Puaenibacillus macerans® (AB073196.1)
Paenibacillus lactis® (AY257868.1)
Paenibacillus peoriae® (AJ320494.1)

100 Paenibacilius polvimexa® (D16276.1)

(F1719490.1)

40

[¥3]
O

Paenibacilius alginofvticus” (AB073362.1)

Paenibaciltus larvae® (AY530294.1)
Paenibacilius agaridevorans® (AJ345023.1)

N Paenibaciftus alvei® (A)320491.1)

4'99 [ Paenibacillus popilliae® (AB0O73198,1}
100Y Paenibacillus thiaminolviicus® (AB073197.1

Bacitlus .s-zrb.!)."/f‘s'“ (AJ276351.1)

0.01

1 ETF 16S rRNA EREFFIFEINEHENRSK A B R

Figure 1 Phylogenetic tree of strain CAU136 and its related bacteria based on 16S rRNA gene sequence
e R BT RSN IT SRR GenBank %S 430N EIECTHURIET AR L 1 000 Y ER A IR I

Bootstrap 3753 LB 0.01 F% 100 MEHBRHPA 1Pk

Note: ®: The reference strains; Numbers in the parentheses indicated GenBank accession number of the sequences; The values on the
branches were Bootstrap support rates based on the neighbor-joining method by 1 000 repeated sampling; The scale bar 0.01 represented one

out of 1 000 nucleotides was replaced.
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CAU136 5 Paenibacillus pabuli [7]7§ ¢ R I,

iy 44 >~ Paenibacillus pabuli CAU136,

22 E=ERFBXENER antiSMASH L4553
P. pabuli CAU136 il &S F 4 SCFEME, —

AR P45 515354 47 1 Contig 4 3L A .

R 3 RKIFMITE CAUL36 RFEM BTN LE R
Table 3 The secondary metabolite of Paenibacillus pabuli CAU136 predicted by antiSMASH

BN HIEAZ R antiSMASH  BEFT IR RACH 4
T, ange 3 pios, 45 EsR P. pabuli CAU136 H
ABRR BN & s, Haf
Polymyxin 4 4 ¥ & UKL K 7% (Biosynthesis gene
clusters, BGC), mIfRe/™=A A NPT E YT,

BEPAI RGP Ry YA 2 IRASY ALl AEALEE
Clusters Type of secondary metabolite Start site Termination site  Most similar known cluster Similarity (%)

CAU136_Contig_1

Cluster 1 Other 345 227 388 934 = =

Cluster 2 Lassopeptide 657 024 680 990 Paeninodin 60
CAU136_Contig_3

Cluster 3 T3PKS 26 031 67 188 = =

Cluster 4 T3PKS 304 275 345 432 = =
CAU136_Contig_4

Cluster 5 Bacteriocin-Lantipeptide-NRPS 67 599 151 797 Bacillibactin 53
CAU136_Contig_5

Cluster 6 Terpene 269 930 290 802 Carotenoid 33
CAU136_Contig_6

Cluster 7 NRPS 109 344 231019 Lomaiviticin 3

Cluster 8 TransatPKS-NRPS 319 230 394 021 - -
CAU136_Contig_7

Cluster 9 Siderophore 92 778 110 418 = =
CAU136_Contig_9

Cluster 10 NRPS 154 462 176 550 = =
CAU136_Contig_11

Cluster 11 NRPS 1 6 743 = =
CAU136_Contig_14

Cluster 12 TransatPKS 152 503 234 396 Basiliskamides 9

Cluster 13 T1PKS 436 875 483 035 Pellasoren 33
CAU136_Contig_17

Cluster 14 Ladderane-NRPS 1 44 923 WS9326 5
CAU136_Contig_18

Cluster 15 Bacteriocin 133 886 144 125 = =
CAU136_Contig_22

Cluster 16 NRPS 1 25 586 Tridecaptin 40
CAU136_Contig_29

Cluster 17 NRPS 1 2 208 = =
CAU136_Contig_30

Cluster 18 NRPS 1 3044 Polymyxin 60
CAU136_Contig_31

Cluster 19 NRPS 1 2499 = =
CAU136_Contig_35

Cluster 20 NRPS 1 9775 Polymyxin 100

TE: “="FORAHR BT RER AT AT, 5 antiSMASH $fe 42 dh JCRH R FE R A%.
Note: “~" indicates that the gene fragments may produce secondary metabolites, but there are no similar gene clusters in the antiSMASH

database.
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LEhmixe kb — pmxA
W AR R
Colistin BGC

)
vt - I - 1€ - S B

Adenylation, A domain
Thiolation, T domain

Bl 2 ZEZFWIFE CAUL36 & F Colistin £¥&SEREE

o

pmxB pmxC pmxD pmxE

Condensation, C domain

Thioesterase, TE domain

Epimerization, E domain

Figure 2 P. pabuli CAU136 contains the biosynthesis gene clusters of colistin

T 355 AR S RN SITE GenBank 6 35

Note: Numbers in the parentheses indicated GenBank accession number of the sequences.

4G BLAST 455, Cluster 10, Cluster 11 Fll
Cluster 20 43-5llJ& T Colistin 4= 48 M R A9 —3
4y, WK 2 fif7R, Cluster 20 ANV AU$E pmxB F1 pmxE
A—35r, WAL pmxC Al pmxD W1 5 55E 1)
FEF KA E I RN Z I RARLLE) . T
AR R ) SR B , Colistin Al AR 114 I R A R fig
SEAME, (HERSPESL B Cluster 20 WAFTELR
UE T HAFEZ R R A G L %
23 RT-PCR WiEZMEZEYMEHER KL
R

FEHP. pabuli CAU136 /Y RNA, iy [k 5#15
#I|cDNA, PCR I 2R TR 3R A= G U R 5 )
XoF 2RI 2 45 5 Cluster 20 H 2R T 254 iU AL
pMXE BB I ME T PCR §74%, 165 rRNA
VEN BT BRI SRR F KR TIEZS S anTEl 3 iR,
P. pabuli CAU136 ik AN R A5 A%
24 EEMRHIE

W& 4 Ff7, P. pabuli CAUL36 Xif 4 % {7, 4 45
BRIV PIRRRCR, X 2R 2 FCRH M B TR K
R, EXTHEHT mer-1 R AT R TR P BH SR )
g AL W ZE R, i8] P. pabuli CAU136 ] fE
SYIZRETE R, NI AP RSOR o
2.5 HPLC-MS/MS BB R R AR =455 E R 5

JHiiE P. pabuli CAU136 Yk e A ity b i 47

RBUE ISR S, 1 HPLC-MS/MS 34 P. pabuli
CAU136 HH#EH /27 & A Colistin, Colistin A
P fh =% 224 Colistin A #11 Colistin B, H:2Z57E
R IE ] il v e N N DS s e iR g il
>k 1169 F1 1155,

Colistin A 1 Colistin B 7 1555 55 IR
T, G E RS Hrh = AT

bp

2000

1 500
1330

1 000
750

500

250

100

B 3 P.pabuli CAU136 RixZ HEZEMAMERE
Figure 3 P. pabuli CAU136 expresses the biosynthetic
gene clusters of colistin

7: M: DL2000 DNA marker; 1: 16S rRNA F:[H; 2. pmxE
FEA; 3. BHMEXTHE 16S rRNA FE[K; 4. FHMEXTIE pmxE JE[H.
Note: M: DL2000 DNA marker; 1: 16S rRNA gene; 2: pmxE gene;

3: 16S rRNA gene of negative control; 4: pmxE gene of negative
control.
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S. aureus E. coli .
ATCC 29213 ATCC 25922 B coliL14

P. pabuli
CAUI36 |

Colistin

& 4 XRFI*H.##&%L&%;H@HE CAU136 #mzm.?ri

E.coliB2 E.coli F9

E.coli K. preumoniae P. aeruginosa
CRKP-1 PA14

30CZ2EE

Figure 4 The antibacterial activity of Paenibacillus pabuli CAU136 was identified by double layer agar plate

BT IM+3H W e, BEES T-(miz) 73 51 391.1
11386.3. Colistin A [ FZE R B+ m/z iy 384.7 Fl
101.4; Colistin B =26 85+ miz 2k 380.2 Fil
1015, S BIEER T2 4 H,0 f9[M+3H-H,0T*
F— AW ZL A 4 9 [L-Dab-y-NH? T 45 AE 2 -
HEEE RN 5 Fis , MR & 47 K & Colistin A
Fl Colistin B HYFFIERE 251X, UiB] P. pabuli
CAU136 7t b G Z KA &K E.

A
(» 10 000)
3.00F TIC(+) \A&#
1) NH . ”1 ¢ H
I ! ”r\“ :“IL.\H [\t\j:)\/w
i
.00} :

0.00

B 0 | 2 3 4 5 6 7  min
(< 10000) )
2.00 TIC(-)
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20

0.00 /

0 I 2 3 4 5 6

7 min

E 5 #HiZ4 Colistin A (A)~ Colistin B (BF{EEF13
HWEiLE

Figure 5 Chromatograms of colistin A (A) and colistin B
(B) in the crude extract

3 WikE4®

2 2 31 FF 14 )& (Paenibacillus) & Ash %501
1994 ARG F A2 oe a5 LA b i 2R AT e
Hr R — R, HS AT 8 (Bacillus)
ARARMRL, An¥ SRRk . PR IRGURI T EE
& o AT S T WA AR Z AL, Hn
REFHATEAEr~4: Polymyxin, Tridecaptin 55475
PERS U 22 R PE R AT A 2R 5 T 2R AT I 3228
A Iturin, Fengycin 1 Surfactin &5 {51 B 2l % H
WA BIPUREISTERPTAE R, e R RSP
R MPTAE R, TS SR AT B R R 1 e
PEREHUE 2 R RS R RAPRIE. AM1E 4
TER A B th R BT 2 B RIFPUREIE TR
JERK, HEN R Z A ZHEE B (Polymyxin
B)FIZHiHI % E (Colistin) % 2R A4tk %P,
AN, M Paenibacillus tianmuensis #4355 H T H:
i k25 4k4 4 Battactin (Octapeptins B5)!™®, %+
e PR 4 85 1) 22 S0 i 245 55 22 GBI T ) e /N4 T 9
JEfEIAF] 2-4 ug/mL., Octapeptins 24L& 5 kG
TR, X 2R E 252 == FCBA P R A
PURARCR, KRR S Z MM REAELMWARA,
INHEBEREZHERIENERVCR KL B 2552
FC B P B 1 R G A T L ROtk B B T G ik
Tridecaptin % 7.7 1978 4Epi & B, J2—Fhh 13 4>
RETRHABMZ IR, X 2R 22 [BAPE A R A7)
BUE R H . 2016 4, Cochrane 25 & 5T T
Tridecaptin FPLEEHLE], &I Tridecaptin S 1t F
SEPEZE AL R Lipid 1 256 TSR HAS
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Gy g, R RAFIRTT 2 E 2 A I
BAPE R I B Rt 2K ZE TR R WA
B fig 4> W Pelgipeptins™ | Paenibacterin™ [l &
Fusaricidins (LI-F 2544 2) 1% 2 B S P
i, YIRS CRI 25 A A8 U 2 R, %
A3k SEHT RS MR BT A B Pt L, 2 R AP
PrAERIF RS

AHIE 5 NTE I 30 A 3 53 B 3 — RS R AT
B, 34 R A BT FSUZ B AR Bk A
TSA VAl b S diE Y B Re )1, [RIE sk
PRI 25 TRAVE AN TR, LSS HAD R B )N, M
HAE TSA Pk Bl R AE Z R R @t
HPLC-MS/MS 43 b7 il 31| Hk G A Py pL 4
H A Colistin AUAFAE 2 FXF,  BRHHEDN FE ™ 24E
Colistin, HHALH SR 4E ) Colistin 5 2T
B EAIE] . BRIKZ AN, P. pabuli CAU136
ATRES AT TR 0T, A ek — 2R Y
PR 2H 234 & B P. pabuli CAU136 A%
SRATRGAH " )G s Re, BV 2 HAhE ™
W BRI, (BAE S0 % 25 T AR S T 4 A
Y& R IR T REDTER . #E TRV LIRS R 20K
FAR =PI (One strain-many compounds, OSMAC)
(7 R b 35 A, R INLRE TS 7 A HAdur
PURTEEDI, R A A 22 35 JEAil
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