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Abstract: [Objective] To study the physicochemical properties and active components of
extracellular antibacterial substances from Bacillus subtilis subsp. spizizenii Bspi2104.
[Methods] The Oxford cup method was employed to determine the antibacterial activities and
physicochemical properties of B. subtilis subsp. spizizenii Bspi2104 with broad-spectrum
antibacterial activity and B. subtilis subsp. spizizenii BspiL6 without antibacterial activity.
Metabolomics was employed to detect the antibacterial components of the extracellular
products of the strain Bspi2104. [Results] The treatment with trypsin, papain, protease K,
pepsin, and lipase had no significant effect on the antibacterial activity of extracellular
products. Extracellular products lost the antibacterial activity after treatment at 80 °C and
100 °C and presented decreased antibacterial activity at pH 9.0 and pH 11.0, especially at
higher pH values. There was no significant difference in the antibacterial activity between the
extracellular products treated with and without UV (P>0.05). The ammonium sulfate
precipitates at 60%, 70%, and 80% saturation exerted antibacterial activities, which was the
strongest at the saturation of 70%. The extracellular products of the two strains were extracted
by hydrochloric acid precipitation, combined with methanol extraction, ethyl acetate extraction,
and chloroform extraction, and all the extracts showed antibacterial activities. The ethyl acetate
extract had the strongest antibacterial activity. LC-MS/MS was employed to analyze the
composition of extracellular products of Bspi2104 and BspilL6 extracted with different
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methods. There were 35 common differential metabolites in the extracellular products of the
two strains extracted with different methods. The differential metabolites belonged to 37
categories of compounds, including carboxylic acids and derivatives, fatty acids, organic
oxygen-containing compounds, organic nitrogen-containing compounds,
derivatives, pregnenolone lipids, phenols, alkaloids and derivatives, glycerol phosphates,
isoflavonoids, and benzene and substituted derivatives. Some of these compounds, such as
kurarinone, and surfactin B, had antibacterial activities. [Conclusion] The extracellular
products of B. subtilis subsp. spizizenii Bspi2104 had good physicochemical stability and
maintained high antibacterial activity after treatment with various proteases and lipases, and at
=20 °C to 60 °C, pH 1.0-11.0, and UV irradiation for 3 h. The ammonium sulfate precipitates
and the extracts from hydrochloric acid precipitation combined with methanol extraction, ethyl
acetate extraction, and chloroform extraction of the extracellular products of B. subtilis subsp.
spizizenii Bspi2104 had antibacterial activities. Among them, the 70% ammonium sulfate
precipitate and ethyl acetate extract had the best antibacterial effects. The extracellular products
of the strain contained diverse categories of antibacterial compounds. The findings provide
theoretical reference for the discovery and screening of antibacterial components of Bacillus,
and the related metabolites have research prospects.

Keywords: Bacillus subtilis; extracellular products; physical and chemical stability; antibacterial
components
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R, AAE AR LT B 3 (R A Bspi2104
i B SE AT T FCO AP Bspil6, @ I 3 ER
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0.5)c WZHL 100 L 95 J5 B B B LR A T TSB 1%
FRILFTE , BlIG R HARFL A 200 uL (UFE
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26 N A0 R AT BRIV I I 2 B R AT
WS PE, FLroxt 38 N A R AT R I TR ROR B
U, B EA2I5(27.5£0.2) mm, 1 Bspil6 M
Pk ECP X 4 v It B 1 JTCHI ISR GR 1)
2.2 HUESAIESTSEIRATE Bspi2104 FaSb
PN EE M RS2

PR Bspi2104 RSN WIfELxd 4 FPEE A
A AL 1 RDRS W BEAL B 1 h RIS X 4 R 5 B
BRI AR AR 2255 /N, Yo ey 24 E I B AN A E IR 118 1
BRI TG A A I S MO, 0o 98 N R AT B A
Vs I TR 0 I U M AT R R, (R RE AR 4
90.80% A - AMIEaTEN:, KR FEESFIE 1), B
WITR#k Bspi2104 RSN ™y e B 6 v i

)

XPINAE ) 5 T2 ANREURR, A0 7= v 8 10 TR
PEY A& AH N 2R 1
2.3 REXTFEATE Bspi2104 BN =4030
EE MRS

TR 2 Mg R W, ZFRAF I Bspi2104
MLAR =P #E—20, 4 °C. Zi T AELS f I TR S
PEAHZEA K, W T 30 °CAbFJS, ECP GG
LR H, 80 °CHIl 100 °CLEIHS ) ECP 584>
O T WG PE(E 2). F ik, Bspi2104 £k ECP
e A R TS PR ) B A TR R

<1 Bspi2104 F1 BspiL6 Etk ECP HIHIEE 14
Table 1 Antibacterial activity of ECP from Bacillus
subtilis subsp. spizizenii strain Bspi2104 and Bspil.6

Pathogenic bacteria Antibacterial circle diameter (mm)

Bspi2104 BspilL6
V. campbellii 24.3+0.2 0
V. harveyi 22.8+0.1 0
P. damselae 27.5+0.2 0
V. parahaemolyticus 18.5+0.2 0

W Protease K W Trypsin OPepsin O Lipase ® Papain O Untreated

T

20 1
E 16k i W
£ 16 -H+
g
£
5 12 ¢
=
=
g
S8l
S
g
3
= 4r
=
<

V. harveyi P. damselae

V. parahaemolyticus V. campbellii

Pathogenic bacteria

&1
Figure 1

A EEEALIE T Bspi2104 Etk ECP HIHIE IR
Antibacterial effect of Bacillus subtilis subsp. spizizenii strain Bspi2104 ECP under different

enzymes. Each test was repeated three times in parallel, and the data was expressed as “mean+SD”.
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20

B3 h

co (3] [=)}

Antibacterial circle diameter (mm)

i

m-20°C m4°C oRoom temperature m30°C 060°C m80°C ol00°C

V. harveyi P. damselae

V. parahaemolvticus V. campbellii

Pathogenic bacteria

& 2

AELRE ARG Bspi2104 Etk ECP BUINE R

Figure 2 Antibacterial effect of Bacillus subtilis subsp. spizizenii strain Bspi2104 ECP under different temperatures.
Each test was repeated three times in parallel, and the data was expressed as “mean+SD”.

2.4 pHXTZFATE Bspi2104 fEIN 4030
ke d:0bA

PRt 27 i 2 B, Y pH {E7E 1.0-5.0 1
Bl AT, ZEAUFFE Bspi2104 J 40 =4 H 0 1%
YEREE pH (TSGR pH 7.0 B, HERE
WA T R, JH v o IR PSR P 0 B 0 2 T o 2
(P<0.05); K& pH 5 KF] 9.0-11.0 B, MEEIE

25

PERH R, pH 11.0 BHD B G TS, Hilk
A 68.26%M4M TR % ; K4 pH ALBERY ECP 1Y
PITRTEPE S pH 7.0 AbFRJS 19 ECP A0 TR 76 14 TG
B 22 5 (P>0.05) (&1 3). R H 25 FLA I
FC 3V Fl Bspi2104 Ak ECP #IE i 4H 40 h & A
XoF R B AT ¢ 5 P49 T 52 2 ) 9910 TR 56 2 0 5 R R ik
USR5t

mpH 1.0 m pH3.0 OpH 5.0 OpH 7.0 &0 pH 9.0 m pH 11.0 @ Untreated

{' = 7]
g
E 20 #
o E3
g EilEs — g - 7
8 15| H
=
L
2
S
= 10
3]
g
=
£ 5
<
0 La |
V. harveyi P.damselae V. parahaemolyticus V. campbellii

Pathogenic bacteria
&3 7A[E pH &IE T Bspi2104 Etk ECP BUINE R
Figure 3 Antibacterial effect of Bacillus subtilis subsp. spizizenii strain Bspi2104 ECP under different pH treatments.
Each test was repeated three times in parallel, and the data was expressed as “mean+SD”.
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25 UV QEXIEHATE Bspi2104 FESNT MG B2 R (P>0.05) (K 4), X4

W E SE M B2 Fe B, il B ZE AT T i FC L Bspi2 104 Bk ECP
SOMRGI AL T Bspi2104 WARAIMEAN ) R A B IS MR T AN S R, F bR

15min, 30 min, 45min. 1h, 2h, 3hJ5, H  Bspi2104 &G Y T A BRI LMEE T

B15min B30min O45min O1lh O2h ®3h [E Untreated

25 Boniieae

[\o]
<

—_ —
[ wn

i

Antibacterial circle diameter (mm)

1 1 L A_l
V. harveyi P. damselae V. parahaemolyticus V. campbellii
Pathogenic bacteria

4 A EIEIMETEIT Bspi2104 Btk ECP FIHIE MR
Figure 4 Antibacterial effect of Bacillus subtilis subsp. spizizenii strain Bspi2104 ECP under different UV
times. Each test was repeated three times in parallel, and the data was expressed as “mean+SD”".

2.6 BREQERIE (A E ik R A (17.240.1) mm (3 2). 9120 W 5 25 74
it 2P AT TR Bspi2 104 WIARTERIRELILA  FFE I FCOEFh Bspi2104 Ha BEAL & 2 1125 L BRIK
JET 30%—50% N IULIE = MG YE, 75 A ML 0 45 20 R TR B 0 B T P R
WRIREAANEE ] 60% N AOULIE =11 4h AT
BT TE, TR T0%MITTTE 1 0 30 B s P A
S, TR R 80%H N EAEMERE A T (R 5).

[\
(=]

[ @ V. harveyi
= P. damselae
[ O V. parahaemolyticus -

—_
(o)}

E
E
% o V. campbellii ¥
I, SER R EBURFIEE S T0% B B RO Al T 12
BELEHUFFE Bspi2104 HIBRAONISN=HIiliA TITHE £ sf
27 FEEDAR THEFBAFREMmLE  §
PN E A 1 T HHIE £ . | 1107 NN 18
£ 0 30 4 50 60 70 80

i B 2E AT Bspi2104 1 70%BBR T HE : .
Saturation of ammonium sulfate (%)

=) FRFE VT =3 H 4+H A b s . — . .
o m@ﬂm‘(%ﬁ REAESEIA ;Eﬂl@“f 5 FRERTEHEE LT Bspi2104 E#k ECP HOHIE
BOR B A G 2 BUR B Y B A BORIINTE - ym
RO, MR RE Bspil6 F 4 FhEEE I AR K H Figure 5 Antibacterial effect of ammonium sulfate
WG, PR SRR Bspi2104 Ak gradient precipitation of Bacillus subtilis subsp.

i /; NN et spizizenii strain Bspi2104 ECP. Each test was
W 70% B 1 Bl 1T I $1 U 1 2 1R & T AR B repeated three times in parallel, and the data was

Ty B R BOR B, PR ROINR A IR el B 42 expressed as “mean+SD”.
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Table 2 The diameter of antibacterial circles of extracts from different methods

Strain Extract V. campbellii V. harveyi P. damselae V. parahaemolyticus
Bspi2104 (mm) ECP 24.3+0.2 22.8+0.1 27.5+0.2 18.5+0.2
70% ammonium sulfate  14.6+0.2 16.7+0.2 16.7+0.1 16.1+0.1
precipitation
Acid precipitation 16.1+0.1 13.540.1 13.5+0.2 12.6+0.2
Ethyl acetate extraction 17.2+0.1 15.6+0.2 17.0+0.2 15.240.2
Chloroform extraction 16.7+0.2 16.6+0.2 15.6+0.2 14.6+0.2
Bspil6 (mm) ECP 0 0 0 0
70% ammonium sulfate 0 0 0 0
precipitation
Acid precipitation 0 0 0 0
Ethyl acetate extraction 0 0 0 0
Chloroform extraction 0 0 0 0

2.8 ARENART 2 HREEIN =45
MERHAR

F 144343 B (principal component analysis,
PCA)ZE IR E W, TH KR Bspi2104 il Bspil6 )
T0%M R B ULTE . BRUTTE . LR SR 2 B X
G AT 2 R HL 4 Fh 4 By =X H) A7 78 B 25 22

S, HARNTREES, WHARLE NI
PR, 55— FE TR E 48.5%, H
F R TR 15.0%, PC1 Il PC2 A 5Tk
R 63.5% (&l 6), Z4r A4k R fig i 4 1o 15 B
itk Bspi2104 Fil Bspil6 4 i3 By b i 435

Py 22 5+

]
<

PC2 (15.0%)
o

|
o]
=]

—40 1.
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Bspi2104 and Bspil6.
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Figure 8 KEGG classification of differential metabolites of Bacillus subtilis subsp. spizizenii strain Bspi2104
and BspilL6. A: Differential metabolites of 70% ammonium sulfate precipitated extracts. B: Differential
metabolites of acid precipitation extracts. C: Differential metabolites of ethyl acetate extracted extracts. D:

Differential metabolites of chloroform extracted extracts.
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Figure 9 HMDB classification of differential metabolites of Bacillus subtilis subsp. spizizenii strain Bspi2104
and BspilL6. A: Differential metabolites of 70% ammonium sulfate precipitated extracts. B: Differential
metabolites of acid precipitation extracts. C: Differential metabolites of ethyl acetate extracted extracts. D:

Differential metabolites of chloroform extracted extracts.
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Table 3 Common differential metabolites

Metabolite Retention time (min) VIP FC P-value
Fenpyroximate 5.91 1.90 0.69 <0.01
1-hydroxytrimazosin 5.91 1.87 0.75 <0.01
Cyclolinopeptide A 6.44 1.63 0.77 <0.01
PS (DiMe(13,5)/DiMe (13,5)) 6.44 2.32 0.55 <0.01
Taraxacoside 5.34 1.49 0.71 <0.01
Acetophenone, 4’-hydroxy-3'-methoxy-2-(2-piperidyl)- 5.53 1.77 0.76  <0.01
Mascaroside 5.71 2.17 0.47 <0.05
(S)-(4-hydroxy-phenyl)-(S)-piperidin-2-yl-acetic acid methyl ester 5.87 2.62 0.46 <0.01
hydrochloride

Fursultiamine 5.53 241 0.50 <0.01
N-palmitoyl serine 6.53 1.63 0.74 <0.01
Kurarinone 5.93 2.00 0.74 <0.01
Ketotrexate 6.05 1.05 0.89 <0.01
L-alanine, 3-(((3-(4-(aminoiminomethyl) 5.90 2.28 0.63 <0.01
phenyl)-4,5-dihydro-5-isoxazolyl)acetyl)amino)-N-(butoxycarbonyl)-, (R)-

Histidylglycine 5.74 2.89 0.54 <0.01
Ximoprofen 5.87 1.50 0.81 <0.01
Cyclohexaneundecanoic acid 6.20 1.88 0.68 <0.01
Dehydromonocrotaline 6.07 2.72 0.47 <0.01
Glabric acid 6.38 2.11 0.66  <0.01
Na-hexanoyl-Nb-inosityltryptophan 5.87 1.83 0.76  <0.01
4-hydroxytoremifene 5.55 1.89 0.75 <0.01
Normetanephrine 5.63 2.07 0.64 <0.01
Glutamine-betaxanthin 5.72 2.65 0.37 <0.01
(2E)-tetradec-2-enedioylcarnitine 5.60 3.10 0.22 <0.05
Ligusticide 5.71 243 0.52  <0.01
B-D-xylopyranosyl-(1->4)-a-L-rhamnopyranosyl-(1->2)-L-arabinose 5.53 2.31 0.59 <0.01
Nimodipine 5.71 2.69 0.48 <0.01
Dukunolide D 5.92 2.21 0.53  <0.01
7-aminomethyl-7-carbaguanine 5.88 2.85 0.22  <0.05
N-myristoyl glutamine 6.42 1.51 0.76  <0.01
Xi-2,2,6-trimethyl-1,4-cyclohexanedione 4.35 1.79 0.63 <0.01
5-(4-methyl-5-Oxo0-2H-Furan-3-Y1) pentanoic acid 4.35 1.10 0.82 <0.01
Benazepril 5.91 2.52 0.56 <0.01
Surfactin B 6.78 2.24 0.69 <0.01
Petasitenine 6.24 2.28 0.34 <0.01
(2S,3R)-3-(4-hydroxyphenyl)-2-(4-{[(2S)-2-pyrrolidin-1-ylpropyl]oxy } phenyl)- 5.54 1.85 0.67 <0.01

2,3-dihydro-1,4-benzoxathiin-6-OL

22 5 AR MetPA 4345 3R, Bspi2 104
1 BspiL6 Btk 70% B £ L e 7™ 4 vh i) 22 AR
) F L5 AT TE 84 SARIHHE B, SR
18 }% A R — 15 J&E (one carbon pool by folate) ., M.
TR 5] (linoleic acid metabolism) . &2 FR 11

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

(tryptophan metabolism) . f£ 4= I ¥ B2 10 i
(arachidonic acid metabolism)., NZAHR . KA
R A1 AR fX 1% (alanine, aspartate and glutamate
metabolism)if % . BspiL6 il Bspi2104 [ FkERIIT
TE Y 25 S AR ) E A TR 110 ZRA



XUR 45 | A PR, 2024, 64(8)

2981

3 % SR R K 3 Sy R — Tk P TN AR
RAFRMAAATRICH . BRI . 184 DU
FRAEE . mn{ER AR (caffeine metabolism )i %,

BspiL6 1 Bspi2104 Btk LR L FRA< U™ ¥y b iy
25 T2 A AE 106 A CiHE I, &2
S K )38 6 R R — ik 2 . YRR AR . 4B 2R Y
S BR A GG L B e P08 e P 1) A= 0 i (flavone and

A

0.4
Pathway impact

1: One carbon pool by folate

2: Linoleic acid metabolism

3: Tryptophan metabolism

4: Arachidonic acid metabolism

5: Alanine, aspartate, and glutamate metabolism

(& D
e i
° :
7.5 fmeeee T A
: P-value
a, 5.0 . Fos %ﬁ
&n ] (0.2 T
| ; : IO.I
2.5 oo
e
00 02 0.6

3: Arachidonic acid metabolism
4: Flavone and flavonol biosynthesis
5: Nicotinate and nicotinamide metabolism

10 KEGG M ED T SIBE

0.0

7.5

5.0

2:5

0.0

flavonol biosynthesis) . X B2 F1 4K Wt fe AL 5
(nicotinate and nicotinamide metabolism)if #% .

BspiL6 Fl Bspi2 104 [# Pk 5 {5 #< B i 22 AR
Yy B oA 87 AN B, A i R Y E
B IR—BRJE . NER . RAERMA EIR
R = R AR . g 4R B (pyrimidine
metabolism) AN HE AL B (K 10), 25 |,

00 02 04 06 08
Pathway impact

1: One carbon pool by folate

2: Alanine, aspartate, and glutamate metabolism

3: Tryptophan metabolism

4: Arachidonic acid metabolism
5: Caffeine metabolism

..z
: '4§ :
e R
A o : '@ | P-value
—‘,3 ---{ B03
e : : 02
io:‘. ‘ .5 : IO.I
i.'..i
- ®-@i-------t-------boooooonee
N ¢°
waen | :
00 02 04 06 08

3: Tryi)tophén‘metaboiism o
4: Pyrimidine metabolism
5: Caffeine metabolism

Figure 10 KEGG topology analysis bubble plot of differential metabolites of Bacillus subtilis subsp. spizizenii
strain Bspi2104 and BspiL6. A: Differential metabolites of 70% ammonium sulfate precipitated extracts. B:
Differential metabolites of acid precipitation extracts. C: Differential metabolites of ethyl acetate extracted
extracts. D: Differential metabolites of chloroform extracted extracts.
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