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Abstract: [Objective] The application of Bacillus subtilis in soil can promote plant growth,
while few studies have reported the bacteriophages infecting B. subtilis. Therefore, the
isolation, biological characterization, and genome sequencing of bacteriophages infecting B.
subtilis from soil will contribute to the application of B. subtilis and enrich the biological
information of bacteriophages infecting B. subtilis. [Methods] B. subtilis SM13 was used as the
host to isolate a bacteriophage strain Bac-S from soil. Biological characterization, whole
genome sequencing, gene function annotation, and phylogenetic analysis were performed for
this bacteriophage strain. [Results] Transmission electron microscopy showed that Bac-S had a
head with the diameter of about 43 nm and a tail too short to be measured. The optimal
multiplicity of infection of Bac-S was 0.1. The one-step growth curve showed that Bac-S had
an incubation period of about 10 min and a burst size of 30 PFU/cell. Bac-S had a wide host
spectrum and can infect hosts of different genera. The sequencing results showed that the
genome of Bac-S was 150 019 bp, with the G+C content of 42.6% and 237 open reading frames
(ORFs). The BLASTn comparison with the sequences in the NCBI database showed that Bac-S
was similar to other bacteriophages infecting B. subtilis. [Conclusion] A bacteriophage strain
infecting B. subtilis with a short incubation period, a wide host spectrum, tolerance to high
temperature, and intolerance to UV light was isolated from soil. The biological and genetic
characterization of this bacteriophage enriches our knowledge about the bacteriophages
infecting B. subtilis.
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i B 24F A0 4T 7 (Bacil lus subtilis))@ 2 2% G
PEANTR , EARIEEY AR . AR . iR
EAE Y OE ST TG AR PR A PR . R
. S5 ERENE . BRI L S
KRB, BN EFERL FEA
T N A S A 2R R B A e AT
PEUEF AR R A TR U R L RP) Wb A 20
9 JE7 AT (2 0 S 00 ) S 8 7T 5 R R 1), 4K
PUHE &8 (75 e haa B K S 2ERUAT H7EVED
(CUn AT AR VR 4 S VAR MR B - 4 o
BARAT XA S T B (U K R S I A
A VRN SRR 14 SR 244 T AR HLA HE
VER o ASDRABIZL I 54T 3h i 1 A= 4 1 7K FE AR A
Iy ERTG T — BRAG R ZE AT I SMI13, BT R
B . A PUAE PR R T DL R T ] g -3 2 TR
(indole-3-acetic acid, IAA)ZINRE!, Al LK
i UM BRART, R 2R AT B A - R
BT A R UR AR S, Wi oA A 2 A 7 45 )
R E IR Bl S

I B4 14 (bacteriophage) /& — 28 MU/ . 45
FA TR, RRJRRL AN TR . b A P A IR A% AR 0
B, EaTiE FEFRESR, $25%0E
FRmAET ) Bk R e A TR 4
AR, MR R, ORISR+ 3 ZE A
FF T s T A ) 50 N ) U A 2 2 i A
ZEART AR A AR B R A e s, BT,
L 73 5 10l 5 2 6 T T e T A4S R R A R/ INTE
18 000—160 000 bp''”, fuff4iE . WUEFK K
BRAAS . T VDT B R A — R WU W B AT,
M3 P VDI R B 6 AR R A U T T
LR AR, 6Tl 5 2 FL T W AR 1 4
R EAEPERHF . &MY, e
FEAMY A 77 7 TR AR S FE AR 80 o BE T itk
A GE N - B o3 BERG R 2RO B R T A, X
AW 2R | fE 3290 B RS R R AR R 1T 4

Br, 8 T R 2 AT B T AR A A B
Oy W AR 5 e 2 AU R Al A 7 Hp L TR
PEILRR GORL o

1A

1.1 BEEMEFEARKIR

R 25 AT SMI13 BRI KB K
S A R HOR 2 BE AR W S & R A . T
1K Bac-S 7385 H B IT N\ —4 B KK R
HI(N46°59', E125°17") R A0 - HERE 5
1.2 EFE. ZhKies

NA WSR3 (g/L): A NE 3.0, A
10.0, NaCl 5.0, pH 7.2-7.3, 121 °CK B 20 min,

SM ZZ M1 (g/L): NaCl 5.8, MgSO,-7H,0
1.968, Tris-HCI1 6.057, A =¥ 62.5 uL, pH 7.0,
121 °CK & 20 min,

KCI % (g/L): KCl 74.551, 121 °CKHi
20 min,

1.3 EEAMSBEEL

B S g FREECAEA 10 mL ‘S 355 (nutrient
agar, NA)R AR B 55 3L 019 50 mL #ETE L+, 25 °C .
160 r/min ¥E KRG SF 12 h, #E 24 h, REHEFR
W2t 25 °C, 8000 r/min Z5.0> 10 min J&7, IS
1F 0.22 pm VBB FRARN6 FE 8 U B R 1 mL
5 0.2 mL %14 K 3(ODeoo 4 0.8) it 5 25 40
FH# SM13 HIRIESE 10 mL 48, B
H L h, REPIA 6 mL FiH NA 2 [F 45
FRHGEIE T i 0.6%), WA 7 BIMELA C B b
1) NA ARG & i 1.5%) L, fF 12
B R BB S BT 30 °CRE IR B B R 5,
24-48 h Ji AW B BT .

FH 1 mL 85 S FLHCAA W TR B Bihg
A RIHEA | mL NA ARSI EP 45,4 °C
FE 24 h 2R KR I 25 °C L8 000 1/min
B0 10 min, 33 0.22 pm 98 S TR A A W B AA
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B, ARBLAR YT UK I (ODgoo A7 0.8) A B
ZEFUAFIE SM13, R 5 UL, RRMEE PR H
Wik TR BT 25K/ IR IF] R RAS AL A W B 44 Bac-S.
1.4 [EHEKRRRG R BHRENE

1 200 mL W R AR AR 4 °C . 8 000 r/min
B0 10 min J5, BT 0.22 pm SR, 8
WA 8.3%F PEG6000 Fl 2.0%F NaCl, 3543
REIR, 4 °CEE 2024 h, 4 °C. 15 000 r/min
20 30 min, 3 BV, ULIEFIA 300 uL SM
ZZ b5 100 uL KCUHARITR 2R B 2 1.5 mL
) EP 4, KA 30 min 5, 4 °C. 8000 r/min
20 10 min, I B EE VR AR

10 pL MRV AR W T, [ SR
B 20 min, HIEARMRZSaEE, AR TEYS, #
M EF 10 uL 0.2% MBS RV R P UL 10 s,
DR T L G A, FERE AL TR B ST H
- S AR W W TR AR S T4 B 5k
1.5 BEAREREELN

BOW 84 K (ODeoo A 0.8)A915 3 SM13
B, F BRUR Y 42 0 (multiplicity of infection,
MOI)Jy 100, 10, 1. 0.1, 0.01 5WEFHEKIES,
BHRAWAIAE] 10 mL JCHIRE H , AR
FEIAF R BATE 2 mL OBHR A S 7ERR IR
30 °C. 160 r/min ¥5%% 2 h, F 0.22 pm — kMG
PR I Mok Y0 B LR, P DB R ] TS T KA B A
BRI, U2 AR DN 55 , I HLIAE S ot IR
R ARG G . iR ER 3 IR,
1.6 EEA—TEKMZL. BE. 2ER
RN RIEE M

B X A I (ODgoo A7 0.8) AL 5 25 U FF
PR SMI3 TR -5 W5k AT A 4 R e A S e S B0 L
BRA, BURAW 1 mL INAZ] EP &, 30 °CH
EIFH 30 min J5, 4 °C., 12 000 r/min Z.0> 1 min,
Fik B, H SM SR e B TTVE 2 IR
BEWREIA . T 5 mL SM 2% thioB TTE i s

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

RS, A 30 °C 160 r/min £ KR 7% B 5%,
M 0 min FFEA 4R 10 min B 100 pL IBS W,
e M. AR ER 3 K., 2 a=2
it A ST B AR S5 AN /R e ) 0 i o R TR

10 pL WERARE A 0.99 mL ) NA
AR RS 373 (pH 3.0-13.0)FF, 30 °CHFEIFH 1 h
Je W BOSUZPAR, WEEEWR A A KA, D
H Ay, WAVEMEEER pH REMEML . g
WEE 3 K.

B2 mL BEEEIRIE W, 4350E T 10, 20,
30, 40, 50, 60, 70 °CHYfHIR A/ FALEE 1 h
Jei s SR FBUZ S ok 0 ik B AR5 AN . A 3K
WIEE 3K,

B 10 mL W PR A S5 43 0 & AE 3 1 90 mm
TCwEILA, B HE T 5AMT (30 W)F 30 em
A EATREST, A 3 min BURE—IR, RAXUZF
Bk D e AR . T AR A 3 Ik,
1.7 EEAHEEEE

M TE £ ARSI = T B AT A .
BEANTE L 12 Bk, 2091 D i o 25 /4 1 (Bacillus
altitudinis) . < ¥ 2 14T 4 (Bacil lus toyonensis) .
TS AE ZF fLAF I (Bacillus cereus) . AEHUZF U H 14
(Bacillus zanthoxyli) . 5 % £F 4 £ ¥ iy
(Cellulomonas oligotrophica) . & % il T
(Peribacillus frigoritolerans) . El B fa /)N #T B
LT I A
(Arthrobacter humicola) . 7K A 151 7 (Arthrobacter
oryzae). #7717 ¥ (Arthrobacter pascens). Bif
[ FE 4 4% [C 4 (Priestia aryabhattai) . F 3%
BT (Priestia megaterium). BUR #E 1 mL
55 0.2 mL %A K H(ODegoo 4 0.8) A4 A BT i
BAZ 10mL XY, #EFE 1h, 8P mA
6 mL FIEE) NA [ R B SR AL & & 0.6%),
RAIE S RVE A EBEFE ) NA [RKE SR 5L BE
i 1.5%) 1, 5 1235 5 BT 30 °C

(Exiguobacterium indicum) .
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BB B R SR, 2448 h 5 SR TR BE
1.8 BB AR EHIREUR N FF 5

P VAN SR SR I S A
(cetyltrimethylammonium bromide, CTAB)7%: &
WWETE R DNA, HAALBRZ2E3CHR[21]. $2H
J ) DNA Gl Bl BRI L D R A 3 o 2 1 55
G Y I, FREAT 16S rRNA JE[H PCR 146
W, wINTers B gy, M EE MG 27F
(5'-AGAGTTTGATCCTGGCTCAG-3") #1 1492R
(5'-GGTTACCTTGTTACGACTT-3")¥ 1 . PCR X
BARZR10 pL): b F#F5145(10 pmol/L)#%- 0.2 pL,
DNA #&4% 0.1 uL, 2xTaq PCR Master Mix 5 pL,
ddH,0 4.5 uL. PCR JZ Wi &cf4: 94 °C 5 min;
94 °C 1 min, 55 °C 1 min, 72 °C 1 min, 30 >
&5 72 °C 10 min,

I TR {4 Bac-S 19 DNA i [ BUAE Wkl
ABRAE AT AR . Pk, ARk
Fe 4 4 52 & I O 0 ) B B b
(National Microbiology Data Center, NMDC), %
5 NMDC60146592,

1.9 EEARRESTRERDIGE TR

] BLASTn (http://blast.ncbi.nlm.nih.gov/)
X R H TR e S AR 54T %€ 5 F Easyfig 2.2.5
24 Bac-S M4SN 4 Xt &l ; 1 BLASTp
(http://www.ncbi.nlm.nih.gov/) #F — > #% 1E T 3
FRAE AU THEE ; 18] tRNAscan-SE (http://lowelab.
ucsc.edu/tRNAscan-SE/)## 2 tRNA JF42; 2z
A A Kiftf 25808 (comprehensive  antibiotic
resistance database, CARD, https://card.mcmaster.
ca/analyze/blast) H TR I BU i &= M 257 5 BOW
T 13 1 R 18048 % (virulence factors of bacterial

pathogens database, http://www.mgc.ac.Cn/VFs/
main.htm) FH =% 2 JE R 4 i e 1 5 15

i AR E MEGA 7.0 X510 A5 5F 5 51) 4t
AT P R A A s R A M DNA A il

Y 28 HE 2 17 51 >k FH neighbor-joining 1544 # 22 4t
KEW,

2 EREGHN

2.1 EEAREYEEE

AR 558 vh 43 B B — R RE 8 SR A RE 2
FIAFIE SMI13 MIWEDEIA Bac-S, W T B35 i i
5, BB R (F 1A), 4B AN
MHEMEAR, HAZAN 43 nm, RBIHEICE
& (& 1B).

W g TR AR 5 1E TR R I L B R
100:1, 10:1, 1:1, 1:10 5 1:100 &K 5% 2 h,
I 5 A T g A 5T 7 Ok TR AR A, I TR AR
Bac-S 5 £ fi KA B B IR B 0.1 (% 1),

W W A A RN i T AR IR L 0.1 1Y
FLR A e — 2 AR K R, WEEE{R Bac-S 1Y
TR, 2920 10 min, & WZH 50 min,
Zdfg 4 30 PFU/cell (1 1C). MERI{A Bac-S 7£
pH 4.0 MFREE T 58 e R 0GPk, 78 3R 55 (pH
6.0—8.0)iF TR A N e, BifE pH T,
W TR AR BB B T2, 24 pH 12.0 B TR A
¥isg e i PE(E 1D). WA Bac-S 7EIRE
4 20—-40 °Chf BA R U915, 7E 40 °CUA L
PR T LR REAR , S IR B3R B 70 °CH 58 42 2K 1
(El 1B). W B 1A Bac-S 7ERE ) 30 cm [ 30 W 8
AMT BRGETR 21 min J5 58 2515 (K 1F).

22 EE{ABEESCE

B MR A 2 BREA A IEE, 10 tRE
HiRBEIEE, ENRET 6 1NE, Bac-S WA
IREE Y e, W3 2. 18 2. C. oligotrophica
Fl A. pascens HAT [E A Dy g A HA sk ohse,
T At 10 4 8 HA A 2 e A B[ 2 D 6E
2.3 MEE{K Bac-S EFEHIFE

W A Bac-S AYIENZH A FIR DNA, JER 4]
4K 150019 bp, Hiip G+C &N 42.6% (K 3).
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B 1 MEHEK Bac-S FIEYIZF451

Figure 1 The characteristics of phage Bac-S. A: Plaque. B: Transmission electron microscopy image. C:
One-step growth curve. D: pH stability. E: Thermal stability. F: UV sensitivity.

£ 1 FEEK Bac-S RIEEBLEEH
Table 1 Multiplicity of infection of phage Bac-S
Multiplicity of infection (MOI)  Phage concentration (PFU/mL) Bacteria concentration (CFU/mL) Phage titer (PFU/mL)

0.01 10° 108 6.50x10%
0.1 107 108 1.36x10°
1 108 108 8.03x10°%
10 108 107 7.60x108
100 108 108 1.83x108

P4 actamicro@im.ac.cn, & 010-64807516
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&2 MEEK Bac-S 18 £ERE A8 EHEKINEE

Table 2 The host range and their related functions of bacteriophage Bac-S

Species Strains Bac-S Nitrogen fixation Phosphate-solubilizing
Bacillus altitudinis DL-5 + x ~
Bacillus toyonensis SSL-14 + x \
Bacillus cereus SL-18 + x ~
Bacillus zanthoxyli DSL-9 + x \/
Cellulomonas oligotrophica SMD-6 + \ X
Peribacillus frigoritolerans DSL-11 + x V
Exiguobacterium indicum SSL-13 + x \/
Arthrobacter humicola DL-2 + X ~
Arthrobacter oryzae DL-3 + x ~
Arthrobacter pascens SD-17 + N X
Priestia aryabhattai DL-15 + x S
Priestia megaterium DSL-10 + x \/

+: Lysis; — No lysis; V: Means there is corresponding function; x: Means there is no corresponding function.

B2 Bac-S {237 E i Hbk a0 M BE
Figure 2 Plaque of Bac-S infecting different tested strains.

%

&VID-6

=PSL-10
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m Replication and regulation

= Hypothetical protein B
Xonuclease

® G+C content RNA polymerase sigma factor

= G+C skewt  Reca-like DNA recombinase
G+C skew—

SCE 7726 family protein

DNA polymerase I
DNA binding protein

Thioredoxin

RusA-like holliday junction resolvase

dUTPase

Putative primase

Anti-sigma factor

Putative DNA repair exonuclease 2
HTH DNA binding protein

Tail associated protein

Virion structural protein
Baseplate protein
Baseplate wedge subunit
Baseplate assembly protein
Virion structural protein

Tail assembly chaperone

3 EEHE{K Bac-S £ EFAEE
Figure 3 Genomic circle map of phage Bac-S.

SENHAZBRF S BLASTn FEXF&E R ER, A 4 4%
Wi AR JE 47 41 5 Bac-S Y AH DL B 7E
92.00%LA b, 3828 L ZEFLFT 17 Ry 1 3 B 0 4
Bacillus phage BSP18 (MH707433) . Bacillus
phage BSTP3 (MW354667). Bacillus phage phiNIT1
(NC_021856). Bacillus phage BSP15 (MH707432)
(£ 3). PFHER AT L (K] 4), Bac-S
A 4 AR e TR A B R R 2H K B B ACHR ], (R
SRy BRI A 4 AR R ACfE A 22 S HAR AL A
HEATASIA], 2T AR R A . i PRI 2 S 3]
4 4~ tRNA LR, 7E 24 682-26 540 i 25 22 7],

F U E Eapa T E2TE S BN Gy NG 70 2~ 3PS B T
5% 5% (190 1Y), Tl 47 LR B ) 7 5% o
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Peptidase
Membrane protein

Thymidine kinase
Lysis protein

Poly-gamma-glutamate hydrolase
Tail protein

Deoxynucleotide monophosphate kinase

Putative thymidylate synthase
RNase H

Transeriptional regulator

Virion structural protein

Terminase large subunit

Terminase small subunit

Hemolysin

Putative XRE family transcriptional regulator 1
Repressor protein cl

Transcriptional repressor

ntnativa martal meatain

2.4 MEE{K Bac-S ThRE TR

XIS Bac-S 13 R A E 17 D RE 1 R,
Bac-S JERAHILEH 237 I EHE (open
reading frames, ORFs), i if NCBI NR #F177E£E
RS 155 2354~ ORFs, 548 ORF ) 99.16%.
Hrr 184 4~ ORFs AR HE T, B4 51 R

&3 5 Bac-S HHIIMRSHY 4 HREEE (K
Table 3 Four phages with high similarity to Bac-S

Phages Accession  Coverage Identity
number (%) (%)
Bacillusphage BSP18  MH707433 86 92.68
Bacillusphage BSTP3 ~ MW354667 85 92.36
Bacillus phage phiNIT1 NC_021856 85 92.78

Bacillus phage BSP15 MH707432 84 92.24
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Bacillus phage BSP18 HH"

Bacillus phage BSP15 R

mm| - ng Im.- i

/I//

P i “ ' i ey m' 69%

lIOO%

4 5 Bac-S tHHUER S F AT EEEAMNER ALK
Figure 4 Genome comparison of Bacillus phage with high similarity to Bac-S.

RS> M 1E ERRE (S 1~ ORFs), S5HEN
(14 1~ ORFs). DNA 3% [1(3 4> ORFs). &
il #1945 £ 11(26 > ORFs)., E@'—ﬁ%%%%ﬂfﬁ
FAATIE S A R IIREE (3 1> ORFs),
EEEAB S, 56 800 A 6 ””ﬁ?mazﬁ
ﬁi?ﬁﬂﬁ SR

F 2R . ORF16 4l y-BAHRK
ﬁ’i@@, Z5HR y-RA G R B P 5 15 0 1 AR 1
RAETE EAM P AZIE; ORF40 ity i & ;
ORF51 Jiihth k¥ B EE F1 1 ; ORF68 4ifilh 2 7S
W% ; ORF207 NEMEM.

LEFFE T . ORF17. ORF82 4 ith ik 14 14 2
#BEH; ORF32. ORF61, ORF75, ORF81 %
s B 45 s ORFS3 4 T 2L
[1; ORF55. ORF71. ORF73 Jwtth 24T 455 11 ;
ORF64 Zih e i S i fE1R, = SRR ER
E A3 B M RY, ORF77. ORF78. ORF79
2 i 5 10 B R AR S O B o

DNA 2525 1. ORF33 i iR Ui il A0 3t 5
ORF34 #hA vifity/NIESL ; ORFS0 Zmfis ] F 2R .
SN E . ORF20 i i 48 4% 11 2
PARSIRIGEE ; ORF22 Zmidfatrie A m, = 5%

HRRICH; ORF25 Zit A% %R ; ORF26 i
T4 SR R F; ORF43 4ifidh e A 22 ) i To
KW ST B, iR AT, 4w
T g A A 2 R 1 I A A SR LA E 1 B 5
WP, EE LN F A S HHABPT ORF44 |
ORF45. ORF167 FithPHiE &, Z 575 HH
%if%; ORF63., ORF86, ORF110 it DNA %5
4% 1; ORF89. ORFI122 4t % ma SV ;
ORFI1 A5 |¥)l§; ORF92 & dUTP [ - Z I fE
ST dUTP #1 dTTP (4 LK, A ITT7E DNA
1& WL & ¥ S 5EE P ORF96 (RusA
Holliday junction resolvase) &—Fh X i $ 45 14 H.
A R IR IR, ORF101 AT & A
HEE, AR R ; ORF112 iy DNA %
4 fili; ORF115 Jy DNA E41filf; ORFI126 %l
sce7726 family protein, 522 & iR #15<; ORF158
g RSy B s ORF160 4 fid JikfF; ORF163
JREEE 1; ORF206 4T i ; ORF233 H
ATP fifi; ORF187 > HNH &R N VIR, %5
R B PN VD Tl v A D28

H A A E 1. ORF90 %if% anti-sigma
factor, 577 = 20 HfLRE R0 40 i BRORH S 98755 3 (R AR

http://journals.im.ac.cn/actamicrocn
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XK1, ORF117 ORF168 %ifh RNA B4 sigma ] P12 1 (ORF50) ., K 3 KV 2 (ORF33) LA A
7, #i0E FA S AR P S REREY, DNA R4 EF(ORF112)[m WM 4w i & SL 1R 7
IEE K Bac-S RAA B 7 5, ffifl MEGA 7.0 RS IEIEMEE R G R T
£ NCBI W N SRR R o gy (&L S). T EE . Rl & DNA &

2.5

A 65r Bacillus phage Grass (YP008771432)
005 70 F Bacillus phage SBSphiJ5 (UP112825)

891 | pBacillus phage phiNIT1 (YP008318324)
Bacillus phage BSP18 (AYJ75701)
Bac-S

Bacillus phage 035JT004 (QZA69705)
{ Bacillus phage 010DV004 (QZA69144)
ﬁ|— Bacillus phage Mater (YP009151143)
Collinsella aerofaciens (WP226790909)

Bacillus phage vB BsuM-Goe27 (WCS69944)
Bacillus phage 000TH008 (QQ040621)

100

78
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Figure 5 Phylogenetic tree of bacteriophage Bac-S. A: Phylogenetic tree based on the portal protein. B:
Phylogenetic tree based on the terminal enzyme large subunit. C: Phylogenetic tree based on DNA

polymerase.
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