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Abstract: [Background] Phages are an important part of microbial community, but the classification
and presence of them in traditional baijiu fermentation are still unclear. [Objective] By exploring
prophage regions in the genomes of Bacillus licheniformis in public databases and in sauce-flavor baijiu
fermentation, we intend to clarify the classification and infection of prophages in key functional strains
in traditional sauce-flavor baijiu fermentation. [Methods] With culture-independent (bacterial whole
genome analysis) and culture-dependent (strain screening and specific PCR) techniques, the
classification and presence of prophages in B. licheniformis from different natural habitats and
sauce-flavor baijiu fermentation were analyzed. [Results] The whole genome analysis of bacteria
detected 165 prophages in genomes of 30 B. licheniformis strains from different habitats, of which
63.6% (105/165) had intact sequences. A total of 97.1% of the prophages in the B. licheniformis
belonged to Siphoviridae, and 2.9% Myoviridae. The functions of 53.0% genes of the intact prophages
were unknown. Seven integrated prophage regions were detected in sauce-flavor baijiu-derived B.
licheniformis MT-B06, of which 57.1% (4/7) were intact prophage regions. Co-infection of multiple
prophages was detected in B. licheniformis from sauce-flavor baijiu fermentation. There was horizontal
gene transfer of CotD family spore coat protein gene on the bacterial genome to the prophage. In the 26
sauce-flavor baijiu-derived B. licheniformis strains, 69.2% (18/26) were detected positive of
prophage-encoded major capsid protein gene, and 100.0% (26/26) positive of prophage-encoded CotD
family spore coat protein gene. [Conclusion] High level of prophage integration was found in B.
licheniformis from different natural habitats and sauce-flavor baijiu fermentation. Horizontal gene
transfer of CotD family spore coat protein gene from host to the prophage of B. licheniformis in
sauce-flavor baijiu fermentation was widely observed. This study is the first time to explore the
classification and presence of bacteriophages in traditional baijiu fermentation, which helps to deepen

the understanding of bacteriophage-host interaction in the fermenting microbial community.
Keywords: prophage; Bacillus licheniformis; bacterial genome; horizontal gene transfer; sauce-flavor
baijiu
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K2 B. licheniformis MT-B06 JEK4] 41, Ui BATESS & 110 & 18 b A M AR ZFE AT B A AE
(NZ_CP032538.1) 42 B 6 Mo ARumiE Rl ok B KR W AR A 2 SR E I .

R1 30 HRREFRMERHRGFRITEEEAE

Table 1 30 B. licheniformis genomes from different habitats

B. licheniformis Number of TerL. Percentage of prophages Source Country NCBI accession
strain to bacterial genome (%) No.
MT-B06 6 8.7 (== China NZ CP032538.1

High-temperature

daqu
CSL2 4 6.2 e Silt China NZ _CP041154.1
WX-02 4 4.2 4" 1 Salt mine soil China NZ_CP012110.1
BL-010 6 6.4 -+ #E Soil China NZ_CP022477.1
TCCC11148 4 6.1 43 Soil China NZ CP033218.1
LCDD6 4 5.0 %Mk Walnut China NZ_CP065029.1
H2 4 3.6 i Tleum China NZ CP065943.1
NCTC10341 2 4.2 NA United LR134392.1

Kingdom

MCC2514 4 4.1 407 Raw milk  India NZ_CP038186.1
MBGJa67 6 5.0 %18 Excreta India NZ_CP026522.1
OK12 3 3.1 M EL Crude salt Turkey NZ_CP060498.1
TAB7 4 6.2 HEAE Manure compost Japan NZ CP027789.1
ATCC 9789 5 3.8 A5 Milk United States NZ_CP023729.1
FDAARGOS 923 7 10.2 NA United States NZ_CP065647.1
ATCC 14580 5 4.2 NA United States NZ_CP034569.1
KS28 5 7.4 1L Blood Korea CP043490.1
SRCM103608 4 5.9 £ Food Korea NZ_CP035405.1
SRCM103529 5 7.8 & Food Korea NZ_CP035228.1
SRCM103914 5 4.5 B Food Korea NZ CP035188.1
SRCM103583 7 6.4 B Food Korea NZ_CP035404.1
PB3 4 5.1 N2 Korea NZ CP025226.1

Adult feces
CP6 4 4.9 7K Seawater Korea NZ CP049330.1
SCDB14 3 2.3 K Soybean paste Korea NZ _CP014842.1
BL1202 8 8.5 K Soybean paste Korea NZ CP017247.1
SCKBI11 4 6.1 K # Soybean paste Korea NZ_CP014795.1
SCDB34 5 7.4 K¥#% Soybean paste Korea NZ CP014793.1
SCCB37 6 8.2 K # Soybean paste Korea NZ_CP014794.1
HRBL-15TDI7 2 3.5 K¥#% Soybean paste Korea NZ CP014781.1
0DA23-1 6 8.2 K¥% Soybean paste Korea NZ CP031126.1
P8 B2 4 6.7 NA Denmark NZ CP045814.1

Note: NA: Not available.
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Bacillus phage 250 (YP_009219579.1) (2)

Staphylococcus phage PVL (NP_058441.1) 3) —=>
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Bacillus phage BtCS33 (YP_006488672.1) (29)—

Brevibacillus phage Davies (YP_008858637.1) (3)
Siphoviridae
Myoviridae

N—Anoxybacillus phage A403 (YP_009837555.1) (75)
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Classification of terminase large subunit sequences of prophages in B. licheniformis genomes.
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Figure 2 The prophage integration regions detected in 30 B. licheniformis strains. A: Statistics of the
number of the all prophage integration regions in B. licheniformis and the intact prophage integration regions;

Red: From sauce-flavor baijiu fermentation; Black: From other habitats; B: Annotated taxonomy statistics of

the intact prophages.
Region ZIRegion 1 (PHAGE_Staphy tp310_1 NC _009761)
5 B Intact (score>90)
Questionable (score 70-90)
1 Incomplete (score<70)

Region 6
(PHAGE_ Brevib_Jimmer2 NC_041976)

(2927654..2927902) CotD family SCP 5 Region 2 (PHAGE_Staphy tp310_3_NC_009763)

(2925280..2925516) CotD family SCP 4 %
Region5

(2676077..2676346) CotD family SCP 3 Region 3 (FHAGE, Bacill phil0s NC (04167}

| Region 4

(2293208..2293432) CotD family SCP 2
B3 RESREXAXHA B. licheniformis MT-B06 BIEFLH  HLPH 21 Hh A0 5 5T 5 BT A L 45 DXk A B2 4 %
CotD 14 5e B 1 FI1A sty iy A S 247 ) S A

Figure 3 The genome of high-temperature daqu derived B. licheniformis MT-B06. The genome included the
prophage integration regions and the genes encoding CotD family spore coat protein and TerL.
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Figure 4 COG functional classification of genes of 105 intact prophage from 30 B. licheniformis strains.
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Figure 5 Phylogenetic tree of 105 intact prophage regions in 30 B. licheniformis strains. The intact
prophage sequences of B. licheniformis MT-B06 were marked with red.

25 EFHAEAEBIHMAFETFERNRERE (region 3) {9 5 & R W FR 14 H 2 B “major  capsid

Vil protein” LK 741 Al B. licheniformis MT-B06 H %k
AR A AR R AR AL R 5 CotD 17415 8 1R SE 4 itk PCR 819

i B 4 “PHAGE Bacill phil05_NC 004167 (/& 7), 5|#yfefit bigfi g i 7A Fis.
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Region 3, annotated as “PHAGE Bacill phil05 NC 004167”
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e ——
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39917 bp

CotD family spore coat protein 1 (1702795..1703019)

— CotD family spore coat protein 2 (2293208..2293432)

CotD family spore coat protein 3 (2676077..2676346)

CotD family spore coat protein 4 (2925280..2925516)

CotD family spore coat protein 5 (2927654..2927902)

6 B. licheniformis MT-B06 1 Hi i E {475 CotD 1 FANEEAMEE 2 H AV RERZZ A B B)

B i W TR A e 81 e DR e R AT AR T

Figure 6 Gene distribution (A) and phylogenetic tree (B) of prophage-encoded CotD spore coat proteins in
B. licheniformis MT-B06. The gene belonging to the prophage sequence was marked with red.
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MT-B06 1709212 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- - - 1709271
0DA23-1 2996767 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- - - 2096708
ATCC 9789 3246557 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- - - 3246498
BL-010 1452868 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- - - 1452927
BL1202 2988563 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- - - 2088622

FDAARGOS 923 1637032 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- - - 1637091

KS28 2139376 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- - - 2139435
LCDD6 3276085 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCAAAGACCTTGAGAAA---3276144
SCCB 37 2350388 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- - - 2350447
SRCM103583 2982137 GCAAGAGGGAAATACAGAAGAGGCACGTACGCTGCTTGACGAGGCCAAGACCTTGAAAAA- --2082196
MT-B06 1710088 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTICTGTTCGG 1710147
0DA23-1 2095891 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 2995832
ATCC 9789 3245681 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 3245622
BL-010 1453744 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 1453803
BL1202 7989439 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 2989498
FDAARGOS 923 1637908 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 1637967
KS28 2140252 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 2140311
LCDD6 3276961 - - - AMMCGGCAGAGGAATTTTAGCCCAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 3277020
SCCB 37 2351264 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 2351323
SRCM103583 20983013 - - - AAACGGCAGAGGGATATTGGCTGAAGACCCTAGAGATGAAGACAACTTCCTTCTGTTCGG 2983072
Major capsid protein
B
SCP 1 WP_003185368.1 ATGTTTCATTGCAAACCARPATGTGATGCCGCCAATTGTACACCCGACTAATTGTTGTCARACTCATACTT 70
SCP 2 WP _017474346.1 ATGTTTCATTGCARACCAAATGTGATGCCGCCAAT TGTACACCCGACTAATTGTTGTCAAACTCATACTT 70
SCP 3 WP_003182875.1 .. .ATGCACTGTAAACCGCATGTAATGGCGCCGATTGTTCATCCTACTCAATGCTGCTACAACCATACGC 67
SCP 4 WP_003182648.1 ATGTCTTACTGCAAACCGCGCGTTCTGCCGCCAGTTGTGCATCCTACTAGATACTGTGAGGATCACAGAT 70
SCP 5 WP_003182640.1 .. .ATGTATTGCAAACATCATG...... AGCCGCATGTTTACCCTACGAAATATTGTGAGGATCATCATT 61
SCP 1 WP _003185368.1 TTTCTARAACAATTGTGCCGCATATTCATCCGCAGCATGTAACAAATGTGCATCATAAGCATTTCCAGCA 140
SCP 2 WP_01 7474346.1 TTTCAAAAACAGTTGTGCCGCATATTCATCCGCAGCATACARCTAATGTGCATCATCAGCATTTCCAGCA 140
SCP 3 WP_003182875.1 ACAGCAARACCGTCGTACCGCACATTCACCCGCAGCACACARACGAATGTCAACCATCAGCATTTTCAGCA 137
SCP 4 WP _003182648.1 TCTCTAAAACGATCGTTCCTCACATCCATCCGCAGCATATTAARAARGTGGATCATCATARATACGAACA 140
SCP 5 WP_003182640.1 ACTCAAAATCTGTCGITCCTCATATTCATCCACAGCATACAARAAAAATAGACCACCACAAGTATGARCA 131
SCP 1 WP_003185368.1 TGTGCATCAATATCCACACACTTATTCTAGTTACGATCCTGTTACACACTCTCATACTCATTGTGGTAAA 210
SCP 2 WP 017474346.1 TGTCCATCAATATCCGCACAATTATTCTAGTTTCAATCCGGTTACACACTCTCATACTCATTGCGGTAAA 210
SCP 3 WP_003182875.1 TGTTCATTACTACCCGCAAACTCAATCAGCTGTCAACAAGGCGTCACATCAGCACTTC e v v v v v GTGAG 200
SCP 4 WP_003182648.1 TGTTCACTATTATCCGCACTCTTATTCAAGCTATAAGCCGGTTTATCATGACCACTCTTACTGCGGTARA 210
SCP 5 WP_003182640.1 TGTTCATTACTATCCGCACACTTACTCACATCATAAAGATGTTTCACATGAACACTATCATTGCGGARAR 201
SCP 1 WP_003185368.1 COAT G T G A C T . i vt ettt et eeeeeeeneeaeeaeesenoensenasenseasanennensenns A 224
SCP 2 WP_017474346.1 0104 3 1 1722V A 224
SCP 3 WP_003182875.1 CCCTGGAGCAGGAATGATGCCTGGGCCTGGAGGGATGCCGGGACCTGGAATGGGCATGGGGCCTTACTA 269
SCP 4 WP_003182648.1 CCTTGCGATCGCTACG . s v veevnnvnnnn DADDATACT:: o5 5o shers. Sivie Sarv dn v 578 ¥ as vaia vin A 236
SCP 5 WP_003182640.1 CCTTGCARAAGCTATG . s v tv s v ansnnan ARAAADARTCGGATT. . . .ACGGCCATTG. .. .CTATTA 248
CotD family spore coat protein
7 ZEAEEAPFIFEREELM CotD BFIEEFERNFRMSIZIT A PORETH:

H RN “PHAGE_Bacill_phil05_NC_004167 58 28 /i {4751 ; B: B. licheniformis MT-B06 H 4t
CotD 8- FAbseEE AL P41 s AR sl E AR TE, 51 L bR

Figure 7 Design of specific primers for genes of “major capsid proteins” and “CotD spore coat
proteins” in the intact prophage. A: It all derived from the intact prophage sequences annotated as
“PHAGE_Bacill phil05_NC_004167”; B: “CotD family spore coat protein” gene sequences in B.

licheniformis MT-B06; The same positions were marked with blue, and the primers were marked with
red.
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x2 WHKREBEBTEQBELABMNEKRFATEFITEEFRERNTFRE PCRER

Table 2 Specific PCR results of prophage genes of 26 B. licheniformis strains from sauce-flavor baijiu

fermentation

B. licheniformis strain Major capsid protein (region 3)  CotD family spore coat protein (region 3) Source

Al0 + + Starter (daqu)
Al4 + + Starter (daqu)
Al7 + + Starter (daqu)
Al8 + + Starter (daqu)
A19 + + Starter (daqu)
A2 + + Starter (daqu)
A5 + + Starter (daqu)
A6 + + Starter (daqu)
A8 + + Starter (daqu)
B2 + + Starter (daqu)
B-3 + + Starter (daqu)
H1 + + Starter (daqu)
H2 + + Starter (daqu)
H3 + + Starter (daqu)
J4 + + Starter (daqu)
17 + + Starter (daqu)
Mo + + Starter (daqu)
P2 + + Fermented grain
Al + Starter (daqu)
AlS - + Starter (daqu)
B1 + Starter (daqu)
B-2 - + Starter (daqu)
B3 - + Starter (daqu)
B3-4 - + Starter (daqu)
1 - + Starter (daqu)
2 - + Starter (daqu)

Note: +: Presence; —: Absence.

TER WL AR P, Wt T A L R P T Y
JEE, SR T AR T e RV 20 LR
e TR A AL oA K A e 2 AT T A 9
FIE A, 302 ] S s g AN 1 TR A 2
AT REAAAE SRR R . FATAIDT ST R, it
BFANEE AR N2 A TR AEE T A
T 24 T 1) A2 AT T Y TR TR AR R (3R 2), JF
HX A7 S5 F BE D AT RESR IR T 15 5L 4 B
SBUT LN 1K ZE N 72 (18] 6B). 1L A Y
R A 2R A A il . R R L e T Bk A

T, 12 AT A A R] AR e 1A S A%
P, AT e 25 FEUAT B B 5 7 Y 1V K I P
TR R A0 TR, A i T A
L W T S E 0 i B 6 3 45 ) AH G 3 TR £ 3t
A2 AR T AT RE AR WS S 7R A I T R
W AEAT
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TR RS DR, A R AR R R R
BRI A T 240 B 1) 5% i HL AT A K 9 & . Canchaya
5PN E B 0w & R AL MR FLOBR
(Lactococcus |actis) A4 £ 52 21 W5 R4 (14 1 K &
NF S EZ TSR, B, BE5HE
F1A) T e S A L 7 45 o 5% s 7 ARLF- S 4 TR 1)
—FhHCAE 38 D I HLE . AEARIE SR, SRR
T#HER W K H B. licheniformis MT-B06
HEHE 7 A0 DA AR XA 4 A S R i R X
B, BT T R AR S KT (1B 3) . FRAT)
R IG5 (110 & I v Z2 Pl (] 14 i s T3 4% | LA
R Y NG A O AN TR SE R A b, W5 TR A6
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I A 1A ] 5% %1 T S e AR

TEABE G, ok B % & A2 1 & B B.
licheniformis MT-B06 1% Aif I 1 1A 4 & X 35
region 3 11 FEARFEHE ATE 10 BRA R FREE K
T 1 b A ZE A P SE R A R R PR S1 (B] 7A),
D] b e FH A 5 Tl A 2 AT AT v i sk D AR A7 7
FIRRIC o TE 26 R 7 0 (I8 & 2 A0 K 2F L FT
PR 69. 2% F7- 151X TR IE I 4 32 2K e 8 1 2
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B F Ry, S Sm B REAEAES
f) B. licheniformis MT-B06 H i Ik & 14 4 i
CotD 1 4b e 8 1 i 5L B v Be Al R 51 9 (K
7B), HH 26 PR B A AL T A A AR
ZEAAF R 100.0% HAA X 467458 2 3
DR, 2% W i 0 - 2 KT 25 TR RS e R VR T
e B R T TR 1 A 2 0T BT A
i H A EA ST M (region 3) 8k 2% [ B #k P
L E A “CotD i F-4h7e 8 H(region 3)” (& 2),
W HA G A0 1 A58 28 1k R 1% i e T 4% 1Y)
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AWFFEIE T 30 BRA R PSR PR A
SFAUAT R A 26 AR A B 0 I 1) A 2F A
BT F R AR PR B S 0, TR R A 0T i AR
SRAUAT R BA IR, R ACE AT R A
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