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RALH#MTFL, ENAFFER. TAAMRMEABERRIZ L GBI IEZ R F 75 %, RFE
AR REEG TRER, [£R] FRET LML FARE 7 RIALAKRILER, K
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dnakE (DNA &84 111 X o). yhjH GRIK = GMP BE B — BgBs) & rzoD (1R 2 49 "4 & AR 5L IR A8 &
B)3 MNERA ST A ARG, REARR R XA MAT 4 FH K BL21 Virus 01, BL21 Virus 02+
BL21 Virus 06. T1 4= T7 EH ARk, B EMNZ LR LN, LB dnaE # yhiH b2 H
REH), A E rzoD R & # o0 % B ARR W i3 424 A &% PCR #t — ¥ 947 £ £ A A dnaE #= yhjH
s ARG AR R, R RIAAE dnaE. yhjH & % % vf 24 H 4R & B 48 BL21 Virus 01 49 & %]
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Mining of phage resistance genes and construction of
phage-resistant strains in Escherichia coli
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Key Laboratory of Industrial Biotechnology of Ministry of Education, School of Biotechnology, Jiangnan University,
Wuxi 214122, Jiangsu, China

Abstract: [Objective] Phages are specific viruses that infect chassis cells in industrial
fermentation. Due to the widespread existence and difficult eradication, phages greatly affect
the yield of fermentation. The mining and functional verification of phage resistance genes can
significantly enhance the anti-phage ability of chassis cells, so as to prevent phage pollution at
the source. This study aims to mine the genes conferring the resistance to phages and construct
phage-resistant strains. [Methods] Co-evolutionary screening, resequencing, recombinant
strain construction, and phage infection experiments were carried out for the screening of the
strains with phage resistance. [Results] Seven strains domesticated for resistance to phages
were obtained through co-evolutionary screening. The genome resequencing and Annovar
analysis identified mutations in 12 genes. Three genes with high mutation frequency, dnakE
(DNA polymerase III subunit a): YhjH (cyclic diGMP phosphodiesterase): and rzoD (putative
phage-lysed lipoprotein), were selected, and then the strains overexpressing the genes and the
strains with knockout of the genes were constructed. The strains overexpressing the selected
genes demonstrated obvious resistance to BL21 Virus 01, BL21 Virus 02, BL21 Virus 06, T1,
and T7. The adsorption rates showed that dnak and yhjH affected phage replication, while rzoD
affected phage adsorption. Quantitative PCR was employed to further analyze the resistance of
the strains with mutations of dnak and yhjH to phages. The results showed that the mutations of
dnaE and yhjH affected the replication process of BL21 Virus 01, while that of rzoD affected
the adsorption process of BL21 Virus 01. [Conclusion] The mutations of dnakE, yhjH, and rzoD
can resist phage infections, and the engineered strain BC11 with the mutations of all the three
genes demonstrates a wide range of phage resistance. The findings provide a basis for the
mining of phage resistance genes and references for the construction of strains with phage
resistance.

Keywords: anti-phage; evolutionary screening; resequencing; engineered strain
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T A T P AR P R s R D A 2 L PR T LA
ERA 2, BAE T A ™ s DIARER ,, 724
P Tolb H 5 Tl AR Py R E fa 51T
PEM . Tl AR LB EZ . & Al L
S AR SRS, A Y TE S A IR
pH VIR AR S5 0F T AT S s T, H
R e ISR AL S N ST 2 Tolk = 3 A2
Tl A I R A e v AR A T R R 2R 1
FF TS5 Z PP A T, T 005 R A8 22— R B T2
FAETER RS M 2, BT LX) ol &R A 77 1
A R BTk, G2 — B S0 oy
) FE Tk R e, WER AT Tk R B &
BRI AE =520, W5 TR AR 1 5 % AT B 2 3 1l <51
WE” “PEHEEIG, TE L o sy E A 2T
BRP,

B 1 Wik TR A 15 e 1) A% G 4 it B 4 A 7 IR B
EOPE X CAN L Ik o N R N B LR A
R, BT HARTE AR 5 | V5 YR A B W TR A G
RARBRARE S, 21 2Lk, i EYEARLL
Jo A A W 0 R, Wk DR 1) B U6 T B g D\
LG YA =BG 5 R A YIBG TR YIBhG
D7), PG TR TR PR B 2E A ST A A
2018 AE X150 LA FLAT B 2 W s A P1 S o AE A
W) 1 FF T (Lactobacilus  plantarum) A fiff 57 X}
G, R R GRS 1Y) 5 3 0 e o s TR A4 ) LA
AR, XA ERE R P A
ATHZHE I 2019 4F Li 4546 k3 K52 1A ik
JARAA, T RLIR A WETE KR SR A TR YAk
R AR 7 0, S 3 ) A 114 22 Ik B AR B 1k 9 Ak
PRI AR B IE B X 23 il 8 Ay s T A A BB P 5
2022 AEFFE AW I TR, TRk 6 Bk
XTWETE A Lpla A RESEMED I E (A &
AR,

A A 1 Tl B R K AT 3 BL21 i
K, TP IR TR AR R HEIL TR L, RIS BHE R

MR R A YIE AR BL21 A1-A7, i 5 K41
HIN LR B D S BB 20 #r , 424 BT Wk AP
AUBEIN, pEf T FRIK PR BCL, BC2. BC3 FilfiL
MIEASTRE BC4, BCS, BC6. BCT g, LU
L2 HIF CRISPR/Cas9 Bt it A1 BC10 bR i £k 19
P, TERERR ARG S T LA BL21 g Xf iR, &
Pt B R R AR 2 B XA 6 ki
PR RIS T o R, T 5 L)
o i 5) - 3R 5 B % SV (reverse  transcription-
polymerase chain reaction, RT-PCR) ) 32 55 5 ik,
D dnaE ., yhjH Y2 1 52 i Ik A4S 1) 52 1 2ok
T2, rzoD FY & 1K 5 M Wk T 1A 18 R o 124 B HC At 1ot
o [ IS RJ 470 e B S 8 O B TR R AT T 3 — 20
R AL 5 B E, A B A BT A
dnaE;i7i. YhjHaisiv. rzoDaoy 37 i 58248 BE P
1 F K TAREMR BC11, 2SR I6E, HAA
NIz MW TE ARG . AT T2 4 A BT ik ]
S B P R TR TR PR P T A S ARl ] 44 e
PR A T ARAE S ol v R R A0, 7l ol
HATWAE M0 A, RT-PCR AYSEE B UELL I
SEVCHED N AT FE I HTE ML ] 42 B P E Rt

1 S

1.1 FEXEME ERUARIEFRERS
1.1.1 KIEAEER

ABEFE TR RR AR AR 1 s
112 KPEREE

S T AR A TR AR« R T1. T7 Gk
H American Type Culture Collection, ATCC); il
b S Al AV AR —BE T 4. BL21 Virus 01,
BL21 Virus 02, BL21 Virus 03 Fll BL21 Virus 06
4 PRIGETRIA
1.1.3 LIGAES|Y
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Table 1

Strains required for the experiment

Strains

Description

Sources

Escherichia coli BL21
E. coli BL21/Cas9

. coli BL21

. coli BL21 contains plasmid Cas9

E
E
E
E
E
E
E. coli BL21 contains recombinant plasmid pET28a-dnak;; ;.
E
E
E
E
E
E

BCO . coli BL21 contains plasmid pET28a

BC1 . coli BL21 contains recombinant plasmid pET28a-dnaE
BC2 . coli BL21 contains recombinant plasmid pET28a-yhjH
BC3 . coli BL21 contains recombinant plasmid pET28a-rzoD
BC4

BC5 . coli BL21 contains recombinant plasmid pET28a-yhjH sy
BC6 . coli BL21 contains recombinant plasmid pET28a-rzoD 5,y
BC7 . coli BL21 site mutation dnakE;; 7,1

BC8 . coli BL21 site mutation YhjH 5,y

BC9 . coli BL21 site mutation rzoD 5,y

BC10 . coli BL21 knockout gene rzoD

E. coli BL21-A1 Acclimated strain

E. coli BL21-A2 Acclimated strain

E. coli BL21-A3 Acclimated strain

E. coli BL21-A4 Acclimated strain

E. coli BL21-A5 Acclimated strain

E. coli BL21-A6 Acclimated strain

E. coli BL21-A7 Acclimated strain

BCI11 E. coli BL21 contains recombinant plasmid

pET28a-dnaE, 71 yhjHa151vrZ0D asy

Laboratory preservation
Laboratory preservation
Laboratory preservation
Construction of this study
Construction of this study
Construction of this study
Construction of this study
Construction of this study

Construction of this study
Construction of this study
Construction of this study
Construction of this study
Construction of this study

Construction of this study
Construction of this study
Construction of this study
Construction of this study
Construction of this study
Construction of this study
Construction of this study
Construction of this study

1.14 EFEREA

SEG T G RS LB 85 9R (/L)
(tryptone) 10, [EEEEEY)(yeast extract) 5, & fk
#(NaCl) 10,
1.2 FENEFE &I

AH 5T FH RN ) 2R 15 25 5 N Sk
F%W%s%ﬁo
1.3 EEAMSEREK

AHIE 5T DN BTG 7K T 3 5 1 18 2R A 1 s
o B M T A Y e B CE % 3 10 000 r/min
TG 10 min 2%, ] 0.22 pum o IE MR
1 e FIERRE, W 500 uL ISR S S AR
STBOR R A BL21 JRA, %4 10 mL LB 5%
FiHk, 37°C. 220 r/min }537 4-6 h!”
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S R RUZ AR 3 43 B i A s 1 A
XS A AR AT 10 A5EEBER B, 4% 100 uL
Wit TR A 5 A R RO O R I FF TR &, A 5 mL
FERFIRSEEA T Z AR P, 37 °C.
220 r/min $53%, 3—4 h J5 L 4 MR/NATE . B
— 15 B s i%%@@ﬂBm%ﬁ¢L THiR,
DA LR 4 Fh o — BRI TR, 5 HoAir 44
ﬁBMleMH\MQIWmMB\MJIWms
03. BL21 Virus 06, {RfFT—80 °CHITJaLLsL
L2 e
1.4 YMLEPREYTFik

MR ST R 8 B 5 U0, St K AT e AT

AR . ¥ RIBAFR BL21 853 X BUE K
% WEHL 200 pL AYYE A BE TR A (BL21 Virus
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Table 2 Primers used in this study

Primers Primer sequences (5'—3")

pET28a-F GAATTCGGATCCGCGACCCATTTG

pET28a-F AAGCTTGCGGCCGCACTCGAGCACC

dnaE-F GGGTCGCGGATCCGAATTCATGTCTGAACCACGTTTCGTAC

dnaE-R GAGTGCGGCCGCAAGCTTTTAGTCAAACTCCAGTTCC

dnakEy;7-F GCAACCCTTCGTTTAATTCGA

dnaEj;7-R GCAACCCTTCGTTTAATTCGA

yhjH-F TGGGTCGCGGATCCGAATTCATGATAAGGCAGGTTATCCAGC

yhjH-R TTATAGCGCCAGAACCACCGTATTCA

yhjHa s51v-F TGGGTCGCGGATCCGAATTCATGATAAGGCAGGTTATCCAGC

yhjHA151v-R TATAGCGCCAGAACCACCGTATTCAGCGTTTCT

rzoD-F TGGGTCGCGGATCCGAATTCATGCTAAAGCTGAAAATGATG

rzoD-R TCGAGTGCGGCCGCAAGCTTTCAGCCTCTCTCTGAGGGTGAA

rzoDa,y-F GGGTCGCGGATCCGAATTCATGCGAAAGCTGAAAATGATGC

rzoDa,v-R CGAGTGCGGCCGCAAGCTTTCAGCCTCTCGCTGAGGGTGA

BC7-F1 ATGATCGAATTTGTTTATCCGCACACGCAC

BC7-R1 CGCACATTTCCCCGAAAAGTGCCACCTGCTTCAGATTCCGGTTTACTTAATCTCGACAC
BC7-F2 CAGGTGGCACTTTTCGGGGAAATGTGCGC

BC7-R2 GAAGATCCTTTGATCTTTTCTACGGGGTCTGA

BC7-F3 CAGACCCCGTAGAAAAGATCAAAGGATCTTCATGTCTGAACCACGTTTCGT
BC7-R3 GCAACCCTTCGTTTAATTCGA

BC8-F1 TTAAACGTCCAGTTATTGTTCTTTTCAGAG

BC8-R1 CAGGTGGCACTTTTCGGGGAAATGTGCGCG

BC8-F2 CGCGCACATTTCCCCGAAAAGTGCCACCTGGCTGCCTCATTTTCCGCCTGGCTGGAC
BC8-R2 AGACCCCGTAGAAAAGATCAAAGGATCTTCATGATAAGGCAGGTTATCCAGCGAATAA
BC8-F3 GAAGATCCTTTGATCTTTTCTACGGGGTCTGA

BC8-R3 TTATAGCGCCAGAACCACCGTATTCAGCGTTT

BC11-R2 TTATAGCGCCAGAACCACCG

BC11-F3 GGTGGTTCTGGCGCTATAAAAAGGAGGGAAATCATGCTAAAGCTGAAAATG
BC11-R3 TCGAGTGCGGCCGCAAGCTTTCAGCCTCTCTCTGAGGGTGAA

RT-PCR-F AAGTGATTCAAGTTCAGCGCCT

RT-PCR-R GTCTCGTTGGGACTACCTAAAGGT

BC9-F1 GATAAAAGATGGTGGGCGCGATTGCCG

BC9-R1 CAGCTAACTCCTTCGTGTATTTTGCATCGA

BC9-F2 CGATGCAAAATACACGAAGGAGTTAGCTGGAAGATCCTTTGATCTTTTCTACG
BC9-R2 CAGGTGGCACTTTTCGGGGAAATGTGCGC

BC9-F3 CGCGCACATTTCCCCGAAAAGTGCCACCTGATGCGAAAGCTGAAAATGATGCTC
BC9-R3 TTACCAGTCGTTCCCGGAGGGTGAAAT

BC7-sgRNA GAAAGCGTTGAGCTGGAGTCTGG

BC8-sgRNA GAAAGCCCCTGAAATCGCAGCGG

BC9-sgRNA CATCATCGTCTGCCTGTCATGGG

BC10-F1 AAGCCCTCCTGAATAAAGACCTTGC

BC10-R1 CTTCCAGTTGTTTTTGCATAGTGATAGCTAACTCCTTCGTGTATTTTTCATCCAG
BC10-F2 AAAAATACACGAAGGAGTTAGCTATCACTATGCAAAAACAACTGGAAGGAAC
BCF0-R2 TCCTCCAATAGGCTGAGCATCC

BC10-sgRNA AGCCACCACCGCCTCCGGCGTGG

BCI11-F1 ATGGGTCGCGGATCCGAATTCATGTCTGAACCACGTTTCGTACACCTG
BCI11-R1 ACCTGCCTTATCATGATTTCCCTCCTTTTTAGTCAAACTCCAGTTCCAC

http://journals.im.ac.cn/actamicrocn
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01. BL21 Virus 03, T1. T7)5% ARl
WR A B 2= LB KigR5E, 37 °C 220 r/min
REIR I O3 300 3 5 P A2 e S 3 ik 9 A TR
PREUSE, AR BA PRI R
1.5 YMLEBREREEENF

KWL R IEA TS AL, 37 °C. 220 r/min #%
REEFR 12 h Ja AT RERORAT . ZRAEIR N i
A= R A BN R T4k P Al et Sl
X I e 235 SR AT 0285 00 Hr , IF R AR S B s A
%A Bel2fastq (v2.17.1.14) 004 7 PG B LR 51
(base calling).
1.6 FRIAEREE

Sy BIAFSIY dnaE-F., dnaE-R. yhjH-F .
yhjH-R. rzoD-F. rzoD-R ¥4 H #Y3LK dnaE .
yhiH. rzoD, F|H 5% dnak;;;-F. dnaEjp7;-R.
YhiHa1s1v-F . YhjHa1s51v-R\ rzoDasy-F . rzoDasv-R
1EH B dnaE. yhjH. rzoD LGS F 4359+
W H ) EEE dnaEp . YhiHa1s1v rZoDasy, FIH
pET28a-F . pET28a-R K ff]J [n] PCR i Rt 174k
PEAL TR pET28a YL, A6 FE st IAMEREA: 1)
BB A A R w5 e o0 & kAT B AR
DL S e PEAL R pET28a i [alilie, DA K M4 [m] 5
A AR S U B TR R B S U . R
HEHARRE T 37 CRJRIRIER 05-1.0h, 3k

*®3 EFEMFREFRAF

Table 3 Main instruments and reagents

9 ¥ 4 Jf K. pET28a-dnaE . pET28a-yhjH .
pET28a-rzoD \ pET28a-dnakEy 7. N
pET28a-yhjH sy A1 pET28a-rzoDasv. $FHA5HY
A R R A 2E A S AR T TR BL21 3%
T A Kan ARG PCR JiE
ik BE R BB PR Y, IRASHR BC4-BCY, [R]EY
BB H £ dnaEy 7, YhjHarsiv. 120D oy
] H 51 % BCl1-F1 . BC11-R1 ., BCI1-F2 |
BC11-R2. BC11-F3. BC11-R3 #4785 13—
AP, 15 H B R BCll-dnaEyy .
BC11-yhjHais1v. BC11-rzoDasy, LAJRIFE ) [H] IR
A T G MEA 28a ORI TS, SRR A
JiUki pET28a-dnaEy 71 yhjHaisivrzoDasy, #3515
Y E2H ok SR A2 e Ak 2 S AR AT I BL21
Bz, TEA Kan JiAERFHREM, PCR
BOE T e BH M B B VT, SRAS EIBR BCIL,
1.7 I FRILE# SDS-PAGE 73 4f

PRI FIR TR BRI VE SRR I8 42 A0 T 10 mL
LB W ARIE SR 5L, 37 CRIIGFE, M 1%M4%
P32 50 mL LB W REE 5=, 37 °CHi 3%
1-2 h, FFHE ODgoo 3G 2 0.8 2247, MMA 25 pL
1 mmol/mL 515 3&-1 #i 18 -B-p- 2 F| b 4
(isopropyl-1 thio-p-D-galactoside, IPTG), 16 °CEx
7% 10-12 h, BHFEALRE.

Instruments and reagents

Manufacturer

0.22 pm sterile microporous filter membrane
H-7650 transmission electron microscopy
GI54DWS high temperature autoclave
Ultra cold storage freezer

Thermostat water bath

Sigma centrifugal machine

Yeast powder, peptone, AGAR powder
Electronic analytical balance

Glue recovery kit

Plasmid extraction kit

Genome extraction kit

RNAiso plus kit

Hengkang Co., Ltd.

Hitachi, Ltd.

Zealway Instrument Inc.

China Haier Group, Co.

Shanghai Jing Hong Laboratory Instrument Co., Ltd.
Sigma Company Limited

Oxoid Company Limited
Mettler-Toledo group

Novizan Bioengineering Co., Ltd.
Shanghai Generay Biotech Co., Ltd.
Shanghai Generay Biotech Co., Ltd.
TaKaRa Bio Inc.

<l actamicro@im.ac.cn, & 010-64807516
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1.8 CRISPR/CASY i AR RIPRE K
i R SR R bR

W57 K CRISPR/CAS9 i AR WE4 T KA FT i
PR AR S AL R AR AR E . RS
BC10-F1, BCI10-R1, BC10-F2, BCF0-R2 %}
FgiE rzoD JEHE A ERHEREEE, FASIY
BC10-F1 . BCFO0-R2 #4 & [m] J /& i) il 5 Fr B¢
BC10-FIR2, XA5# BC10-sgRNA 4 X4
sgRNA, [AliHH4 A 41 Fk, PGRB-sgRNA!Y,
45 KA BL21/Cas9 FRSZ A, 4 T4 Tk
PGRB-sgRNA . fili5 B BC10-FIR2 F|FHL 4k
AR (1.8 kV-5 ms) P AJRZ S, 30 °C.
220 r/min FEREEFE 2 h, WHURA R 100 uL,
PEAT AR A A (LW E 100 pg/mL R EH X .
50 pg/mL AEWEE ), 30 °cCHEFEfa R F:, R
1514 BC10-F1. BC10-R2 ¥£47 PCR B&iiF i 1k
PR SR, RIS RIFR BC10,

1E BB dnaE. yhjH. rzoD 14 35 5]
4514 BC7-F2, BC7-R2. BC8-F2. BC8-R2,
BC9-F2. BC9-R2 Ml Kan Hitk 5K 3R15 B
BC7-F2R2., BC8-F2R2, BC9-F2R2, [A]H A 4
5% BC7-F1. BC7-R1. BC8-F1. BC8-RI .,
BC9-F1. BC9-R1, 7EUNN Kan Hik I A Lt
i —E KR REJEE BC7T-FIR1, BC8-FIRI,
BC9-FIR1. 4354l BC7-F1 . BC7-R2 . BCS-F1,
BC8-R2 . BCY9-F1 . BCY9-R2 ¥ XF N
BC7-FIR1/BC7-F2R2 ., BC8-FIR1/BC8-F2R2 ,
BC9-FIR1/BCY9-F2R2 F Bk, RASALA
Bt BC7-Kanl. BC6-Kanl. BC9-Kanl, #R##
5|4 BC7-F3. BC7-R3. BCS-F3. BCS8-R3,
BC9-F3 . BCY9-R3 43 il 4" % fi s 28 78 Ji
BC7-dnaE; 7. . BC8-yhjHa;siy Fl BC9-rzoD sy,
4514 BC7-F1. BC7-R3. BC8-F1. BC8-R3,
BC9-F1, BC9-R3 ¥ /Bt BC7-Kanl, BC8-Kanl .
BC9-Kanl 5 B BC7-dnaEy 7. BC8-yhjHasiv+

BC9-rzoDyoy 43 il A7 Rl 5, RAS Rl & A B
BC7-Kanl-dnaE;;;; . BC8-Kanl-yhjHaisiv
BC9-Kan1-rzoDayy. % BC7-sgRNA , BC8-sgRNA .
BC9-sgRNA 5£t{k PGRB k47 [H] 5 8 21 i%
%, 9% PGRB H ik BC7TPGRB-sgRNA .
BC8PGRB-sgRNA ., BCOPGRB-sgRNA, ¥ 415
#i BC7PGRB-sgRNA . BCSPGRB-sgRNA .
BCY9PGRB-sgRNA 4+ 4l 5 ®h & H B
BC7-Kanl-dnaky ;i . BC8-Kanl-yhjHaisiv
BC9-Kan1-rzoD .y FIFHLAL2AHEAEE(1.8 KV-5 ms)
SAKBIFHE BL21/Cas9 JEZE4M., 7E54A
Kan HiA4 2 M4 5k 1514 BCT-F1 .
BC7-R3. BC8-F1. BC8-R3. BC9-F1. BC9-R3
S HIEAE dnaE . yhjH . rzoD £ s 2828 3L, PCR
B Gk PR SR VR Y, 3RAS R BCT-BCY.
1.9 A%z

B i1 FE IR bk BC4-BC6 HEATTE ALK
3%, PEBUAHEVEFE R ZE 10 mL LB 5553, 37 °C
WIS % 1% EEE R RS 50 mL LB
BRIk, I 37 °CRRIREEFE 12 h, K5FRIMIE
£3BE 1 h I E ODgoo!"™,
1.10 P A3 B0 E

SR FH U2 A 3 00 e P A B K L S
PIWE TR AR EAT 10 FERE BERR RS, HOAS IR0 2
PRARFR BRI SR BUDN B Y BL21 TRVRAHIR
A, MA S mL RREARRESR3E, EA 5 5 b
FRE¥AR b, BEEJGT 37 °CH3% 34 h,
A AR T G A e T B A T A A
(PFU/mML)!". W AT B 5 A ok

M (PFU/mL) =

IV AT ERE 0 < i R 35 50 < BRI 3 4
111 PR A R B 2R A3

L2 33000 e s S A R 5 23, A R o i
e W T A (14 P8 3000 e 23 11 DR /N1 e R
W B 2T
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W2 4. (%) =
T T W T AT — ARG B T A
T T W T A

1.12 BREAREBHREINE

AHWFFE K FH H-7650 37 5 i 7 B s 2 i
FRIIE A e B Atk J5 PFU 7E 107 2245 (IR T
A, B 20 pL i THIM I, SRR AR T K
WE 15 min 5, FIUEACAIE I Z A0k,
A 17 2% 332 (phosphotungstic acid, PTA), %t
4 10 mine FHUEACAMITAING LYk, TR T8
S AT T R RO
1.13 BEREARESE

A DA AR A A ) %o 5 O B — 5 1 TR R A T
I TRT 2 2 4 2 6 0 S e, g S A 7 3 T
10° 247, [RIBFFEAR R %8 i 1 uL 1 mmol/mL IPTG
VB 13535 .34 h Ji WS T8 BE AT IR 28
1.14 RT-PCR 23

FREU TR BL21 Virus 01 DNA, #H
Sam TN VI EEIEA TR D , [RIEEE SRL pET28a ik
11 Sam I VIR U AL BE, K BT F i s v 1
DNA S521EAk pET28a HEA 7[R T 20 e 4 .
A T A TR (W) B A FRA wl AT
JPALER, AR P 5T E B PCR B
RT-PCR-F. RT-PCR-R, HF4rHrvsiE{k BL21
Virus 01 DNA fJ&at, ARSIl DI
Pk BL21., BC7 fil BC8 M5 &, MMAJRREYE
(multiplicity of infection, MOI)=0.1 FtJ I B {4
BL21 Virus 01, 37 °C¥R&HH:F, LARIIIAGE
44 0 min, 45 5 min B 1 mL A 5B O CE A
fii HH RNAiso Plus {5 £ (TaKaRa) X IS 4 4 24 fifd
AT 5 RNA $2HL, ] GoScript 1154 5% R G4
B RNA (BRRN 1 pg) b st, Il
GoTag™X} H #h DNA (cDNA)i#E47 52} & £ PCR
30T LA BT O B 20240 ML PN DNA % 5 it
FEMMABEREAAJS 5. 10, 15, 20 min 43 53R
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o Ja A TR B AT
1.15 HIE/ZENE

W SR R % 1 %M BT
50 mL LB 857:3t, % 1.5 h )5 MA 10 pL
1 mmol/mL #J IPTG. 2 h If#& R 3 ANye g %k
(MOI=0.1 1, 10)IN AR ¥& B BB FR {4, 37 °C
220 r/min FERKEFE 10 h A4y, GFE 1 h il
ODgoo™™ . J& ¥ & Yt &2 % (multiplicity of
infection, MOD) I T840 F «

MOI = PFU (B2 FHA R H M B A2 ) /

CFU (B2 THA R I Al H ).

2 BRS04

2.1 EEAHITFEREE

H T MEVERRRIE S SRS, iR
S AR SR T AT S FRHIE . anlEl 1A PR,
BL21 Virus 01 L¥#5h — {4, H#27E 40-50 nm,
FAT AR e 4 38 ; BL21 Virus 02 kBN
AR, BEARLE 30-40 nm, EAAIELETE
KE#B; BL21 Virus 03 SL#H Tk, HE
7E 30-40 nm, HAAEMEEA KRR ; BL21
Virus 06 kA — A, BEARLE 20-30 nm,
A RIS R A 2 o AR [ o 2253 26 25
2> (International Committee on Taxonomy of
Viruses, ICTV) ¥ f#inifE, BL21 Virus 01, 02,
03, 06 J& TR BIER AR, SZEMA 6 MMk R
PRI RE, W BRI El 1B fizs, BL21 Virus
01:2.2x10" PFU; BL21 Virus 02: 9.6x10" PFU;
BL21 Virus 03: 4.2x10" PFU; BL21 Virus 06:
6.0x10" PFU; T1: 5.2x10"° PFU; T7: 2.0x10" PFU,
22 JMLEMRHMDEREE

e 2A Fos, ETRAWEREIR S KGR
PSSR . W 2B BN, PRI A S
PA% 7 HRYIMLEERE, W HAr4 4 Escherichia coli
BL21 Al-A7, XYIfLFERE E. coli BL21 A1-A7
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Figure 1 Transmission electron microscope image of phages (A, 10 000x) and titer display of phages (B).
Error bar: Represent bias analysis, with data from three data duplications.
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B2 YILEPRAYGHIE AR SR M3
Figure 2 Screening and sensitivity verification of acclimated strains. A: Escherichia coli and phages are
co-cultured. B: Plate coating of Escherichia coli BL21 A1-A7 mutant strains. C: Sensitivity verification
experiment of E. coli BL21 A1-A7 acclimated strains.

PEATWE R AR Y S I IIF A MR SRR, T 2 EIF . Wk 4 Fis, DFFEIRE>200X,
Jis, WERRRY SR R YLK E coli Q20 (%) VIMETE 97%LL I, Q30 (%) F-HMETE
BL21 A1-A7 HA R [R FE 4T0E BR A RE T 94% /A7 . MIRRIAFFE BL21, SHEENAR
2.3 YMLEHEREENFREENGE T EEEAE 100%, GC FHIEH] 50%, X510

R T 25 0 1 WAk BR Bk P B S 3B B KT R R L JE 7P K DI
X} E. coli BL21 A1-A7 7 PRYMLRARSEATIEN AL BROGINF A5 50 BT 7 BL21 SRR 4 i 7
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X, {8 A Samtools (version 1.1)% LI K
GATK [#) Unified Genotyper 1517 BApH L5
7% (single-base mutations, SNV)/fi A mk it g 548
(insertion or deletion of mutations, InDel) ) £
W, X225 BN A B AL SR TR, I
Annovar F I 1) 58 AR A7 AT P AR T
e, RMEERN SRERFRIER 6 F, 7
F4 YHEKENFLER

Table 4 Mutant weight sequencing results

GRAF AN EEAGR H/INF S5 5L H (8 3A).

Wl 3B fis, EMF A E coli BL21
A1-A7 X 7 BRYIMLTE K R 2 H R A A a5 58
ARFER, NP 3C FR, ENTERE NG FRhig
XILA 16 Flr, £ 16 FiThREX H, KA RAR
(2R R D BE X 5 S D BE X A e B R F
HAbTHEEX

Domestication strains GC (%) Q20 (%) Q30 (%) SNV CDS 1GS Depth (>200X)
Al 50.73 97.79 94.42 25 14 1 99.43
A2 50.76 97.68 94.17 28 15 3 99.41
A3 50.76 97.81 94.48 23 13 1 99.41
A4 50.75 97.74 94.42 26 15 3 99.48
A5 50.76 97.47 93.74 23 12 1 99.47
A6 50.94 97.57 93.99 27 10 1 99.40
A7 50.76 97.76 94.38 23 12 1 99.45
A B
C:G>T:At o N
N % 0 Al
coccl Il
2 W A2 A4 i AL
& C:G>ATt . W A3 - - A3
- % | 1
z amTaAl = M A4 ik
A:T>G:C W As v
TGO L
voc . y
AT>C:G | 6 AT
0 3 6 9 A5 2
C A6
mCDS 14 m ncRNA _intronic 0 m Upstream; downstream 4
mNCR 1 wm ncRNA splicing0  m UTR3 0
Intronic 0 = ncRNA UTR3 m UTR5 0
Splicing 0 mncRNAUTR50  ® UTRS; UTR3 0
W CDS; splicing 0 m Upstream 2

B ncRNA exonic 0 ™ Downstream 7

3 YI4LE#k Escherichia coli BL21 A1-A7 FIEE B ENF

Figure 3 Genome resequencing of domesticated strain Escherichia coli BL21 A1-A7. A: The horizontal
coordinate is the number of SNV sites of different mutation types. Six mutation types were classified on the
ordinate axis. B: The pie chart reflects the proportion of functional regions distribution of mutation sites on the
genome. Different colors represent different functional regions of the genome, which can be divided into 16
functional regions. C: Different circles in the Venn diagram represent different samples, and the numbers in the
diagram represent the number of mutations unique to each sample or shared between samples.
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R 4 Pron, WP EERAZIRA AR
AR SRR AR 23-28 4, i F4isIX
PSS FERGA R 11 4>, A8 7 Yk kT, 3
YE 175 AbEAXTR 7 25 22 5 (SNV), Horp 31
AbAR SR AR LZAE, 44 Ab TR SCRAE . X
LRI T RE AT, 7E 16 AR I A
BT 74 RhIJC AR, Hh JE AR R A 4
B APRIREG . o ERG . SRR S VI T4y
WRG U 1 5E o [RI I T A L a5, 58 A8 1 3k
i &% B dnaE . yhjH . rzoD ix 3 /™3 [K H B
WA, HENX 3 N EERARAT AT RE AU T
TR B RE A

x5 RRLTAXEERER

Table 5 Locus mutation-related gene information

dnaE i o7 & il FE &2 A 5L F A o
RILANE DNA, dnaE fY i o 58 28 23 i 3R
DNA 5 [ A, 52 m s EEE 1=,
HIE A 1Y SCEkdE ) dnaE 5 224 W A 1 52 1
FHSEHE, BFGEE IR e BEAT T 82 56 18 3iE
FED yhiH (4 A5 1 1R — 6 6 ) A Wl 1R — IR il
yhiH 5405 A4 Y B8 il B, A
FHESMEY Ry T2, B&EA, ©
T B A ) 2 Z R 1P rzoD 504K
Ko ¥ B8 A= D B AT A 500 & A o7 i 3R
AR SR A AR LR DR DA S 2 S R 58 AR
HARRNR 5 iR,

Gene Name Function Mutant amino acid

dnakE DNA polymerase III subunit alpha A protein composed of multiple subunits 1171L
that is the primary replicase for the
synthesis of new DNA strands

yhjiH Cyclic phosphodiesterase Hydrolyzed intracellular second Al151V
messenger cGMP

rzoD A putative prophage protein Binding to recessive phage mRNA via A2V
CRISPR-Cas

tuF Elongation factor Protein factor that promotes polypeptide G318G
chain extension during mRNA translation

vgrG The type VI secretory system secretes Multi-function, multi-component T47T

proteins transmembrane channel structure

gadB, gadA Glutamic acid decarboxylase Glutamic acid is converted to D71D, T166T
aminobutyric acid

insB IS1 family proteins Adenine-related proteins M48L

mpaA Specific zinc carboxypeptidase As part of the catabolic pathway of T208T
peptidoglycan-derived peptides in
gamma-protein bacteria

nuoE Quinone oxidoreductase subunit The main sodium pump in aerobic C27T
pathogens

Inl1 Transposase DNA binding Q45Q

mobB Molybdenum protein guanine dinucleotide GTP binding S23R

biosynthetic protein
SecA Iron complex transport system ATP binding Q65X

ATP-binding protein
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Figure 4 Strain construction map.
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Figure 5 SDS-PAGE analysis of overexpressed strains.
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Figure 6 Growth curves of sensitive and resistant
strains. Error bar: Represent bias analysis, with data
from three data duplications.

BT BC4, BC6, FHillH T yhiH B2 5
YN S 3 5 A AT A 2P0 s Rk
PRFE 6-8 h Jaih ARUE A K . Ha BRI
rzoD (TR BC10 (1) A K o 3R iy X HE B
PR, PGB rzoD JE DA 2% 52 M 40 i A5 ) S
P, SRR A A A R BT

2.5 IR AR OC i B E RV I IE

R T R UE R AR B R A B A BT EE

D5 308 o Jir A 56 DR ) o e 2 38 LA B R Ao i %
ARTRIRE , E B AR A K B X B8O 2 1 7 s A AR 1R
SO IR R AR BUSME . il 7 WETRAR YL S
SR PN, X EM K EFFE BL21. BCL,

BC2. BC3 JE UG Mri&E IR ERZE, BL21 Virus
01 {ZYs BC4-BCY JCifs iz WG b BE MY H 3,

2 dnaE; 7. YhjHas1v. rZoDasy FER ) 5 7AR
REHCA W /K BL21 Virus 01 AYfEY:, BL21
Virus 02 {24 BC1-BCY JE i M7 Al UL o s i
B, KW dnaEpqiL. YhiHaisiv. rzoDaoy ZEAIHY
A ANBEHLIHIE T /K BL21 Virus 02 (4.

BL21 Virus 03 {24t BC6. BC9 J& /i, Wi i Il
PBE, R rzoD s,y 5 A 1Y 58 A48 AN REHCAR W 1 {4

BL21 Virus 03 4244, BL21 Virus 06 {2 BC6
T BT W P, 0 ASRY Ik A1 XE 1) T 5
PRI BE /AR RE 1A DG TR YL PR BC4 .
BC7 RJE B W o] WL mE TR BE, KB yhjH JEH
M) AS AT AR E TR AR T1 ARGy, T7 (=74
BC5. BC8 A JE B M7 v] UL Y i T B, % 1
dnaE Jt R 2848 n] ISR ME IR T7 191254
Zi FRrd, BC4, BC7 %f BL21 Virus 01, BL21
Virus 03, T7 Mg & B A —@EHitk, BC5. BC8
% BL21 Virus 01, BL21 Virus 03, T1 B —&
otk TR E R BC10 7] B 46 0 A 22 bk i
AR A MR B, O BB E B, bt
PEYG IR A o [l 7 s TR R S S [N
Mk PR AR AR e S B 45 R A
2.6 SR E[EF2 Mo M B A B e RO AL IR 43 4
T8 EE A 2of IR TR Ak BC4-BC6 LU S HE ]
P75 2725 bk BC7T-BC9 % BL21 Virus 01 ¥JH.
Ayutk, FUCAFFENE TR A BL21 Virus 01
X T BC4-BCY IEHkAY M=, 25 RanE 8A Jir

| 2 31 & Ti T7|@Fuzzyplague
5 9O 000 @ :gifr]apc;::ue
900000

el N X Y X K |

BC4 . X N X N

ool N N N X N

N N N N X N

ool N N N X N

BCS 0O &

ol N X N X N

BC10 @

0000 e e

El7 BEEARPIEEIEXEER
Figure 7 The key genes were verified by phage
infection.
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Figure 8 The adsorption rate was determined and verified by RT-PCR. A: Determination of adsorption rates of
different strains infected by BL21 Virus 01. B: Changes of DNA content in BL21 cells at different time. C:
Changes of DNA content in BC7 cells at different time. D: Changes of DNA content in BC8 cells at different
time. Error bar: Represent bias analysis, with data from three data duplications. *: The difference is significant

at P<0.05.

7N, WERAR BL21 Virus 01 X} K7 # BL21
W2 IR B 85%, X RIAFFH# BL21/pET28a
% B # 35 %) 80%., BC4, BC5, BC7. BCS8 5
KGHFE BL21/pET28a AL, WX ICH] i
Ak, FW dnaE 1 yhjH #9475 2 728 A 5
W BAT A BL21 Virus 01 [ . 1Ml B #k BC6 .
BC9 . BC10 W fff %43 5 h 45% . 43% .
41%, SXTIAMH, WHREE TR, £
B rzoD Ji PR 1 2 725 5% W) e 77 A 1y W B, 0 T
5 ) W TR A PR 4R % o

T BE— 0 5 BN dnaE i yhjH 28 728 X 1
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(reverse transcription-polymerase chain reaction,
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o, WEEE{A BL21 Virus 01 24 KRB BL21
f£ 10, 15 F120 min B DNA (& &2 #E LI,

SIS EE RN 8C. 8D s, S OomAIEL, W
P& BL21 Virus 01 YL #& BC7. BC8 7£ 5.

10, 15 1 20 min A} [E] 5 DNA i3 5 JLFJCH
RS, K dnak Ml yhjH {75 548 5 0 Wik 1 14
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Figure 9 Variation of strain growth curve under different infection plurals. A: Growth curves of BL21 with
different MOI values under BL21 Virus 01 infection. B: Normal cell biomass and cell lysis. C: Growth curves
of BC4 with different MOI values under BL21 Virus 01 infection. D: Growth curves of BC5 with different MOI
values under BL21 Virus 01 infection. E: Growth curves of BC6 with different MOI values under BL21 Virus
01 infection. F: Growth curves of BC10 with different MOI values under BL21 Virus 01 infection. Error bar:
Represent bias analysis, with data from three data duplications.
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Figure 10 Growth state of BC11 under different
MOI=10 phage infection. Error bar: Represent bias
analysis, with data from three data duplications.
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