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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, dnaE (DNA polymerase III subunit a)): yAjH (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 dnaFE 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 dnaFE 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 dnaFE, 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.
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Table 1 Strains required for the experiment

Strains description Sources

E. coli BL21 E. coli BL21 Laboratory preservation
E. coli BL21/Cas9 E. coli BL21 Contains plasmid Cas9 Laboratory preservation
BCO E. coli BL21 Contains plasmid pET28a Laboratory preservation
BC1 E. coli BL21 Contains recombinant plasmid pET28a-dnaE Construction of this study
BC2 E. coli BL21 Contains recombinant plasmid pET28a-yhjH Construction of this study
BC3 E. coli BL21 Contains recombinant plasmid pET28a-rzoD Construction of this study
BC4 E. coli BL21 Contains recombinant plasmid pET28a-dnaEn7iL Construction of this study
BC5s E. coli BL21 Contains recombinant plasmid pET28a-yhjHa1s1v Construction of this study
BC6 E. coli BL21 Contains recombinant plasmid pET28a-rzoDazv Construction of this study
BC7 E. coli BL21 Site mutation dnaFn71L Construction of this study
BC8 E. coli BL21 Site mutation yhjHais1v Construction of this study
BC9 E. coli BL21 Site mutation rzoDa2v Construction of this study
BC10 E. coli BL21 Knockout gene rzoD Construction of this study
E. coli BL21-A1 Acclimated strain Construction of this study
E. coli BL21-A2 Acclimated strain Construction of this study
E. coli BL21-A3 Acclimated strain Construction of this study
E. coli BL21-A4 Acclimated strain Construction of this study
E. coli BL21-A5 Acclimated strain Construction of this study
E. coli BL21-A6 Acclimated strain Construction of this study
E. coli BL21-A7 Acclimated strain Construction of this study
BCl11 E. coli BL21 Contains recombinant plasmid pET28a- Construction of this study

dnaFEnnvLyhjHasivrzoDaav
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Table 2 Primers used in this study

Primers Primers sequences (5 —3’ )

pET28a -F GAATTCGGATCCGCGACCCATTTG

pET28a -F AAGCTTGCGGCCGCACTCGAGCACC

dnak-F GGGTCGCGGATCCGAATTCATGTCTGAACCACGTTTCGTAC

dnakE-R GAGTGCGGCCGCAAGCTTTTAGTCAAACTCCAGTTCC

dnaEn7i-F GCAACCCTTCGTTTAATTCGA

dnaEn7iL -R GCAACCCTTCGTTTAATTCGA

yhjH-F TGGGTCGCGGATCCGAATTCATGATAAGGCAGGTTATCCAGC

yhjH-R TTATAGCGCCAGAACCACCGTATTCA

yhjHa1s1v-F TGGGTCGCGGATCCGAATTCATGATAAGGCAGGTTATCCAGC

yhjHa1s1v-R TATAGCGCCAGAACCACCGTATTCAGCGTTTCT

rzoD-F TGGGTCGCGGATCCGAATTCATGCTAAAGCTGAAAATGATG

rzoD-R TCGAGTGCGGCCGCAAGCTTTCAGCCTCTCTCTGAGGGTGAA

rzoDazv-F GGGTCGCGGATCCGAATTCATGCGAAAGCTGAAAATGATGC

rzoDazv-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
(83 2)

Primers

Primers sequences (5 —3’ )

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
BC11-F1 ATGGGTCGCGGATCCGAATTCATGTCTGAACCACGTTTCGTACACCTG
BC11-R1 ACCTGCCTTATCATGATTTCCCTCCTTTTTAGTCAAACTCCAGTTCCAC

1.1.4 $E5rE RIEET7

SYG R IR A LB B3R dk, B 4dcn . BEF PR (Tryptone) 10 g/L; BEEESEHU) (Yeast extract)

5g/L; ELHI(NaCl) 10 g/L,
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Table 3 Main instruments and reagents

Instruments and reagents manufacturer

0.22 pum Sterile microporous filter membrane Hengkang co., Ltd

H-7650 transmission electron microscopy Hitachi, Ltd

GI54DWS High temperature autoclave Zealway Instrument Inc

Ultra cold storage freezer China Haier Group, Co
Thermostat water bath Shanghai Jing Hong Laboratory Instrument Co., Ltd
Sigma centrifugal machine Sigma Company Limited

Yeast powder, peptone, AGAR powder Oxoid Company Limited
Electronic analytical balance Mettler-Toledo group

Glue recovery kit Novizan Bioengineering Co., Ltd
Plasmid extraction kit Shanghai Generay Biotech Co.,Ltd
Genome extraction kit Shanghai Generay Biotech Co.,Ltd

RNAiso Plus kit Takara Bio Inc
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BL21 Virus 01 Sk — - 1fifA, HAZLE 40-50 nm, HATARSA AN 8 ; BL21 Virus 02 k84
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PFU; BL21 Virus 02: 9.6 x 10" PFU; BL21 Virus 03: 4.2 x 10" PFU; BL21 Virus 06: 6.01 x 10"

PFU; T1:5.2x10" PFU; T7:2.02 x 10" PFU,
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Figure 1 Transmission electron microscope image of phages (1 0000x) and titer display. (Error bar:

represent bias analysis, with data from three data duplications)
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Figure 2 Screening and sensitivity verification of acclimated strains. A: Escherichia coli and phages are co-
cultured. B: Plate coating of E. coli BL21 A1-A7 mutant strains. C: Sensitivity verification experiment of E.

coli BL21 A1-A7 acclimated strains.
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