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(A) Genomic localization of endogenous anti‑phage defense systems in Escherichia coli E5. (B) Schematic diagram of the construction of E. coli E5ΔSoFIC and other single‑ and double‑knockout strains using CRISPR/Cas9 gene editing technology. (C) Schematic of complementation plasmid construction and transformation. Plasmids carrying wild-type or mutant sofic (H264A, D268A, R272A, H264A/D268A/R272A) under the control of the native promoter were introduced into E. coli E5ΔSoFIC to generate the complemented strains. (D) Validation of SoFic expression in E. coli E5ΔSoFIC-WT by Western blot. The expected molecular weight of SoFic is approximately 48.4 kDa. NC, negative control. (E) Validation of mutant SoFic expression in the complemented strains (H264A, D268A, R272A, and H264A/D268A/R272A) by Western blot. NC, negative control.
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(A) Overall gene expression levels (transcriptome) in wild‑type and ΔSoFIC strains. Loss of SoFIC led to a global reduction in transcription. (B) Number of differentially expressed genes (|logFC| ≥ 1, FDR ≤ 0.05). Compared to the wild‑type, the ΔSoFIC strain exhibited 35 upregulated and 372 downregulated genes. (C) GO enrichment analysis of downregulated genes. (D) KEGG pathway enrichment analysis of downregulated genes. (E, F) Bacterial swimming assays. The swimming radius of E. coli E5ΔSoFIC decreased by 31% compared to the wild‑type (F), with representative plates shown (E). (G, H) Biofilm formation assessed by crystal violet staining. Biofilm mass of E5ΔSoFIC was reduced by approximately 55% compared to the wild‑type (H), with representative wells shown (G). (I) Transcriptional fold changes (log₂FC) of O‑antigen synthesis‑related genes in E. coli E5ΔSoFIC compared to the wild‑type strain. Most of these genes were downregulated upon SoFIC deletion. (J) Transcriptomic expression changes of endogenous defense system genes in ΔSoFIC versus wild‑type before and at 3 h after DE5 phage infection (MOI = 0.01).
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(A) GO enrichment bubble chart of upregulated genes in E. coli E5ΔSoFIC after DE5 phage infection at 0.01 MOI for 3 h. (B) GO enrichment bubble chart of downregulated genes in E. coli E5ΔSoFIC after DE5 phage infection at 0.01 MOI for 3 h. (C) KEGG enrichment bubble chart of upregulated genes in E. coli E5ΔSoFIC after DE5 phage infection at 0.01 MOI for 3 h. (D) KEGG enrichment bubble chart of downregulated genes in E. coli E5ΔSoFIC after DE5 phage infection at 0.01 MOI for 3 h.
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(A) SDS-PAGE analysis of SoFic protein purification from E. coli E5. Lanes are as follows: “M” molecular weight standards with the corresponding weights in kDa indicated; “U” Uninduced whole-cell lysate; “I” Induced whole-cell lysate; “S” Supernatant of induced cell lysate; “P” Pellet of induced cell lysate; “Sol. sup” Supernatant after solubilization of inclusion bodies; “Sol. pellet” Pellet of solubilized inclusion bodies; “Ref. sup” Supernatant after refolding; “FT” Flow-through fraction; “W” Final wash fraction. (B) Pull-down analysis of E. coli E5 total cell lysate. Lanes are as follows: “FT1” Total protein in supernatant of disrupted E. coli E5; “W” Final wash fraction ; “E1、E2、E3” Eluted fraction. (C) Pull-down analysis of the flow-through fraction from total bacterial lysate of E. coli E5 stimulated by DE5 phage. Lanes are as follows: “FT2” Total protein in supernatant of disrupted E. coli E5 stimulated by DE5 phage; “W” Final wash fraction ; “E1、E2、E3” Eluted fraction.


Table S2. Information of endogenous defense systems in Escherichia coli E5.
	Defense system
	locus_tag
	protein
	start
	end
	length

	Retron Ⅵ
	E5.1_00307
	SP_VI
	342186
	342401
	215

	
	E5.1_00308
	HTH_VI
	342492
	342773
	281

	
	E5.1_00309
	[bookmark: OLE_LINK26]RT_VI
	342766
	343866
	1100

	Menshen
	E5.1_00312
	NsnC
	346693
	347661
	968

	
	E5.1_00313
	NsnB
	347666
	348835
	1169

	
	E5.1_00314
	NsnA
	348817
	350478
	1661

	RM Ⅲ
	E5.1_00452
	REase_III
	498753
	501824
	3071

	
	E5.1_00453
	MTase_III
	501838
	503850
	2012

	RM Ⅰ
	E5.1_00495
	Specificity_I
	547191
	548960
	1769

	
	E5.1_00496
	MTase_I
	548960
	550429
	1469

	
	E5.1_00497
	REase_I
	550496
	552928
	2432

	Thoeris Ⅰ
	E5.1_02640
	ThsB1
	2800472
	2801395
	923

	
	E5.1_02641
	ThsB1
	2801527
	2802036
	509

	
	E5.1_02642
	ThsA1
	2802173
	2803009
	836

	AbiE
	E5.1_03799
	AbiEi
	4107647
	4108042
	395

	
	E5.1_03800
	AbiEii
	4108035
	4108775
	740

	SanaTA
	E5.1_03803
	SanaA
	4111421
	4112569
	1148

	
	E5.1_03804
	SanaT
	4112593
	4114269
	1676

	PsyrTA
	E5.1_04294
	PsyrA
	4623567
	4624769
	1202

	
	E5.1_04295
	PsyrT
	4624769
	4626868
	2099

	SoFIC
	E5.1_04458
	SoFic
	4802823
	4804118
	1295

	Lamassu_Family
	E5.1_04535
	LmuB
	4889863
	4891689
	1826

	
	E5.1_04536
	LmuC
	4891692
	4892177
	485

	
	E5.1_04537
	LmuA
	4892167
	4893267
	1100

	Septu Ⅰ
	E5.1_04549
	PtuA1
	4901317
	4902714
	1397

	
	E5.1_04550
	PtuB1
	4902711
	4903442
	731



Table S3. Strains used in this study.
	Strain
	Description
	Source

	E. coli E5
	Donkey-derived, wild type
	Laboratory

	[bookmark: OLE_LINK16]E. coli E5ΔSoFIC
	[bookmark: OLE_LINK2]Knock out SoFIC defense system (Deleted region: 4802823～4804118)
	This work

	[bookmark: OLE_LINK29]E. coli E5ΔAbiE
	Knock out AbiE defense system (Deleted region: 4107647～4108775)
	This work

	[bookmark: OLE_LINK30]E. coli E5ΔSanaTA
	Knock out SanaTA defense system (Deleted region: 4111406～4114269)
	This work

	[bookmark: OLE_LINK32]E. coli E5ΔThoeris Ⅰ
	[bookmark: OLE_LINK33]Knock out ThsA1 component of Thoeris I defense system(Deleted region: 2801975～2803158)
	This work

	[bookmark: OLE_LINK21]E. coli E5ΔSeptu Ⅰ
	[bookmark: OLE_LINK34]Knock out PtuB component of Septu Ⅰ defense system(Deleted region: 4902693～4903443)
	This work

	[bookmark: OLE_LINK22]E. coli E5ΔRM Ⅲ
	[bookmark: OLE_LINK35]Knock out REase_III component of RM Ⅲ defense system(Deleted region: 498733～501824)
	This work

	[bookmark: OLE_LINK23]E. coli E5ΔPsyrTA
	[bookmark: OLE_LINK36]Knock out PsyrT component of PsyrTA defense system(Deleted region: 4624769～4626868)
	This work

	[bookmark: OLE_LINK24]E. coli E5ΔMenshen
	[bookmark: OLE_LINK37]Knock out NsnB component of Menshen defense system(Deleted region: 347504～349066)
	This work

	[bookmark: OLE_LINK25]E. coli E5ΔRetron Ⅵ
	[bookmark: OLE_LINK38]Knock out RT_VI component of Retron Ⅵ defense system(Deleted region: 342705～343872)
	This work

	[bookmark: OLE_LINK14][bookmark: OLE_LINK27]E. coli E5ΔLamassu_Fam
	[bookmark: OLE_LINK39]Knock out LmuC component of Lamassu_Fam defense system(Deleted region: 4891610～4892261)
	This work

	E. coli E5ΔSoFICΔAbiE
	Knock out SoFIC defense system (Deleted region: 4802823～4804118) and AbiE defense system (Deleted region: 4107647～4108775)
	This work

	E. coli E5ΔSoFICΔSanaTA
	Knock out SoFIC defense system (Deleted region: 4802823～4804118) and SanaTA defense system (Deleted region: 4111406～4114269)
	This work

	E. coli E5ΔSoFICΔThoeris Ⅰ
	Knock out SoFIC defense system (Deleted region: 4802823～4804118) and ThsA1 component of Thoeris I defense system(Deleted region: 2801975～2803158)
	This work

	E. coli E5ΔSoFICΔSeptu Ⅰ
	Knock out SoFIC defense system (Deleted region: 4802823～4804118) and PtuB component of Septu Ⅰ defense system(Deleted region: 4902693～4903443)
	This work

	E. coli E5ΔSoFICΔRM Ⅲ
	Knock out SoFIC defense system (Deleted region: 4802823～4804118) and REase_III component of RM Ⅲ defense system(Deleted region: 498733～501824)
	This work

	E. coli E5ΔSoFICΔPsyrTA
	Knock out SoFIC defense system (Deleted region: 4802823～4804118) and PsyrT component of PsyrTA defense system(Deleted region: 4624769～4626868)
	This work

	E. coli E5ΔSoFICΔMenshen
	Knock out SoFIC defense system (Deleted region: 4802823～4804118) and NsnB component of Menshen defense system(Deleted region: 347504～349066)
	This work

	[bookmark: OLE_LINK40]E. coli E5ΔSoFICΔRetron Ⅵ
	[bookmark: OLE_LINK41]Knock out SoFIC defense system (Deleted region: 4802823～4804118) and RT_VI component of Retron Ⅵ defense system(Deleted region: 342705～343872)
	This work

	E. coli E5ΔWaaL
	Knock out waaL(Deleted region: 4841848～4843127, encoding O‑antigen ligase), no O‑antigen display on outer membrane
	This work

	E. coli E5ΔSoFIC-WT
	Knockout of SoFIC defense system (Deleted region: 4802823～4804118) with pBR322-Psofic-sofic complementation plasmid. 
	This work

	E. coli E5ΔSoFIC-H264A
	Knockout of SoFIC defense system (Deleted region: 4802823～4804118) with pBR322-Psofic-sofic H264A complementation plasmid.
	This work

	E. coli E5ΔSoFIC-D268A
	Knockout of SoFIC defense system (Deleted region: 4802823～4804118) with pBR322-Psofic-sofic D268A complementation plasmid.
	This work

	E. coli E5ΔSoFIC-R272A
	[bookmark: OLE_LINK3]Knockout of SoFIC defense system (Deleted region: 4802823～4804118) with pBR322-Psofic-sofic R272A complementation plasmid.
	This work

	E. coli E5ΔSoFIC-H264A/D268A/R272A
	Knockout of SoFIC defense system (Deleted region: 4802823～4804118) with pBR322-Psofic-sofic H264A/D268A/R272A complementation plasmid.
	This work

	E. coli BL21(DE3)
	[bookmark: OLE_LINK15]F- ompT hsdSB (rB- mB- )gal dcm(DE3)
	Tsingke

	DL-Top10
	F- mcrA ∆(mrr-hsdRMS-mcrBC) Φ80 lacZ∆M15 ∆lacX74 recA1 ara∆139 ∆ (ara-leu)7697 galU galK rpsL (StrR) endA1 nupG
	Tsingke

	E. coli BL21(DE3)-Vector
	Transformation of the empty pET-28a vector into E. coli BL21(DE3)
	This work

	[bookmark: OLE_LINK17]E. coli BL21(DE3)-SoFic
	Expression of N‑terminally 6×His‑tagged wild‑type SoFic protein
	This work

	E. coli BL21(DE3)-SoFic(H264A)
	Expression of N‑terminally 6×His‑tagged SoFic H264A mutant protein
	This work

	E. coli BL21(DE3)-SoFic(D268A)
	[bookmark: OLE_LINK18]Expression of N‑terminally 6×His‑tagged SoFic D268A mutant protein
	This work

	E. coli BL21(DE3)-SoFic(R272A)
	Expression of N‑terminally 6×His‑tagged SoFic R272A mutant protein
	This work

	E. coli BL21(DE3)-SoFic(H264AD268AR272A)
	Expression of N‑terminally 6×His‑tagged SoFic H264AD268AR272A mutant protein
	This work



Table S4. Plasmids used in this study.
	Plasmid
	Description
	Source

	pSC101-pBAD-SoFIC sgRNA
	CmR, sgRNA targeting the SoFIC defense system(GAAAAATGCTGGAAACAGGG), homology arms for HDR
	[bookmark: OLE_LINK28]This work

	pSC101-pBAD-AbiE sgRNA
	CmR, sgRNA targeting the AbiE defense system(TGGATAAAATGGTGGCACAG), homology arms for HDR
	This work

	[bookmark: OLE_LINK31]pSC101-pBAD-SanaTA sgRNA
	CmR, sgRNA targeting the SanaTA defense system(TTTCTCGATGTAATCCTCGG), homology arms for HDR
	This work

	pSC101-pBAD-Thoeris Ⅰ sgRNA
	CmR, sgRNA targeting the ThsA1 component of Thoeris I defense system(CTAATGTTGACTGCTTCATG), homology arms for HDR
	This work

	pSC101-pBAD-Septu Ⅰ sgRNA
	CmR, sgRNA targeting the PtuB component of Septu Ⅰ defense system(TTAGATTCAGGGGAGAACGG), homology arms for HDR
	This work

	pSC101-pBAD-RM Ⅲ sgRNA
	CmR, sgRNA targeting the REase_III component of RM Ⅲ defense system(GTTGGGATCAGAAAACCACG), homology arms for HDR
	This work

	pSC101-pBAD-PsyrTA sgRNA
	CmR, sgRNA targeting the PsyrT component of PsyrTA defense system(GGAAGAATTGATGAATAGCG), homology arms for HDR
	This work

	pSC101-pBAD-Menshen sgRNA
	CmR, sgRNA targeting the NsnB component of Menshen defense system(GATACTAACGTAGGAGTACA), homology arms for HDR
	This work

	pSC101-pBAD-Retron Ⅵ sgRNA
	CmR, sgRNA targeting the RT_VI component of Retron Ⅵ defense system(GCTCTTATCAGTGAGGAAGT), homology arms for HDR
	This work

	[bookmark: OLE_LINK42]pSC101-pBAD-Lamassu_Fam sgRNA
	CmR, sgRNA targeting the LmuC component of Lamassu_Fam defense system(CATCGCCTGAATGAACAACG), homology arms for HDR
	[bookmark: OLE_LINK45]This work

	pSC101-pBAD-WaaL sgRNA
	CmR, sgRNA targeting the waaL(GGGAAGCTGATAATGCAACA), homology arms for HDR
	This work

	p15A-ParaB-Cas9-PT5-Redγβα
	Kmᴿ, L-arabinose induces Cas9 protein expression
	Lab store

	[bookmark: OLE_LINK73]pET-28a-empty vector
	Kmᴿ, Expression vector
	Lab store

	pET-28a-SoFic
	Kmᴿ, IPTG‑inducible promoter (lacI) driving N‑terminal 6×His‑tagged sofic
	This work

	[bookmark: OLE_LINK43]pET-28a-SoFic-H264A
	Kmᴿ, IPTG‑inducible promoter (lacI) driving N‑terminally 6×His‑tagged sofic H264A mutant
	This work

	pET-28a-SoFic-D268A
	Kmᴿ, IPTG‑inducible promoter (lacI) driving N‑terminally 6×His‑tagged sofic D268A mutant
	This work

	pET-28a-SoFic-R272A
	Kmᴿ, IPTG‑inducible promoter (lacI) driving N‑terminally 6×His‑tagged sofic R272A mutant
	This work

	pET-28a-SoFic-H264AD268AR272A
	Kmᴿ, IPTG‑inducible promoter (lacI) driving N‑terminally 6×His‑tagged sofic H264AD268AR272A mutant
	This work

	pBR322-Psofic-sofic
	Tetᴿ, pBR322-derived complementation plasmid carrying sofic under the control of the native sofic promoter, used to restore SoFic expression in E. coli E5ΔSoFIC
	This work

	pBR322-Psofic-sofic H264A
	Tetᴿ, pBR322-derived complementation plasmid carrying sofic H264A under the control of the native sofic promoter, used to restore SoFic H264A expression in E. coli E5ΔSoFIC
	This work

	[bookmark: OLE_LINK4]pBR322-Psofic-sofic D268A
	Tetᴿ, pBR322-derived complementation plasmid carrying sofic D268A under the control of the native sofic promoter, used to restore SoFic D268A expression in E. coli E5ΔSoFIC
	This work

	pBR322-Psofic-sofic R272A
	Tetᴿ, pBR322-derived complementation plasmid carrying sofic R272A under the control of the native sofic promoter, used to restore SoFic R272A expression in E. coli E5ΔSoFIC
	This work

	pBR322-Psofic-sofic H264A/D268A/R272A
	Tetᴿ, pBR322-derived complementation plasmid carrying sofic H264A/D268A/R272A under the control of the native sofic promoter, used to restore SoFic H264A/D268A/R272A expression in E. coli E5ΔSoFIC
	This work



[bookmark: OLE_LINK8]Table S5. Primers used in this study.
	[bookmark: OLE_LINK44]Mutagenesis
	Primers
	Sequence (5’-3’)

	E. coli E5ΔSoFIC
	SoFic-gene-F
	AAAATGATCAATCGCCAGCG

	
	SoFic-gene-R
	CACTGAAAGCCGTGACCATG

	E. coli E5ΔAbiE
	AbiE-gene-F
	CAACTGCACCAGAATAAGGA

	
	AbiE-gene-R
	CCAGCAGATATGTGTGGGAT

	E. coli E5ΔSanaTA
	SanaTA-gene-F
	CTGGCGATTGCCATGATCCA

	
	SanaTA-gene-R
	CTGGCTGTAGTTTTGCAGCA

	E. coli E5ΔThoeris Ⅰ
	Thoeris Ⅰ-gene-F
	GGAATGAGTGTTCCGTGCTC

	
	Thoeris Ⅰ-gene-R
	GATTCGACTGGTACAGGGAC

	E. coli E5ΔSeptu Ⅰ
	Septu Ⅰ-gene-F
	GATATCGCATTTCGCTGTGT

	
	Septu Ⅰ-gene-R
	GATATCGTGGGTGACCCCAT

	E. coli E5ΔRM Ⅲ
	RM Ⅲ-gene-F
	CTATTCCCGGCGTGAAACAT

	
	RM Ⅲ-gene-R
	GGAATGTGACGAGAAGTCTG

	E. coli E5ΔPsyrTA
	PsyrTA-gene-F
	ACCAGAGATAACGCAAATCCCCTGT

	
	PsyrTA-gene-R
	GAGATTTGCGGTCACGCGCT

	E. coli E5ΔMenshen
	Menshen-gene-F
	TCCCTCTTTCACAAGCGACA

	
	Menshen-gene-R
	GGTTTGCAGAGGCTCACAAC

	E. coli E5ΔRetron Ⅵ
	Retron Ⅵ-gene-F
	CTTTGCGCCAAGTGCGTGAA

	
	Retron Ⅵ-gene-R
	GTCAGTAAGGTTGTTGCTGG

	E. coli E5ΔLamassu_Fam
	Lamassu_Fam-gene-F
	TTGAAGCATCATCTACACCTGT

	
	Lamassu_Fam-gene-R
	TCGGAACAAGTCTTGAGCAG

	E. coli E5ΔWaaL
	WaaL-gene-F
	GCGTAAAGCATGGAATGGAC

	
	WaaL-gene-R
	GGTGTTACTTACTCACCTAT

	Plasmid
	Primers
	Sequence (5’-3’)

	pET-28a-SoFic
	pET-SoFic-F
	CTCCGTCGACAAGCTTGCATGGCTATCAAATCACCTCCCGGACTT

	
	pET-SoFic-R
	GTGGTGGTGGTGCTCGAGCTACAGCGGGTAGTGTGCGACGTACAC

	pET-28a-SoFic-H264A
	H264A-F
	GCCCATGAAGCACCGTTTCGGGATGGCAACGG

	
	H264A-R
	CGAAACGGTGCTTCATGGGCCAGCATAAAATG

	pET-28a-SoFic-D268A
	D268A-F
	CCGTTTCGGGCAGGCAACGGGCGCACCAGTCG

	
	D268A-R
	CCCGTTGCCTGCCCGAAACGGATGTTCATGGGCCA

	pET-28a-SoFic-R272A
	R272A-F
	GGCAACGGGGCAACCAGTCGGGCGCTGTTTTACT

	
	R272A-R
	CCGACTGGTTGCCCCGTTGCCATCCCGAAACG

	pET-28a-SoFic-H264AD268AR272A
	3Mut-F
	GTTTCGGGCAGGCAACGGGGCAACCAGTCGGGCGCTGTTTTACTG

	
	3Mut-R
	CTGGTTGCCCCGTTGCCTGCCCGAAACGGTGCTTCATGGGCCAGC



Table S6. Phages used in this study.
	Phage
	Host strain
	Family
	Reference 

	vB_EcoP_DE5
	E. coli E5
	Podoviridae
	MW741821.1

	Escherichia bacteriophage T5
	E. coli BL21
	Siphoviridae
	Gift from Huiying Ren

	Escherichia bacteriophage T7
	E. coli BL21
	Podoviridae
	T7 Select 415-1b Cloning Kit (Merck)

	vB_EcoM_PD205
	E. coli BL21
	Myoviridae
	ON922919.1
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