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Abstract 15 

Bacteria have evolved numerous defense systems to counter persistent phage infections. 16 

In this study, we characterize SoFIC, a protein encoded by E. coli E5 that catalyzes various 17 

post-translational modifications and coordinates a multilayed antiviral defense system by 18 

reshaping extrabacterial barriers and intracellular metabolism. Our results show that SoFIC is 19 

widely distributed across multiple bacterial phyla (particularly Proteobacteria) and exhibits 20 

diverse domain architectures; nonetheless, all variants contain a conserved Fic catalytic motif 21 

essential for anti-phage activity. Using the native host E. coli E5 and its cognate short-tailed 22 

phage DE5 as a model, knockout and complementation experiments demonstrated that the anti-23 

phage function of SoFIC requires an intact Fic catalytic motif. Extracellularly, SoFIC physically 24 

hinders initial phage adsorption by maintaining surface structures such as fimbriae and biofilms. 25 

Intracellularly, once phages breach this barrier, SoFIC specifically interacts with key host 26 

proteins involved in DNA homeostasis (HupA, SbmC), transcription elongation (NusB), 27 

nucleotide metabolism (PyrB), and oxidative stress defense (Bfr, MsrA), preventing the host 28 

cell from entering a metabolic state conductive to phage proliferation. Furthermore, SoFIC 29 

exhibits time-dependent functional interactions with multiple endogenous defense systems, 30 

including Septu I, RM III, PsyrTA and Retron VI, collectively enhancing host immunity. Taken 31 

together, this study establishes SoFIC as a central coordinator of both physical and 32 

physiological antiviral barriers, reveals an extracellular and intracellular dual-layer defense 33 

model, and positions SoFIC as a key node in the multilayered bacterial immune network. These 34 

findings provide a theoretical basis for understanding the defense mechanisms of Fic family 35 

proteins and offer fundamental insights for engineering phage-resistant bacterial chassis. 36 

Keywords: SoFIC; phage; E.coli; defense system；fimbriae；biofilms 37 
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Introduction 39 

The long-term co-evolution between bacteria and their viruses (bacteriophages) drives the 40 

diversification of anti-phage defense systems, representing a major driving force of microbial 41 

evolution[1]. To defend against abundant phage infections in the environment, bacteria have 42 

gradually assembled a diverse arsenal of defense mechanisms that confer partial or complete 43 

immunity to the host[2]. Leveraging high-throughput bioinformatics and biostatistics, researches 44 

have now discovered hundreds of such defense systems, revealing the diverse strategies and 45 

complex interaction networks underlying bacterial immunity[3, 4]. 46 

Analogous to the immune systems of higher animals and plants, bacterial immune systems 47 

employ a multilayered, redundant defense strategy[5] to protect both individual cells and 48 

populations from phage infection. These defenses operate through multiple lines of barriers, 49 

including physical barriers[6, 7], innate immunity[8-10], adaptive immunity[11, 12] , and quorum 50 

sensing[13, 14]. Different bacteria assemble and arrange these diverse defense systems in unique 51 

combinations, forming robust and specific anti-phage barriers that function at distinct stages of 52 

the phage infection cycle[15, 16]. During the adsorption stage, bacteria primarily block phage 53 

attachment by modifying receptors[17-19], regulating receptor expression[20], or physically 54 

shielding receptors with structures such as biofilms[7] and capsular polysaccharides[21, 22]. If 55 

adsorption succeeds, intracellular defenses are rapidly deployed. During phage DNA injection, 56 

the Kiwa system, activated at the membrane site of phage attachment, directly binds and inhibits 57 

incoming phage DNA, achieving a form of spatial synergistic defense[23]. During phage DNA 58 

replication, the classic innate immune system RM specifically recognizes and cleaves foreign 59 

phage DNA[24, 25] , whereas the adaptive CRISPR/Cas system acquires fragments of viral DNA 60 

to establish a "memory" and executes precise clearance upon reinfection[26-29]. Moreover, 61 

recently discovered defense systems such as Shedu directly cleave invading phage dsDNA to 62 

confer immune protection[30]; the DrmAB complex of the DISARM system binds to phage DNA 63 

and activates the system ’s nuclease activity, thereby degrading phage DNA[31]. If phages 64 

manage to escape these early defenses, bacteria initiate abortive infection mechanisms that 65 

induce cell death, thereby blocking phage dissemination and protecting the bacterial population 66 

to the greatest extent[32]. Multiple newly identified systems, including Lamassu[33], CBASS[34], 67 



Thoeris[35], and Kongming[36], sense phage invasion signals or infection-induced metabolic 68 

disturbances, produce or release second messengers, and subsequently activate downstream 69 

effectors that precisely cripple core metabolic pathways, leading to cell death. 70 

The SoFIC defense system is a recently identified anti-phage system discovered through 71 

systematic bioinformatic screening of genomic defense loci. It consists of a single Fic family 72 

protein, SoFic[3]. The core of Fic family proteins is a Fic domain harboring the signature 73 

HPF(P/R)DGNGR motif, which catalyzes various post-translational modifications, including 74 

AMPylation, phosphorylation, and phosphocholination[37, 38]. Early characterized members of 75 

this family, such as VopS from Vibrio parahaemolyticus and IbpA from Histophilus somni, act 76 

as bacterial effectors that disrupt host cell cytoskeleton and signal transduction via 77 

AMPylation[39, 40]. However, subsequent genomic surveys have revealed that Fic 78 

domain-containing proteins are also frequently encoded within bacterial defense loci, often 79 

adjacent to phage resistance genes, strongly suggesting a potential role in antiviral immunity[41, 
80 

42]. Despite this, the anti-phage mechanism of the SoFIC system remains unknown. To date, 81 

only one heterologous expression study has reported that SoFIC confers resistance to the 82 

long-tail phage T5[42], but the molecular details of how it recognizes phage infection and exerts 83 

protection are still unclear. Moreover, most current studies on bacterial defense systems rely on 84 

heterologous overexpression systems that strip away native regulatory networks and 85 

inter-system cooperation[2, 30, 42]. This approach may miss the true physiological functions of 86 

defense systems, especially those that act as global regulators or require synergy with other 87 

immune components. Recent evidence indicates that defense systems do not act in isolation; 88 

instead, they form complex interaction networks that collectively confer robust phage 89 

resistance[43]. Bacteria in nature rarely depend on a single defense mechanism but rather deploy 90 

multilayered defenses to counter diverse phage challenges[3]. Nevertheless, whether SoFIC 91 

participates in such defense networks, and whether its role is limited to a single catalytic activity 92 

or extends to actively coordinating broader cellular responses, remain unresolved. 93 

Here，we took advantage of Escherichia coli E5, a natural host of the SoFIC defense 94 

system, together with its cognate short-tail phage vB_EcoP_DE5. Using an integrated approach 95 

that combines molecular biology, phage infection assays, transcriptomics, proteomics, and 96 



transmission electron microscopy, we systematically uncovered how SoFIC reshapes E. 97 

coli metabolic regulation and elucidated a novel immune mechanism against phage infection. 98 

Our study established a dual‑layer model in which the SoFIC defense system resists phages by 99 

maintaining the bacterial physical barrier and regulating intracellular metabolic homeostasis, 100 

confirming the necessity of an intact Fic catalytic motif. Furthermore, we position SoFIC as a 101 

key node in the multilayered bacterial immune network, where it exhibits time‑dependent 102 

functional crosstalk with multiple endogenous defense systems to collectively enhance host 103 

immunity. 104 

Results 105 

SoFIC systems is a widely distributed bacterial defense system 106 

Data from DefenseFinder [44]showed that among 22,818 complete prokaryotic genomes, 107 

the SoFIC defense system was detected in 2,261 genomes spanning 1,159 different species, 108 

accounting for 9.91% of the total, indicating that SoFIC is a broadly distributed anti-phage 109 

defense system (Figure 1A). To further explore the diversity and abundance of SoFIC defense 110 

systems, we combined SoFIC defense system sequences predicted by PADLOC[45] 111 

from Escherichia coli E5 and Escherichia coli H397 with 629 SoFIC sequences previously 112 

predicted by Millman et al.[42]from 539 bacteria and archaea. This generated a dataset 113 

comprising 632 SoFIC defense system protein sequences derived from 541 bacterial and 114 

archaeal species (Table S1). Amino acid sequence alignment and phylogenetic tree construction 115 

were performed on this dataset (Figure 1B). The results revealed that SoFIC defense systems 116 

are widely distributed across multiple bacterial phyla, including Proteobacteria, Fusobacteria, 117 

Cyanobacteria, Spirochaetes, and Bacteroidetes. Among these, the distribution was most 118 

prevalent in Proteobacteria, a phylum representative of Gram-negative bacteria, accounting for 119 

68.39% of the total (Figure 1C). This finding suggests that the SoFIC system may constitute a 120 

core component of the proteobacterial immune repertoire and may have co-evolved with 121 

proteobacteria-specific physiological features such as outer membrane architecture, secretion 122 

systems, and lifestyle, thereby forming a more efficient defense network[37, 38]. We next further 123 

subdivided Proteobacteria, the most abundant phylum, and found that SoFIC defense systems 124 



are widely distributed in the orders Campylobacterales (22.4%), Neisseriales (18.1%), 125 

Lysobacterales (17.8%), Rhizobiales (10.3%), Enterobacterales (6.8%), and Burkholderiales 126 

(4.9%). Further subdivision within Enterobacterales showed that SoFIC defense systems are 127 

most prevalent in the family Enterobacteriaceae (80%) and the genus Escherichia (65%) 128 

(Figure 1D). 129 

Based on the above distribution characteristics, we systematically analyzed the SoFic 130 

protein sequences in the dataset to dissect the functional basis and evolutionary patterns of 131 

SoFIC defense systems. The size of SoFic proteins in the dataset ranged from 195 to 455 amino 132 

acids, indicating substantial variation (Figure 1E). Moreover, the phylogenetic tree 133 

reconstructed from SoFic amino acid sequences did not strictly cluster according to established 134 

bacterial phyla. Instead, SoFic sequences from the same bacterial phylum exhibited 135 

polyphyletic origins, suggesting a complex evolutionary history for SoFIC defense systems 136 

potentially driven by frequent horizontal gene transfer (HGT) or convergent evolution (Figure 137 

1B). Quantitative analysis of the number of SoFIC defense systems per bacterial genome 138 

revealed a non-uniform distribution. The majority of bacterial genomes (84.1%) carried a single 139 

SoFIC defense system, a smaller fraction (15%) carried two, and only a very small fraction 140 

(0.9%) carried three copies (Figure 1F). This indicates that in most bacteria, a single copy of 141 

the SoFIC defense system is sufficient to provide defense. Under specific ecological conditions 142 

such as high phage pressure, the presence of two SoFIC systems may confer synergistic 143 

defensive advantages[46]. Although additional copies might provide benefits under certain 144 

conditions, they are maintained at low frequency likely due to fitness costs such as metabolic 145 

burden or autoimmunity risks[47-49]. Collectively, these analyses demonstrate that the SoFIC 146 

defense system is a novel bacterial defense system characterized by wide distribution, high 147 

sequence diversity, and a predominantly single-copy genomic organization. 148 

SoFIC systems is composed of structurally diverse Fic family proteins 149 

To further investigate the structural basis of the Escherichia coli SoFIC defense system, 150 

we performed domain prediction and three-dimensional structure modeling using AlphaFold3 151 

on SoFic proteins from 13 E. coli strains of the genus Escherichia within our dataset (Table S1). 152 



This revealed three types of SoFic proteins with distinct domain architectures. Among them, 153 

SoFic proteins from 11 strains, represented by E. coli SF-166, harbored a Fic_N domain, a Fic 154 

domain, and a SoFic‑like_C domain. E. coli S10 also contained both a Fic_N domain and a Fic 155 

domain but lacked the SoFic‑like_C domain. In contrast, SoFic proteins from E. coli H397 and 156 

the experimental strain E. coli E5 used in this study contained only the core Fic domain (Figure 157 

2A and 2B). The Fic domain is the core catalytic region responsible for SoFic protein activity. 158 

In most Fic protein structures, the Fic domain engages in extensive intramolecular interactions 159 

with N‑terminal, C‑terminal, or other internal domains of the Fic protein. These diverse 160 

intramolecular interactions give rise to multiple molecular conformations, but their importance 161 

for Fic protein function remains largely unclear[50-52]. The structural differences among the three 162 

SoFic proteins with distinct domain architectures further illustrate the critical role of such 163 

inter‑domain intramolecular interactions in shaping the structural diversity of SoFic proteins. 164 

We next performed protein motif prediction on the three aforementioned SoFic proteins 165 

and identified a continuous highly conserved region of 37 amino acids within the Fic domain. 166 

As expected, we recognized the canonical FIC motif HPF(P/R)DGNGR at positions 16 to 24 167 

of this conserved region in all three proteins (Figure 2C), consistent with previous studies[37, 53], 168 

confirming that Fic domains share a common core composed of a helical topology and a 169 

conformationally highly conserved FIC motif. Notably, although Fic family proteins differ in 170 

their cofactors and protein substrates, all Fic proteins catalyze the same enzymatic reaction. 171 

The catalytic residues are located within the FIC motif (Figure 2D), including a conserved 172 

histidine residue that activates the threonine, tyrosine, or serine residue of the protein substrate 173 

for nucleophilic attack, a conserved arginine residue that stabilizes the negative charge of the 174 

phosphate group through electrostatic interactions, and a conserved acidic aspartate residue 175 

responsible for coordinating Mg²⁺ binding (highlighted in red). Other conserved residues may 176 

play auxiliary roles in the catalytic process by maintaining the fixed conformation of the FIC 177 

motif (highlighted in blue, green, and yellow)[37].  178 

SoFIC provides anti-phage immunity in a Fic motif-dependent manner 179 



To evaluate the anti-phage capacity of the SoFIC defense system, we cloned the sofic gene 180 

from E. coli E5 into the pET-28a vector and overexpressed it in E. coli BL21(DE3) (Figure 3A). 181 

We then challenged the SoFIC-overexpressing strain with a panel of phages representing the 182 

three morphological types of the order Caudovirales, namely the long-tail phage T5, the short-183 

tail phage T7, and the myophage vB_EcoM_PD205. The results showed that the SoFIC defense 184 

system conferred strong resistance against the long-tail phage T5, reducing phage titers 185 

approximately 1,000-fold compared to the empty vector control (Figure 3B and 3E). This trend 186 

is consistent with a previous report[42]. SoFIC also exhibited weak resistance against the short-187 

tail phage T7, reducing titers by about 10-fold (Figure 3C and 3E). However, it showed no 188 

detectable resistance against the myophage vB_EcoM_PD205 (Figure 3D and 3E). These 189 

results indicate that the protective effect of SoFIC is phage-selective. To further validate the 190 

resistance of SoFIC against phage T5, we infected BL21(DE3) cells carrying either an empty 191 

vector or the SoFIC-expressing construct with T5 at different multiplicities of infection (MOIs). 192 

Under low MOI conditions (0.01), SoFIC effectively protected the host, significantly 193 

suppressing T5 proliferation and leading to a much higher bacterial survival rate compared to 194 

the empty vector control. Under high MOI conditions (1), however, phages were numerically 195 

dominant, and the SoFIC defense was breached, failing to protect bacteria from T5 infection 196 

(Figure 3F). Next, to verify the critical role of the conserved Fic motif in the SoFIC defense 197 

system, we generated single mutants (H264A, D268A, R272A) and a triple mutant 198 

(H264A/D268A/R272A) of the three key catalytic residues in SoFic. We then challenged these 199 

mutant-expressing strains with phage T5. The results showed that mutation of any of these key 200 

residues caused a nearly complete loss of T5 resistance, with phage titers becoming 201 

indistinguishable from those of the empty vector control (Figure 3B). This confirms that the 202 

highly conserved Fic motif and its key catalytic residues are essential for the anti-phage 203 

function of SoFic. 204 

We further constructed a sofic knockout strain in the natural host E. coli E5 (E. coli E5Δ205 

SoFIC) (Figure S1B) and evaluated the native anti-phage phenotype of SoFIC using its cognate 206 

short-tailed phage vB_EcoP_DE5 (hereafter referred to as DE5). One-step growth curve results 207 

showed that the complete infection cycle of phage DE5 was approximately 1 h (Figure 4A). 208 



Based on this, we infected wild-type and E. coli E5ΔSoFIC strains with DE5 at low and high 209 

MOI (Figure 4B). At the end of the first infection cycle (1 h), under low MOI conditions (0.001 210 

and 0.01), the titer of phage DE5 in E5ΔSoFIC was significantly higher than that in the wild-211 

type strain. As infection proceeded to 3 h, progeny phages had completed multiple rounds of 212 

infection. At this time, under low MOI conditions, the proliferation titer of DE5 in E5ΔSoFIC 213 

was more than tenfold higher than that in the wild-type strain. Further determination of bacterial 214 

lysis rate revealed that E5ΔSoFIC was almost completely lysed, whereas the lysis rate of the 215 

wild-type strain was only approximately 71% (Figure 4D and 4E). In addition, we monitored 216 

the dynamic changes in optical density under different MOI conditions, and the results showed 217 

that E5ΔSoFIC was lysed more rapidly (Figure 4C), confirming that the SoFIC defense system 218 

confers defense against phage DE5, and that loss of SoFIC renders bacteria more susceptible 219 

to phage infection. When infection proceeded to 5 h, a dynamic equilibrium was reached 220 

between phages and hosts; at this point, phage titer entered a plateau, and the difference in DE5 221 

titer between the SoFIC knockout and wild-type backgrounds was narrowed (Figure 4B). Under 222 

high MOI conditions (1 and 10), however, SoFIC could not effectively protect bacteria against 223 

DE5 infection (Figure 4B), exhibiting a multiplicity-dependent defense characteristic 224 

consistent with the results from the heterologous expression system (Figure 3F). 225 

To confirm that the above phenotypes were indeed caused by sofic deletion, we 226 

constructed complemented strains E. coli E5ΔSoFIC-WT (complemented with wild-type SoFic) 227 

and catalytic residue mutant complemented strains (complemented with H264A, D268A, 228 

R272A, and H264A/D268A/R272A mutants) (Figure S1C-S1E). Under low MOI infection 229 

conditions, after complementation with wild-type SoFic, phage titers decreased to levels 230 

comparable to those of wild-type E5 (Figure 4B), and the bacterial lysis rate recovered to 231 

approximately 70% (Figure 4D and 4E). In contrast, complementation with any single catalytic 232 

residue mutant or the triple mutant resulted in phage titers and bacterial lysis rates that were not 233 

significantly different from those of E5ΔSoFIC, consistent with the loss of resistance observed 234 

in the heterologous overexpression system (Figure 3B-3E). These results further confirmed in 235 

the native host background that SoFIC confers resistance to phages, and that this function 236 

depends on an intact Fic catalytic motif. 237 



SoFIC deficiency compromises host physiology and cell surface architecture 238 

Because heterologous expression systems inevitably alter the native transcriptional 239 

regulatory environment of sofic and lack potential cofactors or synergistic defense elements 240 

present in the original genome, they cannot fully reflect the authentic function and regulatory 241 

mechanism of SoFIC in its native host (Figure S1A; Table S2). Therefore, we focused on E. 242 

coli E5 and its cognate short-tailed phage DE5 to systematically investigate its regulatory 243 

capacity and the molecular mechanisms underlying its defense function in the original genomic 244 

context. 245 

Transcriptome sequencing revealed that knockout of the SoFIC defense system 246 

significantly reduced the overall gene expression level in E. coli E5 (Figure S2A), indicating 247 

that SoFIC not only functions in defense but also positively maintains the overall transcriptional 248 

activity of the bacterium. Compared with the wild-type strain, E5ΔSoFIC strain had 35 249 

significantly upregulated genes and 372 significantly downregulated genes (|logFC| ≥ 1 and 250 

FDR ≤  0.05) (Figure S2B). GO and KEGG enrichment analyses of the differentially 251 

expressed genes revealed that genes associated with the cell periphery, membrane, plasma 252 

membrane, flagella, and cell motility were significantly downregulated in E5ΔSoFIC (Figure 253 

S2C); correspondingly, pathways related to flagellar assembly, bacterial chemotaxis, quorum 254 

sensing, two-component systems, and nitrogen metabolism were also significantly 255 

downregulated (Figure S2D). Growth curves showed that knockout of the SoFIC defense 256 

system slightly reduced bacterial metabolic activity. Complementation with wild-type SoFic 257 

partially restored the growth defect of E5ΔSoFIC. In contrast, complementation with the 258 

H264A, D268A, or R272A single mutants or the triple mutant failed to restore bacterial growth 259 

(Figure 5A), suggesting that Fic catalytic activity is involved in maintaining normal host growth 260 

and metabolic status. Swimming motility assays further confirmed that the swimming radius of 261 

E5ΔSoFIC was reduced by 31% compared with the wild type (Figure S2E and S2F). In addition, 262 

crystal violet staining showed that biofilm formation in E5 Δ SoFIC was reduced by 263 

approximately 55% (Figure S2G and S2H). 264 



To further visualize the effect of SoFIC knockout on bacterial surface morphology, we 265 

observed wild-type E. coli E5 and E. coli E5ΔSoFIC by negative-staining transmission electron 266 

microscopy (Figure 5B). The results showed that compared to the wild-type, E5ΔSoFIC 267 

exhibited a marked reduction in peritrichous fimbriae, with cells becoming rounder and 268 

smoother and fewer surface protrusions. Whole-genome sequencing analysis of E. coli E5 269 

revealed that it carries the fim gene cluster encoding type I fimbriae, the csg gene cluster 270 

encoding Curli fimbriae, and multiple additional fimbria-related gene clusters such as pap, sfa, 271 

and ecp. After SoFIC deletion, most genes in these clusters showed a downregulated trend at 272 

the transcriptional level (Figure 5C), suggesting an important regulatory role of the SoFIC 273 

defense system in fimbrial synthesis. To examine whether these transcriptional changes were 274 

reflected at the protein level, we further performed DIA quantitative proteomics on wild-type 275 

E5 and E5ΔSoFIC. Upon SoFIC deletion, the abundance of multiple fimbria-related proteins 276 

was significantly reduced, including the site-specific recombinase FimB, which is involved in 277 

type I fimbrial phase variation [54], the Curli transcriptional regulator CsgD, and the channel 278 

protein CsgG required for outer membrane secretion of Curli subunits[55] (Figure 5D and 5E). 279 

The significant decrease in FimB expression suggests impaired regulation of type I fimbrial 280 

phase variation, whereas the reduced abundance of CsgD and CsgG indicates impaired curli 281 

transcriptional regulation and defective curli subunit secretion and assembly, respectively. 282 

Complementation with wild-type SoFic in E5ΔSoFIC largely restored the cell surface 283 

fimbrial structures to wild-type levels. In contrast, complementation with the 284 

H264A/D268A/R272A triple mutant resulted in only partial restoration of fimbriae, with the 285 

cell surface remaining smoother than that of the wild type and showing markedly insufficient 286 

surface protrusions and fimbrial density (Figure 5B). These findings indicate that intact Fic 287 

catalytic activity is crucial for maintaining normal fimbrial structures. Although the triple 288 

mutant partially restored fimbrial morphology, it was insufficient to rebuild a complete physical 289 

surface barrier. Overall, SoFIC broadly affects host physiological status and cell surface-related 290 

processes in a manner dependent on an intact Fic catalytic motif. 291 

SoFIC hinders phage adsorption via the bacterial physical barrier 292 



Given the reduced fimbriae and biofilm formation in the E. coli E5ΔSoFIC strain, we 293 

hypothesized that the SoFIC blocks initial phage adsorption by maintaining the surface physical 294 

barrier. Adsorption assays at 37 °C showed that phage DE5 adsorbed more rapidly to the 295 

knockout strain, reaching 91.9% at 10 min versus 79.8% for the wild type. Similar results were 296 

obtained at 4 °C, excluding interference from DNA injection (Figure 5F). Thus, SoFIC indeed 297 

impedes phage adsorption. Given the critical role of the Fic catalytic motif in restoring fimbrial 298 

structures, we further measured the adsorption rate of phage DE5 on the complemented strains 299 

(Figure 5F) to examine whether restoration of fimbrial structures was accompanied by 300 

restoration of anti-adsorption function. At both 37°C and 4°C, complementation with wild-type 301 

SoFic restored the DE5 adsorption rate to a level close to that of wild-type E5. After 302 

complementation with the H264A or D268A single mutant, the DE5 adsorption rate failed to 303 

decrease to wild-type levels. In contrast, after complementation with the R272A single mutant 304 

or the H264A/D268A/R272A triple mutant, the adsorption rate was almost identical to that of 305 

the E5ΔSoFIC strain and significantly higher than that of the wild-type strain. These results 306 

indicate that, in the native host genetic background, the fimbria-mediated structural barrier 307 

governed by an intact Fic catalytic motif is closely associated with the anti-adsorption function 308 

of the SoFIC, with the R272 residue being particularly critical under the present experimental 309 

conditions. 310 

Subsequently, we identified the host surface receptor required by phage DE5. DE5 shares 311 

96% genome sequence identity with phage SU10 (genus Kuravirus[56]), which uses 312 

lipopolysaccharide (LPS) as its receptor[57]. Host range analysis revealed that DE5 cannot infect 313 

the rough E. coli BL21 strain lacking O antigen, nor the E. coli E5 ΔwaaL mutant (O antigen 314 

ligase knockout), confirming that O antigen is an essential receptor (Figure 5G). Serotype 315 

prediction using SerotypeFinder[58] classified E. coli E5 as O2/O50 (Figure 5H). Notably, after 316 

SoFIC deletion, most O-antigen synthesis-related genes[59] were not upregulated but instead 317 

showed an overall downward trend (Figure S2I). Therefore, the enhanced DE5 phage 318 

adsorption on E5ΔSoFIC cannot be explained by upregulated receptor synthesis genes, but is 319 

more consistent with a steric hindrance-based defense model. In the wild-type strain, the SoFIC 320 

participates in maintaining the integrity of bacterial surface physical barriers such as fimbriae 321 



and biofilms, thereby sterically blocking phage adsorption to host surface receptors. In contrast, 322 

the defective native physical barrier of E5ΔSoFIC allows a greater number of phages to adsorb 323 

to host receptors, rendering the bacteria more susceptible to phage infection. 324 

SoFIC Initiates Multi-Target Synergistic Intracellular Defense upon Phage Stimulation 325 

Although SoFIC can hinder initial phage adsorption by maintaining the bacterial physical 326 

barrier, it remains unclear whether it also participates in intracellular defense after phages 327 

breach the barrier. To address this, we further compared the transcriptomic changes between 328 

wild-type E5 and E5ΔSoFIC at 3 h after infection with DE5 at low MOI (0.01). In the absence 329 

of phages, the overall transcriptional level of E5ΔSoFIC was downregulated, whereas after 330 

infection its overall expression increased (Figure 6A), suggesting that successful phage 331 

replication forces the bacterium to switch from a low-metabolic dormant state to a global stress 332 

response state. Compared with the wild-type strain, E5ΔSoFIC had 163 significantly 333 

upregulated genes and 162 significantly downregulated genes (|logFC| ≥ 1 and FDR ≤ 0.05) 334 

(Figure 6B). GO and KEGG enrichment analyses of the differentially expressed genes revealed 335 

that downregulated genes were enriched in pathways such as the TCA cycle, DNA replication, 336 

mismatch repair, ribosomal protein synthesis, and ABC transporters (Figure S3B and S3D), 337 

indicating severe impairment of host basal metabolism and biosynthetic capacity. In contrast, 338 

upregulated genes were enriched in DNA damage response, homologous recombination repair, 339 

and purine and multiple amino acid metabolic pathways (Figure S3A and S3C). Because the 340 

cells already lacked sufficient energy and raw materials to complete effective repair, this repair 341 

activation not only failed to restore host homeostasis but likely provided nucleotide precursors 342 

and hijackable recombination machinery for phage genome replication, ultimately promoting 343 

phage proliferation. 344 

To dissect the molecular basis by which SoFIC influences the above intracellular 345 

metabolic changes, we purified N-terminally His-tagged E. coli E5 SoFic protein and identified 346 

host proteins that specifically interact with SoFic upon DE5 phage stimulation by pull-down 347 

(Figure S4). Mass spectrometry results showed that SoFic interacted with 12 host proteins, 348 

including the DNA-binding protein HU-α (HupA), the transcription antitermination protein 349 



NusB, the DNA gyrase inhibitor SbmC, the aspartate carbamoyltransferase catalytic subunit 350 

PyrB, bacterioferritin Bfr, and peptide methionine sulfoxide reductase MsrA (Figure 6C and 351 

6D). These specifically interacting proteins are directly involved in key processes such as DNA 352 

homeostasis, transcription elongation, nucleotide metabolism, and antioxidation, closely 353 

matching the pathways enriched among the significantly differentially expressed genes in the 354 

transcriptome. HupA participates in maintaining DNA compaction, replication, and mismatch 355 

repair [60, 61]. SbmC, as a key regulator of DNA topology, is essential for maintaining DNA 356 

replication fidelity and suppressing unnecessary DNA damage stress [62]. Loss of SoFic 357 

interaction with HupA and SbmC may explain the downregulation of DNA replication and 358 

mismatch repair and the aberrant activation of homologous recombination in E5ΔSoFIC. NusB 359 

regulates ribosomal RNA transcription[63]; PyrB participates in pyrimidine synthesis[64]; Bfr and 360 

MsrA are involved in iron homeostasis[65] and oxidative repair[66], respectively. Their 361 

dysfunction may lead to decreased ribosomal synthesis, pyrimidine metabolic disorders, and 362 

reactive oxygen species accumulation[67] . Therefore, we propose that the SoFIC defense system 363 

helps maintain normal host DNA replication, energy metabolism, and protein synthesis while 364 

limiting excessive nucleotide synthesis and resisting oxidative stress. This effectively prevents 365 

host cells from falling into a disordered state of metabolic collapse and aberrant homologous 366 

recombination activation, providing a favorable environment for intracellular multi-layered 367 

defense and thereby inhibiting phage proliferation without killing the host. 368 

Transmission electron microscopy further visually confirmed the above inference (Figure 369 

6E). At 50 min post-infection, most wild-type E5 cells still maintained an intact rod-shaped 370 

structure, with a few intracellular phage particles undergoing assembly, and relatively few free 371 

phages were observed in the entire field of view. In contrast, E5ΔSoFIC already showed 372 

obvious signs of lysis, loss of cell membrane integrity, and leakage of cytoplasm, with 373 

numerous fully assembled phage particles visible within cells and near cell debris. Under high 374 

magnification (60,000×), large numbers of structurally intact phages could be clearly observed 375 

inside E5ΔSoFIC cells. At 3 h post-infection, the field of view for E5ΔSoFIC contained far 376 

more lysed cells and released progeny phages than that of the wild type, and high-magnification 377 

images revealed numerous fully assembled phage particles within the cells. These results are 378 



consistent with the significantly higher lysis rate and phage titer of E5ΔSoFIC at 3 h post-379 

infection compared with the wild type (Figure 4B and Figure 4D), indicating that after SoFIC 380 

loss, the intracellular environment was remodeled into a "phage factory" highly efficient at 381 

producing progeny phages. 382 

SoFIC time-dependently synergizes with endogenous defense systems to enhance anti-383 

phage immunity 384 

Recent studies have shown that bacterial anti-phage defense systems interact extensively 385 

and can significantly enhance resistance to specific phages[3, 43]. To investigate the relationship 386 

between SoFIC and other endogenous defense systems, we individually knocked out all 387 

components or key genes of other predicted defense systems in the E5ΔSoFIC background 388 

(Figure S1B). Because knocking out the Lmuc component of Lamassu_Fam severely affected 389 

bacterial growth and knocking out the RM I system caused homozygous lethality, we were 390 

unable to obtain the corresponding double-knockout strains. The remaining double-knockout 391 

strains grew normally and could be used for subsequent infection experiments (Figure 7A). 392 

After infection with DE5 at low MOI (0.01), phage titers were measured at 1, 3, and 5 h, 393 

and EOP (Efficiency of Plating) was calculated relative to the proliferation titer of the wild-394 

type background (Figure 7B). At 1 h (Figure 7C), ΔAbiE, ΔRetron VI, ΔRM III, and ΔThoeris 395 

I showed significantly higher phage titers than the wild type (EOP = 10.58, 11.73, 6.35, and 396 

3.15, respectively), indicating strong immediate defense. ΔSoFIC had an EOP of 3.27, 397 

confirming its role in early defense. In contrast, ΔSanaTA, ΔSeptuI, ΔPsyrTA, and ΔMenshen 398 

were similar to the wild type (EOP = 0.87-0.92), suggesting limited early defense. Among 399 

double knockouts, ΔSoFICΔSeptuI, ΔSoFICΔRMIII, and ΔSoFICΔPsyrTA reached EOP 400 

values of 11.73, 11.92, and 6.54, respectively, significantly higher than the corresponding 401 

single knockouts, indicating functional additivity or synergy. ΔSoFICΔAbiE, 402 

ΔSoFICΔSanaTA, ΔSoFICΔThoerisI, and ΔSoFICΔMenshen showed no significant difference 403 

from single knockouts, suggesting no obvious synergy with SoFIC. 404 

After multiple rounds of infection (3 h) (Figure 7C), all single-knockout strains had titers 405 

significantly higher than that of the wild type (EOP = 16.67-26.39), with ΔSoFIC at 16.67. 406 



Among double knockouts, ΔSoFICΔRetronVI reached an EOP of 26.39, significantly higher 407 

than either single knockout (16.67 and 18.06), indicating synergy. However, no synergy was 408 

observed between them at 1 h, indicating that the synergy between SoFIC and RetronVI is time-409 

dependent. Similarly, ΔSoFICΔSeptuI showed early synergy at 1 h but had a lower titer at 3 h 410 

(EOP = 18.06) than ΔSeptuI alone (EOP = 26.39), suggesting that this synergy is restricted to 411 

early infection and is also time-dependent. Meanwhile, the lysis rate measurements (Figure 7D 412 

and 7E) showed that the wild-type strain had only 71% lysis, whereas all single and double 413 

knockouts exceeded 99%, confirming that the integrity of the defense systems is critical for 414 

bacterial survival during the middle and late stages of phage infection. At 5 h, all titers plateaued 415 

and differences from the wild type narrowed (EOP = 1.33-2.11) (Figure 7C). 416 

To dissect this phenomenon at the molecular level, we compared the transcriptional 417 

changes of other endogenous defense system genes in ΔSoFIC and wild-type E5 before and 418 

after phage infection by transcriptomics (Figure S2J). In the uninfected state, most defense 419 

system genes in ΔSoFIC were already compensatorily upregulated at the transcriptional level. 420 

However, this transcriptional compensation was insufficient to overcome the core defense 421 

defect caused by SoFIC loss, as ΔSoFIC still exhibited phage titers and lysis rates far higher 422 

than those of the wild type after infection. At 3 h post-infection, the transcriptional levels of 423 

defense system genes changed again, and the trends differed among different systems. This 424 

indicates that bacterial defense systems do not act independently but constitute a highly 425 

complex, dynamically interacting regulatory network. Phage infection can trigger extensive 426 

remodeling of this network, which may explain the temporal heterogeneity of SoFIC 427 

interactions with other endogenous defense systems. However, the specific regulatory 428 

relationships still require further verification. 429 

Discussion 430 

Traditionally, functional studies of bacterial anti-phage defense systems have relied 431 

heavily on heterologous overexpression, where defense system genes are cloned into model 432 

strains for high-level expression to assess phage resistance. While convenient and 433 

experimentally tractable, this approach strips away the native transcriptional regulatory context, 434 

often missing the core physiological functions of the defense systems[3, 68]. To address this 435 



limitation, we directly used Escherichia coli E5, a natural host of the SoFIC defense system, 436 

along with its cognate short-tail phage DE5. By constructing in situ knockout and 437 

complementation strains, we systematically revealed the authentic function of SoFIC in its 438 

native context and the immune mechanism underlying its defense against phage infection. 439 

Unlike most known bacterial anti-phage systems that directly target phage nucleic acids or 440 

proteins, SoFIC achieves dual-layer defense through an extracellular barrier effect and 441 

intracellular metabolic regulation by remodeling host metabolism and surface structures (Figure 442 

8). In addition, SoFIC exhibits time-dependent functional crosstalk with multiple endogenous 443 

defense systems, collectively enhancing bacterial immunity. 444 

Outer defense layer.  SoFIC limits initial DE5 adsorption by maintaining the integrity of 445 

surface structures such as fimbriae and biofilms. Transcriptome and DIA proteomics 446 

consistently showed that SoFIC knockout reduced transcription of fimbrial gene clusters (fim, 447 

csg) and significantly downregulated FimB, CsgD, and CsgG. Knockout of SoFIC caused the 448 

fimbriae of E. coli E5 to almost disappear, reduced biofilm formation capacity by 449 

approximately 55%, and significantly increased the adsorption rate of phage DE5. Wild-type 450 

SoFic complementation restored growth, fimbriae, and the adsorption barrier, whereas 451 

complementation with H264A, D268A, R272A, or the triple mutant failed to restore full anti-452 

adsorption function, indicating that an intact Fic catalytic motif is required for fimbria-mediated 453 

defense. Notably, the host surface receptor for DE5 is the O-antigen, whereas O-antigen 454 

synthesis genes were downregulated in ΔSoFIC, indicating that enhanced adsorption is not due 455 

to receptor upregulation but is more consistent with a model of physical barrier loss. Thus, 456 

SoFIC establishes a non-specific defense strategy based on steric hindrance that is multiplicity-457 

dependent. It is effective at low MOI but can be overcome at high MOI. Given that the general 458 

abundance of phages in natural environments is usually insufficient to produce extremely high 459 

MOI, the SoFIC-mediated physical barrier may constitute the first line of defense for bacteria 460 

against phage invasion. 461 

Inner defense layer. When phages breach the barrier, SoFIC initiates intracellular defense. 462 

Transcriptomics showed that ΔSoFIC underwent metabolic collapse after infection, with 463 

suppression of the TCA cycle, DNA replication, mismatch repair, and ribosomal synthesis, but 464 



aberrant activation of homologous recombination repair and nucleotide precursor synthesis. 465 

Because cells lacked sufficient energy and raw materials to complete repair, these repair 466 

resources could instead be hijacked by phages, promoting their genome replication and 467 

packaging. TEM confirmed that ΔSoFIC produced numerous intact phage particles by 50 min 468 

post-infection, becoming an efficient “phage factory”.  In contrast, wild-type SoFic interacts 469 

with HupA, SbmC, NusB, PyrB, Bfr, and MsrA to maintain DNA topology, replication fidelity, 470 

transcription elongation, pyrimidine synthesis, and redox homeostasis, thereby preventing 471 

metabolic collapse. Unlike abortive infection systems such as CBASS and Thoeris, SoFIC 472 

allows host survival while inhibiting phage proliferation, a strategy suited to ecological 473 

conditions with moderate phage pressure where host survival benefits the population. 474 

Another key finding is the time-dependent functional perturbation between SoFIC and 475 

other endogenous defense systems. Single- and double-knockout experiments revealed that 476 

SoFIC synergizes with Septu I, RM III, PsyrTA, and Retron VI in a time-dependent manner. 477 

SoFIC synergizes with SeptuI only in the early stage of infection, whereas its synergy with 478 

RetronVI occurs in the middle stage of infection. Transcriptomic analysis further indicated that 479 

SoFIC deficiency perturbs the transcriptional status of other defense systems. Phage infection 480 

triggers further dynamic changes at the transcriptional level, indicating that defense systems do 481 

not act independently but constitute a complex and dynamically interacting regulatory network. 482 

Although most defense system genes in E. coli E5ΔSoFIC are compensatorily upregulated, this 483 

is still insufficient to compensate for the core defense defect caused by SoFIC loss, suggesting 484 

that SoFIC may be a key node in maintaining the coordination of this defense network; however, 485 

the precise regulatory relationships require further verification. 486 

Previously, Fic family proteins were thought to participate primarily in bacterial toxin 487 

activity, metabolic regulation, or cellular signal transduction through post-translational 488 

modifications such as AMPylation[37, 38]. However, the present work directly links Fic family 489 

proteins to anti-phage defense. We found that SoFic contain a conserved Fic catalytic motif, 490 

and three key catalytic residues (H264, D268, R272) are essential for its anti-phage activity of 491 

SoFIC(Figure 3B-3E). This functional shift suggests that the Fic domain may have been 492 

domesticated through distinct evolutionary mechanisms: as an effector, it is used to attack the 493 



host; as a defense component, it is repurposed to remodel the bacterium's own metabolism and 494 

structural state. Nevertheless, we have not yet identified the direct modification substrates of 495 

SoFic. Whether the interaction partners identified by pull-down (HupA, SbmC, NusB, PyrB, 496 

Bfr, MsrA) are directly modified by SoFic, as well as the modification sites and functional 497 

consequences, remain to be addressed in future studies. In addition, this study has not yet 498 

elucidated the molecular mechanism underlying the defense selectivity of SoFIC against 499 

different phages. Based on our dual-layer defense model, however, several plausible 500 

explanations exist: (1) different phages may differ in their ability  to penetrate the surface 501 

physical barrier[69]. T5, as a long-tail phage, has a long and flexible tail that may be more easily 502 

impeded by dense fimbrial and biofilm matrices[57]. Whereas T7, a short-tail phage, has a shorter 503 

and more rigid tail that may confer stronger penetration ability, allowing it to partially bypass 504 

the physical barrier[70]; (2) phages vary in their reliance on host metabolism. T5 heavily depends 505 

on host replication, nucleotide synthesis, and energy metabolism, making it more susceptible 506 

to SoFIC-mediated metabolic homeostasis, whereas T7 rapidly shuts down host metabolism or 507 

encodes its own metabolic enzymes, limiting SoFIC efficacy[71, 72]; (3) some phages may encode 508 

anti-defense proteins that inhibit SoFIC or its host interactions—a possibility requiring future 509 

genomic screening[36]. 510 

In conclusion, this study establishes a dual-layer anti-phage defense model for SoFIC, 511 

combining an external barrier effect and internal metabolic regulation. This work expands the 512 

functional diversity of Fic family proteins and reveals a non-abortive infection strategy based 513 

on global metabolic remodeling rather than cell death. The time-dependent functional crosstalk 514 

among defense systems offers new insights into the hierarchical architecture of the bacterial 515 

immune network. From an applied perspective, these findings provide a theoretical foundation 516 

for engineering "domesticated" phage-resistant bacterial chassis with controllable metabolic 517 

burden, with potential applications in phage therapy, industrial fermentation, and synthetic 518 

biology. 519 

 520 

Materials and Methods 521 



Bacterial strains, plasmids, and culture conditions 522 

All bacterial strains, plasmids, and primers used in this study were listed in Table S3-S5 523 

respectively. Escherichia coli strains were routinely cultured in Luria-Bertani (LB) broth or on 524 

LB agar plates at 37°C with shaking. The whole genome sequence of phage DE5 and its E coli 525 

host E5 strain were sequenced and deposited in GenBank (Accession number: MW741821.1[56] 526 

and JBYDFN000000000 respectively). When necessary, antibiotics were added to the medium 527 

to maintain plasmid stability at the following concentrations: ampicillin (100 μg/mL), 528 

kanamycin (50 μg/mL), chloramphenicol (25 μg/mL), and tetracycline (10 μg/mL). 529 

Plasmid and strain construction 530 

Plasmids used in this study were constructed by standard molecular cloning methods. Briefly, 531 

PCR products of target genes were inserted into the corresponding vectors by restriction 532 

enzyme digestion and ligation or homologous recombination. For heterologous expression, 533 

the sofic gene was cloned from the genome of E. coli E5 and ligated into the pET-28a vector, 534 

followed by transformation into DL-TOP10 competent cells for homologous recombination. 535 

Point mutations were introduced by inverse PCR, and all constructed plasmids were verified 536 

by Sanger sequencing. Verified recombinant plasmids were subsequently transformed into E. 537 

coli BL21(DE3) for prokaryotic expression. 538 

Gene knockout strains of E. coli E5 were constructed using the CRISPR/Cas9 genome 539 

editing system. sgRNAs targeting the gene of interest were designed and co-cloned with 540 

homologous repair templates into the pSC101-pBAD vector to construct the donor plasmid. 541 

The verified donor plasmid and the Cas9 expression plasmid were co-transformed into E. 542 

coli E5. Successfully transformed recombinants were selected on LB agar plates containing 543 

both chloramphenicol and kanamycin. Positive single colonies were inoculated into LB 544 

medium containing both antibiotics and cultured at 30°C with shaking until the OD₆₀₀ reached 545 

0.6–0.8. L-arabinose and IPTG were added to induce the expression of sgRNA and Cas9 protein, 546 

to achieve targeted cleavage, and the target gene was ultimately deleted via homologous 547 

recombination repair. Verification primers were designed upstream and downstream of the 548 



target gene to screen for knockout homozygotes by PCR, and the deletions were confirmed by 549 

Sanger sequencing. 550 

Complementation plasmids were generated by standard molecular cloning. A DNA 551 

fragment encompassing the native promoter and coding region of sofic was PCR-amplified 552 

from E. coli E5 genomic DNA and cloned into pBR322 by restriction digestion and ligation or 553 

homologous recombination, yielding pBR322-Psofic-sofic, in which sofic expression is driven 554 

by its native promoter. Point mutations were introduced by inverse PCR and verified by Sanger 555 

sequencing. The sequence-confirmed plasmids were then transformed into competent E. coli 556 

E5ΔSoFIC cells. Complemented strains were selected with tetracycline (10 μg/mL) and 557 

designated E. coli E5ΔSoFIC-WT and the mutant-complemented strains E. coli E5ΔSoFIC-558 

H264A, E. coli E5ΔSoFIC-D268A, E. coli E5ΔSoFIC-R272A, and E. coli E5ΔSoFIC-559 

H264A/D268A/R272A. 560 

Distribution of SoFIC systems and phylogenetic analysis 561 

Millman et al. predicted defense systems in 3,895 bacterial and archaeal genomes using the 562 

DefenseFinder model and identified 629 SoFIC defense systems across 539 bacterial and 563 

archaeal genomes[42]. Based on the published gene and genome accession numbers, the genomic 564 

information of these 539 species and the 629 SoFIC defense system sequences were 565 

downloaded from the JGI IMG database. These sequences were combined with the SoFIC 566 

defense system sequences predicted from E. coli E5 and E. coli H397 by PADLOC and 567 

DefenseFinder, resulting in a comprehensive dataset comprising 632 SoFIC defense system 568 

protein sequences derived from 541 bacterial and archaeal species (Table S1). The distribution 569 

of SoFic proteins at the phylum, order, and genus levels was analyzed based on the information 570 

retrieved from the public databases. The length distribution of SoFic proteins was characterized 571 

by descriptive statistical analysis, including the calculation of minimum, maximum, and mean 572 

values. Multiple sequence alignment of the 632 SoFic protein sequences was performed using 573 

the Muscle5 algorithm, and low-quality regions of the alignment were trimmed using ClipKIT. 574 

Based on the trimmed alignment matrix, a maximum likelihood phylogenetic tree was 575 

constructed using MEGA11 software. The best-fit amino acid substitution model was 576 



automatically selected by the ModelFinder program according to the Bayesian Information 577 

Criterion (BIC). The topological reliability of the tree was assessed by 1,000 ultrafast bootstrap 578 

replicates. The resulting phylogenetic tree file was uploaded to the iTOL online platform for 579 

interactive visualization and graphical refinement. 580 

SoFic protein domain and motif analysis 581 

A systematic structural analysis was performed on SoFic proteins from 13 E. coli strains within 582 

the dataset(Table S1). Conserved domain annotation of SoFic proteins was carried out using 583 

the InterPro platform, integrating prediction results from multiple databases, including Pfam, 584 

CDD, and SMART, to determine their domain architecture. Subsequently, three-dimensional 585 

structural prediction of the full-length proteins was conducted using AlphaFold3, and the model 586 

with the highest prediction confidence was selected as the final structure. Concurrently, the 587 

MEME tool was employed to search for highly conserved motifs within the SoFic protein 588 

sequences, and these motifs were precisely localized based on multiple sequence alignment 589 

results. Molecular visualization and graphical rendering of all three-dimensional protein 590 

structural models and the spatial distribution of conserved motifs were performed in PyMOL. 591 

Phage propagation and plaque assays 592 

Bacteriophages used in this study were propagated on their respective host strains and were 593 

listed in Table S6. Phages T5, T7, and vB_EcoM_PD205 were amplified on E. coli BL21, while 594 

phage DE5 was amplified on E. coli E5. Phage lysates were filtered through 0.22 μm filters, 595 

serially diluted ten-fold, and spotted onto semi-solid agar plates (LB containing 0.75% agar) 596 

overlaid with the target bacterial strain. Plates were incubated at 37°C for 5 h (for T5, T7, and 597 

vB_EcoM_PD205) or overnight (for DE5), after which plaques were enumerated to calculate 598 

plaque-forming units per milliliter (PFU/mL). For the heterologous expression system, the 599 

bottom agar was supplemented with 0.1 mM IPTG. E. coli BL21(DE3) cells harboring the 600 

empty vector or the overexpression plasmid were embedded in the top agar and induced to 601 

express the exogenous protein at 37°C for 2 h prior to phage spotting. 602 

Monitoring of phage infection dynamics in liquid culture 603 



E. coli BL21(DE3) overnight cultures carrying the pET-28a-SoFic plasmid or the empty vector 604 

were diluted 1:100 (v/v) into fresh LB medium containing kanamycin and incubated at 37°C 605 

with shaking at 220 rpm until early logarithmic phase (OD₆₀₀ ≈ 0.3). IPTG was added to a 606 

final concentration of 0.5 mM, and the cultures were further incubated at 37°C for 2 h with 607 

shaking to induce SoFIC protein expression. Each culture was adjusted to the same OD₆₀₀ value 608 

(~0.3) with fresh LB medium, and phage T5 was added at an MOI of 0.01 or 1. Starting 609 

immediately after phage addition, 1 mL of culture was aseptically sampled every 20 min for a 610 

total duration of 5 h. The optical density at 600 nm (OD₆₀₀) of each sample was measured using 611 

a multifunctional microplate reader. 612 

The procedure for monitoring the infection dynamics of phage DE5 in liquid culture was 613 

largely the same as above. Overnight cultures of E. coli E5 and E. coli E5ΔSoFIC were diluted 614 

1:100 (v/v) into 100 mL of fresh LB medium in 500 mL Erlenmeyer flasks and incubated at 615 

37°C with shaking at 220 rpm until reaching the same OD₆₀₀ value (~0.7). Phage DE5 was 616 

added at MOIs of 0.001, 0.01, and 1, respectively. Starting from phage addition, 1 mL of culture 617 

was aseptically sampled every 15 min for a total duration of 12 h, and the OD₆₀₀ value was 618 

measured using a multifunctional microplate reader. The dynamic curves of OD₆₀₀ values were 619 

plotted with culture time as the horizontal axis and OD₆₀₀ as the vertical axis. 620 

Phage propagation titer determination 621 

Overnight cultures of E. coli E5 wild-type, single-knockout and double-knockout strains, 622 

complemented strains were diluted 1:100 (v/v) into fresh LB medium and incubated at 37°C 623 

with shaking until logarithmic phase (OD₆₀₀ ≈ 0.8). The bacterial concentration was adjusted 624 

to approximately 1 × 10⁹ CFU/mL. Cultures were aliquoted into sterile tubes, and phage DE5 625 

was added at various multiplicities of infection (MOIs), followed by continuous incubation at 626 

37°C with shaking at 220 rpm. At 1, 3, and 5 hours post-infection, 100 μL of the infected culture 627 

was aseptically withdrawn and centrifuged at 12,000 rpm for 2 min at 4°C to collect the 628 

supernatant. The supernatant was serially diluted ten-fold and spotted onto semi-solid agar 629 

plates (LB containing 0.75% agar) overlaid with E. coli E5. Plates were incubated upside down 630 

at 37°C overnight (approximately 12–16 h). Phage titers at each time point were calculated 631 



based on the dilution factor and expressed as PFU/mL. The efficiency of plating (EOP) of each 632 

knockout strain relative to wild-type E. coli E5 was calculated as the ratio of phage titers on the 633 

respective strains at the same time point. 634 

Bacterial growth curve measurement 635 

Overnight bacterial cultures were diluted 1:100 (v/v) into 100 mL of fresh LB medium in 500 636 

mL Erlenmeyer flasks and incubated at 37°C with shaking at 220 rpm. Starting from inoculation, 637 

1 mL of culture was aseptically sampled every hour, and the optical density at 600 nm (OD₆₀₀) 638 

was measured using a multifunctional microplate reader. Bacterial growth curves were plotted 639 

with culture time as the horizontal axis and OD₆₀₀ as the vertical axis. Experiments were 640 

performed independently in triplicate, and results are presented as mean ± standard deviation 641 

(SD). 642 

Bacterial lysis rate determination 643 

Overnight bacterial cultures were diluted 1:100 (v/v) into fresh LB medium and incubated at 644 

37°C with shaking to logarithmic phase (OD₆₀₀ ≈  0.8). The bacterial concentration was 645 

adjusted to approximately 1 × 10⁹ CFU/mL. A 1 mL aliquot of the quantified bacterial culture 646 

was infected with phage DE5 at an MOI of 0.01 and incubated at 37°C with shaking at 220 rpm 647 

for 3 h. The culture was centrifuged at 12,000 rpm for 2 min to harvest the bacterial pellet, and 648 

the supernatant was discarded. The pellet was washed three times with PBS by repeated 649 

centrifugation at 12,000 rpm for 2 min, and finally resuspended in 1 mL of fresh LB medium. 650 

Bacterial suspensions collected before and after phage infection were serially diluted ten-fold 651 

in LB medium, spotted onto LB agar plates, and incubated at 37°C overnight. The bacterial 652 

lysis rate was calculated as: [(initial viable count − surviving viable count) / initial viable count] 653 

× 100%. 654 

One-step growth curve analysis of phage DE5 655 

Overnight cultures of E. coli E5 were diluted 1:100 (v/v) into fresh LB medium and incubated 656 

at 37°C with shaking until logarithmic phase (OD₆₀₀ ≈ 0.8). The bacterial concentration was 657 



adjusted to approximately 1 × 10⁸ CFU/mL. A 900 μL aliquot of the bacterial suspension was 658 

mixed with 100 μL of phage lysate to achieve a multiplicity of infection (MOI) of 0.01 and 659 

incubated at 37°C for 10 min without shaking to allow phage adsorption. After adsorption, the 660 

mixture was centrifuged at 12,000 rpm for 5 min at 4°C to remove unadsorbed free phages. The 661 

supernatant was discarded, and the pellet was resuspended in 1 mL of PBS, followed by two 662 

additional rounds of centrifugation and washing to thoroughly eliminate residual free phages. 663 

The final pellet was resuspended in 30 mL of pre-warmed LB medium; this time point was 664 

designated as the infection initiation point (t = 0). Starting from t = 0, 200 μL aliquots were 665 

aseptically sampled every 10 min, and the phage titer in each sample was immediately 666 

quantified by the plaque assay. A one-step growth curve was plotted with infection time as the 667 

horizontal axis and the logarithmic value of phage titer (PFU/mL) as the vertical axis. The latent 668 

period (the time interval from infection to the first significant increase in extracellular phage 669 

titer), the rise phase, and the plateau phase were determined from the curve, and the complete 670 

infection cycle was calculated. 671 

Phage adsorption assay 672 

Overnight bacterial cultures were diluted to 1 × 10⁸ CFU/mL. A 1 mL aliquot of the bacterial 673 

suspension was mixed with phage lysate at an MOI of 0.01. The mixture was incubated 674 

statically at 37°C or 4°C, and at designated time points, the mixture was rapidly centrifuged at 675 

12,000 rpm, and the supernatant was collected. The pellet was immediately resuspended in 1 676 

mL of PBS to wash away unadsorbed phages and centrifuged again at 12,000 rpm. The resulting 677 

supernatant was combined with the first supernatant. Free unadsorbed phages in the combined 678 

supernatant were quantified by the double-layer agar plate method. The adsorption rate was 679 

calculated as: [(total initial phage count − free phage count in the supernatant) / total initial 680 

phage count] × 100%. 681 

Biofilm formation assay by crystal violet staining 682 

The concentration of overnight E. coli cultures was adjusted to 1 × 10⁹ CFU/mL and then 683 

diluted 1:100 (v/v) into fresh LB medium. A 200 μL aliquot was added to each well of a 96-684 

well cell culture plate (six replicates per bacterial strain) and incubated at 37°C for 48 h under 685 



static conditions. Planktonic bacteria were discarded, and the wells were gently washed three 686 

times with PBS to remove non-adherent cells. Subsequently, 200 μL of methanol was added to 687 

each well for fixation for 15 min. The methanol fixative was carefully aspirated, and the wells 688 

were gently washed once with PBS. Biofilms attached to the well walls were stained with 100 689 

μL of 0.1% (w/v) crystal violet solution for 30 min, followed by washing with PBS to remove 690 

excess dye. After air-drying, the bound crystal violet was solubilized with 95% ethanol, and the 691 

absorbance was measured at 595 nm using a microplate reader. 692 

Bacterial swimming motility assay 693 

Overnight bacterial cultures were diluted 1:100 (v/v) into fresh LB medium and incubated at 694 

37°C with shaking until OD₆₀₀ reached 0.8. A 1 μL aliquot of the culture was inoculated into 695 

the center of LB semi-solid agar plates containing 0.3% (w/v) agar. Plates were incubated 696 

upright at 37°C for 24 h under static conditions. The diameter of the bacterial swimming zone 697 

was measured to assess motility. Each experiment was performed independently in triplicate. 698 

Transcriptomic analysis (RNA-seq) 699 

Overnight cultures of E. coli E5 and E. coli E5ΔSoFIC were diluted 1:100 (v/v) into fresh LB 700 

medium and incubated at 37°C with shaking at 220 rpm until OD₆₀₀ reached 0.8. Bacterial cells 701 

were harvested by centrifugation, and the pellets were snap-frozen in liquid nitrogen. For the 702 

phage-infected group, phage DE5 was added at an MOI of 0.01, and incubation was continued 703 

at 37°C and 220 rpm for an additional 3 h. Cells were collected by centrifugation at 12,000 rpm 704 

for 10 min, washed three times with PBS, and snap-frozen in liquid nitrogen. Total RNA 705 

extraction, library construction, rRNA depletion, and Illumina paired-end sequencing were 706 

performed by BIOZERON Biotechnology Company. Raw sequencing data were subjected to 707 

quality control and filtering using fastp, and the clean reads were aligned to the reference 708 

genome using HISAT2. TPM values for each gene were calculated using TPMCalculator. 709 

Differential expression analysis was performed using DESeq2 with the screening criteria of 710 

|log₂(Fold Change)| ≥  1 and FDR ≤  0.05. GO and KEGG enrichment analyses were 711 

performed using the corresponding databases. RNA-seq data were deposited in GEO under 712 

accession number GSE333263.  713 



DIA quantitative proteomics 714 

Overnight cultures of E. coli E5 and E. coli E5ΔSoFIC were diluted 1:100 (v/v) into fresh LB 715 

medium and cultured at 37°C with shaking at 220 rpm to OD600 = 0.8. Cells were harvested, 716 

resuspended in lysis buffer containing protease and phosphatase inhibitors, sonicated on ice, 717 

and centrifuged to collect the supernatant. Protein concentration was determined by BCA assay, 718 

and protein integrity was assessed by SDS-PAGE. Equal amounts of protein were digested 719 

using the SP3 magnetic bead method. SP3 magnetic beads and 100% acetonitrile were added, 720 

followed by incubation at room temperature for 20 min. The beads were washed sequentially 721 

with 70% ethanol and 70% acetonitrile, resuspended in 50 mM ammonium bicarbonate, and 722 

subjected to reduction with DTT at 55°C for 30 min. Then, CAA, trypsin, and LysC were added, 723 

and digestion was performed at 37°C with shaking at 1,500 rpm. Peptides were desalted using 724 

a SOLA™ SPE 96-well plate, vacuum-dried, and spiked with iRT standard peptides at a volume 725 

ratio of 1:20. LC-MS/MS analysis was performed on a timsTOF HT mass spectrometer using 726 

a 15-min liquid chromatography gradient in DIA data acquisition mode. Raw data were 727 

searched using DIA-NN software. Trypsin digestion, fixed modification carbamidomethyl (C), 728 

and variable modifications oxidation (M) and acetyl (protein N-term) were set, with both PSM 729 

and protein FDR set to 0.01, to complete DIA quantitative proteomic analysis. For 730 

bioinformatics analysis, proteins identified by DIA-NN were filtered by retaining those with at 731 

least one unique peptide, valid values in ≥2 samples across all samples, and a valid value 732 

proportion of ≥50% in at least one group. For groups with a valid value proportion ≥50%, 733 

missing values were filled with the group mean; the remaining missing values were filled with 734 

half of the global minimum. Subsequently, median normalization and log2 transformation were 735 

performed. Quality control was conducted using principal component analysis (PCA), sample 736 

correlation analysis, and hierarchical clustering. Differentially expressed proteins were 737 

screened using a threshold of FC ≥ 2 or FC ≤ 1/2. t-tests were used for two-group comparisons, 738 

and ANOVA was used for multi-group comparisons. 739 

SoFic protein purification and pull-down assay 740 



The SoFic protein-coding gene fused with an N-terminal His-tag was cloned into the pET-28a-741 

empty vector and transformed into E. coli TOP10 competent cells. Positive monoclonal 742 

colonies were identified by kanamycin resistance screening and PCR verification, and further 743 

confirmed by Sanger sequencing. The verified recombinant plasmid was extracted and 744 

transformed into E. coli BL21(DE3) for prokaryotic expression. The bacterial culture was 745 

diluted 1:100 (v/v) into kanamycin-containing LB medium and incubated at 37°C with shaking 746 

at 220 rpm until logarithmic phase. Protein expression was induced by adding 0.01 mM IPTG 747 

and incubating at 16°C with shaking at 160 rpm overnight. Bacterial cells were disrupted by 748 

ultrasonication, and the inclusion body precipitate was collected. The inclusion bodies were 749 

dissolved and refolded using a urea gradient (8 M, 6 M, 4 M, 2 M, and 1 M urea). The refolded 750 

His-SoFic protein mixture was equally divided and loaded onto two Ni-NTA agarose resin 751 

columns (Qiagen) for affinity chromatography purification. Following sample loading and 752 

washing with a low-concentration imidazole (20 mM) buffer to remove non-specifically bound 753 

proteins while retaining His-SoFic on the column, the resin was incubated with E. coli E5 754 

whole-cell lysate or E. coli E5 whole-cell lysate stimulated with phage DE5 for 1 h at 4°C with 755 

gentle rotation for 2 h. After washing with low-concentration imidazole (20 mM) buffer to 756 

remove non-specifically bound proteins, the His-SoFic protein and its binding partners were 757 

eluted from the Ni-NTA agarose resin with a high-concentration imidazole (250 mM) buffer. 758 

The eluate was separated by SDS-PAGE, and the entire lane was excised for liquid 759 

chromatography-tandem mass spectrometry (LC-MS/MS) identification. Specific interacting 760 

proteins of the SoFIC defense system upon DE5 phage stimulation were identified by 761 

comparative analysis. 762 

Transmission electron microscopy (TEM) observation 763 

For negative staining, samples of E. coli E5, E. coli E5ΔSoFIC, E. coli E5ΔSoFIC-WT and E. 764 

coli E5ΔSoFIC-H264A/D268A/R272A strains were prepared by applying 10 μL of the bacterial 765 

suspension onto a copper grid and allowing it to settle for 1 min. Excess liquid was removed 766 

with filter paper. Subsequently, 10 μL of phosphotungstic acid staining solution was applied to 767 

the grid and allowed to settle for 1 min, after which excess liquid was removed with filter paper. 768 

The grids were air-dried at room temperature for several minutes. Bacterial morphology was 769 



observed using a Hitachi HT7800 transmission electron microscope operated at an accelerating 770 

voltage of 120 kV, and images were acquired for analysis. 771 

For E. coli E5 and E. coli E5ΔSoFIC strains infected with phage DE5 at an MOI of 0.01 for 50 772 

min and 3 h, samples were prepared by the resin-embedding ultrathin sectioning method. At 50 773 

min and 3 h post-infection, bacterial cultures were collected by centrifugation at 12,000 rpm 774 

for 5 min at 4°C, and the supernatant was discarded. The pellets were immediately fixed with 775 

2.5% glutaraldehyde at 4°C for 16 h. The fixed samples were rinsed three times with 0.1 M 776 

phosphate buffer (PB, pH 7.35), 15 min each. Post-fixation was performed with 1% osmium 777 

tetroxide solution for 1–2 h. The osmium tetroxide waste solution was carefully removed, and 778 

the samples were rinsed with 0.1 M phosphate buffer (PB, pH 7.35) for 15 min, followed by 779 

three washes with distilled water, 10 min each. The samples were dehydrated through a graded 780 

ethanol series (30%, 50%, 70%, 80%, 95%, and 100% ethanol) for 15 min each, followed by 781 

three changes of 100% propylene oxide, 15 min each. The dehydrated samples were infiltrated 782 

and embedded in epoxy resin. The infiltration steps were as follows: propylene oxide: 783 

embedding medium = 1:1 at room temperature for 2 h; propylene oxide: embedding medium = 784 

1:2 overnight; pure embedding medium at room temperature for 4 h, repeated twice. The pure 785 

embedding medium was poured into embedding molds, and the samples were inserted into the 786 

molds, followed by polymerization at 37°C for 48 h and 45°C for 12 h. The embedding molds 787 

were then placed in a 60°C oven for 48 h for final polymerization, and the resulting resin blocks 788 

were retrieved. Ultrathin sections (60–70 nm) were cut from the resin blocks using an 789 

ultramicrotome and collected onto copper grids. The sections were stained with uranyl acetate 790 

for 10–30 min, washed with water, stained with lead citrate for 7 min, washed with water, air-791 

dried, and observed. The ultrastructure of the samples was observed using a transmission 792 

electron microscope (JEOL 1400Flash) operated at an accelerating voltage of 80 kV, and digital 793 

images were acquired using the accompanying CCD camera. Observations focused on the 794 

integrity of the bacterial cell wall and cell membrane, changes in the cytoplasmic matrix, and 795 

the assembly status and distribution of intracellular phage particles. 796 

Statistical analysis 797 



Unless otherwise specified, all experiments were performed independently in triplicate, and 798 

results are presented as mean ± standard deviation (SD). All statistical analyses and graphical 799 

representations were performed using GraphPad Prism 10.1.2 software. 800 
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Figure legends 977 

Figure 1. SoFIC defense systems are widely distributed across bacteria and 978 

exhibit diverse sequence features. 979 

(A) Prevalence of the SoFIC defense system across 22,818 complete prokaryotic 980 

genomes. The percentage of genomes containing at least one SoFIC system is 981 

indicated (9.91%). 982 

(B) Phylogenetic tree reconstructed from 632 SoFic protein sequences derived from 983 

541 bacterial and archaeal species.  984 

(C) Distribution of SoFIC systems across major bacterial phyla. Proteobacteria 985 

account for the largest proportion (68.39%), followed by Fusobacteria, Cyanobacteria, 986 

Spirochaetes, and Bacteroidetes. 987 

(D) Further subdivision of SoFIC systems within Proteobacteria. From left to right, 988 

the distribution is shown across orders within Proteobacteria, families within 989 

Enterobacterales, and genera within the family Enterobacteriaceae. 990 

(E) Size distribution of SoFic proteins. The lengths range from 195 to 455 amino 991 

acids. 992 

(F) Copy number distribution of SoFIC defense systems per bacterial genome.   993 

 994 

Figure 2. Architecture of SoFIC anti-phage defense systems 995 

(A) Domain architectures of representative SoFic proteins from 13 E. coli strains. 996 

Three types were identified: SoFic proteins represented by E. coli SF‑166 contain a 997 

Fic_N domain, a Fic domain, and a SoFic‑like_C domain; SoFic proteins represented 998 

by E. coli S10 contain Fic_N and Fic domains but lack the SoFic‑like_C domain; 999 

SoFic proteins represented by E. coli E5 contain only the core Fic domain. 1000 

(B) Three‑dimensional structural models of the three representative SoFic proteins 1001 

predicted by AlphaFold3, showing distinct domain organizations. 1002 

(C) Protein motif prediction of the three representative SoFic proteins. A continuous 1003 

highly conserved region of 37 amino acids was identified within the Fic domain, and 1004 

the canonical FIC motif (HPF(P/R)DGNGR) was recognized at positions 16 to 24 of 1005 

this conserved region. 1006 

(D) Schematic representation of the conserved FIC motif showing key catalytic 1007 

residues. The conserved histidine (H), arginine (R), and aspartate (D) residues were 1008 



highlighted in red, while other conserved residues were highlighted in blue, green, 1009 

yellow. 1010 

 1011 

Figure 3. SoFIC confers anti-phage immunity in the heterologous expression 1012 

system. 1013 

(A) Schematic representation of the heterologous expression system. The sofic gene 1014 

from E. coli E5 was cloned into the pET‑28a vector and overexpressed in E. coli 1015 

BL21(DE3), which naturally lacks the SoFIC defense system. 1016 

(B–E) Anti‑phage activity of SoFIC against three representative phages. SoFIC 1017 

conferred strong resistance against the long‑tail phage T5, weak resistance against the 1018 

short‑tail phage T7, and no detectable resistance against the myophage 1019 

vB_EcoM_PD205. Empty vector controls are shown for comparison. Single 1020 

mutations (H264A, D268A, R272A) and the triple mutation (H264A/D268A/R272A) 1021 

of the key catalytic residues almost completely abolished the anti‑phage activity of 1022 

SoFIC. 1023 

(F) Dynamic changes in OD600 of bacterial cultures after T5 infection at different 1024 

multiplicities of infection (MOIs). SoFIC effectively protected the host at a low MOI 1025 

(0.01) but was overwhelmed at a high MOI (1). 1026 

 1027 

Figure 4. SoFIC-mediated anti-phage defense in the native host requires an 1028 

intact Fic motif. 1029 

(A) One‑step growth curve of phage DE5, showing a complete infection cycle of 1030 

approximately 1 h. 1031 

(B) Spot assays showing phage titers at 1, 3, and 5 h post-infection with DE5 at MOIs 1032 

of 0.001, 0.01, 1, and 10 in E. coli E5, E5ΔSoFIC, and complemented strains 1033 

(E5ΔSoFIC-WT, E5ΔSoFIC-H264A, E5ΔSoFIC-D268A, E5ΔSoFIC-R272A, 1034 

E5ΔSoFIC-H264A/D268A/R272A). 1035 

(C) Dynamic changes in OD600 of bacterial cultures after DE5 infection. The ΔSoFIC 1036 

culture lysed more rapidly, confirming increased susceptibility. 1037 

(D) Spot assays of initial CFU and CFU at 3 h post-infection for the indicated strains. 1038 

(E) Bacterial lysis rate at 3 h post-infection. Data are presented as mean ± SD. 1039 

 1040 



Figure 5. SoFIC maintains surface architecture and limits phage adsorption in a 1041 

Fic motif-dependent manner. 1042 

(A) Growth curves of E. coli E5, E5ΔSoFIC, and complemented strains over 24 h. 1043 

(B) Negative-staining transmission electron microscopy images of WT, ΔSoFIC, 1044 

ΔSoFIC-WT, and ΔSoFIC-3Mut (H264A/D268A/R272A) cells. 1045 

(C) Transcriptional analysis of fimbrial gene clusters (fim, csg, pap, sfa, ecp). Most 1046 

genes were significantly downregulated in the ΔSoFIC strain. 1047 

(D) Heatmap of protein abundance (log2(FC)) of fimbria-related proteins in E. coli E5 1048 

and E5ΔSoFIC. 1049 

(E) MA plot of differentially expressed proteins from DIA proteomics. FimB, CsgG, 1050 

and CsgD are indicated. 1051 

(F) Adsorption efficiency of phage DE5 on the indicated strains at 37°C (left) and 4°C 1052 

(right). 1053 

(G) Host range analysis of phage DE5 on the indicated bacterial strains. DE5 1054 

efficiently infected E. coli E5 and E. coli E5ΔSoFIC, but failed to infect E. coli 1055 

E5ΔWaaL or E. coli BL21. 1056 

(H) Schematic representation of DE5 phage binding to the O2/O50 receptor on the 1057 

outer membrane of E. coli E5. The O‑antigen serves as the essential receptor for 1058 

phage adsorption. 1059 

 1060 

Figure 6. SoFIC remodels host metabolism and prevents phage‑induced 1061 

metabolic collapse through multi‑target protein interactions. 1062 

(A) Overall gene expression levels in wild‑type and ΔSoFIC strains at 3 h 1063 

post‑infection with DE5 (MOI = 0.01). 1064 

(B) Number of differentially expressed genes (|logFC| ≥ 1, FDR ≤ 0.05). The ΔSoFIC 1065 

strain showed 163 upregulated and 162 downregulated genes compared to wild‑type. 1066 

(C) Mass spectrometry analysis of pull‑down assays identifying host proteins that 1067 

specifically interact with SoFic upon DE5 stimulation. Twelve specific interactors 1068 

were identified. 1069 

(D) List of the 12 specific interactors. 1070 

(E) Transmission electron microscopy images of wild‑type and ΔSoFIC strains at 1071 

50 min and 3 h post‑infection (MOI = 0.01). At 50 min, ΔSoFIC strains already 1072 



showed extensive cell lysis and abundant fully assembled phage particles, whereas 1073 

wild‑type cells remained largely intact. At 3 h, ΔSoFIC strains exhibited massive lysis 1074 

and numerous phages around cell debris, indicating conversion of the intracellular 1075 

environment into a “phage factory.” High‑magnification images (60,000×) reveal 1076 

structurally intact phages inside ΔSoFIC strains. 1077 

 1078 

Figure 7. SoFIC exhibits intricate functional crosstalk with other bacterial 1079 

defense systems in a time‑dependent manner. 1080 

(A) Growth curves of wild‑type E. coli E5 and various single‑ and double‑knockout 1081 

strains. Knocking out the Lmuc component of Lamassu_Fam severely impaired 1082 

bacterial growth, and knockout of the RM I system was synthetically lethal. 1083 

Simultaneous deletion of SoFIC and other defense systems (except RM I and 1084 

Lamassu_Fam) did not severely affect growth. 1085 

(B) Schematic of the experimental design for measuring efficiency of plating (EOP) 1086 

after infection with DE5 phage (MOI = 0.01) at 1, 3, and 5 h. 1087 

(C) EOP values (fold change relative to wild‑type) for single‑ and double‑knockout 1088 

strains at 1, 3, and 5 h. 1089 

(D) Colony‑forming unit (CFU) counts for wild‑type and all single‑ and 1090 

double‑knockout strains before and at 3 h after DE5 phage infection (MOI = 0.01). 1091 

(E) Bacterial lysis rates at 3 h post‑infection. 1092 

 1093 

Figure 8. The dual-layer model of the SoFIC defense system in Escherichia coli 1094 

E5 to resist phages. 1095 

Extracellularly, SoFIC physically hinders initial phage adsorption by maintaining 1096 

surface structures such as fimbriae and biofilms. Intracellularly, upon phage genome 1097 

injection, SoFIC specifically interacts with key host proteins involved in DNA 1098 

homeostasis (HupA, SbmC), transcription elongation (NusB), nucleotide metabolism 1099 

(PyrB), and oxidative stress defense (Bfr, MsrA), preventing the host cell from 1100 

entering a metabolic state conductive to phage proliferation. 1101 

 1102 
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