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SUMMARY 13 

Bacteria carry numerous anti-phage systems in 'defence islands' or hotspots. Recent studies 14 

have delineated the content and boundaries of these islands in various species, revealing 15 

instances of islands that encode additional factors, including antibiotic resistance, stress 16 

genes, Type VI Secretion System (T6SS)-dependent effectors, and virulence factors. 17 

Our study identifies three defence islands in the Serratia genus with a mixed cargo of anti-18 

phage systems, virulence factors and different types of anti-bacterial modules, revealing a 19 

widespread trend of co-accumulation that extends beyond T6SS-dependent effectors to 20 

colicins and contact-dependent inhibition systems. We report the identification of four distinct 21 

anti-phage system/subtypes, including a previously unreported Toll/IL-1 receptor (TIR)-22 

domain-containing system with population-wide immunity, and two loci co-opting a predicted 23 

T6SS-related protein for phage defence. This study enhances our understanding of the 24 

protein domains that can be co-opted for phage defence and of the diverse combinations in 25 

which known anti-phage proteins can be assembled, resulting in a highly diversified anti-26 

phage arsenal.  27 

 28 

INTRODUCTION 29 

Bacteria utilize hundreds of diverse anti-phage systems to overcome the evolutionary 30 

pressure posed by their viral predator, bacteriophages (phages). Many of these novel 31 

systems were only recently discovered and have shown remarkable diversity in their 32 

mechanisms of phage inhibition1–5. Interestingly, a considerable number of newly-discovered 33 
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anti-phage systems show homology and resemblance to components of the innate immunity 34 

pathways of eukaryotes 6–11. For example, several anti-phage systems harbour a Toll/IL-1 35 

receptor (TIR) domain 4,5,12,13. In the Thoeris system this domain is used for the production of 36 

the isomer of cyclic adenosine 5’-diphosphate-ribose (cADPR) signalling molecule whereas 37 

in other instances TIR domains can harbour NADase activity that leads to impaired survival 38 

of phage-infected cells1,4,12,14. The Bil system represents another clear example wherein 39 

innate immunity pathways first evolved in bacteria. This operon was shown to conjugate 40 

ubiquitin to released viral particles following phage infection, rendering them less infectious 41 

and unable to further propagate within the bacterial population7,8. 42 

 43 

The tendency of anti-phage systems to cluster together in genomic ‘defence islands’ or 44 

hotspots has been extensively exploited in efforts to discover new players in bacterial 45 

immunity 2,4,15–17. Recently more and more studies have demonstrated that anti-phage 46 

systems and defence islands can be carried on mobile genetic elements (MGE) such as P2- 47 

and P4-like prophages and phage-inducible chromosomal islands (PICIs)3,17–19. The type of 48 

defence arsenal carried is highly variable even within the same genus 3,18. An interesting 49 

emerging trend suggests that in some genera, including Salmonella and Vibrio, defence 50 

hotspots frequently carry a mixed cargo20,21. In Salmonella, genomic hotspots carry a 51 

variable cargo of anti-phage systems, antibiotic resistance genes and virulence factor 20. 52 

Similarly, the gamma-mobile-trio (GMT) islands, initially discovered in Vibrio 53 

parahaemolyticus, represents the first reported example of co-localisation of anti-phage 54 

systems and Type VI Secretion System (T6SS)-mediated anti-bacterial effectors21. 55 

Nevertheless, the ratio of anti-phage and anti-bacterial modules of GMT islands exhibit a 56 

genus-specific variation21. The marked diversity observed in genomic hotspots, flanking 57 

genes, and substantial variation in cargo genes across different bacterial species highlights 58 

the importance for targeted investigations of these islands within specific genera. Such 59 

studies can reveal intricate details about the mobilisation and clustering of defence systems, 60 

anti-bacterial toxins, and virulence factors. Moreover, these focused studies may uncover 61 

novel types or subtypes of anti-phage systems. 62 

The Serratia spp. pangenome demonstrates a notable degree of variability and plasticity22. 63 

Among the publicly available Serratia spp. genomes, Serratia marcescens is over-64 

represented within the genus, reflecting its increasing relevance in clinical settings as an 65 

opportunistic pathogen23,24. S. marcescens strains are also extensively used to investigate 66 

several biological processes, including Type VI Secretion System (T6SS)-mediated anti-67 

bacterial competition25.  68 
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In this work, we provide insights in the anti-phage arsenal and the type of defence islands 69 

found in the genus Serratia. By analysing the British Society for Antimicrobial chemotherapy 70 

(BSAC) collection of S. marcescens isolates26, we identify three defence hotspots conserved 71 

within the Serratia genus. Our findings demonstrate that the three identified islands harbour 72 

a mix of anti-phage systems and distinct types of virulence factors and anti-bacterial 73 

proteins. The type of virulence or anti-bacterial effector encoded is specific for each genomic 74 

island. 75 

Through further investigation of the widespread LptG-YjiA island, which exhibits the highest 76 

variability in anti-phage system cargo, we identified previously unreported anti-phage 77 

systems/ subtypes, renamed Serratia Defence Island Candidates (SDIC1-4). SDIC4 78 

represent the first examples of an anti-phage system showing structural similarity to a 79 

predicted T6SS-related protein, VasI. The anti-phage system SDIC1 harbours a TIR-like 80 

domain and a second component with structural similarity to a putative ubiquitin ligase. We 81 

show that SDIC1 elicits protection against phage infection through population-wide immunity 82 

through SDIC1A, while SDIC1B alleviates the toxicity exerted by SDIC1A.  83 

In summary, our data reveal a prevalent trend of defence hotspots acting as 'multi-conflict' 84 

islands in Serratia spp., accumulating a diverse array of conflict systems, including anti-85 

phage systems, anti-bacterial proteins, and virulence effectors. This phenomenon extends 86 

beyond T6SS-dependent effectors to other anti-bacterial systems, such as colicins and 87 

contact-dependent inhibition systems (Cdi). Our study further expands the repertoire of 88 

known anti-phage systems and subtypes, underscoring the widespread tendency of known 89 

defence proteins to be re-shuffled in various combinations, defining numerous and distinct 90 

anti-phage systems and subtypes. 91 

RESULTS 92 

Identification of defence islands in the Serratia 93 

To identify defence islands in S. marcescens, we started from the genomes of a group of 94 

strains collected by the British Society for Antimicrobial chemotherapy (BSAC). These 95 

represent 205 clinical isolates that were isolated from the bloodstream of patients26. S. 96 

marcescens BSAC strains are closely related, nevertheless, they encode a relatively high 97 

diversity of known anti-phage systems (57 systems) (Figure S1a-b, Table S1). Within the 98 

group of known anti-phage systems identified, PD-T4-6, Thoeris, and R-M type I are found 99 

more frequently (Figure S1b and Table S1). Furthermore, using the latest version of 100 

PADLOC27, 13 additional PADLOC-specific putative systems, that currently remain 101 

unverified experimentally, were detected (Figure S1a-b, Table S1).  102 

 103 
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Next, 50kb upstream and downstream of experimentally confirmed anti-phage systems were 104 

retrieved to allow the inclusions of islands that contain multi-gene systems such as BREX 105 

and DISARM. Proteins found in each genomic neighbourhood were clustered together using 106 

MMseqs228 and inspected to find putative boundaries of defence islands (Table S2). Putative 107 

defence-islands boundaries were used as queries to search a Refseq database with 108 

cblaster29. This program leverages BLASTp to identify genomes wherein hits are co-109 

localised29. Genomic islands were identified as defence-enriched hotspots only if, when 110 

searching a Refseq database, they contained known anti-phage systems in at least 30% of 111 

Serratia spp. genomes. 112 

 113 

The first putative defence hotspot identified with this method is delimited by speG, encoding 114 

a spermidine N1-acetyltransferase, and pstB, encoding a phosphate ABC transporter. The 115 

genomic region defined by SpeG-PstB is found in most Serratia genomes, albeit in some 116 

cases this is not occupied by any additional genes (Figure 1a). Interestingly, most instances 117 

of occupied SpeG-PstB hotspots carry a Thoeris system or another, unidentified, TIR-118 

containing defence system (Figure 1a and Table S3-S4). Occupied SpeG-PstB hotspots 119 

frequently carry a haemolysin-like toxin and its cognate, secreting partner (Figure 1a and 120 

Table S3-S4).  121 

 122 

A second hotspot, defined by a LysR transcriptional regulator and an esterase (Table S5), 123 

harbours a known anti-phage system in ~30% of instances (Table S5-S6). The island 124 

encodes a diverse array of 27 different anti-phage system, with retron IIA, CBASS IIa, 125 

Hydrolase-TM and DRT II being the most abundant (Table S6-Figure 1b).  126 

 127 

Finally, we identified a third defence-hotspot encoded between LptG and a GTPase. We 128 

note that the protein annotated as GTPase is homologous to YjiA, a protein that, together 129 

with YjiO, defines the boundaries of a defence island in Escherichia coli17. Unlike E. coli, we 130 

did not find YjiO homologues in S. marcescens strains (Figure 1c and Table S2). In BSAC 131 

strains, the LptG-YjiA hotspot carries a variable defence cargo that accounts for 30% (17/57) 132 

of the known anti-phage systems identified in the BSAC collection (Figure S1a-b, Figure 1b 133 

and Table S7), with type I RM, type IV RM and type II argonaute being the most abundant 134 

systems (Figure S1a-b, Table S7).  135 

 136 

Within the LptG-YjiA islands of the BSAC collection we frequently found Type II toxin-137 

antitoxin systems, Cdi systems, and a protein annotated as ‘Rhs IV effector’ (Table S2). We 138 

used PFAM and HHPRED30,31 to characterise the latter and found it harbours structural 139 

homology with a predicted ‘VgrG2b C-terminal effector domain’ (Figure 1b). This domain 140 
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was first reported in P. aeruginosa as a specialised T6SS effector with metallopeptidase 141 

activity, normally found fused with the structural protein VgrG32. In the LptG-YjiA islands, the 142 

VgrG2b toxic domain is found as cargo effector (not fused to T6SS structural proteins) and 143 

encoded next to its predicted immunity lipoprotein (Figure 1b, Table S2)32. 144 

 145 

By using cblaster with relaxed search parameters that allow to report regions that are split 146 

over two contigs, we found that LptG-YjiA islands are present in the majority of Serratia spp. 147 

(Table S8). Nevertheless, further analysis was only performed on LptG-YjiA islands that 148 

span one contig (Table S9). Anti-phage systems predictions highlighted that LptG-YjiA 149 

islands contain at least 1 known anti-phage system in 90% instances and that they carry ~60 150 

different anti-phage systems (Table S10). Consistent with what observed with the BSAC 151 

collection, type I RM, type IV RM and type II argonautes remain enriched in Serratia LptG-152 

YjiA hotspots (Figure 2a and Table S10). Furthermore, extending the analysis to all Serratia 153 

spp. revealed that type II RM, mza, type I BREX and Zorya II are also overrepresented 154 

(Figure 2a-b). We further report that the islands defined by LptG and YjiA are always 155 

occupied by several genes and no instances of empty (unoccupied) islands could be 156 

detected (Figure 2c).  157 

 158 

Serratia spp. islands are prevalently ‘multi-conflict’ islands. 159 

Given the increased variability in the arsenal of defence systems carried by LptG-YjiA 160 

islands and the consistent observation of these islands being occupied, we set to further 161 

explore their cargo. 162 

 163 

To better characterise the protein content of each Serratia spp. LptG-YjiA island we used 164 

MMseqs2 to cluster proteins encoded in each island and subsequently curated our dataset 165 

to remove clusters that were predicted as known defence systems by PADLOC (Table S11). 166 

The remaining sequences were analysed using AMRfinder, Secret6, and PSI-BLAST 167 

comparisons against the Virulence Factor Database (VFDB) (Table S12-S13)33–35. With 168 

these methods we were able to classify 9485 proteins (Table S12-S13). LptG-YjiA islands 169 

encode few antibiotic resistance genes, mostly related to fosfomycin and gentamycin 170 

resistance (Table S12-S13). When using VFDB, we classified proteins according to the 171 

virulence factors categories defined by the database 172 

(http://www.mgc.ac.cn/VFs/VFcategory.htm)34. Putative virulence factors involved in 173 

adherence (fimbriae, pili, adhesins), immune modulation, regulation, and metabolic factors 174 

(metal and ions uptake) are found to be overrepresented in LptG-YjiA islands (Figure 2d). 175 

Additionally, within LptG-YjiA islands, quorum sensing factors, predicted T6SS 176 

effectors/components and Cdi systems are also enriched (Figure 2d, Table S11-13). A 177 
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closer look to the group of predicted T6SS-dependent effectors revealed that these are 178 

mostly represented by homologues of the orphan VgrG2b toxic domain (Figure 2e). We thus 179 

wondered whether this could represent an example of toxins adapted for phage defence36. 180 

We tested a homologue of the VgrG2b toxic domain and its putative immunity protein 181 

(WP_108680118.1 and WP_108680119.1) in E. coli MG1655 and S. marcescens Db10. The 182 

effector-immunity pair were expressed under the control of the constitutive Tat promoter in a 183 

low-copy number plasmid, and, in both systems, they could not provide immunity against 184 

phages (Figure S2a-b), confirming this operon could instead represent an orphan T6SS 185 

effector-immunity pair. Further investigation will shed light on the events that have driven the 186 

accumulation of this particular pair in Serratia LptG-YjiA islands.  187 

 188 

HHPRED was additionally used with an e-value threshold (< 0.05) (Table S14) to predict the 189 

role of proteins that were not defined with the above methods. This analysis showed that 190 

LptG-YjiA islands contain numerous predicted AAA+ ATPases, DEAD box helicases, STAND 191 

and NACHT domains, ubiquitin-like proteins, Zn+ metallo-peptidases, restriction enzymes 192 

and several TIR domains that were not recognised as part of known anti-phage systems by 193 

PADLOC. These could be part of novel systems or of distinct subtypes of existing anti-phage 194 

systems (Table S14). Alternatively, these could represent examples of known defence 195 

systems with highly divergent protein sequences, causing the lack of prediction by PADLOC. 196 

Inspection with HHPRED confirmed the presence of integrases, transposases and 197 

recombinases, additional toxin-antitoxin systems as well as several more predicted T6SS-198 

related proteins (Table S14). In particular, we detected the presence of proteins with a VasI-199 

like fold (Table S14). VasI is a predicted T6SS-associated protein, albeit its function remains 200 

poorly understood37. Whilst HHPRED predictions indicate that VasI-like proteins found in 201 

Serratia LptG-YjiA hotspots are structural homologues of the T6SS-dependent VasI, they do 202 

not share sequence identity by BLAST. VasI-like proteins carried within LptG-YjiA islands 203 

are often encoded close to the WYL-containing protein BrxR, transcriptional regulators 204 

strongly linked to anti-phage defence (Figure S2c)38,39, thus these might represent an 205 

example wherein a protein domain, normally involved in a different function, has been co-206 

opted for phage defence. We additionally found various predicted multidrug-efflux pumps, 207 

stress response genes, additional virulence factors (such as VapE, IrmA and hyaluronate 208 

lyase) and proteins with predicted roles in transport, metabolism, and modification of sugars 209 

(Table S14). The latter could play a role in surface modification and masking of phage 210 

receptors. Notably, even following the employment of HHPRED, the function of many 211 

proteins in LptG-YjiA islands could not be predicted (Table S14). The investigation of these 212 

proteins may reveal new players in i) anti-phage defence, ii) virulence or iii) anti-bacterial 213 

competition.  214 
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 215 

Given the tendency of LptG-YjiA hotspots to accumulate a variable cargo and the over-216 

representation of a haemolysin-like toxin in occupied SpeG-PstB hotspots, we queried 217 

whether this is a common pattern within Serratia islands. Using a PFAM database, we found 218 

that LysR-esterase islands also carries virulence factors (RhuM, Table S15) and anti-219 

bacterial effectors (Table S15). Interestingly, whilst LptG-YjiA islands prevalently carry Cdi 220 

and predicted T6SS-dependent proteins, colicins and pyocins are prevalent in LysR-221 

esterase hotspots (Table S15 and Figure S3). 222 

 223 

Taken together, our analysis of S. marcescens strains from the BSAC collection and the 224 

Serratia genus uncovered three ‘multi-conflict’ islands wherein anti-phage systems, toxin-225 

antitoxin systems, and proteins involved in anti-bacterial competition and virulence are 226 

accumulated. Whilst the anti-phage system composition is mostly variable, the type of 227 

virulence or anti-bacterial protein encoded is specific to each island.  228 

 229 

 230 

LptG-YjiA islands are widespread multi-conflict islands in Enterobacteria.  231 

YjiA was previously identified as the boundary of a defence hotspot in several E. coli 232 

genomes, with YjiO, a multi-drug efflux transporter, identified as the second boundary of this 233 

defence island17. Despite the relatedness of E. coli and S. marcescens and the use of 234 

relaxed parameters in cblaster, no homologues of YjiO were detected in Serratia LptG- YjiA 235 

islands (Table S7, Table S8, Table S16). While other multidrug-efflux pumps are encoded 236 

within Serratia LptG-YjiA islands, they are not universally present in every island, ruling them 237 

out as possible conserved boundaries (Table S14).  238 

 239 

Consequently, we sought to understand the overlap between the two genomic islands in E. 240 

coli, Serratia spp., and other Enterobacteria. Cblaster was run using LptG, YjiA, and YjiO as 241 

query sequences (Table S16). These searches confirmed that in Serratia islands, YjiO 242 

homologues are not present (Figure 3). Islands containing all three LptG-YjiO-YjiA are 243 

instead widespread in several Enterobacteria, particularly enriched in E. coli and Salmonella 244 

spp. (Table S16). The prevalence of E. coli and Salmonella spp. might be influenced by the 245 

over-representation of genomes from these organisms on NCBI. Therefore, for further 246 

analysis, genomes were filtered using fastANI to eliminate sequence duplications and 247 

exclude closely related genomes (90% sequence identity). 248 

 249 

In Escherichia albertii strains, detected islands lack YjiO and have LptG-YjiA as boundaries 250 

(Figure 3a and Figure S4, Table S17). Conversely, in E. coli strains, the most common 251 
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genomic organization is LptG-YjiO-YjiA, showing considerable variability within genera 252 

(Figure 3a and Figure S5). Notably, in E. coli strains, known anti-phage systems accumulate 253 

both between YjiO-YjiA and between LptG-YjiO, suggesting a high likelihood of 254 

recombination events in the intergenic spaces within LptG-YjiO-YjiA and the existence of two 255 

insertion points (between LptG-YjiO and YjiO-YjiA) (Figure S5 and Table S18). We note that 256 

E. coli strains found to carry a LptG-YjiA-YjiO island in our search are mostly distinct from 257 

those previously reported to harbour YjiO-YjiA islands, underscoring the high plasticity of 258 

defence islands within genera and species (Figure S5 and Table S18)17. 259 

 260 

Islands carrying LptG-YjiO-YjiA are also prevalent in Citrobacter spp. and Salmonella spp., 261 

showing a similar pattern of anti-phage system accumulation between either LptG-YjiO or 262 

YjiO-YjiA (Figure 3, Figure S6, Figure S7, Table S16, Table S19, and Table S20). In the 263 

case of Shigella spp., approximately 50% of genomes carry an LptG-YjiO-YjiA island, while 264 

the remaining 50% have an island with LptG-YjiA as boundaries (Figure 3, Figure S8, and 265 

Table S21). Furthermore, rare instances were found where LptG-YjiO represent the 266 

boundaries of the defence islands, with YjiA being lost (Figure S4-S8, Table S16-S21). In 267 

other instances, the three boundaries are retained, but YjiA and YjiO positions are inverted 268 

(LptG-YjiA-YjiO) (Figure S4-S8, Table S16-S21). For simplicity, henceforth in this study, we 269 

will refer to these islands indiscriminately as LptG-YjiA islands. 270 

 271 

The analysis of non-defence proteins revealed that, like Serratia, LptG-YjiA islands in other 272 

species can carry diverse genes involved in virulence or inter-bacterial competition (Figure 273 

3b). Interestingly, our data indicate that the type of cargo can vary for each genus, with 274 

Citrobacter spp. and Salmonella spp. harbouring the highest number of predicted T6SS-275 

related and T4SS-related proteins and E. albertii carrying the highest number of predicted 276 

T3SS-related proteins amongst the genomes analysed (Figure 3b). Interestingly, we did not 277 

find Cdi systems in LptG-YjiA islands of species other than Serratia (Figure 2 and 3b).  While 278 

rare, we note that in some Citrobacter spp., a full T6SS cluster is found within LptG-YjiA 279 

islands (Figure 3b and Figure S7). Similar sporadic instances were also found by manual 280 

inspections of Serratia LptG-YjiA islands that were split over two contigs (Table S8) and 281 

sporadically in LysR-esterase hotspots (Figure S3b). 282 

 283 

Taken together, our data show that LptG-YjiA islands are predominantly ‘multi-conflict’ 284 

islands that accumulate a variable cargo across genera.  285 

 286 

Serratia LptG-YjiA islands contain previously unidentified anti-phage systems  287 
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Manual screening of the group of defence domains and proteins with unknown functions 288 

found by HHPRED in LptG-YjiA islands (Table S14) revealed the presence of four candidate 289 

anti-phage systems/subtypes, which were renamed Serratia Defence Island Candidates 290 

(SDIC1-4)(Table 1 and Figure 4).The domain composition of SDIC1-4, predicted with 291 

HHPRED, is summarised in Table 1 and Figure 4. 292 

 293 

Table 1. Summary of the gene composition and domain prediction for the novel 294 

candidate anti-phage systems found in the Serratia defence islands. 295 

Candidate 

system 

Genes Representative 

protein ID 

HHPRED 

SDIC 1 SDIC1A WP_060442246.1 TIR domain (PF13676.9) 

SDIC1B WP_060442245.1 No prediction 

SDIC2 SDIC2A WP_072270133.1 Morc6_S5; Morc6 ribosomal protein S5 domain 

2-like(PF17942.4) 

SDIC2B WP_072270134.1 SWI2/SNF2 ATPase-like protein (7TN2,5JXR); 

AAA_34 -P-loop containing NTP hydrolase 

pore-1(PF13872.9)  

Z1 domain(PF10593.12 ) 

SDIC2C WP_072270135.1 DUF4420; Putative PD-(D/E)XK family 

member, (PF14390.9) 

SDIC2D WP_080437564.1 AIPR protein(PF10592.12 ) 

SDIC3 SDIC3A WP_261092931.1 AlpA regulator 

SDIC3B WP_261145910.1 No prediction 

SDIC3C WP_261145913.1 host cell division inhibitor Icd-like protein  

PF10554-Phage Ash protein 

SDIC3D WP_261145916.1 No prediction 

SDIC3E WP_261145919.1 DUF5375 family protein  

SDIC3F WP_261145922.1 Poxvirus D5 protein (PF03288) 

TOPRIM (PF13362.9) 

D5 N-terminal like (PF08706.14) 

DUF5906 (PF19263.2) 

SDIC4 SDIC4A WP_077264947.1 No prediction 

SDIC4B WP_060451809.1 VasI (PF11319.12) 

 296 

SDIC1 is a two-gene system that contains a TIR domain (SDIC1A) and a protein of unknown 297 

function (SDIC1B) that could not be defined by HHPRED (Table 1 and Figure 4a-b).  298 
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A system with a similar but not identical domain composition as SDIC2 was previously 299 

identified in a bioinformatic study but, to our knowledge, its role was not tested in vivo 300 

(Figure 4b)40. SDIC3 harbours some similarity to a prophage-encoded anti-phage system in 301 

ECOR61 identified during a transposon screen (Figure 4b)40. SDIC3C and SDIC3F have 302 

27% and 17% sequence identity to their counterparts in ECOR61 respectively, whereas the 303 

other components are unique to SDIC3. Thus SDIC3 might represent a different subtype of 304 

the ECOR61 anti-phage system40. Finally, as a fourth candidate (SDIC4) we investigated the 305 

locus carrying the novel VasI-like protein (Table 1, Figure 4a-b, Table S14). The 4 306 

candidates were cloned in a low copy plasmid, under the control of a constitutive promoter 307 

compatible with expression in E. coli and S. marcescens. In E. coli, SDIC1, SDIC2 and 308 

SDIC3 confer strong levels of protection against several phages (≥ 1000 fold), including 309 

those belonging to the Durham collection (Figure 4c)41, whereas SDIC4-mediated anti-phage 310 

activity is more modest (≥ 10-200-fold) but still significant (Figure 4c). To further confirm the 311 

role of SDIC1-4 in defence against phages, the same constructs were also tested in S. 312 

marcescens Db10 (which natively lacks the tested systems). All tested systems show the 313 

ability to reduce the efficiency of plating of several Serratia phages (Figure 4d), albeit with a 314 

lower amplitude than in E. coli. The different degrees of protection that SDIC1-4 confer in the 315 

two hosts could be related to their level of expression or the reduced size and diversity of the 316 

Serratia phage panel used. 317 

 318 

In summary, our data reveal that inspection of unclassified defence proteins and proteins of 319 

unknown function in Serratia LptG-YjiA islands can reveal previously unreported anti-phage 320 

systems or subtypes. 321 

 322 

VasI-like proteins define two anti-phage system subtypes. 323 

To investigate if similar instances of VasI-like proteins involved in defence against phages 324 

can be found in other species, SDIC4B homologues were retrieved using PSI-BLAST and 325 

their genomic neighbourhood was analysed by flanking gene analysis (FlaGs)42.  326 

 327 

This analysis highlighted that closely related homologues of SDIC4B can be found in 328 

numerous species and confirmed they are not routinely found in T6SS clusters. Instead, they 329 

are often associated to a BrxR homologue (Figure S9, Table S23), an indication that they do 330 

not represent a divergent T6SS-dependent protein but rather an example of a shared fold 331 

co-opted for phage defence (Figure S9, Table S23). The use of cblaster highlighted that 332 

SDIC4 homologues are encoded in ~18,000 genomes in Genbank and mostly predominant 333 

in Enterobacteria, and particularly in Klebsiella spp., Salmonella spp., Citrobacter spp., 334 

Enterobacter spp. and E. coli strains (Figure 5a and Table S24).  335 
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 336 

We next set to explore the role that the single components SDIC4A and SDIC4B play in the 337 

defence process, using phages BAM, Jura, Mak and Emrys. We consistently observed that, 338 

for all tested phages, SDIC4B elicits higher levels of protection compared to the full-length 339 

locus. Additionally, SDIC4A cannot prevent phage infection (Figure 5b), demonstrating that 340 

SDIC4B is central to the phage defence mechanism of SDIC4. 341 

 342 

Our FlaGs analysis further revealed a second operon, containing SDIC4B and associated 343 

with BrxR, which defines an additional subtype of SDIC4—SDIC4 subtype II (Figure 5c, 344 

Figure S9, Table S23). SDIC4 subtype II comprises four genes (SDIC4C-SDIC4D-SDIC4E-345 

SDIC4B) and is less widespread, found in only 377 genomes in GenBank (Figure 5d and 346 

Table S25). It is primarily enriched in Klebsiella spp. (Figure 5d and Table S25). Except for 347 

SDIC4B, protein domain prediction was only possible for SDIC4E, showing the presence of 348 

a DUF2706 (Figure 5c). When expressed in E. coli and S. marcescens, SDIC4 subtype II 349 

elicits protection against a similar spectrum of phages compared to SDIC4 subtype I, 350 

suggesting SDIC4B homologues may play a central role in driving specificity to phage types 351 

(Figure 5d-e).  352 

 353 

SDIC1 mechanism of phage defence depends on its TIR-like domain. 354 

The increasing number of discovered and characterized anti-phage systems reveals a 355 

conserved tendency of shared defence domains13. These domains can be assembled in 356 

various configurations, contributing to a broad and diverse defence arsenal. TIR domains 357 

exemplify this trend, as they are associated or fused with various other defence proteins, 358 

forming distinct anti-phage systems and subtypes with diversified specificity and 359 

mechanisms of phage inhibition 11,12,14,43. 360 

 361 

To better understand where SDIC1 fits within the repertoire of TIR-harbouring anti-phage 362 

systems, we verified that SDIC1A shares no sequence similarity with known TIR-containing 363 

defence proteins through pairwise comparisons. Furthermore, in line with PADLOC 364 

predictions, SDIC1 is not identified as a known anti-phage system using Defense-finder 365 

(Table S26)44. With the employment of Alphafold2 and Foldseek 45, we found that the TIR 366 

domain of SDIC1A exhibits a high degree of structural similarity to its closest homologue, the 367 

human TIRAP adaptor 46 , while no matching fold was found for its C-terminal domain 368 

(Figure 6a and Figure S10).  369 

The closest homologue of the predicted structure of SDICB is instead a human hypothetical 370 

ubiquitin-conjugating enzyme. Despite a higher RMSD value (4.1 Å), these two proteins 371 

show a good degree of structural overlap (Figure 6b). Whilst both ubiquitin ligases and TIR 372 
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domains have been associated with phage defence, the combination of the two has yet to be 373 

reported7,8,12.  374 

 375 

Thus, we concluded SDIC1 represents a novel TIR-containing anti-phage system and we set 376 

to explore the role of the single components in phage defence. Homologues of SDIC1 are 377 

found in ~2000 genomes and are particularly enriched in Salmonella and Escherichia 378 

genera. (Figure 6c and Table S27). When we compared the EOP of several phages on 379 

strains expressing full-length SDIC1, SDIC1A or SDIC1B only, we found that SDIC1A is 380 

necessary to elicit protection against phages, whereas SDIC1B is dispensable (Figure 6d).  381 

 382 

We next assessed the progression of phage Alma infection over a 12-hour period, 383 

measuring PFU/mL, CFU/mL and OD600nm. In absence of a phage threat, cells harbouring 384 

full-length SDIC1 exhibit a normal growth rate and CFU/mL over time, whereas SDIC1A-only 385 

cells show impaired growth on both solid and liquid media (Figure 6e-f). In presence of a 386 

phage threat, cells containing an empty vector or SDIC1B-only encounter a rapid culture 387 

collapse and release a high number of phages (Figure 6g-i). Cells carrying SDIC1 retain an 388 

unaltered growth rate in liquid, comparable to that of non-infected cells, but decreased cell 389 

counts (Figure 6g-h). Nevertheless, they release a significantly lower number of phages 390 

compared to vector control over the course of 12 hrs (Figure 6h), indicating SDIC1 operates 391 

through an abortive infection phenotype or population-wide immunity. In the case of 392 

SDIC1A-only, the growth rate and CFU counts remains highly impaired, however the number 393 

of released phages is also lower than vector control (Figure 6g-h).  394 

 395 

Overall our data show that, as other TIR-containing defence systems, SDIC1 acts through 396 

population-wide immunity, impairing the fitness of infected cells to protect the bacterial 397 

population. Our data further suggest that whilst SDIC1A mediates this phenotype, SDIC1B’s 398 

role may consist in alleviating SDIC1A toxic effect.  399 

 400 

DISCUSSION 401 

An increasing amount of evidence has shown that anti-phage systems are clustered in 402 

‘defence islands’ and very often localised on the mobilome of bacteria, likely to facilitate their 403 

rapid transfer during bacteria-phages arms race 3,4,15–17,19,47.  404 

 405 

More recently, a less conservative analysis of defence islands content evidenced that these 406 

regions often show a high degree of plasticity and that anti-phage systems are frequently 407 

neighbouring other resistance factors, such as stress genes, antibiotic resistance, and 408 

virulence factors 20,48,49. Importantly, in Vibrio spp., Mahata et al. highlighted GMT mobile 409 
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islands as the first example of co-localisation of anti-phage systems with T6SS-dependent 410 

effectors49. In this study, through the analysis of Serratia genomes, we show that this 411 

phenomenon is widespread to other defence islands and encompasses several types of 412 

offensive and anti-bacterial tools, including colicins, bacteriocins and Cdi systems (Figure 413 

1,2 and Figure S3). Our analysis revealed that, within the three identified islands, the anti-414 

phage system cargo varies significantly across Serratia species. However, there is a 415 

predisposition to acquire a specific type of anti-bacterial or virulence effector for each island. 416 

The SpeG-PstB island stands out as the only exception, predominantly harbouring a Thoeris 417 

I system, a haemolysin-like toxin system, or both (Figure 1). 418 

 419 

The Serratia LptG-YjiA we report partially overlaps a previously identified genomic hotspot in 420 

E. coli strains17. In this study, the multi-drug efflux transporter YjiO was identified as the 421 

flanking gene together with YjiA17. Our search demonstrates that while in Serratia spp. and 422 

E. albertii, LptG-YjiA islands do not encompass YjiO, in several strains of Salmonella, 423 

Citrobacter, Shigella and E. coli this genomic hotspot is predominantly organised as LptG-424 

YjiO-YjiA and that anti-phage systems, anti-bacterial effectors and virulence factors can be 425 

inserted indiscriminately between LptG-YjiA or YjiO-YjiA. E. coli strains found to carry LptG-426 

YjiA islands in our study are mostly distinct from those reported to carry a YjiO-YjiA hotspot 427 

17, implying a high likelihood of recombination events in these hotspots and high variability 428 

even across strains. The frequent recombination events will ultimately result in variability of 429 

the flanking genes that delimit defence islands, even across the same genera, as we 430 

observe for E. coli and E. albertii, or across Salmonella serovars, as reported recently20. It is 431 

plausible that, even within E. coli strains, some defence islands are organised as LptG-YjiO-432 

YjiA, while others are organised as YjiO-YjiA, possibly due to recombination events. This 433 

variability should be considered as efforts increase to identify defence islands flanking 434 

genes, aiming to facilitate the discovery of novel anti-phage systems. 435 

 436 

A high percentage of genes found in the Serratia LptG-YjiA islands had either no predicted 437 

function, or they carried known defence domains that were, however, not classified by 438 

PADLOC as known defence systems. We show that a closer look at these proteins will 439 

enable to define distinct classes or types of anti-phage systems, wherein known defence 440 

proteins have been re-shuffled to assemble a highly diversified arsenal of anti-phage 441 

systems, as in the case of SDIC1, SDIC2 and SDIC3. This tendency is consistent with what 442 

has been extensively reported for many known anti-phage systems, which often share 443 

similar defence domains, assembled in different combinations3,4,13,27. Importantly, in our 444 

study, we demonstrate that our focused investigation of Serratia islands' cargo led to the 445 
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discovery of anti-phage systems (SDIC1 and SDIC4) present across many species, 446 

emphasising the scalability of genus-focused studies (Figure 5-6).  447 

 448 

Our investigation of the LptG-YjiA islands’ cargo further led to the intriguing revelation that 449 

the anti-phage system SDIC4, found in two different subtypes, co-opted the same fold as a 450 

poorly-characterised predicted T6SS-related protein for phage defence (Figure 4-5). This 451 

discovery aligns with a growing body of reports documenting domains of diverse origins, 452 

including housekeeping proteins, being co-opted for defence against phages3,4,13,36,50. 453 

Furthermore, it corresponds to observed overlaps between toxin-antitoxin systems and anti-454 

phage defence mechanisms 36,51–53. It is plausible to speculate that this evolutionary or 455 

functional connection may extend to other anti-bacterial effectors or domains of different 456 

nature3,4,36,51,52.  457 

 458 

Significantly, in the case of SDIC1, we uncover a new type of anti-phage system 459 

characterised by the presence of a TIR domain and its association with a putative ubiquitin 460 

ligase—a combination not previously documented in other anti-phage systems (Figure 6). 461 

Within SDIC1, the TIR-domain-containing effector SDIC1A mediates phage inhibition by 462 

disrupting the survival of infected cells, likely through TIR domain-mediated NADase 463 

activity54. SDIC1B exhibits distant similarity to a putative ubiquitin ligase and although it is 464 

not essential for eliciting phage protection, it plays a central role in reducing the toxicity of 465 

SDIC1A (Figure 6). Unlike the Bil and CBASS systems, where ubiquitylation-like 466 

modifications directly impede phage assembly or the release of virulent phage particles7,8,55, 467 

SDIC1B's primary function seems to revolve around alleviation of SDIC1A levels of toxicity. 468 

A regulative role for ubiquitination in TIR receptors signalling in eukaryotes has been 469 

previously documented56. Future investigations will aim to uncover the mechanism by which 470 

SDIC1B can modulate SDIC1A-mediated toxicity and discern the specific role it plays in the 471 

defence mechanism.  472 

 473 

In future, the analysis of existing and new defence islands is poised to reveal additional 474 

instances of co-accumulation of anti-phage systems, virulence factors, and anti-bacterial 475 

effectors. Such exploration holds the potential to identify the evolutionary and environmental 476 

factors influencing the acquisition of specific anti-bacterial, virulence and anti-phage modules 477 

or their unique combinations within each island. These genomic islands additionally 478 

represent a valuable resource that promises to uncover novel anti-bacterial effectors, anti-479 

phage systems, and virulence factors with new and exciting biological mechanisms.  480 

 481 

 482 
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MATERIAL AND METHODS 483 

Bacterial strains, plasmids and culture conditions 484 

Expression of novel anti-phage systems in E. coli was performed using the MG1655 strain. 485 

MG1655 cells were grown at 37°C on either solid media or liquid culture, shaking at 200 486 

rpm.  Growth in liquid media was performed using the LB Miller Broth (Formedium) whereas 487 

for solid media, LB was supplemented with 1.5% (w/v) or with 0.35% (w/v) agar to obtain 488 

solid or soft agar, respectively.  489 

Expression in S. marcescens was performed using the S. marcescens Db10 strain and cells 490 

were grown at 30°C LB Lennox Broth (Formedium). Agar was added at 1.5% (w/v) or at 491 

0.5% (w/v) to obtain solid or soft agar plates. When required, LB was supplemented with 492 

ampicillin (Amp, 50 μg/mL) for plasmid selection in E. coli or carbenicillin (200 μg/mL) for 493 

selection in S. marcescens. Strains and plasmids used in this study are listed in Table S28 494 

 495 

Phage propagation and lysate preparation 496 

Coliphages used were derived from the Durham collection, except for phages reported in 497 

Table S28. Serratia phages are reported in table Table S28. 498 

Coliphages lysates were propagated in E. coli DH5α and prepared in phage buffer (10 mM 499 

Tris–HCl pH 7.4, 10 mM MgSO4, 0.1% gelatin). Serratia phages were instead propagated in 500 

S. marcescens Db10 and stored in phage buffer.  501 

 502 

Neat lysates or their 10x fold dilutions were added to 200 μL of E. coli DH5α or S. 503 

marcescens Db10 and incubated 5 min at room temperature. Five mL of soft agar were then 504 

added and the mixture poured on LB agar plates. Plates were then incubated overnight at 37 505 

°C for E. coli and 30 °C for S. marcescens. Following incubation, top agar containing 506 

confluent plaques was scraped off and added to 3 mL of phage buffer and 500 μL of 507 

chloroform. Samples were mixed for 2 minutes by vortexing, incubated at 4°C for 30 min and 508 

subsequently centrifuged at 4000 x g for 20 min. The supernatant was collected and added 509 

to 100 μL/mL (v/v) of chloroform for storage.  510 

 511 

DNA manipulation and cloning 512 

Plasmids (Table S28) were synthetised through Genscript (https://www.genscript.com/) 513 

unless stated otherwise. Inserts of interest were cloned by Genscript in a low copy vector 514 

(pQE60) modified to harbour a constitutive Tat promoter to replace its native T5 promoter. 515 

For insert cloning, plasmid backbones and inserts were amplified using Verifi hot start 516 

polymerase (PCR Biosystems). PCR products and plasmids were purified using a Zymo 517 

DNA Clean-up and Concentration and a Zymo Zippy plasmid kit, respectively (Cambridge 518 
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Biosciences). Overlapping primers for amplification were designed using the NEBuilder 519 

assembly tool (https://nebuilderv1.neb.com/) (Table S29). Plasmids and inserts were 520 

assembled using NEBuilder HiFi DNA Assembly (NEB), followed by incubation at 50°C for 521 

30 min. NEBuilder reactions were treated with 1 μL DpnI for 30 min at 37 °C and 522 

subsequently transformed in chemically competent DH5α. Deletions of single genes in 523 

plasmid pGM255 were performed using the KLD enzyme mix (NEB). 524 

 525 

Efficiency of plating measurement and fold protection calculation 526 

To measure the efficiency of plating (EOP), E. coli MG1655 or S. marcescens Db10 strains 527 

harbouring an empty vector or constructs encoding anti-phage system of interest were 528 

grown to exponential phage (OD600nm=0.6). Ten microliters of phage lysates was added to 529 

200 μL of each bacterial culture and incubated 5 min at room temperature. Five mL of soft 530 

agar was added to each culture and poured onto LB agar plates. As a control strain, 531 

plasmid-free MG1655 or plasmid-free S. marcescens Db10 were used. EOP was measured 532 

as the PFU mL-1 of a test strain divided by the number of PFU/mL of a plasmid-free control 533 

strain. Fold protection was calculated as the ratio between the EOP value of empty vector 534 

and the EOP value of each candidate system.  535 

 536 

Measurement of PFU/mL, CFU/mL and growth rate  537 

For SDIC1, E. coli MG1655 harbouring empty vector, full-length SDIC1 or SDIC1A or 538 

SDIC1B were grown in LB with ampicillin to an OD600nm of ~ 0.6. Cultures were infected with 539 

phage Pau at MOI of 0.1. An aliquot of each culture was collected at t = 0 hr, t = 2 hr, t = 4 540 

hr, t = 6 hr, t = 8 hr, t = 10 hr and t = 12 hr. Each aliquot was used to measure OD600nm, 541 

CFU/mL and measure phage titre (PFU/mL). Measurement of the phage titre at each 542 

timepoint was obtained by plating onto E. coli DH5α top lawns. 543 

 544 

Anti-phage systems predictions.  545 

Anti-phage systems were predicted using PADLOC v2.0.0 with PADLOC database v2.0.027 546 

unless stated otherwise. Additionally, Defense Finder v1.2.0 was also run BSAC genomes to 547 

confirm that SDIC1 represents a new instance of anti-phage system harbouring a TIR 548 

domain.  549 

 550 

Identification of defence islands and boundaries in the BSAC strains collection 551 

The coordinates of the genomic neighbourhood of each anti-phage system predicted by 552 

PADLOC was retrieved with the use of pyfaidx v0.7.2.1 and BEDtools suite v2.30.0 57,58, 553 

using the ‘slop’ function. Genomic regions were then retrieved using efetch from the entrez 554 

utilities 59. Proteins sequences in the genomic neighbourhoods were clustered with 555 
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MMseqs2 linclust using the following parameters: cov-mode=0, c=0.5 and min-seq-id=0.628. 556 

Protein clusters were curated manually to identify those that were more frequently 557 

associated with anti-phage systems in BSAC strains and thus, to identify defence island 558 

boundaries. Genomic islands were scored as defence-enriched loci only if, upon scaling their 559 

search to all Serratia genomes, they carried known defence systems in > 10% instances.  560 

Gene clusters were visualised and annotated using RStudio (R v4.3.1), ggplot2 and gggenes 561 

v0.5.160. Genbank files were converted to a gggenes-compatible format using biopython 562 

SeqIO and SeqFeature61. Predictions parallelisation was obtained using GNU parallel 62. 563 

Custom scripts used for analysis and to generate figures are found at: 564 

https://github.com/GM110Z/Serratia_multiconflict 565 

 566 

Analysis of gene clusters and genomic islands  567 

To find defence islands in all Serratia genomes or in other species, the protein sequence of 568 

the two boundaries was searched against Genbank using the program cblaster v1.3.1229 569 

with the following parameters: -min id=30 and -min cov = 50. An intergenic space of >50,000 570 

bp was allowed. 571 

 572 

Cblaster was additionally used with -min id=30 and -min cov = 50 and an intergenic space < 573 

70 bp to identify SDIC1, SDIC4 subtype I and subtype II instances in Genbank genomes. 574 

Only operons present on the same contigs were allowed. 575 

 576 

Protein domain analysis of genomic islands 577 

To characterise the non-defence content of LptG-YjiA islands in all Serratia genomes, 578 

proteins were clustered as above. One representative sequence for each cluster was first 579 

analysed using the SecReT6, AMRFinderPlus and Virulence Factor Database (VFDB)33–35. 580 

Comparisons with VFDB were performed with PSI-BLAST, including hits with bitscore>50. 581 

For hits with bitscore<50, these were only included if they had a e-value< 0.01 and if the 582 

alignment covered at least 70% of the query and subject sequence length. Proteins whose 583 

function could not be determined through these programs were further analysed using 584 

HHPRED against a PFAM and PDB database. Only hits with an e-value< 0.05 were 585 

included.  586 

 587 

To investigate the anti-phage systems content of LptG-YjiA islands in other bacterial 588 

species, genomes were filtered using fastANI in order to eliminate duplicate or very closely 589 

related genomes 63. PADLOC was used as above to predict anti-phage systems in the 590 

representative genomes obtained. Non-defence proteins were analysed with VFDB as 591 

above. 592 
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 593 

For analysis of the cargo of the LysR-esterase hotspots HMMscan from the HMMER 3 suite 594 

was run against a local PFAM database30. 595 

 596 

Protein structure predictions 597 

Protein structure prediction was performed using Alphafold2 with MMseqs2 (v2.2.4) through  598 

Colab notebooks. Obtained models were used as input in FoldSeek to find structural 599 

homologues (https://search.foldseek.com/search)45,64 . Protein structures were aligned on 600 

Pymol with the cealign option. 601 

Computational analysis of the genomic neighbourhood of SDIC4B (VasI-like proteins) 602 

homologues 603 

SDIC4B homologues were identified using PSI-BLAST, with a threshold of e-value=0.01. 604 

sequence identity = 30% and query coverage = 50%. The genomic neighbourhood of the 605 

obtained hits was retrieved and clustered using the FlaGs2.py program 42 606 

 607 
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Figure 1. Defence islands identified in the Serratia genus. (a)Heatmaps showing 

presence-absence (blue-white) of the Thoeris I system, a TIR domain-containing 

unknown system and a haemolysin-like toxin system in SpeG-PstB hotspots in relation 

to the size of the genomic island (shown as a rainbow heatmap on the right). Legend on the 

right shows the rainbow colour mapping in relation to the size of the island in base-pairs (bp). 

(b) Bar plot summarising the percentage of occurrence of anti-phage systems identified in 

occupied LysR-esterase hotspots. (c) Schematic representation of the genomic organisation 

of LptG-YjiA island of representative strains of the BSAC collection. LptG and YjiA boundaries 

are represented with coloured outlines. Anti-phage systems predicted by PADLOC are 

coloured as indicated in the legend. Integrases, transposases, the WYL-containing regulator 

BrxR, toxin-antitoxin systems (TA), a predicted T6SS-dependent effector (VgrG2b) and 

contact-dependent inhibition (Cdi) systems are also coloured according to the legend.  
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Figure 2. LptG-YjiA islands across the Serratia genus carry a high diversity of defence 
systems. (a) Prevalence of anti-phage systems across Serratia species with a complete LptG-

YjiA island localised across one contig. (b) Length of LptG-YjiA islands found across Serratia 

species. (c) Schematic representation of the genomic organisation of representative LptG-YjiA 

islands chosen across the Serratia genus. Boundaries are represented with coloured outline 

and anti-phage systems, anti-bacterial effectors, TAs, BrxR, integrases and transposases are 

coloured as indicated in the legend. (d) Distribution of predicted virulence factors, predicted 

T3SS-dependent effectors, predicted T4SS-dependent effectors, predicted T5SS two-partner 

systems, predicted T6SS-dependent effectors and core components, contact-dependent 

inhibition systems (Cdi), TA systems, transposases, and integrases in Serratia LptG-YjiA 

islands. The VFDB database classification was used to categorise virulence factors as i) 

adherence, ii) biofilm, iii) motility, iv) immune-modulation, v) nutritional/metabolic factor, vi) 

exotoxins, vii) invasion, viii) quorum sensing and, ix) post-translational regulation. (e) Waffle 

plot showing the prevalence of T6SS-predicted effectors found in Serratia LptG-YjiA islands. 
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Figure 3. LptG-YjiA and LptG-YjiO-YjiA islands are widespread in Enterobacteria (a) Bar 

plot showing the prevalence of islands in Enterobacteria with either LptG-YjiA, LptG-YjiO or 

LptG-YjiO-YjiA as boundaries and insertion points for acquisition of defence systems. (b) 
Distribution of predicted virulence factors, predicted T3SS-dependent effectors, predicted 

T4SS-dependent effectors, predicted T5SS two-partner systems, predicted T6SS-dependent 

effectors and core components, contact-dependent inhibition systems (Cdi), TA systems, 

transposases, and integrases in Enterobacteria LptG-YjiA islands as shown in panel a. The 

VFDB database classification was used to categorise virulence factors as indicated in Figure 
2d.  
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Figure 4. Novel anti-phage systems/subtypes are encoded in Serratia LptG-YjiA islands. 
(a)Schematic representation of the genomic neighbourhood of the four Serratia defence island 

candidates (SDIC1-4). (b)Schematic representation of the HHPRED domain predictions for 

the single components of SDCI1-4. (c) Evaluation of SDIC1-4 fold protection against a suite 

of coliphages when expressed in E. coli MG1655. Fold protection was calculated as the ratio 

of the efficiency of plating (EOP) calculated for a strain expressing one of SDIC1-4 candidates 

and the EOP value of a strain carrying the empty vector (VC, pQE60-Tat)(n= 3 biological 

replicates). (d) Evaluation of SDIC1-4 fold protection when expressed in S. marcescens Db10 

and challenged against a group of Serratia phages (n= 3 biological replicates). Fold protection 

was calculated as in (b).  
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Figure 5. Proteins with VasI-like fold define two SDIC4 subtypes. (a) Distribution of SDIC4 

systems across different genera. (b) Efficiency of plating (EOP) measurement for E. coli 

MG1655 carrying empty vector (VC, pQE60-Tat) or the same plasmid encoding SDIC4, 

SDIC4A or SDIC4B when challenged with phages BAM, Jura, Mak and Emrys. Points show 

mean +/2 SEM (n)= )3 biological replicates). Statistical relevance was measured using one-

way ANOVA with Dunnett9s multiple comparison test. No significance was detected, unless 

indicated (*p)f)0.05). (c)Schematic representation of HHPRED domain predictions for the 

second SDIC4 subtype. (d) Distribution of SDIC4 subtype II across different bacterial genera. 
(e) Evaluation of SDIC4 subtype II fold protection against a suite of coliphages when 

expressed in E. coli MG1655 (n= 3 biological replicates). (f) Evaluation of SDIC4 subtype II 

fold protection against a suite of Serratia phages when expressed in S. marcescens Db10 

(n=3 biological replicates). For e-f, fold protection was calculated as above.  
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Figure 6. SDIC1 elicits protection against phages through population-wide 
immunity. (a) Pymol structural alignment (RMSD=2.67 Å) between the Alphafold2 

model of SDIC1A and its closest structural homologue, the TIR-containing human 

protein TIRAP (PDBID: 5UZB). (b) Pymol structural alignment (RMSD=4.1 Å) between 

the Alphafold2 model of SDIC1B and a putative human ubiquitin ligase (PDBID: 2A7L). 

Structural homologues in a-b were obtained with Foldseek. (c) Distribution of SDIC1 

across strains. (d)Efficiency of plating (EOP) measurement of E. coli MG1655 

expressing empty vector(VC, pQE60-Tat) or the same vector encoding SDIC1, 

SDIC1A or SDIC1B when challenged with phages as reported in panel c. (e-f) Growth 

rate (OD600nm) (e) and cell counts (CFU/mL) (f) of E. coli MG1655 expressing empty 

vector (VC, pQE60-Tat) or the same vector encoding SDIC1, SDIC1A or SDIC1B in 

absence of phage infection. (g-i) E. coli MG1655 carrying empty vector, SDIC1, 

SDIC1A or SDIC1B were infected with Alma at MOI 0.1 and the released phages ( 

titre, PFU/mL) (g), cell counts (CFU/mL), (h) and growth rate (OD600nm)(i) was 

measured over the course of 12 hr post-infection. Statistical analysis for panel c and f 
was performed with GraphPad using one-way ANOVA with Dunnett9s multiple 

comparison test. No significance was detected, unless indicated (*p)f)0.05). 
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