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Abstract 24 
 25 
Defense-associated sirtuins (DSR) comprise a family of proteins that defend bacteria from 26 
phage infection via an unknown mechanism. These proteins are common in bacteria and 27 
harbor an N-terminal sirtuin (SIR2) domain. In this study we report that DSR proteins 28 
degrade nicotinamide adenine dinucleotide (NAD+) during infection, depleting the cell of this 29 
essential molecule and aborting phage propagation. Our data show that one of these proteins, 30 
DSR2, directly identifies phage tail tube proteins and then becomes an active NADase in 31 
Bacillus subtilis. Using a phage mating methodology that promotes genetic exchange between 32 
pairs of DSR2-sensitive and DSR2–resistant phages, we further show that some phages 33 
express anti-DSR2 proteins that bind and repress DSR2. Finally, we demonstrate that the 34 
SIR2 domain serves as an effector NADase in a diverse set of phage defense systems outside 35 
the DSR family. Our results establish the general role of SIR2 domains in bacterial immunity 36 
against phages.   37 
 38 
 39 
 40 
 41 
 42 
 43 
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 44 
Introduction 45 
 46 
SIR2-domain proteins, or sirtuins, are found in organisms ranging from bacteria to humans. These 47 
proteins have been widely studied in yeast and mammals, where they were shown to regulate 48 
transcription repression, recombination, DNA repair and cell cycle processes 1. In eukaryotes, 49 
SIR2 domains were shown to possess enzymatic activities, and function either as protein 50 
deacetylases or ADP ribosyltransferases 2,3. In both cases, the SIR2 domain utilizes nicotinamide 51 
adenine dinucleotide (NAD+) as a cofactor for the enzymatic reaction 4. 52 
 53 
In bacteria, SIR2 domains were recently shown to participate in defense systems that protect 54 
against phages. These domains are associated with multiple different defense systems, including 55 
prokaryotic argonautes (pAgo) 5, Thoeris 6,7, AVAST, DSR, and additional systems 8. It was 56 
recently shown that the SIR2 domain in the Thoeris defense system is an NADase responsible for 57 
depleting NAD+ from the cell once phage infection has been sensed 7. However, it is currently 58 
unknown whether SIR2 domains in other defense systems perform a similar function, or whether 59 
they have other roles in phage defense.  60 
 61 
Results 62 
 63 
DSR2 defends against phage SPR via abortive infection 64 
To study the role of SIR2 domains in bacterial anti-phage defense, we began by focusing on DSR2, 65 
a minimal defense system that includes a single protein with an N-terminal SIR2 domain and no 66 
additional identifiable domains (Fig. 1A). The DSR2 gene family was recently identified based on 67 
a screen for genes commonly found in bacterial anti-phage defense islands 8. We cloned the DSR2 68 
gene from Bacillus subtilis 29R, under the control of its native promoter, into the genome of B. 69 
subtilis BEST7003 which naturally lacks this gene, and challenged the DSR2-containing strain 70 
with a set of phages from the SPbeta family. We found that DSR2 protected B. subtilis against 71 
phage SPR, reducing plating efficiency by four orders of magnitude (Fig. 1B, Extended Data 72 
Fig.1). Point mutations in residues N133 and H171 in DSR2, both of which predicted to disable 73 
the active site of the SIR2 domain, abolished defense, suggesting that the enzymatic activity of 74 
SIR2 is essential for DSR2 defense (Fig. 1B).  75 
 76 
We next tested whether DSR2 defends via abortive infection, a process that involves premature 77 
death or growth arrest of the infected cell, preventing phage replication and spread to nearby cells 78 
9. When infected in liquid media, DSR2-containing bacterial cultures collapsed if the culture was 79 
infected by phage in high multiplicity of infection (MOI), similar to DSR2-lacking cells (Fig. 1C). 80 
However, despite collapsing the culture, phages were not able to replicate on DSR2-containing 81 
cells (Extended Data Fig.2). In low MOI infection, DSR2-lacking control cultures collapsed but 82 
DSR2-containing bacteria survived (Fig. 1C). This phenotype is a hallmark of abortive infection, 83 
in which infected bacteria that contain the defense system do not survive but also do not produce 84 
phage progeny 9. 85 
 86 
DSR2 depletes NAD+ upon phage infection 87 
To ask whether DSR2 manipulates the NAD+ content of the cell during phage infection, we used 88 
mass spectrometry to monitor NAD+ levels in infected cells at various time points following initial 89 
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infection. When DSR2-containing cells were infected by phage SPR, cellular NAD+ decreased 90 
sharply between 20 and 30 minutes from the onset of infection (Fig. 1D). NAD+ levels did not 91 
change in cells in which the SIR2 active site was mutated, or in DSR2-lacking control cells, 92 
suggesting that the SIR2 domain is responsible for the observed NAD+ depletion (Fig. 1D). In 93 
parallel with NAD+ depletion, we observed accumulation of the product of NAD+ cleavage, ADP-94 
ribose (ADPR) (Fig. 1E). These results demonstrate that DSR2 is an abortive infection protein that 95 
causes NAD+ depletion in infected cells. 96 
  97 
DSR2 strongly protected B. subtilis cells against SPR, a phage belonging to the SPbeta group of 98 
phages 10 (Fig. 1B, Extended Data Fig.1). However, the defense gene failed to protect against 99 
phages phi3T and SPbeta, although both these phages belong to the same phage group as SPR 100 
(Fig. 1B). This observation suggests that phages phi3T and SPbeta either encode genes that inhibit 101 
DSR2, or lack genes that are recognized by DSR2 and trigger its NADase activity. The phages 102 
SPR, phi3T and SPbeta all share substantial genomic regions with high sequence homology (Fig. 103 
2A). We therefore reasoned that co-infecting cells with two phages, either SPR and phi3T, or SPR 104 
and SPbeta, may result in recombination-mediated genetic exchange between the phages, which 105 
would enable pinpointing genes that allow escape from DSR2 defense when acquired by SPR (Fig. 106 
2B). Such crossing techniques were previously successful in pinpointing genetic phenotypes in 107 
phages 11,12.  108 
 109 
To generate a bacterial host that would select for such genetic exchange events, we cloned into 110 
DSR2-containing cells an additional defense protein, a prokaryotic viperin homolog (pVip) from 111 
Fibrobacter sp. UWT3 13. The pVip protein, when expressed alone in B. subtilis, protected it from 112 
phi3T and SPbeta but not from SPR, a defense profile which is opposite to that of the DSR2 profile 113 
in terms of the affected phages (Extended Data Fig.3). Accordingly, none of the three SPbeta-114 
group phages could form plaques on the strain that expressed both defensive genes. However, 115 
when simultaneously infecting the double defense strain with SPR and either phi3T or SPbeta, 116 
plaque forming hybrids were readily obtained, indicating that these hybrid phages recombined and 117 
acquired a combination of genes enabling them to escape both DSR2 and pVip (Fig. 2C).  118 

 119 
A phage-encoded anti-DSR2 protein 120 
We isolated and sequenced 32 such hybrid phages, assembled their genomes, and compared these 121 
genomes to the genome of the parent SPR phage (Fig. 2D; Supplementary File 1). This led to the 122 
identification of two genomic segments that were repeatedly acquired by SPR phages. Acquisition 123 
of either of these segments from a genome of a co-infecting phage rendered SPR resistant to DSR2 124 
(Fig. 2D). The first segment included five small genes of unknown function that are present in 125 
phages phi3T and SPbeta but not in the wild type SPR phage, and we therefore tested whether any 126 
of these genes was capable of inhibiting DSR2. One of the genes, when co-expressed with DSR2, 127 
rendered DSR2 inactive, suggesting that this phage gene encodes an anti-DSR2 protein (Fig. 3A). 128 
The other four genes in the segment did not inhibit DSR2 defense (Extended Data Fig.4A). The 129 
DSR2-inhibiting protein, which we named DSAD1 (DSR Anti Defense 1), is 120aa long and has 130 
no identifiable sequence homology to proteins of known function. Co-expression of DSR2 and 131 
tagged DSAD1, followed by pulldown assays, showed direct interaction between the two proteins 132 
(Fig. 3B). These results indicate that DSAD1 is a phage protein that binds and inhibits DSR2.  133 
 134 
 135 
 136 
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DSR2 is activated by phage tail tube protein 137 
We next examined the second genomic segment that, when acquired, allowed phage hybrids to 138 
escape DSR2. In the parent SPR phage, this region spans three operons encoding a set of phage 139 
structural proteins, including capsid and tail proteins. Hybrid phages in which the original genes 140 
were replaced by their homologs from SPbeta or phi3T become resistant to DSR2 (Fig. 2D). We 141 
hypothesized that one of the structural proteins in phage SPR is recognized by DSR2 to activate 142 
its defense, and when this protein is replaced by its homolog from another phage, recognition no 143 
longer occurs. To test this hypothesis, we attempted to clone each of the three operons found in 144 
the original DNA segment in SPR into B. subtilis cells that also express DSR2. One of these 145 
operons could not be cloned into DSR2-expressing cells, and we then repeated the cloning attempt 146 
for each of the genes in the operon. One of these genes, encoding a tail tube protein, could not be 147 
cloned into DSR2-expressing cells but was readily cloned into cells in which the DSR2 active site 148 
was mutated (Fig. 3C, Extended Data Fig.4B-C).  149 
 150 
To further test if co-expression of DSR2 and the SPR tail tube protein is toxic to bacteria, we 151 
cloned each of these genes under an inducible promoter within E. coli cells. In support of our 152 
hypothesis, growth was rapidly arrested in cells in which the expression of both genes was induced 153 
(Fig. 3D), and these cells became depleted of NAD+ (Fig. 3E, 3F). Furthermore, pulldown assays 154 
with tagged proteins showed that DSR2 directly binds the tail tube protein of phage SPR (Fig. 3B). 155 
The tail tube protein was not able to pull down DSR2 when DSAD1 was coexpressed in the same 156 
cells, suggesting that the tail tube protein and DSAD1 are competitive binders for DSR2 (Extended 157 
Data Fig.5). These results demonstrate that the tail tube protein of phage SPR is directly recognized 158 
by the defense protein DSR2, and that this recognition triggers the NADase activity of DSR2 and 159 
results in growth arrest (Fig. 3G).  160 
 161 
The original tail tube protein of phage SPR is substantially divergent from its counterparts from 162 
phages SPbeta or phi3T, sharing only ~40% amino acid sequence identity with these proteins 163 
(Extended Data Fig.6). This divergence explains why the replacement of the original SPR protein 164 
with its SPbeta homolog renders the hybrid phage resistant to DSR2. In support of this, the tail 165 
tube protein of phage SPbeta showed much weaker ability to pull down DSR2 as compared to the 166 
tail tube counterpart from phage SPR (Fig. 3B). Presumably, the evolutionary pressure imposed 167 
by DSR2 and other bacterial defense systems that recognize tail tube proteins has led to the 168 
observed diversification in these proteins in phages of the SPbeta group. 169 
 170 
Various defense systems with SIR2 domains deplete NAD+ upon infection 171 
Our results show that DSR2 exerts its defensive activity by depleting NAD+ from infected cells. 172 
NADase activity was also recently described in the Thoeris defense system, in which a small 173 
molecule signal activates a SIR2-encoding effector to deplete NAD+ once phage infection has been 174 
recognized 7. To test if NAD+ depletion is a general activity of SIR2 domains in bacterial defense 175 
systems, we examined three additional defense systems that contain a SIR2 domain (Fig. 4A). 176 
These systems included a two-gene system that encodes, in addition to the SIR2 domain, also a 177 
prokaryotic argonaute homolog (pAgo), a two-gene system that encodes a HerA-like DNA 178 
translocase 8, and a single SIR2-domain protein called DSR1 8 (Fig. 4A). DSR1 was cloned into 179 
B. subtilis BEST7003, while the other two systems were cloned into an E. coli host. Consistent 180 
with our hypothesis, these systems defended against multiple different phages (Fig. 4B, Extended 181 
Data Fig.7), and NAD+ depletion was observed in each case (Fig. 4C-E). Mutations inactivating 182 
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the HerA-like DNA translocase or the pAgo protein abolished defense, indicating that these two 183 
proteins also participate in the defensive function (Extended Data Fig.8). Liquid infection with 184 
high and low MOIs showed a phenotype consistent with abortive infection for the SIR2/pAgo and 185 
the SIR2-HerA systems (Fig. 4F-G). However, the DSR1 protein seems to inhibit the replication 186 
of phage phi29 without arresting the growth of the bacterial cells, and depletion of NAD+ was only 187 
transient (Fig. 4E, 4H). Together, these results demonstrate a general role of SIR2 domains as 188 
NAD+ depleting effectors in bacterial defense against phage.  189 
 190 
Discussion 191 
 192 
Our data suggest that NAD+ depletion is a canonical function for SIR2 domains within bacterial 193 
defense systems. We show that four anti-phage defense systems, all containing SIR2 domains but 194 
otherwise comprising different architectures, deplete NAD+ in response to phage infection. 195 
Specifically, in the case of DSR2, we show that this protein recognizes newly translated phage tail 196 
tube proteins to become an active NADase. Phages of the SPbeta family have at least two versions 197 
of the tail tube protein, and only certain alleles are strongly recognized by DSR2. In addition, we 198 
found that some phages in this family carry a small protein, DSAD1, which binds and inactivates 199 
DSR2.   200 
 201 
NAD+ depletion was previously shown to be toxic to bacterial cells 14–17, and it was recently 202 
demonstrated in the Thoeris, CBASS and Pycsar systems that defense involving NAD+ depletion 203 
during phage infection is associated with an eventual cell death 7,15,18. Indeed, in three out of the 204 
four SIR2-containing systems that we studied, growth arrest or death of the bacterial host was 205 
observed in response to phage infection. However, DSR1 protection from phage phi29 did not 206 
involve culture collapse (Fig. 4H). Furthermore, our data show that the NAD+ levels in cells 207 
containing DSR1 recovered after the initial depletion (Fig. 4E). It is possible that in some cases, 208 
reversible reduction of NAD+ to low but not zero levels may be enough to interfere with phage 209 
replication while still allowing cell growth. Alternatively, lowered levels of NAD+ might have 210 
different outcomes for the infected cell depending on additional components derived from the 211 
infecting phage.   212 
 213 
The molecular signatures recognized by abortive infection defense systems as an indication for 214 
phage infection have been notoriously challenging to discover. In a minority of cases where the 215 
trigger was discovered, it was shown that some systems “guard” an immunity hub in the cell, and 216 
become triggered when the phage tampers with the immunity complex 19,20. In other cases, a 217 
specific protein expressed by the phage during infection forms the trigger for system activation, as 218 
shown for the Staphylococcus Stk2 abortive infection kinase 21, and also as we show for DSR2 in 219 
the current study. However, the SPR tail tube protein that activates DSR2 does not activate DSR1, 220 
suggesting that these two proteins recognize different molecular signatures (Extended Data Fig.9). 221 
The mechanisms by which phages activate, and potentially inhibit, the other three SIR2-domain-222 
containing systems described in this study remains to be elucidated by future studies. 223 
 224 
The arsenal of defense mechanisms known to protect bacteria against phage has recently been 225 
substantially expanded following the discovery of dozens of new anti-phage defense systems 6,8,22. 226 
While the mechanism of defense was deciphered for some of these systems 7,13,18,23, in many cases 227 
it is not known what molecular patterns of the phage trigger these systems to become active. In the 228 
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current study we used a “phage mating” technique, which was previously successfully used in 229 
other studies 11,12, to promote genetic exchange between phages that are sensitive to the defense 230 
system and phages that can overcome it. Genome analyses of hybrid phages enabled us to pinpoint 231 
the exact phage proteins that activate or repress DSR2. We believe that the phage mating approach 232 
should be a useful tool for other studies attempting to identify phage triggers of bacterial defense 233 
systems.  234 
 235 
 236 
Methods 237 
 238 
Bacterial strains and phages 239 
B. subtilis strain BEST7003 (obtained from I. Mitsuhiro at Keio University, Japan) was grown in 240 
MMB (LB + 0.1 mM MnCl2 + 5 mM MgCl2, with or without 0.5% agar) at 30 °C. Whenever 241 
applicable, media were supplemented with spectinomycin (100 μg/ml) and chloramphenicol (5 242 
μg/ml), to ensure selection of transformed and integrated cells. E. coli strain MG1655 (ATCC 243 
47076) was grown in MMB at 37 °C. Whenever applicable, media were supplemented with 244 
ampicillin (100 μg/ml) or chloramphenicol (30 μg/ml) or kanamycin (50 μg/ml), to ensure the 245 
maintenance of plasmids. Phages used in this study are listed in Table 1.  246 
 247 
Plasmid and strain construction 248 
Details on defense systems analyzed in this study are summarized in Table 2, and sequences of 249 
primers used in this study are in Supplementary Table S3. Defense systems DSR1, DSR2, and 250 
SIR2-HerA were synthesized by Genscript Corp. and cloned into the pSG1 plasmid 6 together with 251 
their native promoters. A whole operon of the SIR2/pAgo system, composed of the genes encoding 252 
the SIR2 (GSU1360, NP_952413.1) and pAgo (GSU1361, NP_952414.1) proteins, was amplified 253 
by PCR using the oligonucleotides MZ239 and MZ240, respectively, from the genomic DNA of 254 
Geobacter sulfurreducens Caccavo (LGC Standards cat #51573D-5). The resulting DNA fragment 255 
was digested by Eco31I (ThermoFisher cat #FD0293) and XhoI (ThermoFisher cat #FD0694) and 256 
using T4 DNA ligase (ThermoFisher cat #EL0014) was cloned into pBAD/HisA expression vector 257 
(ThermoFisher cat #V43001) precleaved with NheI (ThermoFisher cat #FD0973) and XhoI and 258 
dephosphorylated using FastAP (ThermoFisher cat #EF0651). The GsSir2 protein contains a His6-259 
Tag at its N terminus. The mutants DSR2 (N133A) and DSR2 (H171A) were constructed using 260 
the Q5 Site-directed Mutagenesis kit (NEB, E0554S) using either primers JG216 and JG217, or 261 
JG220 and JG221 respectively. The mutant DSR1 (H194A) was constructed using the Q5 Site-262 
directed Mutagenesis kit using primers JG496 and JG497. The mutant SIR2-HerA (SIR2 D165A 263 
H212A) was constructed by first using the Q5 Site-directed Mutagenesis kit using primers JG498 264 
and JG499 to introduce the D165A mutation, and then using the resulting plasmid for further Q5 265 
Site-directed Mutagenesis and the introduction of the second H212A mutation using primers 266 
JG500 and JG501. The mutant SIR2-HerA (HerA K167A) was constructed using the Q5 Site-267 
directed Mutagenesis kit using primers JG502 and JG503. The mutant SIR2/pAgo (SIR2 N142A) 268 
was constructed using the Q5 Site-directed Mutagenesis kit using primers JG463 and JG464.To 269 
inactivate the GsAgo protein a bulky His6-StrepII-His6-tag (HSH-tag, 29 aa.: 270 
LEGHHHHHHSSWSHPQFEKGVEGHHHHHH) was fused to its C terminus. For this, a whole 271 
operon of the GsSir2/Ago system was amplified by PCR using the oligonucleotides MZ-325 and 272 
MZ-326, respectively, from the genomic DNA. The resulting DNA fragment was digested by 273 
Eco31I and XhoI and using T4 DNA ligase was cloned into pBAD24-HSH expression vector 274 
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precleaved with NcoI (ThermoFisher cat#FD0573) and XhoI and dephosphorylated using FastAP. 275 
In this case, the GsSir2 protein does not contain any tag at its N-terminus. 276 

 277 
A cloning shuttle vector for large fragments was constructed by Genscript Corp. This vector was 278 
constructed by replacing the Pxyl promoter and its downstream open reading frame in plasmid 279 
pGO1_thrC_Pxyl_cereus_ThsA 7, with a synthesized Phspank sfGFP cassette taken from pDR111 280 
24, resulting in the plasmid pSG-thrC_Phspank_sfGFP (Supplementary File S2). The vector 281 
contains a p15a origin of replication and ampicillin resistance for plasmid propagation in E. coli, 282 
and a thrC integration cassette with chloramphenicol resistance for genomic integration into B. 283 
subtilis. 284 
 285 
DSAD1 from SPbeta (NCBI protein accession WP_004399562) and phage tail tube protein from 286 
SPR (NCBI protein accession WP_010328117) were amplified from phage genomic DNA using 287 
primers JG346 and JG347 (for DSAD1) and JG142 and JG143 (for tail tube), and cloned into the 288 
pSG-thrC_Phspank_sfGFP vector, replacing sfGFP. The vector backbone was amplified using 289 
primers JG13 and JG14.  290 
 291 
The additional DSR2 activator candidates tested in this research were also amplified from phage 292 
SPR genomic DNA and cloned into the pSG-thrC_Phspank_sfGFP vector, replacing sfGFP.  293 
“Operon 1” was lifted with JG431 and J432. “Operon 2” was lifted with JG433 and JG434. 294 
“Operon 3” was lifted with JG435 and JG436. “gene 5” was lifted with JG437 and JG438. “gene 295 
6” was lifted with JG439 and JG440. “gene 7” was lifted with JG441 and JG442. 296 
 297 
In a similar fashion, the additional DSR2 inhibition candidates tested in this paper were amplified 298 
from phage SPbeta. “gene 1” was lifted with JG134 and JG183. “gene 2” was lifted with JG184 299 
and JG185. “gene 3” was lifted with JG186 and JG187. “gene 4” was lifted with JG188 and JG189. 300 
 301 
For expression in E. coli MG1655, DSR2 and DSR2(H171A) were amplified and cloned into the 302 
plasmid pBbA6c-RFP (Addgene, cat. #35290) using primers JG259 and JG260. The SPR tail tube 303 
gene was amplified from phage genomic DNA and cloned into the plasmid pBbS8k-RFP 304 
(Addgene, cat. #35276) with primers JG249 and JG250 for inducible expression in E. coli.  305 
 306 
For the assembly of tagged protein constructs, a pBbS8k with sfGFP fused to a C-terminal 307 
TwinStrep tag was first constructed (Supplementary File S3). The pBbS8k vector backbone was 308 
amplified using primers JG406 and JG407, and the sfGFP with a C-terminal TwinStrep tag was 309 
amplified from an amyE shuttle vector pGO6_amyE_hspank_GFP 7 with primers JG366 and 310 
JG367 and cloned into the pBbS8k plasmid, replacing RFP. To create the C-terminally-tagged 311 
SPR tail tube, SPbeta tail tube and DSAD1 constructs, the genes were amplified from phage 312 
genomic DNA using primers JG408 and JG409 (for SPR tail tube), JG421 and JG422 (for SPbeta 313 
tail tube) and JG410 and JG411 (for DSAD1) and cloned into the pBbS8k sfGFP with C-terminal 314 
TwinStrep mentioned above, replacing sfGFP. For this, the pBbS8k with C-terminal TwinStrep 315 
vector backbone was amplified using primers JG407 and JG412.  316 
 317 
For the assembly of a DSAD1 gene containing plasmid which is compatible with both pBbS8k 318 
and pBbA6c, DSAD1 gene was lifted from phage SPbeta genomic DNA using primers JG429 and 319 
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JG430 and Gibson assembled with a backbone amplified from plasmid pAraGFPCDF (Addgene, 320 
cat. #47516) with primers JG427 and JG428. 321 

  322 
To assemble a constitutively expressed pVip construct to be integrated into the thrC site of B. 323 
subtilis, first the pVip gene was lifted from the plasmid reported in 13 using primers JG3 and JG4 324 
and Gibson assembled with a backbone amplified from plasmid pJMP4 (provided by J. M. Peters) 325 
with primers JG1 and JG2. From the resulting plasmid, pVIP was lifted with the Pveg promoter 326 
using primers JG82 and JG83 and Gibson assembled with a backbone amplified from pSG-327 
thrC_Phspank_sfGFP  using primers JG81 and OGO603.  328 
 329 
All PCR reactions were performed using KAPA HiFi HotStart ReadyMix (Roche cat # 330 
KK2601). Cloning was performed using the NEBuilder HiFi DNA Assembly kit (NEB, E2621). 331 
 332 
Bacillus transformation 333 
Transformation to B. subtilis BEST7003 was performed using MC medium as previously 334 
described 25. MC medium was composed of 80 mM K2HPO4, 30 mM KH2PO4, 2% glucose, 30 335 
mM trisodium citrate, 22 μg/ml ferric ammonium citrate, 0.1% casein hydrolysate (CAA), 0.2% 336 
sodium glutamate. From an overnight starter of bacteria, 10 μl were diluted in 1 ml of MC medium 337 
supplemented with 10 μl 1M MgSO4. After 3 hours of incubation (37°C, 200 rpm), 300 μl of the 338 
culture was transferred to a new 15 ml tube and ~200 ng of plasmid DNA was added. The tube 339 
was incubated for another 3 hours (37°C, 200 rpm), and the entire reaction was plated on Lysogeny 340 
Broth (LB) agar plates supplemented with 5 μg/ml chloramphenicol or 100 μg/ml spectinomycin 341 
and incubated overnight at 30°C. 342 
 343 
Plaque assays  344 
Phages were propagated by picking a single phage plaque into a liquid culture of B. subtilis 345 
BEST7003 or E. coli MG1655 grown at 37°C to OD600 0.3 in MMB medium until culture collapse. 346 
The culture was then centrifuged for 10 minutes at 3,200 x g and the supernatant was filtered 347 
through a 0.2 µm filter to get rid of remaining bacteria and bacterial debris. Lysate titer was 348 
determined using the small drop plaque assay method as previously described 26.  349 
 350 
Plaque assays were performed as previously described 6,26. Bacteria containing defense system and 351 
control bacteria with no system were grown overnight at 37°C. Then 300 µl of the bacterial culture 352 
was mixed with 30 ml melted MMB 0.5% agar, poured on 10 cm square plates, and let to dry for 353 
1 hour at room temperature. For cells that contained inducible constructs, the inducers were added 354 
to the agar before plates were poured. 10-fold serial dilutions in MMB were performed for each of 355 
the tested phages and 10 µl drops were put on the bacterial layer. After the drops had dried up, the 356 
plates were inverted and incubated overnight at room temperature or 37°C. Plaque forming units 357 
(PFUs) were determined by counting the derived plaques after overnight incubation and lysate titer 358 
was determined by calculating PFUs per ml. When no individual plaques could be identified, a 359 
faint lysis zone across the drop area was considered to be 10 plaques. Details of specific conditions 360 
used in plaque assays for each defense system are found in Table 2. 361 
 362 
Liquid culture growth assays 363 
Non-induced overnight cultures of bacteria containing defense system and bacteria with no system 364 
(negative control) were diluted 1:100 in MMB medium supplemented with appropriate antibiotics 365 
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and incubated at 37°C while shaking at 200 rpm until early log phase (OD600 = 0.3). 180 µl of the 366 
culture were then transferred into wells in a 96-well plate containing 20 µl of phage lysate for a 367 
final MOI of 10 and 0.1 for phage lambda(vir), an MOI of 4 and 0.04 for phages SPR, phi29 and 368 
vB_EcoM-KAW1E185, or 20 µl of MMB for uninfected control. Infections were performed in 369 
triplicates from overnight cultures prepared from separate colonies. Plates were incubated at 30°C 370 
or 37°C (as indicated) with shaking in a TECAN Infinite200 plate reader and an OD600 371 
measurement was taken every 10 min. Details of specific conditions used for each defense system 372 
are found in Table 2. 373 
 374 
Liquid culture growth toxicity assays 375 
Non-induced E. coli MG1655 with DSR2 and tail tube, or DSR2 and RFP (negative control), were 376 
grown overnight in MMB supplemented with 1% glucose and the appropriate antibiotics. Cells 377 
were diluted 1:100 in 3 ml of fresh MMB and grown at 37°C to an OD600 of 0.3 before expression 378 
was induced. The inducers were then added to a final concentration of 0.2% arabinose and 1mM 379 
IPTG, and MMB was added instead for the uninduced control cells. The cells were transferred into 380 
a 96-well plate. Plates were incubated at 37°C with shaking in a TECAN Infinite200 plate reader 381 
with an OD600 measurement was taken every 10 min.  382 
 383 
Infection time course phage titer assay 384 
Non-induced overnight cultures of bacteria containing the DSR2 gene and bacteria with no system 385 
(negative control) were diluted 1:100 in 3 ml MMB medium and incubated at 37°C while shaking 386 
at 200 rpm until early log phase (OD600 = 0.3), and then cultures were infected with phage SPR at 387 
an MOI of 4. Cultures were left shaking at 37°C for the duration of the experiment. At each time 388 
point, 1 ml of culture was filtered through a 0.2 μm filter (Whatman cat# 10462200) and then used 389 
in an infection plaque assay on B. subtilis BEST7003 at room temperature. The sample for time 0 390 
was produced my mixing the same amount of phage used for infection in 3 ml MMB medium. 391 
 392 
Cell lysate preparation for LC-MS 393 
Overnight cultures of bacteria containing defense systems and bacteria with no system (negative 394 
control) were diluted 1:100 in 250 ml MMB and incubated at 37°C with shaking (200 rpm) until 395 
reaching OD600 of 0.3. For cells that contained inducible SIR2/pAgo constructs, the inducers were 396 
added at an OD600 of 0.1. A sample of 50 ml of uninfected culture (time 0) was then removed, and 397 
phage stock was added to the culture to reach an MOI of 5-10. Flasks were incubated at 30°C or 398 
37°C (as indicated) with shaking (200 rpm) for the duration of the experiment. 50 ml samples were 399 
collected at various time points post infection. Immediately upon sample removal the sample tube 400 
was placed in ice, and centrifuged at 4°C for 5 minutes to pellet the cells. The supernatant was 401 
discarded and the tube was frozen at -80°C. To extract the metabolites, 600 µl of 100 mM 402 
phosphate buffer at pH 8, supplemented with 4 mg/ml lysozyme, was added to each pellet. Tubes 403 
were then incubated for 30 minutes at RT, and returned to ice. The thawed sample was transferred 404 
to a FastPrep Lysing Matrix B 2 ml tube (MP Biomedicals cat # 116911100) and lysed using 405 
FastPrep bead beater for 40 seconds at 6 m/s. Tubes were then centrifuged at 4°C for 15 minutes 406 
at 15,000 g. Supernatant was transferred to Amicon Ultra-0.5 Centrifugal Filter Unit 3 KDa (Merck 407 
Millipore cat # UFC500396) and centrifuged for 45 minutes at 4°C at 12,000 g. Filtrate was taken 408 
and used for LC-MS analysis. Details of specific conditions used for each defense system are found 409 
in Table 2. 410 
 411 
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Quantification of NAD+ and ADPR by HPLC-MS  412 
Cell lysates were prepared as described above and analyzed by LC-MS/MS. Quantification of 413 
metabolites was carried out using an Acquity I-class UPLC system coupled to Xevo TQ-S triple 414 
quadrupole mass spectrometer (both Waters, US). The UPLC was performed using an Atlantis 415 
Premier BEH C18 AX column with the dimension of 2.1 × 100 mm and particle size of 1.7 μm 416 
(Waters). Mobile phase A was 20 mM ammonium formate at pH 3 and acetonitrile was mobile 417 
phase B. The flow rate was kept at 300 μl min−1 consisting of a 2 min hold at 2% B, followed by 418 
linear gradient increase to 100% B during 5 min. The column temperature was set at 25°C and an 419 
injection volume of 1 μl. An electrospray ionization interface was used as ionization source. 420 
Analysis was performed in positive ionization mode. Metabolites were detected using multiple-421 
reaction monitoring, using argon as the collision gas. Quantification was made using standard 422 
curve in 0–1 mM concentration range. NAD+ (Sigma, N0632-1G) and ADPR (Sigma, A0752-423 
25MG) were added to standards and samples as internal standard (0.5 μM). TargetLynx (Waters) 424 
was used for data analysis. 425 
 426 
Pulldown assays  427 
Non-induced overnight cultures of E. coli MG1655 with DSR2 (H171A), DSAD1, DSAD1 with 428 
C-terminal TwinStrep tag, SPR tail tube protein with C-terminal TwinStrep tag, or combinations 429 
of these proteins were diluted 1:100 in 50 ml of MMB and grown at 37°C to an OD600 of 0.3. 430 
Expression was then induced by adding 0.2% arabinose and 1mM IPTG, and cells continued to 431 
grow to an OD600 of 0.9 at 37°C. Cells were centrifuged at 3,200 x g for 10 minutes. Supernatant 432 
was discarded and pellets were frozen in -80°C.  433 
 434 
To pull down the proteins, 1 ml of Strep-Tactin wash buffer (IBA cat # 2-1003-100) supplemented 435 
with 4 mg/ml lysozyme was added to each pellet and incubated for 10 minutes at 37°C with 436 
shaking until thawed, and then resuspended. Tubes were then transferred to ice, and the 437 
resuspended cells transferred to a FastPrep Lysing Matrix B in 2 ml tube (MP Biomedicals cat # 438 
116911100). Samples were lysed using FastPrep bead beater for 40 seconds at 6 m/s. Tubes were 439 
centrifuged for 15 minutes at 15,000 x g. Per each pellet, 30 µl of MagStrep “Type 3” XT beads 440 
(IBA cat # 2-4090-002) were washed twice in 300 µl wash buffer (IBA cat # 2-1003-100), and the 441 
lysed cell supernatant was mixed with the beads and incubated for 30-60 minutes, rotating at 4°C. 442 
The beads were then pelleted on a magnet, washed twice with wash buffer, and purified protein 443 
was eluted from the beads in 10 µl of BXT elution buffer (IBA cat # 2-1042-025). 30 µl of samples 444 
were mixed with 10 µl of 4X Bolt™ LDS Sample Buffer (ThermoFisher cat#B0008) and a final 445 
concentration of 1mM of DTT. Samples were incubated at 75°C for 5 minutes, and then loaded to 446 
a NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein Gel, 12-well (ThermoFisher cat# 447 
NP0322PK2) in 20X Bolt™ MES SDS Running Buffer (ThermoFisher cat# B0002) and run at 448 
160V. Gels were shaken with InstantBlue® Coomassie Protein Stain (ISB1L) (ab119211) for 1 449 
hour, followed by another hour in water. All bands shown in Fig. 3B were verified to represent the 450 
indicated protein by mass spectrometry.  451 
 452 
Phage coinfection and hybrid isolation 453 
50 µl overnight culture of B. subtilis containing DSR2 and pVip was mixed with 50 µl of phage 454 
SPR and 50 µl of either phi3T or SPbeta, each phage at a titer of 107 PFU/ml. Bacteria and phages 455 
were left to rest at room temperature for 10 minutes before being mixed with 5ml of premelted 456 
MMB 0.3% agar and poured over a plate containing MMB 0.5% agar. Plates were left overnight 457 



11 
 

at room temperature before being inspected for plaques. Single plaques were picked into 100 µl 458 
phage buffer (50 mM Tris-HCl pH 7.4, 100 mM MgCl2, 10 mM NaCl). Hybrid phages were tested 459 
for their ability to infect DSR2-containing cells using small drop plaque assay as described above. 460 
 461 
 462 
 463 
Sequencing and assembly of phage hybrids 464 
High titer phage lysates (>107 pfu/ml) of the ancestor and isolated phage hybrids were used for 465 
DNA extraction. 500 µl of the phage lysate was treated with DNaseI (Merck cat #11284932001) 466 
added to a final concentration of 20 µg/ml and incubated at 37°C for 1 hour to remove bacterial 467 
DNA. DNA was extracted using the QIAGEN DNeasy blood and tissue kit (cat #69504) starting 468 
from the Proteinase-K treatment step to lyse the phages. Libraries were prepared for Illumina 469 
sequencing using a modified Nextera protocol as previously described 27. Reads were de novo 470 
assembled using Spades3.14.0 28 with the ‘careful’ pipeline option which reduces chances for 471 
wrong mismatches and short indels in assemblies of small genomes.  472 
 473 
Hybrid phage alignment  474 
Hybrid phage genomes were aligned using SnapGene Version 5.3.2. Each hybrid genome was 475 
aligned to phage SPR and areas that did not align were aligned against the other phages in the 476 
coinfection experiment in order to verify their origin and gene content.  477 
 478 
Statistics & Reproducibility 479 
 480 
No statistical method was used to predetermine sample size. Experiments were performed in 481 
triplicates unless stated otherwise. Randomization was used for sample injection order in mass 482 
spectrometry measurements. No data were excluded from the analyses. The experiments in Fig. 483 
3B and Extended Data Fig.5 were repeated independently twice with similar results. 484 
 485 
Data availability 486 
  487 
Data that support the findings of this study are available within the Article and its Extended Data. 488 
Gene accessions appear in the Methods section of the paper. Plasmid maps of the constructs used 489 
for the experiments are attached as Supplementary Files. Source data are provided with this paper. 490 
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Tables 525 
 526 
Table 1. Phages used in this study 527 
 528 

PHAGE SOURCE IDENTIFIER ACCESSION 

lambda(vir) Udi Qimron  NC_001416.1 

phi105 Bacillus Genetic Stock Center (BGSC) BGSC (1L11) HM072038.1 

phi29 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ) DSM 5546 NC_011048.1 

phi3T Bacillus Genetic Stock Center (BGSC) BGSC (1L1) KY030782.1 

SECphi17 Doron et al., 2018  LT960607.1 

SECphi18 Doron et al., 2018   LT960609.1 

SPbeta Bacillus Genetic Stock Center (BGSC) BGSC (1L5) AF020713.1 

SPO1 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ) BGSC (1P4) NC_011421.1 

Spp1 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ) BGSC (1P7) NC_004166.2 

SPR Bacillus Genetic Stock Center (BGSC) BGSC (1L56)   
T7 Udi Qimron  NC_001604.1 
vB_EcoM-
KAW1E185 

Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ) DSM 104099 NC_054922.1 

 529 
 530 
 531 
 532 
 533 
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Table 2. SIR2 containing defense systems tested in this study 534 
 535 

SYSTEM HOST 
STRAIN 

NEGATIVE 
CONTROL 

PHAGES USED FOR MS 
AND LIQUID GROWTH 
ASSAYS 

PHAGES USED FOR INFECTION PLAQUE 
ASSAYS  

TEMP. 
(°C) 

INDUCTION 

DSR2 B. 
subtilis 

Empty cassette SPR phi29, spp1, SPR, SPbeta, phi3T, SPO1, 
phi105 

30 Native promoter 

DSR1 B. 
subtilis 

Empty cassette phi29 phi29, spp1, SPR, SPbeta, phi3T, SPO1, 
phi105 

30 Native promoter 

SIR2/ 
PAGO 

E. coli Empty pBAD lambda(vir) vB_EcoM-KAW1E185, lambda(vir), 
SECphi18, T7, SECphi17 

37 0.2% arabinose 

SIR2-
HERA 

E. coli Empty vector vB_EcoM-KAW1E185 vB_EcoM-KAW1E185, lambda(vir), 
SECphi18, T7, SECphi17 

37 Native promoter 

 536 
 537 

  538 
 539 
 540 
 541 
 542 
Fig. Legends 543 
 544 
Fig 1. DSR2 is an abortive infection protein that causes NAD+ depletion in infected cells. (A) 545 
Domain organization of DSR2 from B. subtilis 29R. Protein accession in NCBI is indicated above 546 
the gene. (B) Efficiency of plating (EOP) for three phages infecting the control B. subtilis 547 
BEST7003 strain (no system) or B. subtilis BEST7003 with DSR2 cloned from B. subtilis 29R. 548 
For phage SPR, EOP is also presented for two mutations in the predicted SIR2 catalytic site. Data 549 
represent plaque-forming units (PFU) per milliliter. Bar graphs represent average of three 550 
independent replicates, with individual data points overlaid. (C) Liquid culture growth of DSR2-551 
containing B. subtilis and control B. subtilis (no system), infected by phage SPR at 30 °C. Bacteria 552 
were infected at time 0 at an MOI of 4 or 0.04. Three independent replicates are shown for each 553 
MOI, and each curve represents an individual replicate. (D-E) Concentrations of NAD+ and ADPR 554 
in cell lysates extracted from SPR-infected cells as measured by targeted LC-MS with synthesized 555 
standards. X-axis represents minutes post infection, with zero representing non-infected cells. 556 
Cells were infected by phage SPR at a MOI of 5 at 30 °C. Bar graphs represent the average of two 557 
biological replicates, with individual data points overlaid. Colors are as in panel B. 558 
 559 
Fig 2. Genetic exchange between phages reveal regions responsible for escape from DSR2. 560 
(A) Genome comparison of phages SPR, SPbeta and phi3T was performed using clinker 29. 561 
Grey/black bands connect homologous genes, with shades of grey representing the % of amino 562 
acid sequence identity. (B) Schematic representation of the phage mating experiment. B. subtilis 563 
BEST7003 cells expressing both DSR2 and pVip are co-infected with phage SPR and SPbeta (or 564 
phi3T). Recombination between co-infecting phage genomes leads to hybrid phages that can 565 
overcome both defense systems and generate plaques. Examination of the genomes of multiple 566 
hybrids predicts genomic regions necessary to overcome defense. (C) Plaque assays with either 567 
one or two co-infecting phages. Cells expressing both DSR2 and pVip are infected either with 568 
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phage SPR (left), phage SPbeta (middle) or both phages (right). (D) Hybrid phage genomes. Each 569 
horizontal line represents the genome of a hybrid phage that can overcome DSR2. Green areas are 570 
from phage SPR, blue from SPbeta and purple from phi3T. Representative non-redundant hybrid 571 
sequences are presented out of 32 sequenced hybrids. Red rectangles outline two areas that are 572 
predicted to allow the phage to overcome DSR2 defense. Top zoom inset shows genes found in 573 
the region acquired from phi3T or SPbeta, gene outlined in red codes for DSAD1. Bottom zoom 574 
inset shows genes present in the original SPR genome, outlined gene is the tail tube protein. 575 
 576 
Fig 3. Phage proteins that activate and inhibit DSR2. (A) DSAD1 inhibits DSR2 defense. 577 
Liquid culture growth of B. subtilis BEST7003 cells expressing either DSR2 alone, DSAD1 alone, 578 
or DSR2 and DSAD1, or control cells expressing neither gene, infected by phage SPR at 30 °C. 579 
Three independent replicates are shown. (B) Pulldown assays of the DSR2-DSAD1 and DSR2-tail 580 
tube complexes. DSAD1, the tail tube proteins, and control GFP were C-terminally tagged, and 581 
co-expressed with DSR2. DSR2 in this experiment was mutated (H171A) to avoid toxicity. Shown 582 
is an SDS-PAGE gel. (C) Transformation efficiencies of a vector containing the SPR tail tube 583 
protein or GFP control were measured for cells containing either WT DSR2 or two inactive DSR2 584 
mutants. Y-axis represents the number of colony-forming units per milliliter. Bar graphs represent 585 
average of three replicates, with individual data points overlaid. (D) Liquid culture growth of E. 586 
coli that contains DSR2 and the tail tube gene of phage SPR, each under the control of an inducible 587 
promoter, and control E. coli that contains inducible GFP and DSR2 genes. Expression of both 588 
genes was induced at time 0. Three independent replicates are shown. (E-F) Concentrations of 589 
NAD+ and ADPR in cell lysates extracted from E. coli co-expressing DSR2 and SPR tail tube. X-590 
axis represents minutes post expression induction, with zero representing non-induced cells. 591 
Control cells in this experiment express RFP and DSR2. Bar graphs represent the average of two 592 
biological replicates, with individual data points overlaid. (G) A model for the mechanism of 593 
action of DSR2. Phage infection is sensed by the recognition of the phage tail tube protein through 594 
direct binding to DSR2. This triggers the enzymatic activity of the SIR2 domain to deplete the cell 595 
of NAD+ thereby causing abortive infection. The phage anti-DSR2 protein DSAD1 inhibits DSR2 596 
by direct binding. 597 
 598 
Fig 4. SIR2-containing defense systems deplete NAD+ in infected cells. (A) Domain 599 
organization of three defense systems that contain SIR2 domains. Protein accessions in NCBI are 600 
indicated. (B) Efficiency of plating for phages infecting defense-system-containing strains and 601 
control strains. SIR2-HerA and SIR2/pAgo were cloned into E. coli MG 1655, and DSR1 was 602 
cloned into B. subtilis BEST7003. Bar graphs are average of three biological replicates, with 603 
individual data points overlaid. KAW1E185 is short for vB_EcoM-KAW1E185, a T4-like phage. 604 
Asterisk marks statistically significant decrease (Student’s t-test, two-sided, p-values = 0.005, 605 
0.036, 0.025, for phages lambda (vir), KAW1E185, phi29, respectively). (C-E) Concentrations of 606 
NAD+ in cell lysates extracted from infected cells as measured by targeted LC-MS with 607 
synthesized standards. X-axis represents minutes post infection, with zero representing non-608 
infected cells. “No system” are control cells that contain an empty vector instead of the defense 609 
system. Bar graphs represent the average of two biological replicates, with individual data points 610 
overlaid. (F-H). Liquid culture growth of bacteria that contain the respective defense system and 611 
control bacteria that contain an empty vector (no system). Bacteria were infected at time 0 at low 612 
or high MOIs, as indicated. Three independent replicates are shown for each MOI, and each curve 613 
shows an individual replicate. 614 
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Abstract 24 
 25 
Defense-associated sirtuins (DSR) comprise a family of proteins that defend bacteria from 26 
phage infection via an unknown mechanism. These proteins are common in bacteria and 27 
harbor an N-terminal sirtuin (SIR2) domain. In this study we report that DSR proteins 28 
degrade nicotinamide adenine dinucleotide (NAD+) during infection, depleting the cell of this 29 
essential molecule and aborting phage propagation. Our data show that one of these proteins, 30 
DSR2, directly identifies phage tail tube proteins and then becomes an active NADase in 31 
Bacillus subtilis. Using a phage mating methodology that promotes genetic exchange between 32 
pairs of DSR2-sensitive and DSR2–resistant phages, we further show that some phages 33 
express anti-DSR2 proteins that bind and repress DSR2. Finally, we demonstrate that the 34 
SIR2 domain serves as an effector NADase in a diverse set of phage defense systems outside 35 
the DSR family. Our results establish the general role of SIR2 domains in bacterial immunity 36 
against phages.   37 
 38 
 39 
 40 
 41 
 42 
 43 
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 44 
Introduction 45 
 46 
SIR2-domain proteins, or sirtuins, are found in organisms ranging from bacteria to humans. These 47 
proteins have been widely studied in yeast and mammals, where they were shown to regulate 48 
transcription repression, recombination, DNA repair and cell cycle processes 1. In eukaryotes, 49 
SIR2 domains were shown to possess enzymatic activities, and function either as protein 50 
deacetylases or ADP ribosyltransferases 2,3. In both cases, the SIR2 domain utilizes nicotinamide 51 
adenine dinucleotide (NAD+) as a cofactor for the enzymatic reaction 4. 52 
 53 
In bacteria, SIR2 domains were recently shown to participate in defense systems that protect 54 
against phages. These domains are associated with multiple different defense systems, including 55 
prokaryotic argonautes (pAgo) 5, Thoeris 6,7, AVAST, DSR, and additional systems 8. It was 56 
recently shown that the SIR2 domain in the Thoeris defense system is an NADase responsible for 57 
depleting NAD+ from the cell once phage infection has been sensed 7. However, it is currently 58 
unknown whether SIR2 domains in other defense systems perform a similar function, or whether 59 
they have other roles in phage defense.  60 
 61 
Results 62 
 63 
DSR2 defends against phage SPR via abortive infection 64 
To study the role of SIR2 domains in bacterial anti-phage defense, we began by focusing on DSR2, 65 
a minimal defense system that includes a single protein with an N-terminal SIR2 domain and no 66 
additional identifiable domains (Fig. 1A). The DSR2 gene family was recently identified based on 67 
a screen for genes commonly found in bacterial anti-phage defense islands 8. We cloned the DSR2 68 
gene from Bacillus subtilis 29R, under the control of its native promoter, into the genome of B. 69 
subtilis BEST7003 which naturally lacks this gene, and challenged the DSR2-containing strain 70 
with a set of phages from the SPbeta family. We found that DSR2 protected B. subtilis against 71 
phage SPR, reducing plating efficiency by four orders of magnitude (Fig. 1B, Extended Data 72 
Fig.1). Point mutations in residues N133 and H171 in DSR2, both of which predicted to disable 73 
the active site of the SIR2 domain, abolished defense, suggesting that the enzymatic activity of 74 
SIR2 is essential for DSR2 defense (Fig. 1B).  75 
 76 
We next tested whether DSR2 defends via abortive infection, a process that involves premature 77 
death or growth arrest of the infected cell, preventing phage replication and spread to nearby cells 78 
9. When infected in liquid media, DSR2-containing bacterial cultures collapsed if the culture was 79 
infected by phage in high multiplicity of infection (MOI), similar to DSR2-lacking cells (Fig. 1C). 80 
However, despite collapsing the culture, phages were not able to replicate on DSR2-containing 81 
cells (Extended Data Fig.2). In low MOI infection, DSR2-lacking control cultures collapsed but 82 
DSR2-containing bacteria survived (Fig. 1C). This phenotype is a hallmark of abortive infection, 83 
in which infected bacteria that contain the defense system do not survive but also do not produce 84 
phage progeny 9. 85 
 86 
DSR2 depletes NAD+ upon phage infection 87 
To ask whether DSR2 manipulates the NAD+ content of the cell during phage infection, we used 88 
mass spectrometry to monitor NAD+ levels in infected cells at various time points following initial 89 
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infection. When DSR2-containing cells were infected by phage SPR, cellular NAD+ decreased 90 
sharply between 20 and 30 minutes from the onset of infection (Fig. 1D). NAD+ levels did not 91 
change in cells in which the SIR2 active site was mutated, or in DSR2-lacking control cells, 92 
suggesting that the SIR2 domain is responsible for the observed NAD+ depletion (Fig. 1D). In 93 
parallel with NAD+ depletion, we observed accumulation of the product of NAD+ cleavage, ADP-94 
ribose (ADPR) (Fig. 1E). These results demonstrate that DSR2 is an abortive infection protein that 95 
causes NAD+ depletion in infected cells. 96 
  97 
DSR2 strongly protected B. subtilis cells against SPR, a phage belonging to the SPbeta group of 98 
phages 10 (Fig. 1B, Extended Data Fig.1). However, the defense gene failed to protect against 99 
phages phi3T and SPbeta, although both these phages belong to the same phage group as SPR 100 
(Fig. 1B). This observation suggests that phages phi3T and SPbeta either encode genes that inhibit 101 
DSR2, or lack genes that are recognized by DSR2 and trigger its NADase activity. The phages 102 
SPR, phi3T and SPbeta all share substantial genomic regions with high sequence homology (Fig. 103 
2A). We therefore reasoned that co-infecting cells with two phages, either SPR and phi3T, or SPR 104 
and SPbeta, may result in recombination-mediated genetic exchange between the phages, which 105 
would enable pinpointing genes that allow escape from DSR2 defense when acquired by SPR (Fig. 106 
2B). Such crossing techniques were previously successful in pinpointing genetic phenotypes in 107 
phages 11,12.  108 
 109 
To generate a bacterial host that would select for such genetic exchange events, we cloned into 110 
DSR2-containing cells an additional defense protein, a prokaryotic viperin homolog (pVip) from 111 
Fibrobacter sp. UWT3 13. The pVip protein, when expressed alone in B. subtilis, protected it from 112 
phi3T and SPbeta but not from SPR, a defense profile which is opposite to that of the DSR2 profile 113 
in terms of the affected phages (Extended Data Fig.3). Accordingly, none of the three SPbeta-114 
group phages could form plaques on the strain that expressed both defensive genes. However, 115 
when simultaneously infecting the double defense strain with SPR and either phi3T or SPbeta, 116 
plaque forming hybrids were readily obtained, indicating that these hybrid phages recombined and 117 
acquired a combination of genes enabling them to escape both DSR2 and pVip (Fig. 2C).  118 

 119 
A phage-encoded anti-DSR2 protein 120 
We isolated and sequenced 32 such hybrid phages, assembled their genomes, and compared these 121 
genomes to the genome of the parent SPR phage (Fig. 2D; Supplementary File 1). This led to the 122 
identification of two genomic segments that were repeatedly acquired by SPR phages. Acquisition 123 
of either of these segments from a genome of a co-infecting phage rendered SPR resistant to DSR2 124 
(Fig. 2D). The first segment included five small genes of unknown function that are present in 125 
phages phi3T and SPbeta but not in the wild type SPR phage, and we therefore tested whether any 126 
of these genes was capable of inhibiting DSR2. One of the genes, when co-expressed with DSR2, 127 
rendered DSR2 inactive, suggesting that this phage gene encodes an anti-DSR2 protein (Fig. 3A). 128 
The other four genes in the segment did not inhibit DSR2 defense (Extended Data Fig.4A). The 129 
DSR2-inhibiting protein, which we named DSAD1 (DSR Anti Defense 1), is 120aa long and has 130 
no identifiable sequence homology to proteins of known function. Co-expression of DSR2 and 131 
tagged DSAD1, followed by pulldown assays, showed direct interaction between the two proteins 132 
(Fig. 3B). These results indicate that DSAD1 is a phage protein that binds and inhibits DSR2.  133 
 134 
 135 
 136 
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DSR2 is activated by phage tail tube protein 137 
We next examined the second genomic segment that, when acquired, allowed phage hybrids to 138 
escape DSR2. In the parent SPR phage, this region spans three operons encoding a set of phage 139 
structural proteins, including capsid and tail proteins. Hybrid phages in which the original genes 140 
were replaced by their homologs from SPbeta or phi3T become resistant to DSR2 (Fig. 2D). We 141 
hypothesized that one of the structural proteins in phage SPR is recognized by DSR2 to activate 142 
its defense, and when this protein is replaced by its homolog from another phage, recognition no 143 
longer occurs. To test this hypothesis, we attempted to clone each of the three operons found in 144 
the original DNA segment in SPR into B. subtilis cells that also express DSR2. One of these 145 
operons could not be cloned into DSR2-expressing cells, and we then repeated the cloning attempt 146 
for each of the genes in the operon. One of these genes, encoding a tail tube protein, could not be 147 
cloned into DSR2-expressing cells but was readily cloned into cells in which the DSR2 active site 148 
was mutated (Fig. 3C, Extended Data Fig.4B-C).  149 
 150 
To further test if co-expression of DSR2 and the SPR tail tube protein is toxic to bacteria, we 151 
cloned each of these genes under an inducible promoter within E. coli cells. In support of our 152 
hypothesis, growth was rapidly arrested in cells in which the expression of both genes was induced 153 
(Fig. 3D), and these cells became depleted of NAD+ (Fig. 3E, 3F). Furthermore, pulldown assays 154 
with tagged proteins showed that DSR2 directly binds the tail tube protein of phage SPR (Fig. 3B). 155 
The tail tube protein was not able to pull down DSR2 when DSAD1 was coexpressed in the same 156 
cells, suggesting that the tail tube protein and DSAD1 are competitive binders for DSR2 (Extended 157 
Data Fig.5). These results demonstrate that the tail tube protein of phage SPR is directly recognized 158 
by the defense protein DSR2, and that this recognition triggers the NADase activity of DSR2 and 159 
results in growth arrest (Fig. 3G).  160 
 161 
The original tail tube protein of phage SPR is substantially divergent from its counterparts from 162 
phages SPbeta or phi3T, sharing only ~40% amino acid sequence identity with these proteins 163 
(Extended Data Fig.6). This divergence explains why the replacement of the original SPR protein 164 
with its SPbeta homolog renders the hybrid phage resistant to DSR2. In support of this, the tail 165 
tube protein of phage SPbeta showed much weaker ability to pull down DSR2 as compared to the 166 
tail tube counterpart from phage SPR (Fig. 3B). Presumably, the evolutionary pressure imposed 167 
by DSR2 and other bacterial defense systems that recognize tail tube proteins has led to the 168 
observed diversification in these proteins in phages of the SPbeta group. 169 
 170 
Various defense systems with SIR2 domains deplete NAD+ upon infection 171 
Our results show that DSR2 exerts its defensive activity by depleting NAD+ from infected cells. 172 
NADase activity was also recently described in the Thoeris defense system, in which a small 173 
molecule signal activates a SIR2-encoding effector to deplete NAD+ once phage infection has been 174 
recognized 7. To test if NAD+ depletion is a general activity of SIR2 domains in bacterial defense 175 
systems, we examined three additional defense systems that contain a SIR2 domain (Fig. 4A). 176 
These systems included a two-gene system that encodes, in addition to the SIR2 domain, also a 177 
prokaryotic argonaute homolog (pAgo), a two-gene system that encodes a HerA-like DNA 178 
translocase 8, and a single SIR2-domain protein called DSR1 8 (Fig. 4A). DSR1 was cloned into 179 
B. subtilis BEST7003, while the other two systems were cloned into an E. coli host. Consistent 180 
with our hypothesis, these systems defended against multiple different phages (Fig. 4B, Extended 181 
Data Fig.7), and NAD+ depletion was observed in each case (Fig. 4C-E). Mutations inactivating 182 
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the HerA-like DNA translocase or the pAgo protein abolished defense, indicating that these two 183 
proteins also participate in the defensive function (Extended Data Fig.8). Liquid infection with 184 
high and low MOIs showed a phenotype consistent with abortive infection for the SIR2/pAgo and 185 
the SIR2-HerA systems (Fig. 4F-G). However, the DSR1 protein seems to inhibit the replication 186 
of phage phi29 without arresting the growth of the bacterial cells, and depletion of NAD+ was only 187 
transient (Fig. 4E, 4H). Together, these results demonstrate a general role of SIR2 domains as 188 
NAD+ depleting effectors in bacterial defense against phage.  189 
 190 
Discussion 191 
 192 
Our data suggest that NAD+ depletion is a canonical function for SIR2 domains within bacterial 193 
defense systems. We show that four anti-phage defense systems, all containing SIR2 domains but 194 
otherwise comprising different architectures, deplete NAD+ in response to phage infection. 195 
Specifically, in the case of DSR2, we show that this protein recognizes newly translated phage tail 196 
tube proteins to become an active NADase. Phages of the SPbeta family have at least two versions 197 
of the tail tube protein, and only certain alleles are strongly recognized by DSR2. In addition, we 198 
found that some phages in this family carry a small protein, DSAD1, which binds and inactivates 199 
DSR2.   200 
 201 
NAD+ depletion was previously shown to be toxic to bacterial cells 14–17, and it was recently 202 
demonstrated in the Thoeris, CBASS and Pycsar systems that defense involving NAD+ depletion 203 
during phage infection is associated with an eventual cell death 7,15,18. Indeed, in three out of the 204 
four SIR2-containing systems that we studied, growth arrest or death of the bacterial host was 205 
observed in response to phage infection. However, DSR1 protection from phage phi29 did not 206 
involve culture collapse (Fig. 4H). Furthermore, our data show that the NAD+ levels in cells 207 
containing DSR1 recovered after the initial depletion (Fig. 4E). It is possible that in some cases, 208 
reversible reduction of NAD+ to low but not zero levels may be enough to interfere with phage 209 
replication while still allowing cell growth. Alternatively, lowered levels of NAD+ might have 210 
different outcomes for the infected cell depending on additional components derived from the 211 
infecting phage.   212 
 213 
The molecular signatures recognized by abortive infection defense systems as an indication for 214 
phage infection have been notoriously challenging to discover. In a minority of cases where the 215 
trigger was discovered, it was shown that some systems “guard” an immunity hub in the cell, and 216 
become triggered when the phage tampers with the immunity complex 19,20. In other cases, a 217 
specific protein expressed by the phage during infection forms the trigger for system activation, as 218 
shown for the Staphylococcus Stk2 abortive infection kinase 21, and also as we show for DSR2 in 219 
the current study. However, the SPR tail tube protein that activates DSR2 does not activate DSR1, 220 
suggesting that these two proteins recognize different molecular signatures (Extended Data Fig.9). 221 
The mechanisms by which phages activate, and potentially inhibit, the other three SIR2-domain-222 
containing systems described in this study remains to be elucidated by future studies. 223 
 224 
The arsenal of defense mechanisms known to protect bacteria against phage has recently been 225 
substantially expanded following the discovery of dozens of new anti-phage defense systems 6,8,22. 226 
While the mechanism of defense was deciphered for some of these systems 7,13,18,23, in many cases 227 
it is not known what molecular patterns of the phage trigger these systems to become active. In the 228 
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current study we used a “phage mating” technique, which was previously successfully used in 229 
other studies 11,12, to promote genetic exchange between phages that are sensitive to the defense 230 
system and phages that can overcome it. Genome analyses of hybrid phages enabled us to pinpoint 231 
the exact phage proteins that activate or repress DSR2. We believe that the phage mating approach 232 
should be a useful tool for other studies attempting to identify phage triggers of bacterial defense 233 
systems.  234 
 235 
 236 
Methods 237 
 238 
Bacterial strains and phages 239 
B. subtilis strain BEST7003 (obtained from I. Mitsuhiro at Keio University, Japan) was grown in 240 
MMB (LB + 0.1 mM MnCl2 + 5 mM MgCl2, with or without 0.5% agar) at 30 °C. Whenever 241 
applicable, media were supplemented with spectinomycin (100 μg/ml) and chloramphenicol (5 242 
μg/ml), to ensure selection of transformed and integrated cells. E. coli strain MG1655 (ATCC 243 
47076) was grown in MMB at 37 °C. Whenever applicable, media were supplemented with 244 
ampicillin (100 μg/ml) or chloramphenicol (30 μg/ml) or kanamycin (50 μg/ml), to ensure the 245 
maintenance of plasmids. Phages used in this study are listed in Table 1.  246 
 247 
Plasmid and strain construction 248 
Details on defense systems analyzed in this study are summarized in Table 2, and sequences of 249 
primers used in this study are in Supplementary Table S3. Defense systems DSR1, DSR2, and 250 
SIR2-HerA were synthesized by Genscript Corp. and cloned into the pSG1 plasmid 6 together with 251 
their native promoters. A whole operon of the SIR2/pAgo system, composed of the genes encoding 252 
the SIR2 (GSU1360, NP_952413.1) and pAgo (GSU1361, NP_952414.1) proteins, was amplified 253 
by PCR using the oligonucleotides MZ239 and MZ240, respectively, from the genomic DNA of 254 
Geobacter sulfurreducens Caccavo (LGC Standards cat #51573D-5). The resulting DNA fragment 255 
was digested by Eco31I (ThermoFisher cat #FD0293) and XhoI (ThermoFisher cat #FD0694) and 256 
using T4 DNA ligase (ThermoFisher cat #EL0014) was cloned into pBAD/HisA expression vector 257 
(ThermoFisher cat #V43001) precleaved with NheI (ThermoFisher cat #FD0973) and XhoI and 258 
dephosphorylated using FastAP (ThermoFisher cat #EF0651). The GsSir2 protein contains a His6-259 
Tag at its N terminus. The mutants DSR2 (N133A) and DSR2 (H171A) were constructed using 260 
the Q5 Site-directed Mutagenesis kit (NEB, E0554S) using either primers JG216 and JG217, or 261 
JG220 and JG221 respectively. The mutant DSR1 (H194A) was constructed using the Q5 Site-262 
directed Mutagenesis kit using primers JG496 and JG497. The mutant SIR2-HerA (SIR2 D165A 263 
H212A) was constructed by first using the Q5 Site-directed Mutagenesis kit using primers JG498 264 
and JG499 to introduce the D165A mutation, and then using the resulting plasmid for further Q5 265 
Site-directed Mutagenesis and the introduction of the second H212A mutation using primers 266 
JG500 and JG501. The mutant SIR2-HerA (HerA K167A) was constructed using the Q5 Site-267 
directed Mutagenesis kit using primers JG502 and JG503. The mutant SIR2/pAgo (SIR2 N142A) 268 
was constructed using the Q5 Site-directed Mutagenesis kit using primers JG463 and JG464.To 269 
inactivate the GsAgo protein a bulky His6-StrepII-His6-tag (HSH-tag, 29 aa.: 270 
LEGHHHHHHSSWSHPQFEKGVEGHHHHHH) was fused to its C terminus. For this, a whole 271 
operon of the GsSir2/Ago system was amplified by PCR using the oligonucleotides MZ-325 and 272 
MZ-326, respectively, from the genomic DNA. The resulting DNA fragment was digested by 273 
Eco31I and XhoI and using T4 DNA ligase was cloned into pBAD24-HSH expression vector 274 
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precleaved with NcoI (ThermoFisher cat#FD0573) and XhoI and dephosphorylated using FastAP. 275 
In this case, the GsSir2 protein does not contain any tag at its N-terminus. 276 

 277 
A cloning shuttle vector for large fragments was constructed by Genscript Corp. This vector was 278 
constructed by replacing the Pxyl promoter and its downstream open reading frame in plasmid 279 
pGO1_thrC_Pxyl_cereus_ThsA 7, with a synthesized Phspank sfGFP cassette taken from pDR111 280 
24, resulting in the plasmid pSG-thrC_Phspank_sfGFP (Supplementary File S2). The vector 281 
contains a p15a origin of replication and ampicillin resistance for plasmid propagation in E. coli, 282 
and a thrC integration cassette with chloramphenicol resistance for genomic integration into B. 283 
subtilis. 284 
 285 
DSAD1 from SPbeta (NCBI protein accession WP_004399562) and phage tail tube protein from 286 
SPR (NCBI protein accession WP_010328117) were amplified from phage genomic DNA using 287 
primers JG346 and JG347 (for DSAD1) and JG142 and JG143 (for tail tube), and cloned into the 288 
pSG-thrC_Phspank_sfGFP vector, replacing sfGFP. The vector backbone was amplified using 289 
primers JG13 and JG14.  290 
 291 
The additional DSR2 activator candidates tested in this research were also amplified from phage 292 
SPR genomic DNA and cloned into the pSG-thrC_Phspank_sfGFP vector, replacing sfGFP.  293 
“Operon 1” was lifted with JG431 and J432. “Operon 2” was lifted with JG433 and JG434. 294 
“Operon 3” was lifted with JG435 and JG436. “gene 5” was lifted with JG437 and JG438. “gene 295 
6” was lifted with JG439 and JG440. “gene 7” was lifted with JG441 and JG442. 296 
 297 
In a similar fashion, the additional DSR2 inhibition candidates tested in this paper were amplified 298 
from phage SPbeta. “gene 1” was lifted with JG134 and JG183. “gene 2” was lifted with JG184 299 
and JG185. “gene 3” was lifted with JG186 and JG187. “gene 4” was lifted with JG188 and JG189. 300 
 301 
For expression in E. coli MG1655, DSR2 and DSR2(H171A) were amplified and cloned into the 302 
plasmid pBbA6c-RFP (Addgene, cat. #35290) using primers JG259 and JG260. The SPR tail tube 303 
gene was amplified from phage genomic DNA and cloned into the plasmid pBbS8k-RFP 304 
(Addgene, cat. #35276) with primers JG249 and JG250 for inducible expression in E. coli.  305 
 306 
For the assembly of tagged protein constructs, a pBbS8k with sfGFP fused to a C-terminal 307 
TwinStrep tag was first constructed (Supplementary File S3). The pBbS8k vector backbone was 308 
amplified using primers JG406 and JG407, and the sfGFP with a C-terminal TwinStrep tag was 309 
amplified from an amyE shuttle vector pGO6_amyE_hspank_GFP 7 with primers JG366 and 310 
JG367 and cloned into the pBbS8k plasmid, replacing RFP. To create the C-terminally-tagged 311 
SPR tail tube, SPbeta tail tube and DSAD1 constructs, the genes were amplified from phage 312 
genomic DNA using primers JG408 and JG409 (for SPR tail tube), JG421 and JG422 (for SPbeta 313 
tail tube) and JG410 and JG411 (for DSAD1) and cloned into the pBbS8k sfGFP with C-terminal 314 
TwinStrep mentioned above, replacing sfGFP. For this, the pBbS8k with C-terminal TwinStrep 315 
vector backbone was amplified using primers JG407 and JG412.  316 
 317 
For the assembly of a DSAD1 gene containing plasmid which is compatible with both pBbS8k 318 
and pBbA6c, DSAD1 gene was lifted from phage SPbeta genomic DNA using primers JG429 and 319 
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JG430 and Gibson assembled with a backbone amplified from plasmid pAraGFPCDF (Addgene, 320 
cat. #47516) with primers JG427 and JG428. 321 

  322 
To assemble a constitutively expressed pVip construct to be integrated into the thrC site of B. 323 
subtilis, first the pVip gene was lifted from the plasmid reported in 13 using primers JG3 and JG4 324 
and Gibson assembled with a backbone amplified from plasmid pJMP4 (provided by J. M. Peters) 325 
with primers JG1 and JG2. From the resulting plasmid, pVIP was lifted with the Pveg promoter 326 
using primers JG82 and JG83 and Gibson assembled with a backbone amplified from pSG-327 
thrC_Phspank_sfGFP  using primers JG81 and OGO603.  328 
 329 
All PCR reactions were performed using KAPA HiFi HotStart ReadyMix (Roche cat # 330 
KK2601). Cloning was performed using the NEBuilder HiFi DNA Assembly kit (NEB, E2621). 331 
 332 
Bacillus transformation 333 
Transformation to B. subtilis BEST7003 was performed using MC medium as previously 334 
described 25. MC medium was composed of 80 mM K2HPO4, 30 mM KH2PO4, 2% glucose, 30 335 
mM trisodium citrate, 22 μg/ml ferric ammonium citrate, 0.1% casein hydrolysate (CAA), 0.2% 336 
sodium glutamate. From an overnight starter of bacteria, 10 μl were diluted in 1 ml of MC medium 337 
supplemented with 10 μl 1M MgSO4. After 3 hours of incubation (37°C, 200 rpm), 300 μl of the 338 
culture was transferred to a new 15 ml tube and ~200 ng of plasmid DNA was added. The tube 339 
was incubated for another 3 hours (37°C, 200 rpm), and the entire reaction was plated on Lysogeny 340 
Broth (LB) agar plates supplemented with 5 μg/ml chloramphenicol or 100 μg/ml spectinomycin 341 
and incubated overnight at 30°C. 342 
 343 
Plaque assays  344 
Phages were propagated by picking a single phage plaque into a liquid culture of B. subtilis 345 
BEST7003 or E. coli MG1655 grown at 37°C to OD600 0.3 in MMB medium until culture collapse. 346 
The culture was then centrifuged for 10 minutes at 3,200 x g and the supernatant was filtered 347 
through a 0.2 µm filter to get rid of remaining bacteria and bacterial debris. Lysate titer was 348 
determined using the small drop plaque assay method as previously described 26.  349 
 350 
Plaque assays were performed as previously described 6,26. Bacteria containing defense system and 351 
control bacteria with no system were grown overnight at 37°C. Then 300 µl of the bacterial culture 352 
was mixed with 30 ml melted MMB 0.5% agar, poured on 10 cm square plates, and let to dry for 353 
1 hour at room temperature. For cells that contained inducible constructs, the inducers were added 354 
to the agar before plates were poured. 10-fold serial dilutions in MMB were performed for each of 355 
the tested phages and 10 µl drops were put on the bacterial layer. After the drops had dried up, the 356 
plates were inverted and incubated overnight at room temperature or 37°C. Plaque forming units 357 
(PFUs) were determined by counting the derived plaques after overnight incubation and lysate titer 358 
was determined by calculating PFUs per ml. When no individual plaques could be identified, a 359 
faint lysis zone across the drop area was considered to be 10 plaques. Details of specific conditions 360 
used in plaque assays for each defense system are found in Table 2. 361 
 362 
Liquid culture growth assays 363 
Non-induced overnight cultures of bacteria containing defense system and bacteria with no system 364 
(negative control) were diluted 1:100 in MMB medium supplemented with appropriate antibiotics 365 
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and incubated at 37°C while shaking at 200 rpm until early log phase (OD600 = 0.3). 180 µl of the 366 
culture were then transferred into wells in a 96-well plate containing 20 µl of phage lysate for a 367 
final MOI of 10 and 0.1 for phage lambda(vir), an MOI of 4 and 0.04 for phages SPR, phi29 and 368 
vB_EcoM-KAW1E185, or 20 µl of MMB for uninfected control. Infections were performed in 369 
triplicates from overnight cultures prepared from separate colonies. Plates were incubated at 30°C 370 
or 37°C (as indicated) with shaking in a TECAN Infinite200 plate reader and an OD600 371 
measurement was taken every 10 min. Details of specific conditions used for each defense system 372 
are found in Table 2. 373 
 374 
Liquid culture growth toxicity assays 375 
Non-induced E. coli MG1655 with DSR2 and tail tube, or DSR2 and RFP (negative control), were 376 
grown overnight in MMB supplemented with 1% glucose and the appropriate antibiotics. Cells 377 
were diluted 1:100 in 3 ml of fresh MMB and grown at 37°C to an OD600 of 0.3 before expression 378 
was induced. The inducers were then added to a final concentration of 0.2% arabinose and 1mM 379 
IPTG, and MMB was added instead for the uninduced control cells. The cells were transferred into 380 
a 96-well plate. Plates were incubated at 37°C with shaking in a TECAN Infinite200 plate reader 381 
with an OD600 measurement was taken every 10 min.  382 
 383 
Infection time course phage titer assay 384 
Non-induced overnight cultures of bacteria containing the DSR2 gene and bacteria with no system 385 
(negative control) were diluted 1:100 in 3 ml MMB medium and incubated at 37°C while shaking 386 
at 200 rpm until early log phase (OD600 = 0.3), and then cultures were infected with phage SPR at 387 
an MOI of 4. Cultures were left shaking at 37°C for the duration of the experiment. At each time 388 
point, 1 ml of culture was filtered through a 0.2 μm filter (Whatman cat# 10462200) and then used 389 
in an infection plaque assay on B. subtilis BEST7003 at room temperature. The sample for time 0 390 
was produced my mixing the same amount of phage used for infection in 3 ml MMB medium. 391 
 392 
Cell lysate preparation for LC-MS 393 
Overnight cultures of bacteria containing defense systems and bacteria with no system (negative 394 
control) were diluted 1:100 in 250 ml MMB and incubated at 37°C with shaking (200 rpm) until 395 
reaching OD600 of 0.3. For cells that contained inducible SIR2/pAgo constructs, the inducers were 396 
added at an OD600 of 0.1. A sample of 50 ml of uninfected culture (time 0) was then removed, and 397 
phage stock was added to the culture to reach an MOI of 5-10. Flasks were incubated at 30°C or 398 
37°C (as indicated) with shaking (200 rpm) for the duration of the experiment. 50 ml samples were 399 
collected at various time points post infection. Immediately upon sample removal the sample tube 400 
was placed in ice, and centrifuged at 4°C for 5 minutes to pellet the cells. The supernatant was 401 
discarded and the tube was frozen at -80°C. To extract the metabolites, 600 µl of 100 mM 402 
phosphate buffer at pH 8, supplemented with 4 mg/ml lysozyme, was added to each pellet. Tubes 403 
were then incubated for 30 minutes at RT, and returned to ice. The thawed sample was transferred 404 
to a FastPrep Lysing Matrix B 2 ml tube (MP Biomedicals cat # 116911100) and lysed using 405 
FastPrep bead beater for 40 seconds at 6 m/s. Tubes were then centrifuged at 4°C for 15 minutes 406 
at 15,000 g. Supernatant was transferred to Amicon Ultra-0.5 Centrifugal Filter Unit 3 KDa (Merck 407 
Millipore cat # UFC500396) and centrifuged for 45 minutes at 4°C at 12,000 g. Filtrate was taken 408 
and used for LC-MS analysis. Details of specific conditions used for each defense system are found 409 
in Table 2. 410 
 411 
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Quantification of NAD+ and ADPR by HPLC-MS  412 
Cell lysates were prepared as described above and analyzed by LC-MS/MS. Quantification of 413 
metabolites was carried out using an Acquity I-class UPLC system coupled to Xevo TQ-S triple 414 
quadrupole mass spectrometer (both Waters, US). The UPLC was performed using an Atlantis 415 
Premier BEH C18 AX column with the dimension of 2.1 × 100 mm and particle size of 1.7 μm 416 
(Waters). Mobile phase A was 20 mM ammonium formate at pH 3 and acetonitrile was mobile 417 
phase B. The flow rate was kept at 300 μl min−1 consisting of a 2 min hold at 2% B, followed by 418 
linear gradient increase to 100% B during 5 min. The column temperature was set at 25°C and an 419 
injection volume of 1 μl. An electrospray ionization interface was used as ionization source. 420 
Analysis was performed in positive ionization mode. Metabolites were detected using multiple-421 
reaction monitoring, using argon as the collision gas. Quantification was made using standard 422 
curve in 0–1 mM concentration range. NAD+ (Sigma, N0632-1G) and ADPR (Sigma, A0752-423 
25MG) were added to standards and samples as internal standard (0.5 μM). TargetLynx (Waters) 424 
was used for data analysis. 425 
 426 
Pulldown assays  427 
Non-induced overnight cultures of E. coli MG1655 with DSR2 (H171A), DSAD1, DSAD1 with 428 
C-terminal TwinStrep tag, SPR tail tube protein with C-terminal TwinStrep tag, or combinations 429 
of these proteins were diluted 1:100 in 50 ml of MMB and grown at 37°C to an OD600 of 0.3. 430 
Expression was then induced by adding 0.2% arabinose and 1mM IPTG, and cells continued to 431 
grow to an OD600 of 0.9 at 37°C. Cells were centrifuged at 3,200 x g for 10 minutes. Supernatant 432 
was discarded and pellets were frozen in -80°C.  433 
 434 
To pull down the proteins, 1 ml of Strep-Tactin wash buffer (IBA cat # 2-1003-100) supplemented 435 
with 4 mg/ml lysozyme was added to each pellet and incubated for 10 minutes at 37°C with 436 
shaking until thawed, and then resuspended. Tubes were then transferred to ice, and the 437 
resuspended cells transferred to a FastPrep Lysing Matrix B in 2 ml tube (MP Biomedicals cat # 438 
116911100). Samples were lysed using FastPrep bead beater for 40 seconds at 6 m/s. Tubes were 439 
centrifuged for 15 minutes at 15,000 x g. Per each pellet, 30 µl of MagStrep “Type 3” XT beads 440 
(IBA cat # 2-4090-002) were washed twice in 300 µl wash buffer (IBA cat # 2-1003-100), and the 441 
lysed cell supernatant was mixed with the beads and incubated for 30-60 minutes, rotating at 4°C. 442 
The beads were then pelleted on a magnet, washed twice with wash buffer, and purified protein 443 
was eluted from the beads in 10 µl of BXT elution buffer (IBA cat # 2-1042-025). 30 µl of samples 444 
were mixed with 10 µl of 4X Bolt™ LDS Sample Buffer (ThermoFisher cat#B0008) and a final 445 
concentration of 1mM of DTT. Samples were incubated at 75°C for 5 minutes, and then loaded to 446 
a NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein Gel, 12-well (ThermoFisher cat# 447 
NP0322PK2) in 20X Bolt™ MES SDS Running Buffer (ThermoFisher cat# B0002) and run at 448 
160V. Gels were shaken with InstantBlue® Coomassie Protein Stain (ISB1L) (ab119211) for 1 449 
hour, followed by another hour in water. All bands shown in Fig. 3B were verified to represent the 450 
indicated protein by mass spectrometry.  451 
 452 
Phage coinfection and hybrid isolation 453 
50 µl overnight culture of B. subtilis containing DSR2 and pVip was mixed with 50 µl of phage 454 
SPR and 50 µl of either phi3T or SPbeta, each phage at a titer of 107 PFU/ml. Bacteria and phages 455 
were left to rest at room temperature for 10 minutes before being mixed with 5ml of premelted 456 
MMB 0.3% agar and poured over a plate containing MMB 0.5% agar. Plates were left overnight 457 
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at room temperature before being inspected for plaques. Single plaques were picked into 100 µl 458 
phage buffer (50 mM Tris-HCl pH 7.4, 100 mM MgCl2, 10 mM NaCl). Hybrid phages were tested 459 
for their ability to infect DSR2-containing cells using small drop plaque assay as described above. 460 
 461 
 462 
 463 
Sequencing and assembly of phage hybrids 464 
High titer phage lysates (>107 pfu/ml) of the ancestor and isolated phage hybrids were used for 465 
DNA extraction. 500 µl of the phage lysate was treated with DNaseI (Merck cat #11284932001) 466 
added to a final concentration of 20 µg/ml and incubated at 37°C for 1 hour to remove bacterial 467 
DNA. DNA was extracted using the QIAGEN DNeasy blood and tissue kit (cat #69504) starting 468 
from the Proteinase-K treatment step to lyse the phages. Libraries were prepared for Illumina 469 
sequencing using a modified Nextera protocol as previously described 27. Reads were de novo 470 
assembled using Spades3.14.0 28 with the ‘careful’ pipeline option which reduces chances for 471 
wrong mismatches and short indels in assemblies of small genomes.  472 
 473 
Hybrid phage alignment  474 
Hybrid phage genomes were aligned using SnapGene Version 5.3.2. Each hybrid genome was 475 
aligned to phage SPR and areas that did not align were aligned against the other phages in the 476 
coinfection experiment in order to verify their origin and gene content.  477 
 478 
Statistics & Reproducibility 479 
 480 
No statistical method was used to predetermine sample size. Experiments were performed in 481 
triplicates unless stated otherwise. Randomization was used for sample injection order in mass 482 
spectrometry measurements. No data were excluded from the analyses. The experiments in Fig. 483 
3B and Extended Data Fig.5 were repeated independently twice with similar results. 484 
 485 
Data availability 486 
  487 
Data that support the findings of this study are available within the Article and its Extended Data. 488 
Gene accessions appear in the Methods section of the paper. Plasmid maps of the constructs used 489 
for the experiments are attached as Supplementary Files. Source data are provided with this paper. 490 
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 524 
Tables 525 
 526 
Table 1. Phages used in this study 527 
 528 

PHAGE SOURCE IDENTIFIER ACCESSION 

lambda(vir) Udi Qimron  NC_001416.1 

phi105 Bacillus Genetic Stock Center (BGSC) BGSC (1L11) HM072038.1 

phi29 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ) DSM 5546 NC_011048.1 

phi3T Bacillus Genetic Stock Center (BGSC) BGSC (1L1) KY030782.1 

SECphi17 Doron et al., 2018  LT960607.1 

SECphi18 Doron et al., 2018   LT960609.1 

SPbeta Bacillus Genetic Stock Center (BGSC) BGSC (1L5) AF020713.1 

SPO1 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ) BGSC (1P4) NC_011421.1 

Spp1 Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ) BGSC (1P7) NC_004166.2 

SPR Bacillus Genetic Stock Center (BGSC) BGSC (1L56)   
T7 Udi Qimron  NC_001604.1 
vB_EcoM-
KAW1E185 

Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ) DSM 104099 NC_054922.1 

 529 
 530 
 531 
 532 
 533 
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Table 2. SIR2 containing defense systems tested in this study 534 
 535 

SYSTEM HOST 
STRAIN 

NEGATIVE 
CONTROL 

PHAGES USED FOR MS 
AND LIQUID GROWTH 
ASSAYS 

PHAGES USED FOR INFECTION PLAQUE 
ASSAYS  

TEMP. 
(°C) 

INDUCTION 

DSR2 B. 
subtilis 

Empty cassette SPR phi29, spp1, SPR, SPbeta, phi3T, SPO1, 
phi105 

30 Native promoter 

DSR1 B. 
subtilis 

Empty cassette phi29 phi29, spp1, SPR, SPbeta, phi3T, SPO1, 
phi105 

30 Native promoter 

SIR2/ 
PAGO 

E. coli Empty pBAD lambda(vir) vB_EcoM-KAW1E185, lambda(vir), 
SECphi18, T7, SECphi17 

37 0.2% arabinose 

SIR2-
HERA 

E. coli Empty vector vB_EcoM-KAW1E185 vB_EcoM-KAW1E185, lambda(vir), 
SECphi18, T7, SECphi17 

37 Native promoter 

 536 
 537 

  538 
 539 
 540 
 541 
 542 
Fig. Legends 543 
 544 
Fig 1. DSR2 is an abortive infection protein that causes NAD+ depletion in infected cells. (A) 545 
Domain organization of DSR2 from B. subtilis 29R. Protein accession in NCBI is indicated above 546 
the gene. (B) Efficiency of plating (EOP) for three phages infecting the control B. subtilis 547 
BEST7003 strain (no system) or B. subtilis BEST7003 with DSR2 cloned from B. subtilis 29R. 548 
For phage SPR, EOP is also presented for two mutations in the predicted SIR2 catalytic site. Data 549 
represent plaque-forming units (PFU) per milliliter. Bar graphs represent average of three 550 
independent replicates, with individual data points overlaid. (C) Liquid culture growth of DSR2-551 
containing B. subtilis and control B. subtilis (no system), infected by phage SPR at 30 °C. Bacteria 552 
were infected at time 0 at an MOI of 4 or 0.04. Three independent replicates are shown for each 553 
MOI, and each curve represents an individual replicate. (D-E) Concentrations of NAD+ and ADPR 554 
in cell lysates extracted from SPR-infected cells as measured by targeted LC-MS with synthesized 555 
standards. X-axis represents minutes post infection, with zero representing non-infected cells. 556 
Cells were infected by phage SPR at a MOI of 5 at 30 °C. Bar graphs represent the average of two 557 
biological replicates, with individual data points overlaid. Colors are as in panel B. 558 
 559 
Fig 2. Genetic exchange between phages reveal regions responsible for escape from DSR2. 560 
(A) Genome comparison of phages SPR, SPbeta and phi3T was performed using clinker 29. 561 
Grey/black bands connect homologous genes, with shades of grey representing the % of amino 562 
acid sequence identity. (B) Schematic representation of the phage mating experiment. B. subtilis 563 
BEST7003 cells expressing both DSR2 and pVip are co-infected with phage SPR and SPbeta (or 564 
phi3T). Recombination between co-infecting phage genomes leads to hybrid phages that can 565 
overcome both defense systems and generate plaques. Examination of the genomes of multiple 566 
hybrids predicts genomic regions necessary to overcome defense. (C) Plaque assays with either 567 
one or two co-infecting phages. Cells expressing both DSR2 and pVip are infected either with 568 
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phage SPR (left), phage SPbeta (middle) or both phages (right). (D) Hybrid phage genomes. Each 569 
horizontal line represents the genome of a hybrid phage that can overcome DSR2. Green areas are 570 
from phage SPR, blue from SPbeta and purple from phi3T. Representative non-redundant hybrid 571 
sequences are presented out of 32 sequenced hybrids. Red rectangles outline two areas that are 572 
predicted to allow the phage to overcome DSR2 defense. Top zoom inset shows genes found in 573 
the region acquired from phi3T or SPbeta, gene outlined in red codes for DSAD1. Bottom zoom 574 
inset shows genes present in the original SPR genome, outlined gene is the tail tube protein. 575 
 576 
Fig 3. Phage proteins that activate and inhibit DSR2. (A) DSAD1 inhibits DSR2 defense. 577 
Liquid culture growth of B. subtilis BEST7003 cells expressing either DSR2 alone, DSAD1 alone, 578 
or DSR2 and DSAD1, or control cells expressing neither gene, infected by phage SPR at 30 °C. 579 
Three independent replicates are shown. (B) Pulldown assays of the DSR2-DSAD1 and DSR2-tail 580 
tube complexes. DSAD1, the tail tube proteins, and control GFP were C-terminally tagged, and 581 
co-expressed with DSR2. DSR2 in this experiment was mutated (H171A) to avoid toxicity. Shown 582 
is an SDS-PAGE gel. (C) Transformation efficiencies of a vector containing the SPR tail tube 583 
protein or GFP control were measured for cells containing either WT DSR2 or two inactive DSR2 584 
mutants. Y-axis represents the number of colony-forming units per milliliter. Bar graphs represent 585 
average of three replicates, with individual data points overlaid. (D) Liquid culture growth of E. 586 
coli that contains DSR2 and the tail tube gene of phage SPR, each under the control of an inducible 587 
promoter, and control E. coli that contains inducible GFP and DSR2 genes. Expression of both 588 
genes was induced at time 0. Three independent replicates are shown. (E-F) Concentrations of 589 
NAD+ and ADPR in cell lysates extracted from E. coli co-expressing DSR2 and SPR tail tube. X-590 
axis represents minutes post expression induction, with zero representing non-induced cells. 591 
Control cells in this experiment express RFP and DSR2. Bar graphs represent the average of two 592 
biological replicates, with individual data points overlaid. (G) A model for the mechanism of 593 
action of DSR2. Phage infection is sensed by the recognition of the phage tail tube protein through 594 
direct binding to DSR2. This triggers the enzymatic activity of the SIR2 domain to deplete the cell 595 
of NAD+ thereby causing abortive infection. The phage anti-DSR2 protein DSAD1 inhibits DSR2 596 
by direct binding. 597 
 598 
Fig 4. SIR2-containing defense systems deplete NAD+ in infected cells. (A) Domain 599 
organization of three defense systems that contain SIR2 domains. Protein accessions in NCBI are 600 
indicated. (B) Efficiency of plating for phages infecting defense-system-containing strains and 601 
control strains. SIR2-HerA and SIR2/pAgo were cloned into E. coli MG 1655, and DSR1 was 602 
cloned into B. subtilis BEST7003. Bar graphs are average of three biological replicates, with 603 
individual data points overlaid. KAW1E185 is short for vB_EcoM-KAW1E185, a T4-like phage. 604 
Asterisk marks statistically significant decrease (Student’s t-test, two-sided, p-values = 0.005, 605 
0.036, 0.025, for phages lambda (vir), KAW1E185, phi29, respectively). (C-E) Concentrations of 606 
NAD+ in cell lysates extracted from infected cells as measured by targeted LC-MS with 607 
synthesized standards. X-axis represents minutes post infection, with zero representing non-608 
infected cells. “No system” are control cells that contain an empty vector instead of the defense 609 
system. Bar graphs represent the average of two biological replicates, with individual data points 610 
overlaid. (F-H). Liquid culture growth of bacteria that contain the respective defense system and 611 
control bacteria that contain an empty vector (no system). Bacteria were infected at time 0 at low 612 
or high MOIs, as indicated. Three independent replicates are shown for each MOI, and each curve 613 
shows an individual replicate. 614 
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