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ABSTRACT 15 
 16 
Prokaryotic CRISPR-Cas immunity is subverted via anti-CRISPRs (Acrs), small proteins 17 
that inhibit Cas protein activities when expressed during the phage lytic cycle or from 18 
resident prophages or plasmids. CRISPR-Cas defenses are classified into 6 types and 19 
33 subtypes, which employ a diverse suite of Cas effectors and differ in their 20 
mechanisms of interference. As Acrs often work via binding to a cognate Cas protein, 21 
inhibition is almost always limited to a single CRISPR type. Furthermore, while acr 22 
genes are frequently organized together in phage-associated gene clusters, how such 23 
inhibitors initially evolve has remained unclear. Here we have investigated the Acr 24 
content and inhibition specificity of a collection of Listeria isolates, which naturally 25 
harbor four diverse CRISPR-Cas systems (types I-B, II-A, II-C, and VI-A). We observed 26 
widespread antagonism of CRISPR, which we traced to 12 novel and 4 known Acr gene 27 
families encoded on endogenous mobile genetic elements. Among these were two Acrs 28 
that possess sequence homology to type I-B Cas proteins and assemble into a 29 
defective interference complex. Surprisingly, an additional type I-B Cas homolog did not 30 
affect type I immunity, but instead inhibited the RNA-targeting type VI CRISPR system 31 
through sequestration of crRNA. By probing the IMGVR database of viral genomes, we 32 
detected abundant orphan cas genes located within putative anti-defense gene clusters. 33 
We experimentally verified the Acr activity of one viral cas gene, a particularly broad-34 
spectrum cas3 homolog that inhibits type I-B, II-A, and VI-A CRISPR immunity. Our 35 
observations provide direct evidence of Acr evolution via cas gene co-option, and new 36 
genes with potential for broad-spectrum control of genome editing technologies.   37 
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MAIN 38 
 39 
Prokaryotic CRISPR-Cas systems use RNA-guided Cas nucleases to provide their 40 
hosts with sequence-specific immunity against foreign genetic elements, such as 41 
bacteriophages and plasmids1,2. Small fragments of foreign DNA are captured and 42 
integrated as “spacer” sequences in the CRISPR locus, which is then transcribed and 43 
processed into mature crRNAs3,4. These RNAs guide Cas nucleases in recognition and 44 
cleavage of matching targets in foreign nucleic acids1,2,5. In response to the strong 45 
selective pressure imposed by CRISPR immunity, phages and other mobile genetic 46 
elements have evolved anti-CRISPR proteins (Acrs), which antagonize the immune 47 
effector activities of Cas proteins, removing the barrier to infection6. Acrs work via 48 
diverse mechanisms to inhibit critical steps of CRISPR immunity, including cas gene 49 
expression7,8, assembly of CRISPR ribonucleoprotein complexes9,10, recognition of 50 
target nucleic acids11,12, and recruitment of effector nucleases11. CRISPR-Cas systems 51 
are highly diverse immune modules that differ in their cas gene sequences, 52 
organization, and mechanism of target interference13. Most characterized Acrs act via a 53 
protein-protein interaction with their cognate Cas protein, and therefore inhibition 54 
specificity is almost always limited to a single CRISPR subtype.  55 
 56 
How acr genes arise within phage genomes is not well understood. While some Acrs 57 
have enzymatic activity and likely evolved from enzymes sharing the same fold, a lack 58 
of detectable protein homology for most Acrs limits our ability to understand their 59 
origins10,14-16. One Acr (AcrIF3) has been shown to mimic the structure of the Cas 60 
protein Cas8f to block recruitment of the type I-F CRISPR nuclease Cas2-317,18. AcrIF3 61 
does not bear significant sequence homology to Cas8f, therefore it is unknown whether 62 
this is a case of convergent evolution, or if the two proteins share a common ancestor 63 
but have diverged to the point of unrecognizable similarity. Many archaeal viruses 64 
encode homologs of Cas4, which normally plays a role in processing newly acquired 65 
spacers19-21. Some experimental evidence suggests viral Cas4 proteins inhibit spacer 66 
acquisition, suggesting that cas genes might be co-opted by viruses for CRISPR 67 
antagonism22. While viral CRISPR-Cas systems are diverse and abundant23, no viral 68 
cas gene has been shown to inhibit the interference stage of immunity, and the extent of 69 
acr evolution from cas genes has not been explored.  70 
 71 
Listeria spp. have evolved a diverse suite of immune defenses, including four types of 72 
CRISPR-Cas systems, to defend against abundant invading phages and mobile genetic 73 
elements24. The foodborne pathogen Listeria monocytogenes is a target of phage-74 
mediated biocontrol efforts, and understanding the anti-defense arsenal of Listeria 75 
phages holds the potential to enhance this approach25. Previous studies have 76 
uncovered Acrs encoded by Listeria phages, including six that inhibit type II-A and one 77 
that inhibits the type VI-A CRISPR-Cas system9,12,26. Genes encoding these inhibitors 78 
are often clustered together in operons, located downstream of phage lysin genes, or 79 
within plasmids. Here we investigated the frequency of endogenous Acr-mediated 80 
inhibition by screening the functionality of 4 CRISPR types across 62 strains of Listeria 81 
seeligeri. We bioinformatically predicted acr gene candidates and tested them, guided 82 
by the results of our functional screen. These efforts uncovered 12 novel acr gene 83 
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families (7 type I-B, 3 type II-C, 2 type VI-A). We found that 3 of these genes bear 84 
sequence similarity to type I-B cas genes. Two of them (AcrIB3 and AcrIB4) inhibit type 85 
I-B by assembling into a defective interference complex. The other (AcrVIA2) is a Cas3 86 
homolog that inhibits the loading, processing, or stability of Cas13-associated crRNAs. 87 
Finally, we performed a bioinformatic search for orphan cas genes in viral genomes, 88 
revealing 358 putative anti-defense loci anchored by a diverse set of type I, II, III, IV, 89 
and VI cas genes. We experimentally verified one of them in Listeria, a Cas3 homolog 90 
exhibiting particularly broad-spectrum inhibitory activity against type I-B, VI-A, and II-A 91 
CRISPR immunity. Overall, our results exemplify the complex phage-bacteria arms 92 
race, and support a mechanism for frequent acr gene evolution from cas genes. 93 
 94 
 95 
Variation in Listeria seeligeri genomes affects CRISPR-Cas function. 96 

CRISPR-Cas loci can be readily identified by analysis of microbial genome sequences. 97 
However, whether these systems provide functional immunity cannot be inferred from 98 
sequence analysis alone. We previously established Listeria seeligeri as a tractable 99 
model for studying type VI-A CRISPR-Cas immunity, and found that L. seeligeri strains 100 
are also richly populated with type I-B, II-A, II-C CRISPR systems, along with many 101 
prophages and plasmids12,24,27,28. We sought to determine the extent to which resident 102 
mobile genetic elements and prophages affect the function of all four Listeria CRISPR-103 
Cas types. We cloned each type into the site-specific integrating vector pPL2e29 under 104 
the control of a constitutive promoter, and equipped each with a spacer recognizing a 105 
target plasmid (Fig. 1A). We first introduced each of these constructs into L. seeligeri 106 
strain LS1 and confirmed that all four were capable of mediating sequence-specific 107 
interference against a target plasmid that was introduced by conjugation (Fig 1B). Next, 108 
we integrated each plasmid-targeting CRISPR-Cas construct into 54 out of the 62 L. 109 
seeligeri strains in our laboratory’s collection, then challenged each of the 216 resultant 110 
strains with a cognate target plasmid (Fig. 1C-D and Figs. S1-4). While each CRISPR 111 
type remained functional in some of the recipient strains, we observed frequent loss of 112 
CRISPR function among the different genetic backgrounds. The loss of CRISPR 113 
function we observed for each type did not correlate with the natural occurrence of that 114 
type in the tested strains (Fig 1E).  We observed either a partial or complete loss of 115 
CRISPR-Cas system function in 29% of strains assessed for type VI-A activity, 77% 116 
tested for type I-B activity, 36% tested for type II-A activity, and 39% tested for type II-C 117 
activity. In some cases, we were unable to determine whether a particular CRISPR type 118 
was inhibited, due to low conjugation efficiency of both the target plasmid and a non-119 
targeted control (Fig. 1B, gray bars). The strains tested were least likely to support the 120 
function of type I-B, the most common L. seeligeri CRISPR type, while most supported 121 
the function of type VI-A, which is less abundant. In contrast, type II-C is the rarest type 122 
among L. seeligeri strains, yet it frequently lost function when integrated into our tested 123 
strains. Collectively, our findings indicate that variation in genetic background affects the 124 
function of all four CRISPR types found in Listeria spp. 125 

 126 

Identification of type I-B, II-A, II-C, and VI-A anti-CRISPR proteins. 127 
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While the results above could be explained by the variable presence of unknown host 128 
factors required for CRISPR-Cas function, we hypothesized that the four CRISPR types 129 
might also be inhibited by anti-CRISPR proteins endogenously expressed by the strains 130 
in our collection. To identify such inhibitors, we took an iterative guilt-by-association 131 
bioinformatic approach that was guided by the results of our functional screen. Six type 132 
II-A inhibitor proteins and one type VI-A inhibitor have been previously identified in 133 
Listeria phage genomes, and Acr genes are frequently clustered in operons associated 134 
with prophages or other mobile genetic elements. Therefore, we tested genes located 135 
within predicted Acr clusters for the ability to inhibit CRISPR types that could no longer 136 
mediate interference when transplanted into the cluster’s host genome. First, we 137 
searched each of the L. seeligeri genomes in our collection for genes homologous to 81 138 
known Acrs, which resulted in the identification of 25 predicted Acr loci. (Table S2). We 139 
examined the genes predicted to be in the same operon as known Acrs in these loci, 140 
generating a list of 33 putative anti-defense candidate gene families. Using these new 141 
candidates as queries, we searched the genomes again to find new putative anti-142 
defense loci and anti-defense candidate genes, giving priority to genes located between 143 
previously identified candidates. We also identified predicted loci and candidate genes 144 
by searching Listeria genomes available in the NCBI nr and wgs databases. By 145 
exhaustively iterating this process, we expanded our dataset to 55 predicted anti-146 
defense loci and 76 anti-defense candidate gene families residing within the 62 L. 147 
seeligeri genomes in our collection (Fig. S5, Table S2).  148 

Next, we investigated whether the Acr content of each host strain correlated with loss of 149 
function for each transplanted CRISPR type (Figs. S5-9). No known type I-B inhibitors 150 
exist in Listeria. However, of the 13 strains that did not support type II-A CRISPR 151 
function, all encoded at least one previously identified type II-A Acr (Fig. S7). 152 
Conversely, only 2 of the 32 strains supporting type II-A function contained a cognate 153 
acr gene. Furthermore, AcrIIA1 inhibits both type II-A and type II-C immunity8, and was 154 
present in 10 of the 15 strains lacking type II-C function (Fig. S8). Finally, the only 155 
known type VI-A acr (acrVIA1) in Listeria was present in a genome incompatible with 156 
type VI-A interference, and was absent from all other genomes (Fig. S9). These data 157 
suggest that the loss of CRISPR function observed in our screen can largely be 158 
explained by host-encoded Acrs. We identified anti-defense candidate genes 159 
specifically present in strains that inhibited types I-B, II-C, and VI-A, and expressed 160 
each from a plasmid in strain LS1, which does not harbor any anti-CRISPR genes. We 161 
then tested whether each candidate inhibited the matching CRISPR type in our plasmid 162 
targeting assay (Fig. 2A). We prioritized testing of candidates that were present in 163 
inhibitory strains for a given CRISPR type but absent from strains that tolerated function 164 
of that type. We ultimately cloned 43 candidate genes, as well as 7 previously identified 165 
acr genes, and tested each for inhibition of all four CRISPR types (Fig. 2B-C). Of the 166 
tested novel candidates, 7 inhibited type I-B (hereafter acrIB3-9), 3 inhibited type II-C 167 
(acrIIC7-9), and 2 inhibited type VI-A CRISPR immunity (acrVIA2-3) (see Table S2 for 168 
protein sequences). Each of these Acrs were tested against each CRISPR type, but 169 
specifically inhibited only one of the 4 types. We also noted that a L. seeligeri homolog 170 
of the AcrIIA3 protein tested in our assay was a potent inhibitor of type II-C CRISPR, 171 
and did not inhibit type II-A, despite being 94.3% identical to L. monocytogenes AcrIIA3. 172 
While more than one Acr might be active in a given genome, the previously identified 173 
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and newly discovered Acrs could collectively account for 68% of the inhibition observed 174 
in our functional screen. 175 

In total, we discovered 12 new Acr families, 11 of which each had several homologs 176 
present in a variety of Listeria species and phages (Fig. 2D, Fig. S10). The occurrence 177 
of these acr genes was limited to Listeria, except for AcrIIC9, which was also found in 178 
other Firmicutes, notably Enterococcus.  Genes encoding homologs of AcrIB3, AcrIB4, 179 
AcrIB7, AcrIB8, AcrIIC7, AcrIIC8, and AcrVIA2 were found in mobile genetic elements 180 
within Listeria genomes, while AcrIB5, AcrIB6, AcrIB7, AcrIB9, AcrIIC9, and AcrVIA3 181 
were found in Listeria phage genomes. Few of these Acr proteins contained domains of 182 
known function, however, we noted that four of them contained HTH domains predicted 183 
to mediate DNA binding. Indeed, in addition to its CRISPR inhibition discovered here, 184 
we previously demonstrated that the gene encoding AcrIIC9 functions as a negative 185 
autoregulator of its own acr gene locus12. Finally, three of the Acrs shared sequence 186 
homology with type I-B Cas proteins, which we discuss in detail below. 187 

 188 

Cascade component homologs inhibit type I-B CRISPR-Cas immunity. 189 

Two of the newly discovered type I-B Acr proteins (AcrIB3 and AcrIB4) shared 190 
sequence homology with two type I-B Cas proteins (Cas5 and Cas8b, respectively) that 191 
assemble into the Cascade complex (Fig. 3A). The AcrIB3 protein shares 38% amino 192 
acid identity with the full-length Cas5 protein (Fig. S11A), while the AcrIB4 protein 193 
shares 38% amino acid identity with the last 90 residues of the 562aa Cas8b protein 194 
(Fig. S11B). We hypothesized that AcrIB3 and AcrIB4 might inhibit type I-B CRISPR 195 
immunity by acting as faulty subunits integrated within the Cascade complex. An 196 
alternative possibility is that expression of any individual natural Cas protein from a 197 
multi-copy plasmid would interfere with Cascade complex assembly via disruption of 198 
subunit stoichiometry. To test whether this was the case, we separately expressed 199 
AcrIB3, AcrIB4, and their cognate Cas protein homologs Cas5 and Cas8b, and tested 200 
their effect on plasmid targeting by the type I-B CRISPR system (Fig. 3B). While the two 201 
Acrs potently inhibited interference against the target plasmid, neither bona fide Cas 202 
protein impacted immunity. We performed BLAST searches of AcrIB3 and AcrIB4 203 
against the NCBI nr database. In addition to numerous true Cas5 and Cas8b protein 204 
homologs, we uncovered 45 and 49 unique homologs (respectively) which were not 205 
located within CRISPR-Cas loci, and all limited to Listeria spp. (Fig. 3C). Our 206 
phylogenetic analysis of the proteins uncovered by this search indicated that both Acrs 207 
form their own high-confidence clades, suggesting an ancient divergence from their 208 
cognate Cas proteins. We therefore conclude that AcrIB3 and AcrIB4 are Cas protein 209 
homologs that function as inhibitors of the type I-B CRISPR-Cas system.   210 

To investigate the mechanism by which AcrIB3 and AcrIB4 inhibit type I-B CRISPR 211 
immunity, we first tested whether they affected target DNA engagement by the Cascade 212 
complex (Fig. 3D). We designed a CRISPRi-like assay in which we deleted the 213 
nuclease cas3 from the CRISPR locus, then targeted Cascade to a plasmid-borne lacZ 214 
reporter gene in L. seeligeri LS1. Inactivation of cas3 ensures that target DNA bound by 215 
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Cascade will not be cleaved. When we probed for lacZ activity by growth on plates 216 
containing X-gal, we observed CRISPR-dependent transcriptional silencing of the 217 
targeted lacZ gene. When we co-expressed either AcrIB3 or AcrIB4 along with 218 
Cascade, lacZ transcription was restored, suggesting that both anti-CRISPRs act 219 
upstream of target DNA binding by the Cascade complex, and that neither function at 220 
the level of Cas3 recruitment. Consistent with our previous observations, neither Cas5 221 
nor Cas8b influenced target DNA recognition.  222 

Next, we investigated whether AcrIB3 and/or AcrIB4 affect assembly of the Cascade 223 
complex. We began by constructing a type I-B CRISPR locus containing a cas6 allele 224 
fused to a 3xFlag tag on the C-terminus. We confirmed that this fusion remained 225 
functional in interference against a plasmid with a type I-B protospacer (Fig. S13A). We 226 
then used this construct to perform anti-Flag immunoprecipitations of the Cascade 227 
complex, in the presence and absence of AcrIB3 and AcrIB4. In the absence of Acrs, 228 
the silver-stained Cas6-3xFlag immunoprecipitate fraction contained bands consistent 229 
with the molecular weights of Cas8b, Cas7, Cas6, and Cas5, none of which were 230 
present in a untagged control sample (Fig. 3E). When we co-expressed AcrIB3 or 231 
AcrIB4, each Cascade subunit remained present in the immunoprecipitate, suggesting 232 
that neither Acr impedes assembly of the type I-B Cascade complex. To test whether 233 
AcrIB3 was integrated into the complex, we fused an N-terminal his6 tag onto AcrIB3, 234 
confirmed that it was functional in inhibition of plasmid targeting by type I-B CRISPR, 235 
and performed immunoprecipitation of the Cascade complex in the presence of his6-236 
AcrIB3 (Fig. 3F, Fig. S13b). We then analyzed the contents of the load, unbound, and 237 
immunoprecipitated fractions by immunoblotting for Cas6-3xFlag, His6-AcrIB3, and the 238 
housekeeping sigma factor σA. We found that His6-AcrIB3 (but not σA) strongly co-239 
immunoprecipitated with Cas6-3xFlag, suggesting that AcrIB3 assembles into the 240 
Cascade complex. While we attempted to perform the same experiment with AcrIB4, we 241 
could not obtain a functional tagged allele.  242 

 243 

A Cas3 homolog inhibits type VI-A CRISPR immunity at the crRNA biogenesis 244 
stage. 245 

In addition to AcrIB3 and AcrIB4, we discovered a third Acr protein (AcrVIA2) with 246 
homology to type I-B Cas proteins (Fig. 4A). AcrVIA2 shares 24% sequence identity 247 
with the helicase-nuclease Cas3 (Fig. S12). The homology between the two proteins is 248 
centered on a shared DEAD-box helicase domain, and AcrVIA2 lacks the HD nuclease 249 
domain of Cas3. Our homology searches uncovered several true Cas3 proteins as well 250 
as 8 predicted AcrVIA2 homologs not located near a CRISPR array or cas gene operon, 251 
2 of which were present on Listeria mobile genetic elements, while the rest were 252 
encoded in Myoviridae phage genomes (Fig. 4B). Again, the Acrs formed a high-253 
confidence phylogenetic group separate from true Cas3 proteins. Surprisingly, we found 254 
that this Acr did not inhibit type I-B immunity, but instead strongly inhibited the RNA-255 
targeting type VI-A CRISPR system (Fig. 2C). As with the two previously mentioned 256 
Cas-homolog Acrs, we confirmed that bona fide Cas3 possessed no inhibitory activity 257 
against Cas13 in a plasmid-targeting assay (Fig. 4C). When we mutated the AcrVIA2 258 
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DEAD box (DEFD>AAFD), we found that it lost inhibitory activity, suggesting that this 259 
domain is required for the function of AcrVIA2 (Fig. 4C). Next, we tested whether 260 
AcrVIA2 could prevent Cas13 immunity against a phage target (Fig. 4D). We infected 261 
lawns of L. seeligeri harboring a spacer (spc59) targeting the Cas13-sensitive phage 262 
ϕLS59, while co-expressing AcrVIA2 from a plasmid. While we observed a CRISPR-263 
dependent reduction in ϕLS59 plaque formation in this system, expression of AcrVIA2 264 
restored phage infection in the presence of Cas13 immunity. Finally, recognition of 265 
target RNA by Cas13 stimulates a non-specific trans-RNase activity that induces cell 266 
dormancy in L. seeligeri28. We tested whether AcrVIA2 impacts activation of Cas13 267 
trans activity using a strain harboring an aTc-inducible, non-essential, non-coding RNA 268 
containing a protospacer recognized by spc4 of the type VI-A CRISPR array (Fig. 4E). 269 
This strain is viable in the absence of target induction, but when plated on media 270 
containing aTc, exhibits a strong Cas13-dependent growth defect as a consequence of 271 
nonspecific RNase activity. In contrast, co-expression of AcrVIA2 abolished Cas13-272 
induced dormancy, and therefore prevents cleavage of target and non-target RNA. 273 

Next we investigated the mechanism of Cas13 inhibition by AcrVIA2. We first attempted 274 
to detect a physical interaction between both proteins. However, we were unable to 275 
detect co-immunoprecipitation of Cas13-his6 along with a partially functional AcrVIA2-276 
3xflag allele (Fig. S14), suggesting that, unlike AcrVIA1, AcrVIA2 does not form a stable 277 
interaction with Cas13. Accordingly, we tested whether AcrVIA2 impacts the assembly 278 
of the Cas13:crRNA RNP complex. We immunoprecipitated a functionally tagged 279 
Cas13-3xFlag allele in the presence and absence of AcrVIA2, then purified RNA from 280 
the isolated protein and analyzed it by SYBR Gold staining (Fig. 4F). We detected an 281 
RNA band consistent with the mature 51 nt crRNA in the immunoprecipitated Cas13 282 
fraction, but this band was absent from the protein purified from cells expressing 283 
AcrVIA2. Conversely, neither the AcrVIA2 DEAD-box mutant nor the unrelated protein 284 
AcrVIA3 affected Cas13-associated crRNA levels.  Collectively, these results suggest 285 
that AcrVIA2 influences type VI-A crRNA processing, loading, or stability, in a 286 
mechanism that depends on its DEAD-box motif. 287 

 288 

Diverse viral cas genes reside in putative anti-defense loci. 289 

Our discovery of 3 unique Acrs homologous to type I-B Cas proteins prompted us to 290 
perform bioinformatic searches for other viral cas genes that might play anti-defense 291 
roles. We used 536 Cas protein query sequences to probe for cas genes present in the 292 
IMGVR database of high-confidence viral genomes. To enrich for putative Acrs, we then 293 
removed all hits containing nearby predicted CRISPR arrays or high-confidence cas 294 
gene operons. We further eliminated all genes located within 1 kb of DNA contig ends, 295 
and genes that shared greater than 90% nucleotide sequence identity with an existing 296 
hit. Ultimately, our analysis yielded 358 predicted orphan viral cas genes, representing 297 
components of types I, II, III, IV, and VI CRISPR-Cas systems (Fig. 5A, Table S3). The 298 
predicted hosts infected by viruses harboring orphan cas genes included most bacterial 299 
phyla, with Firmicutes and Bacteroidota phages being particularly abundant. We found 300 
that several of the predicted viral cas genes were located next to known acr genes or 301 
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predicted anti-defense candidates from our analysis in Listeria, supporting the idea that 302 
some of the cas homologs in our dataset play anti-CRISPR roles (Fig. 5B and Fig. S15).  303 

To investigate this, we selected acr gene candidates with homology to Listeria cas 304 
genes, and tested their ability to inhibit plasmid targeting by each CRISPR type (Fig. 305 
5C-D). Among the tested candidates was a cas3 homolog encoded on a Myoviridae 306 
genome. Like AcrVIA2, this protein shared limited identity (~24%) with the DEAD-box 307 
helicase domain of L. seeligeri Cas3, shared less than 40% sequence identity with 308 
AcrVIA2 (Fig. 5C), and contained no additional domains of known function. Finally, 309 
while AcrVIA2 is similar in length to Cas3, the viral Cas3 homolog identified in our 310 
bioinformatic search was over twice the size, at 1,128 amino acids. We first the viral 311 
Cas3 homolog’s ability to inhibit type VI-A CRISPR immunity against a targeted 312 
plasmid, and found that it abolished Cas13-dependent interference. Due to its homology 313 
to AcrVIA2, we refer to it as AcrVIA2.1. Next, we tested the inhibition spectrum of 314 
AcrVIA2.1 against the four Listeria CRISPR-Cas types (Fig. 5D). Unlike AcrVIA2, 315 
AcrVIA2.1 mediated strong inhibition of types VI-A, I-B, and II-A CRISPR interference. 316 
Thus, of all anti-CRISPRs characterized to date, AcrVIA2.1 has both the largest size 317 
and Cas protein inhibition spectrum. Collectively, our results suggest that there has 318 
been extensive acr evolution from cas genes, and that searching for orphan cas genes 319 
homologs in viral genomes is a useful approach to bioinformatically identify new anti-320 
defense gene loci.  321 

 322 

DISCUSSION 323 

Here we have investigated the occurrence of anti-CRISPR-mediated inhibition across a 324 
large collection of bacterial isolates, and four CRISPR-Cas types. Our results suggest 325 
the existence of widespread CRISPR antagonism present among Listeria seeligeri 326 
strains, which can be accounted for by 4 known and 12 previously unidentified Acr 327 
families. Three of these Acrs bear sequence identity to type I-B Cas subunits, 328 
suggesting that each Acr shares a common ancestor with its cognate Cas component. 329 
Our investigation of the mechanisms of these Acrs indicate that (i) AcrIB3 and AcrIB4 330 
inhibit type I-B CRISPR immunity via assembly into a defective Cascade interference 331 
complex that fails to engage target DNA, and (ii) AcrVIA2 inhibits type VI-A CRISPR 332 
immunity by blocking the processing, loading, or stability of Cas13-associated crRNA. 333 
To investigate the generality of Acr evolution from Cas proteins, we probed the IMGVR 334 
database for the existence of orphan viral cas genes. We uncovered hundreds of 335 
examples of viral cas genes that were not associated with a CRISPR array or complete 336 
cas gene operon, instead residing near putative anti-defense genes. We experimentally 337 
confirmed that at least one of these genes (AcrVIA2.1) exhibits exceptionally broad-338 
spectrum inhibition of CRISPR-Cas immunity in L. seeligeri. In addition to uncovering 339 
numerous anti-CRISPR proteins that could potentiate phage therapy or gene editing 340 
safety, our findings demonstrate that diverse viruses have co-opted cas genes for 341 
CRISPR antagonism, and provide a new strategy for the unbiased identification of 342 
counter-defense genes in prokaryotes. 343 
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Our results raise several questions regarding the evolutionary trajectories that could 344 
convert a host-encoded cas gene to a phage-encoded acr. First, how do phages 345 
capture cas genes? One possibility is via imprecise excision of temperate phages 346 
integrated near CRISPR-Cas loci. During induction of such prophages, cas genes could 347 
occasionally be packaged into viral capsids along with the phage genome. Varble and 348 
colleagues30 recently demonstrated that some Streptococcus phages integrate directly 349 
into the degenerate repeats of type II-A CRISPR arrays, and can sometimes capture 350 
and mobilize spacer sequences. It remains to be seen whether such a mechanism 351 
could also promote viral capture of whole cas genes or fragments thereof. Once a cas 352 
gene is integrated into a phage genome, it may not immediately play a role in CRISPR 353 
antagonism. Instead, viral cas genes might stimulate CRISPR immunity to play a 354 
protective role for lysogenized hosts that could otherwise be infected by a second 355 
phage. Next, how is a viral cas gene exapted into an anti-CRISPR? Because Cas 356 
proteins naturally make interactions with other Cas proteins, crRNA, and target nucleic 357 
acids, they are well-poised to evolve into inhibitors that block CRISPR immunity. Any 358 
phage-encoded Cas protein that interacts with two or more components of the CRISPR 359 
RNP might develop inhibitory activity by simply losing one of these interactions while 360 
maintaining another, resulting in a faulty Cas subunit that inactivates immunity. One 361 
benefit of this strategy (as compared to non-Cas anti-CRISPRs) is that it may be difficult 362 
for CRISPR systems to evolve resistance against such inhibitors, since they resemble 363 
the very Cas components used for immunity. Finally, our results raise the possibility that 364 
subunits of anti-phage immune systems beyond CRISPR may also serve as raw 365 
material for counter-defense evolution. 366 

In this study, we uncovered a total of 12 anti-CRISPR families present in Listeria 367 
prophages and mobile genetic elements. Residing beside these acr genes were 64 368 
additional anti-defense candidate genes, 26 of which exhibited no detectable CRISPR 369 
inhibition in our assay (Table S2). While some of these genes may serve other 370 
functions, their frequent co-occurrence with and proximity to acr genes suggests that 371 
many could play an anti-defense role, possibly against one or more of the other anti-372 
viral defense systems found in Listeria spp. Indeed, recent studies have uncovered 373 
examples of viral inhibitors of CBASS, Pycsar, Thoeris, Gabija, and Hachiman 374 
defenses31-34. 375 

Though CRISPR-Cas systems are abundant in Listeria spp., our functional screen 376 
revealed that most are inhibited by endogenous Acrs. Such frequent inhibition likely 377 
provides a selective pressure to acquire new diverse immune systems not susceptible 378 
to existing Acrs. For example, while we observed inhibition of the highly abundant type 379 
I-B CRISPR in 77% of the tested L. seeligeri strains, the less common type VI-A system 380 
was only inhibited in 29% of strains. If inhibition is widespread, why are CRISPR 381 
systems retained by the host? On the contrary, recent evidence suggests that 382 
prophage-encoded Acrs promote retention of host CRISPR-Cas systems, by preventing 383 
autoimmune cleavage of targets within the integrated prophage35. Maintenance of 384 
functional CRISPR immunity despite the presence of Acrs could provide a fitness 385 
benefit in the event that the host becomes cured of the prophage or MGE harboring acr 386 
genes. In total, our findings represent an example of the diversity of evolved interactions 387 
in the ongoing phage-host arms race. 388 
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 570 
METHODS 571 

Bacterial strains and growth conditions:  572 
L. seeligeri strains were cultured in Brain Heart Infusion (BHI) medium at 30°C. Where 573 
appropriate, BHI was supplemented with the following antibiotics for selection: nalidixic 574 
acid (50 μg/mL), chloramphenicol (10 μg/mL), erythromycin (1 μg/mL), or kanamycin 575 
(50 μg/mL). For cloning, plasmid preparation and conjugative plasmid transfer, E. coli 576 
strains were cultured in Lysogeny Broth (LB) medium at 37 °C. Where appropriate, LB 577 
was supplemented with the following antibiotics: ampicillin (100 μg/mL), 578 
chloramphenicol (25 μg/mL), kanamycin (50 μg/mL). For conjugative transfer of E. coli – 579 
Listeria shuttle vectors, plasmids were purified from Turbo Competent E. coli (New 580 
England Biolabs) and transformed into the E. coli conjugative donor strains SM10 λpir 581 
or S17 λpir. For a list of strains used in this study, see Table S1. 582 

Plasmid construction and preparation: 583 
All genetic constructs for expression in L. seeligeri were cloned into the following three 584 
compatible shuttle vectors, each of which contains an origin of transfer sequence for 585 
mobilization by transfer genes of the IncP-type plasmid RP4. These transfer genes are 586 
integrated into the genome of the E. coli conjugative donor strains SM10 λpir or S17 587 
λpir. All plasmids used in this study, along with details of their construction can be found 588 
in Table S1. 589 
pPL2e: ectopically integrating plasmid conferring chloramphenicol resistance in E. coli 590 
and erythromycin resistance in Listeria; integrates into the tRNAArg locus in the L. 591 
seeligeri chromosome29.  592 
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pAM8: E. coli-Listeria shuttle vector conferring ampicillin resistance in E. coli and 593 
chloramphenicol resistance in Listeria27. 594 
pAM326: E. coli-Listeria shuttle vector conferring kanamycin resistance in E. coli and 595 
Listeria12. 596 
Mobilizable CRISPR-Cas systems were constructed by cloning the type I-B, II-A, II-C, 597 
and VI-A CRISPR-Cas loci into pPL2e, each equipped with a spacer matching a target 598 
plasmid. Target plasmids were derived from pAM8. In the case of type II-A, one variant 599 
of the CRISPR-Cas plasmid harbored a spacer targeting a protospacer region on pAM8 600 
followed by an NGG PAM, and a separate CRISPR plasmid harbored a non-targeting 601 
spacer. The same approach was taken for type II-C, except the protospacer region was 602 
followed by an NNGCAA PAM. For types I-B and VI-A, naturally occurring spacers were 603 
used in the CRISPR plasmid, and matching protospacers were inserted into pAM8. The 604 
type I-B protospacer was preceded by a 5’ CCN PAM. The type VI-A protospacer was 605 
inserted into a transcribed region in the 3’ UTR of the chloramphenicol resistance gene 606 
of pAM8. 607 
Putative anti-CRISPR constructs were assembled by cloning into NcoI/EagI digested 608 
pAM551, which is derived from pAM326 and contains an aTc-inducible Ptet promoter.   609 

E. coli – L. seeligeri conjugation:  610 
All genetic constructs for expression in L. seeligeri were introduced by conjugation with 611 
E. coli donor strains SM10 λpir or S17 λpir. 100 μL of each donor and recipient culture 612 
were diluted into 10 mL of BHI medium and concentrated on a 0.45 µm porosity filter 613 
disk using vacuum filtration. Filter disks were laid onto BHI agar supplemented with 614 
oxacillin (8 μg/mL for pPL2e or pAM326 derived plasmids and 128 μg/mL for pAM8 615 
derived plasmids) which weakens the cell wall and enhances conjugation, then 616 
incubated at 37°C for 4 hours. Cells were resuspended in 2 mL BHI, serially diluted, and 617 
transconjugants were selected on BHI medium containing 50 μg/mL nalidixic acid 618 
(which kills donor E. coli but not recipient L. seeligeri) in addition to the appropriate 619 
antibiotic for plasmid selection. Transconjugants were isolated after 2-3 days of 620 
incubation at 30°C.  621 

Phylogenetic tree construction: 622 
To reconstruct Acr phylogeny, query Acr proteins were searched against the BLAST nr 623 
database36 using an E-value cutoff of 5x10-3 (for AcrIB4) or 1x10-4 (for all other Acrs). 624 
The top 250 hits were aligned using T-Coffee37. For AcrIB4, only the C-terminal 90 625 
amino acids were included for alignment, as this is the region with shared homology 626 
between AcrIB4 and the much larger Cas8b. Phylogenetic trees and bootstrap values 627 
were calculated using MEGA (v11)38, using the neighbor-joining method with 1000 628 
bootstrap replications.  629 

Co-immunoprecipitation: 630 
L. seeligeri harboring FLAG-tagged and/or His6-tagged proteins was cultured in 30 mL 631 
BHI to saturation, then pelleted by centrifugation. Cells were resuspended in 1.5 mL lysis 632 
buffer containing 50 mM HEPES pH 7, 150 mM NaCl, 5 mM MgCl2, 5% glycerol, 1 mM 633 
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PMSF, and 2 mg/mL lysozyme, then incubated at 37°C for 20 min. Lysis was performed 634 
by sonication, then insoluble material was pelleted by centrifugation at 15,000 rpm for 10 635 
min. The clarified supernatants were sampled (load fraction), then applied to 40 µL of 636 
buffer-equilibrated M2 anti-Flag antibody affinity resin (Sigma-Aldrich) and incubated at 637 
4°C for 2 h. Flag resin was pelleted by centrifugation at 1,000 rpm for 1 min, and the 638 
supernatant was sampled (unbound fraction). Flag resin was washed three times for 5 639 
min each with 1 mL wash buffer (50 mM HEPES pH 7, 150 mM NaCl, 5 mM MgCl2, 5% 640 
glycerol). Finally, the immunoprecipitated fraction was eluted with 40 µL of 0.1 mg/mL 641 
3xFlag peptide (Sigma-Aldrich) at room temperature. All samples were denatured by 642 
dilution in 2x Laemmli sample buffer containing 4% SDS and 10% beta-mercaptoethanol. 643 
Load, unbound, and IP fractions were analyzed by immunoblot using anti-Flag (Sigma-644 
Aldrich), anti-His6 (Genscript), and anti-σA (gift of David Rudner, Harvard Medical School) 645 
antibodies. Silver staining was performed on 12 µL of each immunoprecipitate sample, 646 
using the Pierce Silver Staining Kit (Thermo Fisher) according to the manufacturer’s 647 
instructions. 648 

Analysis of Cas13-associated crRNA: 649 
L. seeligeri cultures harboring cas13-his6 and/or acrVIA2 were grown to saturation. 50 650 
mL culture was harvested, pelleted at 4300 rpm and frozen at -80°C. Pellets were 651 
resuspended in ice-cold lysis buffer (50 mM HEPES pH7.0, 150 mM NaCl, 5mM MgCl2, 652 
10 mM imidazole, 1 mg/mL lysozyme, 1 mM phenylmethylsulfonylfluoride, 5% glycerol) 653 
and lysed by sonication. Lysate was centrifuged at 15,000 rpm for 15 minutes at 4°C. 654 
Soluble material was batch bound for 2 hours with 50uL of Ni-NTA HisBind Resin. Resin 655 
was then washed three times with 1 mL wash buffer (50 mM HEPES pH7.0, 150 mM 656 
NaCl, 5mM MgCl2, 10 mM imidazole 5% glycerol) and eluted with wash buffer 657 
supplemented with 250 mM imidazole. RNA was purified using the Direct-zol RNA 658 
miniprep kit (Zymo Research). Samples were resolved by denaturing 15% TBE-Urea 659 
PAGE, stained with SYBR Gold according to the manufacturer’s instructions, and imaged 660 
on an Azure Biosystems Azure 600 imager.    661 

Phage propagation:  662 
All phage infections were performed in BHI medium supplemented with 5 mM CaCl2. To 663 
generate phage lysates, existing phage stocks were diluted to single plaques on a lawn 664 
of L. seeligeri LS1 ΔRM1 ΔRM2 and a single plaque was purified twice to ensure 665 
homogeneity. 5 mL of cell culture was infected with phage at MOI 0.1, OD 0.1 and the 666 
infection proceeded overnight. The lysate was centrifuged for 20 minutes at 4,000 rpm 667 
and the supernatant was filtered using a 0.45 μm pore syringe filter.  668 

Bioinformatic identification of viral cas genes: 669 
The IMGVR7.1 database of high-confidence viral genomes39 was probed for sequences 670 
with homology to 536 Cas protein query sequences, representing all known CRISPR 671 
subtypes13. Each query was searched against IMGVR7.1 using tblastn36 with an E-672 
value cutoff of 1x10-4. 20 kb of genomic sequence flanking each hit gene was retrieved 673 
using bedtools40, and hits were deduplicated using genometools sequniq41. Hit genomic 674 
regions were analyzed for bona fide CRISPR-Cas systems using CRISPRCasTyper42, 675 
and all hits containing either predicted CRISPR arrays or cas gene operons were 676 
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removed from analysis. Hits were further filtered to remove any cas genes located 677 
within 1 kb of a contig end, and hits sharing greater than 90% nucleotide sequence 678 
identity were collapsed using T-Coffee seq_reformat37. Finally, the IMGVR7.1 database 679 
was probed as above for homologs of known Acrs, anti-restriction-modification43, anti-680 
Hachiman33, anti-Gabija, and anti-Thoeris genes, and hits within 10 kb of a predicted 681 
cas gene were tabulated. The UViG identifier for each hit was used to retrieve predicted 682 
host phylogeny from IMGVR. For gene loci diagrams, ORFs were predicted with 683 
prokka44 and diagrams were generated with Clinker45.  684 
 685 
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Figure S1. Variation in L. seeligeri strain background affects type I-B CRISPR-Cas immunity. Plasmid targeting assay in which the indicated L. 
seeligeri strains were first transformed with a chromosomally integrated type I-B CRISPR-Cas system equipped with a spacer targeting a conjugative 
plasmid, then challenged with either a non-target plasmid (left columns) or plasmid containing a target protospacer (right columns).
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plasmid, then challenged with either a non-target plasmid (left columns) or plasmid containing a target protospacer (right columns).
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Figure S5. Anti-defense candidate (adc) gene occurrence across 62 strains of L. seeligeri. Each row correponds to either a known anti-CRISPR 
gene or a particular anti-defense candidate gene identified as frequently encoded nearby acr genes or nearby other well-established anti-defense 
canddiates. Each column corresponds to an individual L. seeligeri strain genome. Filled red boxes indicate occurence of a putative anti-defense gene in 
a particular strain.
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Figure S6. Anti-defense candidate (adc) gene occurrence among L. seeligeri strains that inhibit (or tolerate) type I-B CRISPR immunity. Each 
row correponds to either a known anti-CRISPR gene or a particular anti-defense candidate gene identified as frequently encoded nearby acr genes or 
nearby other well-established anti-defense canddiates. Each column corresponds to an individual L. seeligeri strain genome. The group of columns on 
the left indicate strains that inhibited type I-B CRISPR immunity in the plasmid targeting assay shown in Fig. 1, while the group on the right tolerated 
type I-B immunity. Filled red boxes indicate occurence of a putative anti-defense gene in a particular strain. Gene names in red indicate experimentally 
validated type I-B Acrs from this study.
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Figure S7. Anti-defense candidate (adc) gene occurrence among L. seeligeri strains that inhibit (or tolerate) type II-A CRISPR immunity. Each 
row correponds to either a known anti-CRISPR gene or a particular anti-defense candidate gene identified as frequently encoded nearby acr genes or 
nearby other well-established anti-defense canddiates. Each column corresponds to an individual L. seeligeri strain genome. The group of columns on 
the left indicate strains that inhibited type II-A CRISPR immunity in the plasmid targeting assay shown in Fig. 1, while the group on the right tolerated 
type II-A immunity. Filled red boxes indicate occurence of a putative anti-defense gene in a particular strain. Gene names in red indicate experimentally 
validated type II-A Acrs. 
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Figure S8. Anti-defense candidate (adc) gene occurrence among L. seeligeri strains that inhibit (or tolerate) type II-C CRISPR immunity. Each 
row correponds to either a known anti-CRISPR gene or a particular anti-defense candidate gene identified as frequently encoded nearby acr genes or 
nearby other well-established anti-defense canddiates. Each column corresponds to an individual L. seeligeri strain genome. The group of columns on 
the left indicate strains that inhibited type II-C CRISPR immunity in the plasmid targeting assay shown in Fig. 1, while the group on the right tolerated 
type II-C immunity. Filled red boxes indicate occurence of a putative anti-defense gene in a particular strain. Gene names in red indicate experimentally 
validated type II-C Acrs from this study. 
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Figure S9. Anti-defense candidate (adc) gene occurrence among L. seeligeri strains that inhibit (or tolerate) type VI-A CRISPR immunity. Each 
row correponds to either a known anti-CRISPR gene or a particular anti-defense candidate gene identified as frequently encoded nearby acr genes or 
nearby other well-established anti-defense canddiates. Each column corresponds to an individual L. seeligeri strain genome. The group of columns on 
the left indicate strains that inhibited type VI-A CRISPR immunity in the plasmid targeting assay shown in Fig. 1, while the group on the right tolerated 
type VI-A immunity. Filled red boxes indicate occurence of a putative anti-defense gene in a particular strain. Gene names in red indicate experimental-
ly validated type VI-A Acrs from this study. 
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AcrIB4                                    M     KQ       G                                              SV    AY        YR     ................................... E  E.    ...EA VT  K..KQ

       490       500       510       520        530         

Cas8b    SE       YKL    K   K  F  TLL       K IPSVF   V      FKS           I     NAL     D  MD                      S D       KK  NKIAG T   L    VND  G      NSYSYLA P     MN. F N EA   VG
AcrIB4   SE       YKL    K   K  F  TLL       K IPSVF   V      FKS           L     SII     E  VE                      N E       LV  GNYQT V   T    KGS  A      DYSKVKR Q     QED M E KT   SA

540       550       560                                       

Cas8b  YAF  G                                                         ML V                                                            GGERTKKEDGGNTDEK                                     
AcrIB4 YAF  G                                                         VI L                                                            TQ..............                                     

A

B

Figure S11. Sequence alignment of type I-B Acrs and type I-B Cas proteins (A) Sequence alignment of AcrIB3 and Cas5 from L. seeligeri strain 
LS1. Identical residues are highlighted in red, while similar residues are in red text with blue outlines. (B) As for (A), but for AcrIB4 and Cas8b.



1       10        20        30        40        50        60

MQKYLAKSNPPETIQEHTDNLLKNYQTLKKLYPEINIDWYLLELVCLLHDLGKMNRLFQKCas3
AcrVIA2   ............................................................

        70        80        90       100       110       120

KLGNGSGVGKEIPHGYLSVAFVPYSKLEDLGYSEDEIQVVYQAIARHHERKKDFTEQEWE
............................................................

       130       140       150       160       170       180

TEIEKLSEQWETFFYERLADNADYSSEIDEIYFYPEARIFEGEDTVEIETFKNYVQLKGL
............................................................

       190       200       210       220       230       240

                                         N LQ    Q         A                                R     A         L      VVV  LNRIDFAASAGIDVELENDFLQESMEHQLANF EKNAA DW L  KYM  HQNEN   I 
                                         N LQ    Q         A                                K     I         V      LLI  ...............................M NIHQK QL K  VKT  NKGKD   N 

       250       260         270       280       290        

 TG GKTEA LL            LP     N  Y R  R        Q                        L        F         AI   V  E     QA            E  M     G  W GNHKGF.. T  LRTAI    T  T  IVTDK   RVGLLHSETYS
 TG GKTEA LL            LP     N  Y R  R        Q                        V        Y         VM   L  D     SV            P  S     S  A SDASKSVS L  TVVST    L  K  YKLNL   TS.........

300       310       320       330       340       350        

        T  EI                C    L DF     G             I D               Y      M               V                 V   QYLFHEEN EM  DE YTRTRQ SLPVTI TLDQ F   FRYA FEHKLATLSYSK  I 
        T  EI                C    L DF     G             I D               F      I               I                 I   ........ KK  SN AEG.VH K...LE PDFA I   KT.. KK.....TLGDT  C 

360       370       380                  390       400       

E   Y             Y   F             K   M   L  I LD                 L   LI  L                      V  A     V    H       IQM SPD LAY  LG S IDK GG........... FC  T T PG    LL DNGVDF
E   Y             Y   F             K   M   L  I LD                 V   AL  M                      L  I     A    K       FDH PEM .KS  .. E KHT SETQIIFVSATLN ES  G D EE    TE NLIKYK

410       420       430       440       450              460

  P   F                          G  I  I N IS            Y  I   E    E V                 P     R  V   T   A            E Q E K VS R RHSVEVVHTEIDSAFIE FFA N  L  C    K K.......KI S 
  P   F                          G  I  I N IS            Y  V   D    D I                 G     K  I   S   L            D Y N D RM D I..............NN KAY K  G  F    Q ECFIKPGEDF D 

        470       480       490       500       510         

    F        IHSQ    D               N        T     S D  FD             L         R         D      E  I V    V   L I   LLKAM P.NKKVR     FIKK  SKKEEEIFE GQKD P SC W A QV EA    D   
    F        IHSQ    D               N        T     S D  FD             I         K         E      D  V I    I   I V   IHFSK KKGENDY     VDDY  ALA...... NAIV N FS L G DS SY    N   

520        530       540       550       560       570        

L     S      QR GRC R      D N Y F            FI      N            DI      M              V                   TI   S   L FT.EL   NGLF      Y NRALEV T   V DGGEKVCSGVGQ  DK  FM  KKA 
L     S      QR GRC R      D N Y F            FI      N            EM      L              L                   NV   N   I IMMAS   ATNI      N LNKHVT Y   F GSYL..SDLKAP  NE  AF  LER 

580            590       600       610       620       630   

             E KK   V  I                    Y          K               LT M                           L  V              EKCNG.....A      MEI EQ YSTEALKESEFYDELTQA N  KSFDSYELD KEVR
             E KK   V  I                    Y          K               IN I                           M  I              TSSHLCISRKN      ELP SE .................. E  EV......K .H..

    640       650       660       670                       

       S   IP  V    E E         K  K                                I              I  Y    A SS  V                      SKFRNIN  TA  ST WQEN E  TS MEIL     E S.....................
       S   IP  V    E E         K  K                                L              V  F    L QT  I                      .VLDEEE  RP  FK RRGI K  VK NAKG     V KTYQTFNMMDLKYAFCEEYYYD

                                 680       690       700    

                                      L    L    Y       E       K   M                           T     M  I D L          .... KEK ........................IAR N AEF  N P   YKKSEG VHR
                                      L    L    Y       E       R   V                           Q     L  L E I          KKNS ALD IQQFDFENDWFDRGDFTVKLYNLKTEQ A KQL  K E   EPEAPD TDE

   710       720       730                                  

             Y     I         LF                                                 IM     E                                INRYETVIEFKCD SEDIG   QEKQK S  F..................          
             Y     I         LF                                                 LL     D                                DF........... YRNPD   KYTDY K  IKGWTYSILSIDGKTIYIA          
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Figure S12. Sequence alignment of AcrVIA2 and the type I-B helicase-nuclease Cas3. Sequence alignment of AcrVIA2 and Cas3 from L. seeligeri 
strain LS1. Identical residues are highlighted in red, while similar residues are in red text with blue outlines. 
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Figure S13. Functionality of affinity-tagged Cas proteins (A) Cas6-3xFlag functions in immunity against a plasmid containing a protospacer 
recognized by the type I-B CRISPR system. (B) His6-AcrIB3 functions in inhibition of type I-B CRISPR immunity in the plasmid targeting assay.
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Figure S14. No detectable interaction between AcrVIA2 and Cas13 (A) AcrVIA2-3xFlag is partially functional in inhibition of immunity against a 
plasmid expressing an RNA protospacer recognized by the type VI-A CRISPR system. (B) No detectable co-immunoprecipitation of Cas13-his6 and 
$FU9,$���[)ODJ��7KH�KRXVHNHHSLQJ�VLJPD�IDFWRU�ıA is shown as a non-interacting control. L, load, UB, unbound, IP, immunoprecipitate.



Figure S15. Orphan viral cas genes in the vicinity of known acr genes or putative anti-defense candidates (adc). Orphan viral cas gene 
homologs detected in the IMGVR database (green) that are located nearby known anti-CRISPR genes or putative anti-defense candidates (red). The 
unique viral genome identifer (UViG) number is shown for each locus. See other examples in Fig. 5B.

IMGVR_UViG_3300045988_047483

IMGVR_UViG_3300045988_130570

IMGVR_UViG_2541047259_000009

IMGVR_UViG_3300045988_113236

IMGVR_UViG_3300024999_000268

IMGVR_UViG_3300045988_105414

IMGVR_UViG_3300008680_000177

IMGVR_UViG_3300045988_035813

cas3ardA

adc37cas5

acrIB8csf1
csf2
csf3

adc37 cas5adc51 adc54

cas5acrIIA17

adc37cas5acrIIA7/tad2

adc51
cas5adc55adc54

cas5acrVA4 adc11 adc55 adc51


