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ABSTRACT

The co-evolution of prokaryotes, phages, and mobile genetic elements (MGEs) over the past
billions of years has driven the emergence and diversification of defense and anti-defense
systems alike. Anti-defense proteins have diverse functional domains, sequences, and are
typically small, creating a challenge to detect anti-defense homologs across the prokaryotic
genomes. To date, no tools comprehensively annotate anti-defense proteins within a desired
genome or MGE. Here, we developed “AntiDefenseFinder” — a free open-source tool and web
service that detects 156 anti-defense systems (of one or more proteins) in any genomic
sequence. Using this dataset, we identified 47,981 anti-defense systems distributed across
prokaryotes, phage, and MGEs. We found that some genes co-localize in “anti-defense islands”,
including E. coli T4 and Lambda phages, although many are standalone. Out of the 112 systems
detected in bacteria, 100 systems localize only or preferentially in prophages, plasmids, phage
satellites, integrons, and integrative and conjugative elements. However, over 80% of anti-Pycsar
protein 1 (Apyc1) resides in non-mobile regions of bacteria. Evolutionary and functional analyses
revealed that Apyc1 likely originated in bacteria to regulate cNMP signaling, but was co-opted
multiple times by phages to overcome cNMP-utilizing defenses. With the AntiDefenseFinder tool,
we hope to facilitate the identification of the full repertoire of anti-defense systems in MGEs, the
discovery of new protein functions, and a deeper understanding of host-pathogen arms race.

INTRODUCTION

In the last several years, there have been over a hundred newly identified systems in prokaryotes
that defend against phages'. Several studies have revealed mechanistic diversity of defense
systems, spanning nucleic acid?® or metabolite’®'® depletion, signaling molecule cascades'~2°
membrane disruption?'-%* and many more?2% To counteract these systems, phages evolved a
diversity of anti-defense systems that directly inhibit individual defense proteins’10%6-2° or
signaling molecules?®-%% or indirectly inhibit these systems through reversal of defense function®’.
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51  To date, the most well-studied anti-defense strategies are anti-Restriction-Modification (RM) and
52 anti-CRISPR proteins that provide protection against nucleic acid targeting systems. These
53  proteins have been extensively studied in phage, prophages3®%, plasmids*, and conjugative
54  elements®. In certain cases, MGE-encoding anti-CRISPR proteins that inhibit Type Il CRISPR-
55 Cas systems*' have been co-opted by the bacterial host to regulate the Type Ill CRISPR-Cas
56  activity*?. Beyond inhibitors of CRISPR-Cas and RM, the distribution and localization of other anti-
57 defense systems remains vastly understudied. The main challenge in identifying anti-defense
58 proteins is due to the vast diversity of the functional domains and the often small protein size (i.e.
59  80% of anti-defense proteins are smaller than 200 amino acids), a bottleneck for both sequence
60 and structure-based detection. creating
61
62 To address this, we built upon the established DefenseFinder'#3*44 search tool and web service
63 to detect all known anti-defense systems in prokaryotic and phage genomes. Since the discovery
64  of the first anti-restriction protein*® there have been at least 180 proteins identified to inhibit
65 prokaryotic defense systems. A pre-computed database of 41 experimentally validated anti-
66 defense systems (dbAPIS) was published that identified 4,428 homologs of anti-defense systems
67 in phages*. Our newly developed AntiDefenseFinder tool can detect 156 anti-defense systems
68 (some systems are composed of multiple proteins). When applied to the RefSeq database of
69 21,855 prokaryotic complete genomes and from the GenBank database of 13,487 phage
70  sequences, it detects 41,972 and 6,009 anti-defense systems in prokaryotic and phage genomes,
71  respectively. Alongside this comprehensive dataset, the search tool is available on a freely
72  accessible web service and via command line, which we hope will facilitate the identification of
73  anti-defense genes within any DNA or protein sequences.
74
75 We found that most anti-defense systems are variable in frequency and distribution across
76  prokaryotic species. We observed several instances of anti-defense genes co-localizing into “anti-
77  defense islands”, including the model E. coli T4 and Lambda phages. In some cases, these anti-
78  defense islands contain only anti-defense genes from a single family, such as anti-CRISPRs, anti-
79  Gabija, or anti-Thoeris. However, many anti-defense genes tend to be encoded alone across a
80 combination of prophages, plasmids, phage satellites, integrons, and integrative and conjugative
81 elements. We also identified that NAD+ reconstitution pathway 1 and 2 (NARP1/2) and anti-
82  Pycsar (Apyc1) genes are enriched in non-MGE sequences within the bacterial chromosome.
83  Based on our evolutionary and functional analyses, we predict that Apyc1 homologs are common
84  in prokaryotic genomes to regulate housekeeping signals, such as cAMP, and this cNMP-cleaving
85  protein was co-opted by phages to counteract defense systems using cCMP and cUMP. This
86 newfound understanding of Apyc1 sets a precedent for in-depth, quantitative bioinformatic
87  evaluations of anti-defense systems to uncover further insights into the ongoing host-pathogen
88 armsrace.
89
90 MATERIALS AND METHODS
91 Databases used in the study
92  Two databases were utilized in this study. First, we used the RefSeq complete genome database
93 for bacteria and archaea, which was downloaded in July 2022 and contains 21,855 genomes. For
94  phage genomes, we utilized the GenBank database, which was downloaded in December 2023
95 andincludes 13,487 genomes.
96
97  Protein sequence models
98  All experimentally validated protein sequences were retrieved from the literature (Table S4). All
99  proteins were blasted using BLASTp against the NCBI non-redundant database with an E-value
100 threshold of 1e-5. The resulting hits were then compared to the original protein sequence to
101  ensure a minimum of 30% identity. Additionally, a coverage threshold was applied: 80% of
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102  coverage of the original protein and 70% of coverage of the hit (i.e. the 70% of the hit protein
103  corresponds to the original protein). All conserved hits were then clustered at 95% identity and
104 95% coverage using Mmseqs2*’ v13.45111 easy-cluster. If the number of representative
105 sequences was higher than 200, the sequences were clustered at 80% coverage and 80%
106 identity. All representative sequences were then aligned using mafft*® v7.505 (default settings)
107  and hmm profiles were built using hmmbuild (HMMER*® v3.3.2).

108

109 Mobile genetic element and defense system detection

110  RefSeq annotation was used to determine if a given replicon was a plasmid. Prophages were
111 detected using Virsorter2%° v2.2.3. An anti-defense system was classified as inside a prophage if
112 it was present in the boundaries of the prophage (+/- 2kb). Satellites were detected using
113  SatelliteFinder v0.9.1. An anti-defense system was classified as inside a satellite if it was present
114  in the boundaries of the prophage (+/- 2kb). Integrons were detected using IntegronFinder®’
115  v2.0.2. An anti-defense system was classified as inside an integron if the protein was detected
116 as part of an integron cassette by IntegronFinder ICE were detected using CONJScan
117  Macsyfinder models®? v2.0.1 to detect conjugative systems on chromosomal replicon (not
118  annotated as plasmid). An anti-defense system was classified as inside an ICE if it was present
119  between the extremities of the detected proteins +/- 10kb. All integrases were detected using 108
120 PFAM®? with the PFAM description containing “Transposase”, “Recombinase”, “Integrase” and
121 “Resolvase” using GA thresholds with Hmmsearch (HMMER*® v3.3.2).

122

123  First detection of anti-defense system and threshold choice

124  All profile HMMs detection was done using Hmmsearch (HMMER*® v3.3.2) on both the prokaryotic
125 RefSeq database and Genbank phage database with GA cut threshold at 20 and profile coverage
126  of 40%. All hits were then classified between 4 categories based on their localization: Phage
127  (Genbank database), Plasmid, prophage or Other. All GA (hit score) thresholds were manually
128 chosen. Those thresholds were defined using three main factors: hit score, coverage distribution
129  and hit localization in the genome. These criteria were combined in a single graph illustrated in
130 Figure 1B and available for genes with more than 1,000 hits Figure S1 and for all profiles on
131 GitHub (https://github.com/mdmparis/antidefensefinder 2024) and on Figshare under the DOI:
132  10.6084/m9.figshare.26526487.

133

134  Anti-defense system and defense system detection

135 Anti-defense system and defense systems were detected using defense-finder v1.3.0 with the
136  argument --antidefense on the two databases.

137

138  Apyc1 phylogenetic tree

139  All Apyc1 homologs detected by AntiDefenseFinder were retrieved. Bacterial homologs were
140 clustered together at 80% identity and 80% coverage with Mmseqs24’ v13.45111. Phage
141 homologs were clustered with Mmseqgs2 at 95% identity and 95% coverage. All representative
142  sequences were used for the alignment. 18 sequences of Metallo Beta Lactamase (ML) fold
143  protein known to be antimicrobial resistance genes were used as an outgroup of the tree. The
144  alignment used for the tree construction was made using muscle®* v5.1 with the -super5 option.
145  The alignment was trimmed using clipkit®® v1.3.0 in smart gap mode. The tree was built using I1Q-
146  TREE®® v2.2.3 with models finder and 2000 ultrafast bootstrap.

147

148  Apyc1 multiple sequence alignment

149  Apyc1 protein sequences in Figure 4 were aligned using EMBL-EBI MUSCLE and then visualized
150 using Jalview v2.11.3.3. These Apyc1 sequences included: Thalassospira WP_223304948.1
151 (THSPO27), Archangium violaceum WP_204220610.1 (ARVI001), Bacillus phage SBSphiJ
152 (Hobbs et al. 2022), Paenibacillus sp. J14 WP_028539944.1 (PASPO001), ohnella
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153 WP_174887610.1 (COSPO018), Legionella sp. MW5194 WP_203455517.1 (LESPO016),
154  Synechocystis WP_010871596.1 (SYSP007), Staphylococcus phage Madawaska QQ092874.1
155  (MW349129), Caldicellulosiruptor bescii WP_041727399.1 (CABEOQO1).

156

157  Apyc1 protein structure predictions

158  Apyc1 protein sequences in Figure 4 (listed above) were predicted using AlphaFold2 ColabFold®”
159  v1.5.5. Structural comparison of the Apyc1 proteins was performed using the super function in
160 Pymol v2.1.

161

162  Apyc1 protein purification

163 The apyc? genes were synthesized and cloned into pET28a vectors in which the expressed
164  protein contains an N-terminal Hise tag. All the proteins were expressed in E. coli strain
165 BL21(DE3) in lysogeny broth (LB) medium. After growth at 37°C, the cells were induced by 0.2
166  mM isopropyl-B-d-thiogalactopyranoside (IPTG) when the cell density reached an optical density
167  at 600 nm of 0.8. After growth at 18°C for 12 h, the cells were harvested, resuspended in lysis
168  buffer (50 mM Tris—HCI pH 8.0, 300 mM NaCl, 30 mM imidazole and 1 mM PMSF) and lysed by
169  sonication. The cell lysate was centrifuged at 20,000 g for 50 min at 4°C to remove cell debris.
170  The supernatant was applied onto a self-packaged Ni-affinity column (2 mL Ni-NTA, Genscript)
171 and contaminant proteins were removed with washing buffer (50 mM Tris-HCI pH 8.0, 300 mM
172  NaCl, 30 mM imidazole). Then the protein was eluted with an elution buffer (50 mM Tris pH 8.0,
173 300 mM NacCl, 300 mM imidazole). The protein eluent was concentrated and further purified using
174  a Superdex-200 increase 10/300 GL (Cytiva) column equilibrated with a buffer containing 10 mM
175  Tris-HCI pH 8.0, 200 mM NaCl and 5 mM DTT. For the LESP016-Apyc1 and MW349129-ApycH1,
176  buffers contained 500 mM NaCl along with an additional 5% glycerol throughout the purification
177  process.

178

179  Apyc1 in vitro cleavage assays

180 Reactions of the assay consisted of 50 mM Tris-HCI pH 7.5, 100 mM KCI, 1 mM MgClz, 1 mM
181 DTT, 100 uM cNMP and 1 uM recombinant protein in a 100 pL volume. The reaction mix was
182  incubated at 37°C for 20 min and then filtered using a 3-kDa cutoff filter (Millipore) at 4°C. Filtered
183  nucleotide products were analyzed using a C18 column (Agilent ZORBAX Bonus-RP 4.6 x 150
184  mm) heated to 30°C and run at 1 ml/min in a buffer of 50 mM NaH.PO, adjusted to pH 6.8,
185  supplemented with 3% acetonitrile and 0.1% trifluoroacetic acid. Raw data provided in Figure S6.
186

187  Apyc1 enzymatic kinetics assays

188  The kinetic experiments were conducted at 37°C with a total reaction volume of 100 pL, in a buffer
189  containing 50 mM Tris-HCI pH 7.5, 100 mM KCI, 1 mM DTT, and 1 mM MgCl,. Reactions were
190 initiated by adding protein and proceeded for 20 seconds, then they were terminated with 0.1 M
191 NaOH. Subsequently, the reaction samples were placed into the HPLC autosampler. Each
192  reaction mix was analyzed using the C18 column under the above conditions. The area of the
193 substrate peak at 254 nm was integrated to determine the substrate consumption at each
194  substrate concentration. The data were converted into reaction rates and plotted against
195  substrate concentrations. Curve fitting and kinetics parameter determination were performed
196  using the Origin software. Raw data provided in Figure S7.

197

198 RESULTS

199 Anti-DefenseFinder: A search tool to detect known inhibitors of prokaryotic defense

200 systems

201  To systematically detect anti-defense systems, we developed an AntiDefenseFinder option, to
202 DefenseFinder'*44 a program that already detects defense systems. We first conducted a
203 comprehensive literature review of all known anti-defense proteins and retrieved experimentally
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204  validated sequences of 180 anti-defense genes. DefenseFinder relies on Hidden Markov Model
205 (HMM) profiles for sensitive homology search. We thus needed to build one HMM profile per anti-
206  defense protein. To automate the creation of the HMM profiles, we started with a homology search
207  using BLASTp on the RefSeq non-redundant database to capture sequence diversity (Figure 1A).
208 BLASTp results were filtered using a minimal coverage and sequence identity. Next, the
209 sequences were clustered to reduce the weight of closely related homologs (for example,
210  Escherichia coli proteins) in the multiple sequence alignment. Cluster representatives were then
211 aligned and a HMM profile was constructed for 156 families of anti-defense systems because
212  several proteins may be part of the same family (e.g. ADPS and Namat) or can be found in several
213  families (e.g. Anti-CRISPR associated (Aca) proteins).

214

215  We performed initial detections on two databases: RefSeq prokaryotic complete genomes and
216  GenBank phage genomes (See Methods). Using a low threshold (GA: 20 and coverage > 40%),
217  we identified 340,360 hits (Table S1). These hits were used to refine each HMM profile's GA
218  threshold (hit score) based on the distribution of both hit scores and profile coverage (Figure S1).
219  As anti-defense genes are often encoded inside mobile genetic elements (MGEs), we also took
220 into consideration the localization of hits within genomes or MGEs to further define a true positive
221 hit (Figure 1B). Hits within MGEs (e.g., plasmids, prophages, or phage databases) were
222  considered more likely to be true positives. This approach allowed us to manually set a threshold
223  for each profile (Figure S1). Overall, AntiDefenseFinder detects 156 anti-defense systems with
224  HMM profiles encompassing 180 proteins (Figure 1C). The majority of known anti-defense
225 systems are anti-CRISPR (n=96) and anti-Restriction-Modification (anti-RM) (n=26), but
226  AntiDefenseFinder also identifies a variety of other anti-defense systems that target the
227  expanding diversity of prokaryotic defense systems. AntiDefenseFinder is now integrated into
228 DefenseFinder version v1.3.0 available in command line and as a web service. It can be executed
229 alongside DefenseFinder (--antidefensefinder) or using only AntiDefenseFinder models (--
230 antidefensefinder-only).

231

232
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234
235 Figure 1. AntiDefenseFinder is a tool to systematically detect known inhibitors of
236  prokaryotic defense systems. (A) Pipeline of creating HMM profiles for AntiDefenseFinder. (B)
237  Filtering of positive hits based on selected threshold and protein sequence coverage (> 40%).
238  The selection threshold for each anti-defense protein was manually analyzed and chosen based
239  on the distribution of hits relative to the originally discovered protein. (C) Total number of HMM
240 models developed relative to the total number of anti-defense proteins, and total number of anti-
241 defense systems detected across prokaryote and phage sequences that inhibit a specific type or
242  family of defense systems.
243
244  Anti-defense systems are variably distributed across genomes and genetic elements
245  We initially sought a comprehensive view of anti-defense system distribution across prokaryotes
246  and phages. To do so, we applied AntiDefenseFinder to a database of 21,855 prokaryotic and
247 13,487 phage genomes and detected a total of 47,981 anti-defense systems. In bacteria, 41,946
248 total anti-defense systems were identified and were significantly enriched in bacteria of the genera
249  Escherichia (12,544 total, ~25%), Klebsiella (9,108), Staphylococcus (1,781), Enterococcus
250 (1,242), Pseudomonas (579), and Bacillus (320) (Figure 2A and 2C, Table S2). Anti-RM and anti-
251  CRISPR (Acr) are the most abundant anti-defense systems in bacteria with a total count of 22,708
252 and 6,880, respectively (Figure 2A and 2C). In Escherichia, anti-RM systems are the most
253  abundant and are notably enriched with 3,132 instances of ArdB/KIcA. This may have occurred
254  because ArdB was discovered in Escherichia coliin 1993, and has henceforth been studied in-
255  depth in the same bacteria host. In Pseudomonas, Acr systems are the most abundant and are
256  enriched with Type | and Il CRISPR-Cas Acr proteins, but most notably 114 instances of AcrlF3.
257  This again may be due to the discovery of Acrs in Pseudomonas aeruginosa®®8. Apart from anti-
258 RM and Acrs, 43% (10/23) of anti-defense systems with greater than 10 instances are only
259 detected in the phylogenetic order where the system was originally discovered. Otherwise, anti-
260 defense systems are variable between bacterial species. For instance, in Klebsiella, the anti-
261 Pycsar protein 1 (Apyc1) is the most abundant with 1,233 homologs detected, and in
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262  Acinetobacter, the newly identified NAD+ reconstitutions pathway 1 (NARP1) is the most
263  abundant with 469 occurrences. In the 383 genomes of archaea, only 26 anti-defense systems
264  were detected and 65% of those systems were Acrs (Acrlll1 n=7, AcrllA26 n=7, AcrlA1 n=3).
265  Only five anti-defense systems detected were not Anti-RM or Acrs.

266

267 In phages, 6,009 total anti-defense systems were identified and enriched in phage that infect the
268 genera Escherichia (2,124 total, ~35%), Klebsiella (453), Vibrio (321), Salmonella (299),
269  Pseudomonas (158), Bacillus (254) (Figure 2B and 2C; S2, Table S3). Similarly to bacteria, anti-
270 RM is the most abundant anti-defense system. We suspect this is due to a bias in the available
271  genomic sequences and the early discovery and the prevalence of RM in bacteria. Aside from
272  anti-RM, 56% (14/25) of anti-defense systems with greater than 10 instances are only detected
273 in the phylogenetic order where they were discovered (e.g. ArdB in Enterobacterales, AcrllA1 in
274  Bacillales or AcrllA23 in Lactobacillales). For example, anti-CBASS protein 1 (Acb1) and Acb2
275 are enriched in phage genomes infecting eight related genera (Figure 2C). There are also
276 instances when anti-defense systems are only found in phage (e.g. Had1, Ocr, etc.) or only in
277  bacterial genomes (e.g. AcrllA13, PsiAB, etc.). In any case, many anti-defense systems are very
278 rare and present in less than 1% of prokaryotic and phage genomes. Overall, these results
279 demonstrate that anti-defense system distribution is variable across distinct prokaryotic and
280 phage genomes with a bias towards model organisms where they were originally identified in.
281  This suggests that discovery of anti-defense in new species is important toward a better
282  understanding of the anti-defense diversity.

283
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286 Figure 2: Anti-defense system distribution across different bacterial genera and phage
287 host. Total anti-defense systems found across (A) bacteria or (B) phages in Escherichia,
288 Pseudomonas, or Bacillus genera. (C) Average number of ADS found per genome organized by
289  genus.

290

291  We then set out to understand how anti-defense systems are localized across the prokaryotic
292  pan-genome and mobile genetic elements (MGEs). Anti-CRISPR (Acr) genes typically co-localize
293  or become enriched in genomic loci of prophages®+=° and anti-RM, anti-SOS, and Acrs can co-
294  localize on the leading strand of conjugative plasmids*, which has been collectively referred to
295 as “anti-defense islands”. We therefore evaluated whether this observation could extend to other
296 anti-defense systems and observed that anti-defense systems co-localize within 10kb of one
297 another in 31.7% and 32.9% of bacterial and phage genomes, respectively, with 17.8% of
298 systems co-localizing within 1kb in phage genomes. The well-studied E. coli T4 phage has at
299 least three independent instances of anti-defense genes co-localizing together in an anti-defense
300 island while the E. coli phage Lambda has one instance (Figure 3A). Other co-localization of anti-
301  defense systems occurs in phages from the BASEL collection, such as Bas31 and Bas35 (Figure
302  S3). In all these cases, these anti-defense islands include genes that have been shown to inhibit
303 distinct bacterial defense systems. In other phages, anti-defense genes that target the same
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304  bacterial defense system co-localize in the genome, such as Acrs, anti-Gabija (Gad), and anti-
305 Thoeris (Tad) genes across Pseudomonas, Bacillus, and Blautia bacterial genomes, respectively
306 (Figure 3B). We anticipate that more anti-defense islands are present in MGEs due to the
307 increasing identification and diversity of anti-defense systems. That withstanding, these results
308 demonstrate that ~66% of all known anti-defense genes do not localize in the same genetic loci,
309 but rather encoded alone (Figure S2). As an example, applying Anti-DefenseFinder to the well-
310 studied P. aeruginosa model jumbo phage phiKZ revealed only one anti-defense gene, Tad1,
311 despite encoding dozens of small genes of unknown function. These collective results reflect a
312  need for discovering new anti-defense genes.

313

314  We next evaluated whether anti-defense systems are encoded in the same genome as the
315  defense system they were originally identified to inhibit. We found that most anti-defense genes
316  do not appear to co-occur in the same genome as its targeted defense system (Figure 3C).
317  However, AcrlES8 is a uniqgue example that is often encoded in genomes that also encode Type |
318  CRISPR-Cas (Figure 3C). Nearly all instances of AcrlE8 are encoded on prophages (Figure 3D),
319  with previous work suggesting that anti-CRISPRs are expressed to neutralize CRISPR and
320 prevent self-targeting®3°. Some other Acr genes (i.e. acrlF11, acrllA1, and acrllA23) are often
321 found in the same genome with the CRISPR-Cas system they inhibit. Expanding upon this
322 analysis revealed that many anti-defense genes are encoded in MGEs, including satellites,
323  prophages, integrative conjugative elements (ICE), plasmids and nearby integrases, and fewer
324  anti-defense genes are encoded in non-mobile regions (Figure 3D). In many cases, >80% of
325 instances of the detected anti-defense gene are encoded within a single type of MGE (Figure
326  3D), suggesting that the inhibited defense system may predominantly target that type of MGE.
327

328 We hypothesized that identifying anti-defense genes encoded on a distinct type of MGE would
329 reveal an unexpected target of the defense system. However, our findings generally align with
330 the known defense system mechanism. For example, we observed that anti-RM and Acr genes
331  are encoded on diverse types of MGEs (Figure 3D), and it is known that RM and CRISPR-Cas
332 systems target various MGEs®®°. By comparison, anti-CBASS (Acb) and Tad genes are primarily
333  encoded on phages and prophages (Figure 3D and 3E). To date, both CBASS and Thoeris have
334  been demonstrated to only target phages'” 82, Other anti-defense genes are only encoded in
335 lytic phages, including Ocr (anti-RM; Teseptimavirus and Kayfunavirus phage)®', Had1 (anti-
336 Hachiman; Bastillevirinae phage)®?, Atd1 (anti-TIR; Phapecoctavirus, Justusliebigvirus,
337  Lazarusvirus phage)®®, and AdfA (anti-DarTG; Tequatrovirus, Mosigvirus phage)?® (Figure 3E). In
338  several of these cases, the cognate defense system has been demonstrated to solely target
339 phages. Surprisingly, our final analyses demonstrated that a limited number of anti-defense genes
340 are enriched in non-mobile regions of the bacterial genome, such as anti-Pycsar (Apyc1)®', NAD+
341  reconstitution pathway 1 and 2 (NARP1/2)*", and NTases (anti-CBASS)®* (Figure 3D), suggesting
342  a non-defenses function for these proteins. We further investigate bacterial and phage Apyc1
343  below.
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Figure 3: Localization of anti-defense systems in genomes and MGEs. (A) Examples of anti-
defense genes co-localized in an anti-defense island within the well-studied E. coli phages T4
and Lambda, and (B) diverse bacterial and phage genomes. (C) Conditional percentage of
genome encoding the targeted system when the anti-defense system is encoded or not. (D)
Relative proportion of a single anti-defense genes localized in distinct genomic localizations,
including: satellites, prophages, integrative conjugative elements (ICE), plasmids, nearby
integrases, and not in mobile genetic elements (MGEs) like bacterial chromosomes. (E) Total
number of anti-defense genes localized in phage genomes.
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354

355  Anti-Pycsar gene is common in bacterial chromosome and co-opted by phages

356  The pyrimidine cyclase system for anti-phage resistance (Pycsar) uses cCMP or cUMP signaling
357  molecules to activate a downstream effector that acts on the bacterial host and induces premature
358 cell death, limiting phage replication'. In response, phage evolved anti-Pycsar protein 1 (Apyc1)
359 that counteracts this system through cleavage of cyclic mononucleotides (cCMP, cUMP, cGMP,
360 cAMP)*. This study also identified 107 Apyc1 homologs in distinct phages and bacterial
361  chromosomes in two predominant Bacillus and Staphylococcus clades and then 10 homologs
362 were experimentally validated to cleave cCMP and cUMP3'. Using the AntiDefenseFinder tool,
363  we detected 2,301 total instances of Apyc1 with 80.7% encoded in the bacterial chromosome
364  outside of an obvious MGE (Figure 3C). To determine the evolutionary history of Apyc1 homologs,
365  we built a phylogenetic tree of bacterial and phage Apyc1 and used an antimicrobial resistance
366  MpBL-fold protein as an outgroup to root the tree. We observed three independent monophyletic
367  clades of phage Apyc1 branching in bacterial Apyc1 (Figure 4A), suggesting that bacterial Apyc1
368 represents the ancestral form that phage likely acquired Apyc1 from a bacterial host in multiple
369 events. Upon further investigation, we observed that bacterial Apyc1 is encoded in genomes that
370 also include Pycsar, CBASS, and occasionally, Apyc1 is adjacent to a cyclase with no obvious
371 effector nearby (Figure S4).

372

373  To determine whether bacterial Apyc1 is functional, we initially examined the sequence and
374  structure of evolutionarily diverged Apyc1 homologs in bacteria and phage. We observed that the
375  Apyc1 sequences all retain the catalytic site, but exhibit diversity in the nucleotide binding loop
376  (Figure 4B), which is proposed to extend into the nucleotide-binding pocket and stabilize the small
377  cyclic mononucleotide substrates®'. For the Paenibacillus sp. J14 Apyc1 homolog (PASP001),
378  the structure was previously solved and demonstrated that the loop from one monomer interacts
379 with the catalytic binding pocket of the opposing monomer and subsequently enables cCMP
380 hydrolysis®' (Figure 4). For the bacterial homologs we examined, such as Cohnella (COSP018),
381 the nucleotide binding loop is intact and overlays well with PASP001 loop (Figure 4C and Figure
382  S5), suggesting that it also retains the nucleotide cleavage function. Some bacterial homologs
383 like Caldicellulosiruptor bescii (CABE001) exhibit a shortened loop (Figure 4C) while others
384  exhibit a lengthened loop (Figure S5), and in turn, may not effectively interact with the catalytic
385  binding pocket.

386

387  To examine the function of these Apyc1 homologs, we performed in vitro cleavage assays and
388 observed that bacterial Apyc1 homologs with structurally conserved nucleotide binding loops
389 were able to strongly cleave cAMP, cGMP, cCMP, and cUMP signals (Figure 4D and S6). The
390 PASP011 and SBSphiJ Apyc1 homologs examined in Hobbs et al. (2022) also demonstrated
391  cleavage of all cNMP signals. By comparison, CABE001, Archangium violaceum (ARVI001), and
392  Staphylococcus phage (MW349129) homologs with shortened or lengthened Apyc1-specific
393  nucleotide binding loops showed weak or no cleavage of cNMPs (Figure 4D). These data suggest
394  that the bacterial Apyc1 function is degradation of cNMPs, which was then co-opted by phages.
395 Finally, we investigated whether the phage versions of the enzyme displayed faster turnover
396 compared to the host version. To do so, we examined enzymatic kinetics from Apyc1 homologs
397 in the Bacillales order — bacterial PASP011 and COSP018 and phage SBSphiJ Apyc1 — with the
398 Pycsar signals cCMP and cUMP. We observed that the bacterial COSP0018 Apyc1 homolog
399 cleaves cCMP and cUMP with nearly identical kinetics compared to phage Apyc1 while the
400 bacterial PASP011 Apyc1 demonstrated ~6-fold and ~2-fold slower kinetics with cCMP and
401 cUMP, respectively (Figure S7). In addition, we observed that all Apyc1 homologs exhibit high
402 K values (275-1,581 s™) (Figure S7). These findings suggest that bacterial and phage Apyc1
403 have generally similar enzyme kinetics without specialization or adaptation by the phage
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404 homologs. Altogether, we conclude that the Apyc1 family functions in rapid cleavage of cNMPs
405 that are likely utilized in both regulatory and defense systems.
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409 Figure 4: Anti-Pycsar (Apyc1) is abundant and functionally conserved across bacteria.
410  (A) Phylogenetic tree of SBSphid Apyc1 and >350 homologs from bacteria and phage. Colors
411 represent bacterial genus, highlighting the most abundant Bacillus and Staphylococcus. Black
412  circles indicate Apyc1 homologs tested for in vitro cleavage of cyclic mononucleotides (cNMPs).
413  (B) Multiple sequence alignment of Apyc1 homologs (see Figure S4 for full alignment). Residues
414  that are >80 % conserved, >60 % conserved and >40% conserved are shaded in dark purple,
415  light purple, and light gray, respectively. Residues involved in catalysis and binding are circled in
416  black and pink, respectively. (C) Structures of Paenibacillus sp. J14 (PASP001), Cohnella
417 (COSP018), and Caldicellulosiruptor bescii (CABE001) Apyc1 homologs. PASP001 was
418 experimentally solved and deposited on the RCSB Protein Data Bank (PBD: 7U2R), and
419 COSP018 and CABEO011 were computationally predicted using AlphaFold2 (AF2). Zn?* ions that
420 coordinate cNMP cleavage in the catalytic binding site, as well as the Apyc1-specific loop that
421  extends into the cNMP catalytic binding site, are labeled and highlighted in pink. (D) Summary of
422  the in vitro cleavage assay data (n=3).

423

424  DISCUSSION

425 We developed the AntiDefenseFinder tool and web-service (https://defensefinder.mdmlab.fr) that
426  detects all known anti-defense systems across prokaryotic and phage genomes, as well as mobile
427  genetic elements (MGEs). In doing so, we provided a quantitative overview of 156 anti-defense
428 systems families and 47,981 homologs that span a diversity of bacterial genera, genomic
429 localizations, and functional strategies. A recently developed pre-computed database, dbAPIS,
430 detects 41 anti-defense systems and 4,428 total homologs encoded in phage genomes“*. We
431 hope that the free and open-source, searchable nature of AntiDefenseFinder will enable the field
432 to identify the full repertoire of anti-defense systems, especially in understudied MGEs.
433 AntiDefenseFinder is also easily adaptable to add new anti-defense systems given that we built
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434  upon the pre-existing framework of the DefenseFinder tool4344, Over time, we will continue
435  building new profiles of anti-defense systems.

436

437  Many gaps of knowledge remain regarding anti-defense systems, such as species diversity and
438  anti-defense island abundance. Although we observed anti-defense genes widespread across
439  many distinct prokaryotic species, there is biased enrichment in Escherichia (14,668 detected)
440 and related species, likely because these model organisms were used to discover the first
441 instance of the anti-defense gene. In both bacterial and phage genomes, we also observed that
442  over 30% of detectable anti-defense genes co-localize within 10kb of one another in bacteria and
443  17.8% within 1kb in bacteriophages, which is a defining feature of anti-defense islands. The model
444  E. coli T4 phage notably encoded three independent instances of anti-defense islands; however,
445  many bacteria and phage still lack these islands. Conversely, there are over 60% of anti-defense
446  genes that are standalone. It is possible that applying a “guilt-by-association” analysis may reveal
447  entirely new anti-defense genes as it did with anti-CRISPRs (Acrs)®*®%3. We anticipate that an
448  abundance of anti-defense systems await discovery in prokaryotic host species that currently lack
449  known anti-defense genes or islands.

450

451 Challenges remain in the detection of distantly related anti-defense proteins due to their small
452  size and vast sequence divergence. In some cases, the functional domains of enzymatic proteins
453  are widely conserved, like the phosphodiesterase domain of anti-CBASS protein 1 (Acb1)3'.
454  Enzymatic domains have been found to retain conserved structural folds, enabling the discovery
455 of an Acb1 homolog in eukaryotic viruses®. With advances in structural predictions and
456  comparative analyses, the field is pivoting towards structure-guided discovery of new anti-defense
457 systems and has been applied to discover new Acrs in phage®. However, there is limited
458  representation of small protein structures (i.e. <300 amino acids) derived from phage or MGEs.
459  For context, the Protein Databank (PBD) and AlphaFold Database®®’ collectively represent
460 34,934 phage protein structures, but the Genbank Database contains 13,487 phage genomes
461 that we estimate may encode over 130,000 small accessory proteins with putative anti-defense
462  functions®. The next iteration of AntiDefenseFinder will include a database of experimental and
463  predicted protein structures of all known anti-defense systems. We hope it will enable detection
464  of distantly related homologs and allow us to create new HMM profiles to improve detection. In
465 the future, combining protein structural prediction with machine learning algorithms will open a
466 new frontier of anti-defense system discovery.

467

468  Despite these limitations, our quantitative detection and analysis of known anti-defense systems
469 revealed fundamental insights into bacterial and phage biology. We observed that over 80% of
470 detected instances of anti-Pycsar protein 1 (Apyc1) were encoded in non-mobile regions of the
471 bacterial genome. Apyc1 was previously identified in phages and prophages and functioned in
472  the degradation of cyclic mononucleotides (cCAMP, cGMP, cCMP, cUMP)3'. Pycsar defense solely
473 relies on cCMP and cUMP' whereas cAMP and cGMP are involved in housekeeping
474  functions®7%. However, our evolutionary and functional analyses suggest that Apyc1 originated
475  in bacteria and then phage co-opted Apyc1 to counteract Pycsar defense. An alternative scenario
476  has been observed with Type Ill CRISPR-Cas defense: Phage encode a ring nuclease (Acrlll-1)
477  that degrades cA4 and inhibits CRISPR effector activity*' and then bacteria co-opted this inhibitor
478 (Crn2) to regulate CRISPR*2. Lastly, the recently identified NAD+ reconstitution pathway 1
479  (NARP1), which inhibits defense systems metabolizing NAD+, was also found in non-mobile
480 regions of bacteria®, aligning with our findings and likely plays housekeeping functions in
481 bacteria. Altogether, the AntiDefenseFinder tool has enabled us to explore the diversity of anti-
482  defense proteins across prokaryotes, phages, and MGEs and we hope that we’'ve given others
483  the agency to do the same.

484
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485 DATA AVAILABILITY

486 The Anti-DefenseFinder web service can be found at https://defensefinder.mdmlab.fr/. The
487 command line tool is available on GitHub at https://github.com/mdmparis/defense-finder, and its
488  associate MacSyFinder models are also available on GitHub at
489  https://github.com/mdmparis/defense-finder-models. Code and supplementary information are
490 available on GitHub: https://github.com/mdmparis/antidefensefinder 2024 and on Figshare under
491  the DOI: 10.6084/m9.figshare.26526487.

492

493 SUPPLEMENTARY DATA

494  Supplementary Data are available at NAR Online.
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