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two broad and three specific anti-defense
genes by examining variable regions of
Pseudomonas phage genomes. These
inhibitors neutralize diverse bacterial
immune systems, highlighting how
phages evolve both broad and specific
strategies to overcome the host defense
repertoire.
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SUMMARY

The evolutionary arms race between bacteria and bacteriophages drives rapid evolution of bacterial defense
mechanisms with scattered distribution across genomes. We hypothesized that this variability in bacterial
defense systems leads to equally variable counter-defense repertoires in phage genomes. Examining the
variable regions in Pseudomonas model phages of the Pbunavirus genus revealed five anti-defense genes,
including one inhibiting Druantia type Ill named Dadlll-1, another targeting Thoeris type Ill named Tadlll-1,
one inhibiting Zorya type | named Zadl-1, and two related broad defense inhibitors named Bdi1 and Bdi2 tar-
geting four defenses. A typical Pbunavirus encodes up to five known anti-defense genes, some inhibiting four
unrelated defense systems with distinct nucleic-acid-targeting mechanisms. Structural homologs of broad-
acting Bdi1 and Bdi2 are encoded across diverse phage taxa infecting multiple bacterial hosts. These find-
ings show that phages face a variety of bacterial defenses, driving them to evolve both specific and general

strategies to overcome these barriers.

INTRODUCTION

Prokaryotes have evolved an extensive array of defense mecha-
nisms to protect themselves from bacteriophage predation.”? In
response, phages have developed countermeasures to over-
come these defenses, including mutations that enable them to
escape recognition and anti-defense genes that disrupt phage
defense systems.®> Well-known examples of the latter include
anti-restriction and anti-CRISPR proteins, which disable restric-
tion-modification and CRISPR-Cas systems, respectively.®™®
With the increasing discovery of phage defense systems,”'®
novel anti-defense genes targeting these mechanisms are
beginning to be uncovered as well.'*"®

The ongoing phage-bacteria arms race is highlighted by in-
stances where defense systems detect interference by specific
anti-defense genes. For example, systems like retrons,'®'” Ro-
nin, and phage anti-restriction-induced system (PARIS)'®'° can
sense tampering of other defense systems by phages and trigger
additional defensive measures, prompting phages to evolve
further countermeasures.?*’

Much like bacteria do not encode every possible defense sys-
tem,?? it is likely that phages do not carry all anti-defense genes.
In phages, the number of anti-defense genes may be limited by
(™

Check for
Updates

genomic constraints, as the size of a phage genome is restricted
by the capacity of the capsid.?® In addition, some anti-defense
proteins such as overcome classical restriction (Ocr) are sensed
by specific defense systems, presenting additional vulnerabil-
ities.'® To balance these trade-offs, it is plausible that phages
carry only a subset of anti-defense genes, acquiring others
through recombination with related phages.”* These recombina-
tion events, driven by high evolutionary pressure from phage de-
fenses, are the main drivers of phage differentiation and vari-
ability.”® Based on this, we hypothesized that anti-defense
genes are likely encoded in regions of high genomic variability
within phage genomes. To test this hypothesis, we used phages
of the Pbunavirus genus, which infect Pseudomonas species®®
and have been used in pre-clinical studies and clinical trials for
phage therapy, as a model.?’*® By analyzing regions of high
genomic variability in these phages, we selected 43 candidate
genes and tested them for anti-defense activity against a panel
of 12 individual defense systems in Pseudomonas aeruginosa
strain PAO1. Our screen identified five anti-defense genes: one
inhibiting Druantia type lll, named Dadlll-1; another targeting
Thoeris type lll, named Tadlll-1; one inhibiting Zorya type |,
named Zadl-1; and two related broad defense inhibitors, named
Bdi1 and Bdi2 targeting four defense systems, including Zorya
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type |, restriction-by-an-adenosine-deaminase-acting-on-RNA
(RADAR), Hypnos, and Druantia type I. This approach demon-
strates the potential for identifying anti-defense genes by
exploring variable regions of phage genomes and sets the
stage for broader investigations across other phage
taxonomic groups. Understanding the full repertoire of phage
anti-defense mechanisms will not only shed light on phage evo-
lution but also advance the development of phage-based
therapeutics.

RESULTS

Uncovering anti-defense genes in highly variable
genomic regions of Pbunavirus

To uncover unknown anti-defense genes in highly variable re-
gions of phage genomes, we analyzed the pangenome of 162
Pbunavirus genomes available in RefSeq using Partitioned
PanGenome Graph Of Linked Neighbors (PPanGGOLIN).2°
This analysis categorized the genes into three distinct groups:
30 core genes (18%, present in at least 95% of genomes), 71
shell genes (39%, present in more than 1.5% and less than
95% of genomes), and 66 cloud genes (42%, present in less
than 1.5% of genomes) (Table S1). Notably, the highest
genomic variability was observed in the 50-65 kb region, which
is predominantly composed of small hypothetical proteins
(Figure 1A).

To test our hypothesis that proteins with anti-defense activity
are encoded in these highly variable regions, we mapped known
anti-defense genes onto the Pbunavirus genome. This analysis
identified only the gene for the anti-restriction protein Lar*® within
these variable regions (Figure 1A; Table S1). To investigate the
anti-defense activity of other genes in this region, we selected
43 representative genes from the variable regions of the Pbunavi-
rus pangenome (Table S2) and tested them against a collection of
12 defense systems expressed in P. aeruginosa strain PAO1%'%?
(Figure 1B). These candidate anti-defense genes encode proteins
ranging in size from 37 to 475 amino acids, with the majority (75%)
being smaller than 150 amino acids (Figure S1A).

Each candidate anti-defense gene was expressed individually
from a plasmid in host cells, which were then challenged with a
Pbunavirus that does not encode the candidate anti-defense
gene. However, some defense systems, such as Druantia
type |, Hypnos, and Zorya type |, failed to protect from Pbunavi-
rus phages in our collection. In these cases, we used a surrogate
phage from the Autographiviridae family, which is vulnerable to
these systems, to test the effect of the candidate anti-defense
genes. The combinations of defense systems and candidate
anti-defense genes for testing were based on the known infec-
tivity of Pbunavirus against PAO1 expressing each defense sys-
tem.*" If a defense system protected against a phage specifically
encoding the candidate anti-defense gene as well, that combi-
nation was excluded from testing (Table S2).

Our search revealed five anti-defense genes targeting various
defense systems, including Zorya type |, RADAR, Hypnos,
Druantia types | and Ill, and Thoeris type Il (Figure 1C). Interest-
ingly, the validated anti-defense proteins are significantly smaller
(average size: 90 amino acids) than other proteins in the Pbuna-
virus core (average: 559 amino acids), shell (average: 319 amino
acids), or cloud (average: 314 amino acids) pangenomes.
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Bdi1 and Bdi2 are inhibitors of a broad range of nucleic-
acid-targeting defense systems

Among our candidate genes, Bdi1 (ORF83 from phage Nemo,
Genbank: KT372694.1) and Bdi2 (ORF91 from vB_PaeM_
FBPa10, Genbank: ON857929.1) surprisingly demonstrated
broad-spectrum inhibitory activity. Both genes counteracted mul-
tiple defense systems, including Zorya type |, RADAR, Hypnos,
and Druantia type |, as shown by efficiency of plating and culture
collapse assays (Figures 2A and S2A). Phage propagation assays
further revealed that Bdi1 and Bdi2 are similarly effective against
Zorya type |. However, Bdi1 was more effective at inhibiting
Hypnos and Druantia type | than Bdi2, whereas Bdi2 was more
effective against RADAR (Figure S2B). To understand the broad
inhibitory activity of Bdi1 and Bdi2, we first searched for functional
domains at the sequence level but found none. We then analyzed
the proteins at the structural level and found that, despite sharing
only 33.8% identity at amino acid level (Figure S2C), Bdi1 and
Bdi2 have strong structural similarity with each other (AlphaFold
3, Dali*® Z score: 12.1), suggesting a similar mechanism for de-
fense system inhibition (Figures 2B and S2D). Multimeric predic-
tions using AlphaFold 3 suggested that Bdi1, but not Bdi2, forms
multimers, with the most confident prediction being a hexamer
(Figures 2C and S2E). A structural similarity search using Foldseek
with the multimeric structure did not reveal any significant struc-
tural homologs, but analysis of the monomeric structure indicated
significant similarity (prob 1.00, %ident 16.2, E value 7.62e—3) to
elongation factor P, specifically to its N-terminal region containing
a Kyprides-Ouzounis-Woese (KOW)-like domain (Figure S2F). The
KOW domain is a subclass of the Src homology-3 (SH3) domain,
an ancient fold that is involved in signaling pathways through pro-
tein-protein interactions.>* The KOW-like domain is also known to
function through protein-protein interactions and to bind ribonu-
cleoproteins.®>*® The four defense systems inhibited by Bdi1
and Bdi2 have no shared proteins or functional domains that could
serve as common targets but have been shown to, or postulated
to, convey defense via targeting of nucleic acids (DNA for
Hypnos®® and Druantia type I,'> RNA for RADAR,*”*¢ and DNA
and RNA for Zorya type I°%; Figure S2G). Based on this shared
feature of targeting nucleic acids, we hypothesized that Bdi1 and
Bdi2 may interfere with protein-nucleic-acid interactions of these
defense systems, inhibiting their activity. To investigate this hy-
pothesis, we used AlphaFold 3 to co-fold Bdi1 (predicted with
higher confidence than Bdi2; Figure S2D) with each protein of
the defense systems it inhibits. However, we did not observe highly
confident co-folding of Bdi1 with any of the defense system pro-
teins (Figure S2H). Because Bdi1 is inhibiting multiple DNA- and
RNA-targeting defense systems, we considered whether it would
act as a nucleic acid mimic, but analysis of the electrostatic
charges of the monomeric or multimeric structures did not support
this possibility (Figure 2D).

To further explore the multimeric structure of Bdi1, we used
Predictomes,”® an in silico predictive tool that analyzes
AlphaFold 3 structures to identify residue pairs that are confi-
dently predicted to engage in protein-protein interactions
(Table S3). Based on this information and amino acid conserva-
tion in Bdi1 and Bdi2 homologs (Figures 2E and S2l), we selected
three amino acids in Bdi1 that may contribute to multimer forma-
tion for mutational analysis (Figures 2C and 2F). Mutating each of
these amino acids (D14A, L33E, and W54A) completely
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Figure 1. The pangenome of Pbunavirus reveals highly variable regions containing genes with anti-defense properties
(A) Representation of the pangenome of the 50-65 kb region of Pseudomonas Pbunavirus (n = 162) generated by PPanGGOLIN. Genes are classified as core
when present in >95% of the genomes, as shell when found in >1.5% and <95% of the genomes, and as cloud when present in <1.5% of the genomes. The

location of known anti-defense gene Lar is indicated.

(B) Individual defense systems were cloned with their native promoters into pUCP20 and then introduced into the P. aeruginosa strain PAO1, followed by the
introduction of the candidate anti-defense gene on a second plasmid. The anti-defense activity of the candidate genes was assessed using efficiency of plating

assays with a phage that does not encode the candidate anti-defense gene.

(C) Tricolor heatmap showing the combinations of defense system and candidate anti-defense gene tested. The combinations tested are shown in yellow, with
those showing anti-defense properties marked in dark blue. Combinations not tested (gray) were excluded because phages carrying the candidate gene are
targeted by the defense system. The anti-defense activity of the candidate gene was tested using a Pbunavirus where this gene is absent or tested using a
podophage of the Autographiviridae family. The candidate genes are organized from most (left, 87 %) to least (right, 0.62%) prevalent in Pbunavirus.

abolished the inhibitory activity of Bdi1 against Zorya type |
(Figure 2F). However, none of these mutations affected the
anti-defense activity of Bdi1 against RADAR, and only D14A
and L33A abolished its activity against Hypnos and Druantia
type | (Figure 2F). The selective effect of these mutations on
each defense system suggests that Bdi1 employs distinct mech-
anisms to inhibit different phage defense systems, although
further structural and biochemical analyses will be needed to
clarify their precise mechanism of action. In summary, Bdi1

and Bdi2 function as multipurpose anti-defense proteins
capable of inhibiting four defense systems involved in nucleic-
acid-binding activities through a currently unknown mechanism.

Zadl-1 is an inhibitor of Zorya type |

Our search uncovered a specifically acting anti-defense gene,
Zadl-1 (ORF84 of vB_PaeM_FBPa35, Genbank: ON857938.1),
that partially inhibits Zorya type | defense, as shown by efficiency
of plating, culture collapse, and phage propagation assays

Cell Host & Microbe 33, 1161-1172, July 9, 2025 1163
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Figure 2. The inhibitory activity of Bdi1 and Bdi2 on Zorya type |, RADAR, Hypnos, and Druantia type | defense systems

(A) Effect of anti-defense proteins Bdi1 and Bdi2 on Zorya type |, RADAR, Hypnos, and Druantia type | protection against phage infection, evaluated by measuring
phage titers (PFU/mL). Phage titers were determined, with an example plate shown alongside a bar graph representing the average titers from three independent
biological replicates. Error bars indicate standard deviation, and statistically significant differences (p < 0.05) are marked with an asterisk (*). Control is
P. aeruginosa strain PAO1 containing empty pUCP20 and pSTDesR plasmids.

(B) Monomeric structure of Bdi1 and Bdi2, as predicted by AlphaFold 3 (AF3) and colored by predicted local distance difference test (pLDDT).

(C) Hexameric structure of Bdi1, as predicted by AF3 and colored by monomer. Three amino acids of Bdi1 predicted to be important for multimer formation, and
mutated in (F), are shown in red.

(D) Monomeric (left) and hexameric (right) AF3 structures of Bdi1 colored by electrostatic potential.

(legend continued on next page)
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Figure 3. The inhibitory activity of Zadl-1 on Zadl-1 defense

(A) Effect of anti-defense protein Zadl-1 on Zorya type | protection against phage vB_PaeP_FBPa22 (sPa22), evaluated by measuring phage titers (PFU/mL). An
example plate is shown alongside a bar graph representing the average phage titers from three independent biological replicates. Error bars indicate standard
deviation, and statistically significant differences (p < 0.05) are marked with an asterisk ().

(B) Effect of anti-defense protein Zadl-1 on Zorya type | protection against phage ¢gPa22, evaluated by measuring bacterial growth via optical density (OD 600 nm).
The graph displays the average OD readings and standard deviations from three biological replicates.

(C) Multiple sequence alignment of Zad-1 with 43 homologous sequences. Ten representative sequences are shown, with consensus indicated above. Mutations
tested in (D) are indicated with a red dot.

(D) Effect of point mutations in selected amino acids of Zadl-1 on anti-defense activity against Zorya type |. The bar graph displays the average phage titers from
three independent biological replicates. Error bars indicate standard deviation, and statistically significant differences (p < 0.05) are marked with an asterisk (*).
(E) Structure of Zadl-1 predicted by AlphaFold 3 (AF3) and colored by pLDDT.

(Figures 3A, 3B, and S3A). Mutagenesis of two conserved lysine
residues in Zadl-1 homologs (K64A and K68A) abolished the
anti-defense function of Zadl-1 against Zorya type |, suggesting
that these residues are important for activity (Figures 3C and 3D).
Whether these effects arise from direct involvement in defense in-
hibition or from altered protein stability or conformation remains to
be determined.

Zadl-1 does not contain any known functional domains that
could suggest its mechanism of action. To explore potential func-
tions, we used AlphaFold 3 to predict its structure. Zadl-1 shows
no sequence or structural similarity to the anti-Zorya proteins
Bdi1 and Bdi2, and its failure to inhibit the other defense systems
affected by Bdi1 and Bdi2 suggests it acts through a distinct inhib-
itory mechanism. AlphaFold 3 predictions indicate that Zadl-1
likely functions as a monomer (Figure 3E) and does not support a
confident interaction with the Zorya type | proteins (Figure S3B).
Thus, Zadl-1 inhibits Zorya type | through a mechanism that re-
mains elusive but is likely distinct from that of Bdi1 and Bdi2.

Tadlll-1 is an inhibitor of Thoeris type Il
We identified Tadlll-1 (ORF78 of vB_PaeM_FBPa12, GenBank:
ONB857930.1), a protein that inhibits Thoeris type Ill defense, as

demonstrated by both efficiency of plating and culture collapse
assays (Figures 4A and 4B). In these assays, Tadlll-1 fully
restored phage infectivity in the presence of the defense system.
Despite extensive analysis, we found no known functional do-
mains in Tadlll-1 or any significant structural similarity to previ-
ously characterized proteins (Figure 4C).

To identify potential interactions between Tadlll-1 and the Thoe-
ris type Ill components, we used co-folding predictions. Tadlll-1
was weakly predicted to interact with the phage-sensing Toll-inter-
leukin receptor (TIR) proteins ThcB1 and ThcB3, as well as SLOG-
domain-containing protein ThcA (Figure S4A). Because ThcB1 is
predicted to form a dimer and ThcA is predicted to interact with
ThcB4,% we also co-folded Tadlll-1 with these complexes. The re-
sults showed a confident interaction between two Tadlll-1 mole-
cules and the ThcB1 dimer (interface predicted template modelling
[ipPTM] = 0.73, predicted template modelling [pTM] = 0.80;
Figures S4B-S4D). To investigate this potential contact, we
mutated the conserved Tadlll-1 amino acids T47 and S49, which
are predicted to interact with ThcB1 (Figure 4D; Table S3).
Mutating these amino acids individually abolished Tadlll-1 anti-de-
fense activity, suggesting that these residues are functionally or
structurally important for inhibiting Thoeris type Ill (Figure 4E).

(E) Multiple sequence alignment of Bdi1 with 40 homologous sequences. Ten representative sequences are shown, with consensus indicated above. All residues
predicted to be involved in multimer formation are marked in red in the consensus sequence, and mutations tested in (F) are indicated with a red dot.

(F) Effect of point mutations in selected amino acids of Bdi1 on anti-defense activity against Zorya type |, RADAR, Hypnos, and Druantia type I. The bar graph
displays the average phage titers from three independent biological replicates. Error bars indicate standard deviation, and statistically significant differences

(p < 0.05) are marked with an asterisk (*).
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Figure 4. The inhibitory activity of Tadlll-1 on Thoeris type lll defense
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(A) Effect of anti-defense protein Tadlll-1 on Thoeris type Il protection against phage vB_PaeM_FBPa34 (sPa34), evaluated by measuring phage titers (PFU/mL).
An example plate is shown alongside a bar graph representing the average titers from three independent biological replicates. Error bars indicate standard
deviation, and statistically significant differences (p < 0.05) are marked with an asterisk (*).

(B) Effect of anti-defense protein Tadlll-1 on Thoeris type Ill protection against phage ¢Pa34, evaluated by measuring bacterial growth via OD (600 nm). The graph
displays the average readings and standard deviations from three biological replicates.

(C) Structure of Tadlll-1 predicted by AF3 and colored by pLDDT.

(D) Multiple sequence alignment of Tadlll-1 with 18 homologous sequences. Ten representative sequences are shown, with consensus indicated above. All
residues predicted to interact with ThcB1 are marked in red in the consensus sequence, and mutations tested in (E) are indicated with a red dot.

(E) Effect of point mutations in selected amino acids of Tadlll-1 on anti-defense activity against Thoeris type IIl. The bar graph displays the average phage titers
from three independent biological replicates. Error bars indicate standard deviation, and statistically significant differences (p < 0.05) are marked with an

asterisk (*).

To investigate the predicted interaction between Tadlll-1 and
ThcB1 experimentally, we performed co-purification assays with
tagged versions of either Tadlll-1 or ThcB1, positioning the tags
at termini predicted to be minimally disruptive (Figure S4D). How-
ever, we did not detect co-purification under these conditions
(Figure S4E), suggesting that if an interaction occurs, it may be
weak, transient, or dependent on the native context of the Thoeris
type lll system. In summary, Tadlll-1 inhibits the anti-phage activ-
ity of Thoeris type lll by a yet unknown mechanism.

Dadlll-1 is an inhibitor of Druantia type Il
We identified Dadlll-1 (ORF27 of vB_PaeM_FBPa21, Genbank:
ONB857942.1) as an anti-defense gene effective against the de-
fense system Druantia type lll, as demonstrated in efficiency of
plating and culture collapse assays (Figures 5A and 5B). Druantia
type Ill comprises the proteins DruE and DruH, with DruE being
conserved across all Druantia types.'® To determine whether
Dadlll-1 interferes with DruH or DruE, we tested its effect on
Druantia type I, hypothesizing that if Dadlll-1 targeted DruE, it
would inhibit all Druantia types. We observed that Dadlll-1 did
not affect Druantia type | defense (Figure 5C), indicating that
Dadlll-1 likely targets DruH rather than DruE.

DruH lacks predicted functional domains, complicating efforts
to elucidate the molecular basis for Dadlll-1-mediated inhibition.
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Structural analysis using AlphaFold 3 did not suggest any com-
plex formation between Dadlll-1 and the Druantia type Ill proteins
(Figures S5A and S5B), implying that inhibition may not rely on
direct protein-protein interactions. However, the structural predic-
tion of Dadlll-1 was of low confidence, which limits our ability to
draw conclusions about its mechanism of inhibition. This poor
prediction suggests that Dadlll-1 likely adopts a previously un-
characterized structure, hinting at potentially new functions. Addi-
tionally, mutating the conserved lysine residue (K85A) in Dadlll-1
did not alter its anti-defense activity (Figures 5D and 5E).

In summary, the phage protein Dadlll-1 inhibits Druantia type
I, most likely through a mechanism specifically targeting the ac-
tivity of DruH, a protein unique to this Druantia type.

Widespread occurrence of anti-defense genes in

phages infecting diverse bacterial taxa

Using a sequence-based homology search, we found that
several of the anti-defense genes from our study are highly prev-
alent in Pbunavirus, particularly Bdi1 (99%) and Zadl-1 (78%)
(Figure 6A). These genes are often co-encoded by the same
phage (Figures 6A and S6; Table S4), but we did not detect sig-
nificant pairs of anti-defense genes that are significantly co-
occurring, even when taking the phylogeny of the large phage
terminase into account.
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Figure 5. The inhibitory activity of Dadlll-1 on Druantia type lll defense

(A) Effect of anti-defense protein Dadlll-1 on Druantia type Ill protection against phage vB_PaeM_FBPa12 (sPa12), evaluated by measuring phage titers (PFU/
mL). An example plate is shown alongside a bar graph representing the average titers from three independent biological replicates. Error bars indicate standard
deviation, and statistically significant differences (p < 0.05) are marked with an asterisk (*).

(B) Effect of anti-defense protein Dadlll-1 on Druantia type Il protection against phage gPa12, evaluated by measuring bacterial growth via OD (600 nm). The
graph displays the average readings and standard deviations from three biological replicates.

(C) Effect of anti-defense protein Dadlll-1 on Druantia type | protection against phage vB_PaeP_FBPa22 (¢Pa22), evaluated by measuring phage titers (PFU/mL).
An example plate is shown alongside a bar graph representing the average titers from three independent biological replicates. Error bars indicate standard
deviation, and statistically significant differences (p < 0.05) are marked with an asterisk (*).

(D) Multiple sequence alignment of Dadlll-1 with its five homologous sequences. The consensus sequence is indicated on top. Mutations tested in (E) are
indicated with a red dot.

(E) Effect of point mutations in a selected amino acid of Dadlll-1 on anti-defense activity against Druantia type lll. The bar graph displays the average phage titers
from three independent biological replicates. Error bars indicate standard deviation, and statistically significant differences (o < 0.05) are marked with an

asterisk (*).

On average, phages of the Pbunavirus group encode 2.9 anti-
defense genes per phage (Figure 6B), but no phage encodes all
six known anti-defense genes (Figures 6A and S6). This may be
due to constraints such as capsid size, the metabolic burden of
maintaining additional genes, or the need to balance anti-de-
fense gene expression with evading their detection by some
phage defenses. These factors suggest that the phage anti-de-
fense pangenome acts as a reservoir from which individual
phages selectively acquire anti-defense genes as needed. Sup-
porting this, our analysis showed that anti-defense genes are un-
evenly distributed across different phylogenetic branches of
Pbunavirus. For example, Zadl-1 is nearly absent in the PB1
branch, whereas Bdi2 is almost absent in the Pseudomonas
phage Epa7, TH15, and PB1 branches (Figure 6A). These
genes are typically located within clusters of small genes in high-
ly variable regions of the phage genome (Figure S6). Interest-
ingly, despite anti-defense activity across different phage groups
(Pbunavirus and Autographiviridae), sequence similarity
searches failed to detect the anti-defense genes in Pseudo-
monas phages outside the Pbunavirus genus, suggesting very
little exchange of these genes between phage groups. The
exception is Zadl-1, which was also found in the Arenbergviridae
phage family (Figure 6C; Table S4). Furthermore, sequence sim-
ilarity searches also failed to detect the anti-defense genes in
phages infecting other bacterial species.

We hypothesized that the insufficient sensitivity of sequence-
based approaches may limit the detection of anti-defense
homologs. To overcome this, we employed a structural-based

strategy, searching for structural homologs of the identified
anti-defense proteins. Using AlphaFold 3 structures, we queried
the Big Fantastic Virus Database (BFVD)*' using Foldseek.’” The
BFVD consists of 351,242 viral structures, with all sequences
sharing less than 30% amino acid identity. This analysis identi-
fied one structural homolog for Zadl-1 and two for Tadlll-1
(Table S5). Bdi1 and Bdi2 yielded the most hits, with a total of
54 unique structural homologs distributed across more than
32 phage taxa infecting more than 17 bacteria genera. These
span gram-negative and gram-positive hosts of the bacterial
phyla Actinobacteria, Actinomycetota, Bacteroidota, and Pseu-
domonadota (Figure 6D; Table S5). Remarkably, the structural
homologs of Bdi1 and Bdi2 exhibited very low sequence identity
(7.4%-29.7%), highlighting the limitations of sequence-based
methods for detecting these relationships (Figure 6D; Table S5).

In summary, the anti-defense genes identified in this study
represent a major step in uncovering the anti-defense repertoire
of phage genomes and underline the importance of phage de-
fense systems as a barrier to phage infection. The ability of these
phages to encode multiple, but not all, anti-defense genes, sug-
gests they exploit a dynamic, largely unexplored anti-defense
repertoire.

DISCUSSION

In this study, we explored the highly variable genomic regions of
a common myophage infecting P. aeruginosa to identify anti-de-
fense genes with either broad or specific defense inhibitory

Cell Host & Microbe 33, 1161-1172, July 9, 2025 1167



- ¢? CellP’ress Cell Host & Microbe

A Byt (34.7%)
Zadl-1 (27.1%)
Bdi2 (16.7%)
Tadlll-1 (11.9%)

)

)

)

Dadlll-1 (9.3%
Lar (0.2%

Anti-genes (#

Anti-genes
012345
[ e e
Tree scale
A
0.01
S
=3 K © N
S & & )
\s ;& & F @
B C & & &y 28 & N
I Il 11 r LI 1
Iy D
[} c =<4
. I3 < o< ~ & by - T
n = 161 Pbunavirus O e o8Bl TLESR e 5. g cacazZZ35 S
o EECEEEEEEEEC .3 E.EoggEY 8
5 8828823888 ¢38¢8¢88R8¢8¢8sc=x8E82e8888A88EC38 ¢
6 Pbunavirus IV [T 6 100
Chakrabartyvirus V|
Fredfastierviridae [V | [1]
5 Miltoncavirus [V] [
/x\ Otagovirus [V] I [1]
» Pakpunavirus [v| (]
ol Phabiovirus [V| 2]
S 4 Plaisancevirus [V] [1]
S Straboviridae [v] [l |
P —_—
1] __ Arenbergviridae V] [ I
53 xX=29 Baikalvirus V| | 2]
5 EMvirus V] (1]
o Noxifervirus [V] [1]
= Pawinskivirus [v| 2] 50
c 2 Petsuvirus [v] | 2]
< Phikzvirus [v| ] [l
H* Serwervirus [v| [ | [1]
1 Tepukevirus [v] [ | (1]
Casadabanvirus [T
Detrevirus
0 Mesyanzhinovviridae [ L1
Autographiviridae V] 1 [l
[ T T 1 Beetrevirus [T| 1 [
Hollowayvirus [T| [
0 20 40 60 Skulduggeryvirus V] [T | (1]
Phage count LCEN - PR EN ENEN ENER KN ENEN ENER KN ENFI ENEREN PAERENER - KN : ENERENFAEREN|
514 g v iutulrirtaiuinieieitebi
S1o = Bdi1 == Bdi2 == Both | |Mycobacterium
o n |
£ 10 |
f 8 -1 I
£ 6 i
I
g 4- |
5 2] LR nal |
17 E = |
. : AOA481VZE2
& ’b o @ !
*‘Cﬁ \\\’@ @o“’i\o“@ \é\“ e}\é\"\e(\\oj(\*"z & ‘:@0 °\>g Q'Qoﬂ\e\\ \\\)\\ i
g w© )
NI R \)b" O 6‘@0(’&(’ © ?/".5\00\\0 O ¢ 9@‘(\ |aa ident: 12.8%

& * Q/ @ © Q/ % ,\%\) ———————————————————— 4
W e &

Figure 6. Distribution of anti-defense genes in Pseudomonas phage genomes
(A) Phylogenetic tree of Pbunavirus, showing the presence of anti-defense genes across the tree. Phages highlighted in Figure S6 are indicated in the tree.
(B) Prevalence of anti-defense genes across 162 Pbunavirus genomes. X is the average number of anti-phage defense genes per phage.

(legend continued on next page)
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properties. Using Pbunavirus as a model phage, we identified
and validated 5 out of 43 candidate genes. Collectively, these
genes showed activity against 6 of the 12 defense systems
tested. Among these anti-defenses, the structural homologs
Bdi1 and Bdi2 individually inhibited four distinct defense sys-
tems: Zorya type I, RADAR, Hypnos, and Druantia type |. We
postulate that these anti-defense genes interfere with DNA-
and RNA-interacting proteins of these defense systems. Inter-
estingly, mutational data on Bdi1 suggest distinct specificities
toward different targets. Some other proteins, such as Ocr,
AdrA, NARP1, and JSS1_004, have been shown to inhibit more
than one phage defense system.**® Ocr and AdrA achieve
this by mimicking DNA and inhibiting defense systems that
target specific DNA forms, whereas NARP1 overcomes NAD*-
depleting systems by reconstituting NAD* from its degradation
products. Here, Bdi1 and Bdi2 do not seem to target conserved
effector domains among defense systems, akin to JSS1_004,
which inhibits several distinct defense systems via a phosphor-
ylation-based mechanism.*® These findings suggest that
broadly acting anti-defenses are common among phages, and
may provide evolutionary advantages given the genomic con-
straints imposed by capsid size, restricting the amount of ge-
netic material they can encode.”” This versatility likely arises
from the functional similarities between different defense sys-
tems, which share common domains, sense similar phage-asso-
ciated molecular patterns, and employ identical effector mecha-
nisms.*® For Bdi1 and Bdi2, it is unclear whether there is a
common feature among the nucleic-acid-interacting defense
systems targeted by these inhibitors and whether there are
more defense systems inhibited by Bdi proteins. Given their
wide distribution revealed by structural similarity searches, Bdi
proteins are likely important components of the phage anti-de-
fense repertoire in phages infecting many bacterial taxa. In
addition to Bdi1 and Bdi2, we identified Zadl-1, Dadlll-1, and
Tadlll-1 as specific inhibitors of Zorya type |, Druantia type Ill,
and Thoeris type lll defenses, respectively. Neither of these
anti-defense proteins displayed structural similarity to previously
characterized anti-defense proteins, highlighting the remarkable
diversity of protein architectures that phages use to inhibit
defense systems.

Our analysis revealed that most of the identified anti-defense
genes are likely encoded on the leading strand of Pbunavirus
genomes. This aligns with previous findings showing that
anti-CRISPR proteins and other anti-defense genes also tend
to be encoded on the leading strand of conjugative plasmids*®
to facilitate early expression in the host. It further predicts that
the exploration of leading strands in other phage families and
genera could vyield further discoveries of anti-defense
mechanisms.

Interestingly, although amino acid similarity searches suggest
that the anti-defense genes identified in this study are restricted
to Pseudomonas phages and largely specific to the Pbunavirus
genus, structural analysis reveals their broader distribution

¢? CellPress

across phages of multiple taxa infecting diverse bacterial hosts
from all major clades. This discrepancy between sequence-
and structure-similarity approaches likely arises because anti-
defense genes can undergo extensive sequence divergence
while retaining their structure and function, making them unde-
tectable by sequence-based methods. In such cases, struc-
ture-based approaches can uncover relationships between
genes that have diverged too far at the sequence level. These
findings highlight the value of structural genomics approaches
in assessing the prevalence of anti-defense genes across
diverse phages, although their success ultimately depends on
the accuracy of structure predictions.

Although our study shows that Pbunavirus typically encodes
an average of three anti-defense genes, and up to five in some
cases, leading to the inhibition of up to seven defense systems,
anti-defense genes targeting recently discovered defense sys-
tems remain massively underrepresented.’ It is likely that the
actual number of anti-defense genes per phage, as well as
the phage defense systems they inhibit, is higher than current
estimates suggest. The discovery of potent, broadly acting
anti-defense genes holds great potential to improve phage-
based therapeutics, particularly by informing the engineering
or selection of phages that can overcome abundant phage de-
fense systems in phage-resistant pathogenic species.®’ Our
study contributes valuable anti-defense genes and presents a
strategy for discovering others by exploring highly variable re-
gions in genomes of other phage groups.

Limitations of the study

Our study reveals anti-defense proteins against a variety of
phage defense systems, but many open questions remain. We
used structural predictions and mutational analysis to explore
possible molecular mechanisms but were not able to determine
how these proteins inhibit phage defense systems. For example,
AlphaFold-based co-folding suggests a potential interaction be-
tween Tadlll-1 and Thoeris components, but we were unable to
confirm this experimentally. It is possible that the inhibition does
not involve direct blocking interactions with Thoeris type Ill pro-
teins, similar to other anti-Thoeris proteins that act by binding or
degrading signaling molecules, but it is also possible that the
interaction is too weak or transient to detect in our heterologous
E. coli system. In addition, the interaction might depend on the
presence of the other Thoeris type Ill components or factors
only present during phage infection in P. aeruginosa. Further
studies will be required to elucidate the mechanisms of
inhibition.

RESOURCE AVAILABILITY

Lead contact

Requests for further information, resources, and data should be directed to,
and will be fulfilled by, the lead contact, Stan J.J. Brouns (stanbrouns@
gmail.com).

(C) Distribution of anti-defense genes across different phage taxonomic groups infecting Pseudomonas, with their life cycle denoted by a “V” for virulent and a “T”

for temperate phages.

(D) Diversity of host genera of phages encoding Bdi1 and Bdi2 structural homologs found in the Big Fantastic Virus Database (BFVD),"" a database of 351,242 viral
structures sharing less than 30% amino acid identity. The structural alignment of Bdi1 with example homologs is depicted on the right, with the amino acid identity

indicated at the bottom.
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Materials availability
All unique bacterial strains, phages, and plasmids generated in this study are
available from the lead contact without restriction.

Data and code availability

® Phylogenetic tree, multiple sequence alignments, protein HMM profiles,
Foldseek 3Di sequence, and raw liquid culture data have been depos-
ited at Zenodo at https://doi.org/10.5281/zenodo.15603893 and are
publicly available as of the date of publication.

® All original code has been deposited at Zenodo at https://doi.org/10.
5281/zenodo.15603893 and is publicly available as of the date of pub-
lication.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

PAO1 Fagenbank N/A
vB_PaeM_FBPai10 Fagenbank N/A
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vB_PaeM_FBPa21 Fagenbank N/A
vB_PaeP_FBPa22 Fagenbank N/A
vB_PaeM_FBPa24 Fagenbank N/A
vB_PaeM_FBPa33 Fagenbank N/A
vB_PaeM_FBPa34 Fagenbank N/A
vB_PaeM_FBPa35 Fagenbank N/A
vB_PaeM_FBPa50 Fagenbank N/A

PP7 LGC Standards ATCC-15692-B4
Chemicals, peptides, and recombinant proteins

Agar Sigma-Aldrich Cat# 05039
Agarose Promega Corporation Cat# V3125
Ampicillin Carl Roth Cat# K029.4
Biotin Sigma-Aldrich Cat# N8878-25G
Carbenicillin Fisher Scientific Cat# BP2648-5
cOmplete™, EDTA-free Protease Inhibitor Cocktail ~ Sigma-Aldrich Cat# 11873580001
Dithiothreitol Sigma-Aldrich Cat# 43815-5G

Dpnl

Glycerol

Isopropyl p-d-1-thiogalactopyranoside (IPTG)
L-arabinose

Lysogeny Broth (LB)

Magnesium chloride

MES SDS Running Buffer Powder

NEB 5-alpha competent E. coli

Phosphate buffered saline (PBS) tablets
Potassium chloride

Precision Plus Protein- Dual Xtra Prestained
Protein Standards

Q5 DNA polymerase

Rhamnose

Sodium chloride

Strep-Tactin XT 4Flow high-capacity resin
Streptomycin sulfate salt

SurePAGE™, Bis-Tris, 10x8, 4-20%, 10 wells
T4 DNA Ligase

TAE 40X

Tris base

New England Biolabs
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Fisher Scientific
GenScript

New England Biolabs
Calbiochem
Sigma-Aldrich
Bio-Rad

New England Biolabs
Fisher Scientific
Fisher Scientific

IBA Lifesciences
Sigma Aldrich
GenScript

New England Biolabs
Promega Corporation
Sigma-Aldrich

Cat# R0176S
Cat# 158920025
Cat# 15502

Cat# A3256-100
Cat# L3022
Cat# AM9530G
Cat# M00677
Cat# C2987H
Cat# 524650-EA
Cat# P3911-500G
Cat# 1610377

Cat# M0491L

Cat# 10583731
Cat# AC424290010
Cat# 2-5030-002
Cat# S9137-25G
Cat# M00655

Cat# M0202S

Cat# V4281

Cat# 10708976001

Critical commercial assays

GeneJET Plasmid Miniprep Kit
NEBuilder® HiFi DNA Assembly Master Mix
Zymoclean Gel DNA Recovery Kit

Fisher Scientific
New England Biolabs
Zymo Research

Cat# K0503
Cat# E2621L
Cat# D4002

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Phylogenetic tree, multiple sequence alignments This study Zenodo: https://doi.org/10.5281/zenodo.15603893
and HMM profiles of individual anti-defense

proteins; code for searching structural homologs;

and Foldseek 3Di sequences; raw data of liquid

culture assays

Oligonucleotides

All the DNA oligonucleotides are listed in Table S5 IDT N/A
Recombinant DNA

All plasmids are listed and described in Table S6 N/A N/A

gBlock gene fragments are listed in Table S5 IDT N/A
Software and algorithms

Adobe lllustrator 26.0.1 Adobe N/A

AlphaFold 3
Anti-DefenseFinder v1.0.0
CD-SearchD v3.20
ChimeraX

Clinker v1.33

Clustal W v2.1

Dali

dbAPIS

Foldseek v6

Gene3D

GraphPad Prism 7.00
Hmmbuild v3.4
HMMER v3.3.2
hmmsearch v3.4
InterProScan v5.60-92.0
iQ-Tree2 v2.3.6
MAFFT v7.525
MMseqs2 v15.6
MobiDB-lite v3.8.4
PANTHER

Phobius v1.01
PPanGGOLIN v1.2.74
Predictomes

Abramson et al.”’
Tesson et al.*®

Marchler-Bauer and Bryan

University of California,
San Francisco (UCSF)

Gilchrist and Chooi®®

Thompon et al.>*

Holm and Laakso®*
Yan et al.”®

van Kempen et al.*?
Lees et al.*®
GraphPad

Finn et al.>”

Finn et al.>”

Finn et al.>”
Jones et al.”®
Trifinopoulos et al.>®

Katoh et al.®®

Steinegger and Séding®’

Necci et al.®?

Mi et al.®®

Kall et al.*
Gautreau et al.*®
Schmid and Walter'®

https://alphafoldserver.com/
https://github.com/mdmparis/defense-finder
https://www.ncbi.nim.nih.gov/Structure/cdd/wrpsb.cgi
N/A

https://github.com/Oshlack/Clinker/releases
http://www.clustal.org/clustal2/
http://ekhidna2.biocenter.helsinki.fi/dali/
https://github.com/azureycy/dbAPIS
https://github.com/steineggerlab/foldseek
http://gene3d.biochem.ucl.ac.uk/

N/A

https://anaconda.org/bioconda/hmmer
https://github.com/EddyRivasLab/hmmer
https://github.com/madscientist01/hmmsearch
https://github.com/ebi-pf-team/interproscan
http://www.igtree.org/
https://mafft.cbrc.jp/alignment/software/source.htmi
https://github.com/soedinglab/MMseqs2
https://github.com/BioComputingUP/MobiDB-lite
https://www.pantherdb.org/
https://bioweb.pasteur.fr/packages/pack@phobius@1.01
https://github.com/labgem/PPanGGOLIN
https://predictomes.org/tools/af3/

PROSITE Sigrist et al.®® https://prosite.expasy.org/

PSI-BLAST Altschul et al.®® https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_
TYPE=BlastSearch&PROGRAM=Dblastp&BLAST _
PROGRAMS=psiBlast

Other

Bio-Rad Gel Doc XR+
Epoch 2 microplate reader
Nanophotometer

Bio-Rad
Biotek Instruments
Implen

Cat# Bio-Rad Gel Doc XR+
Cat# EPOCH2
Cat# NP80
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https://github.com/Oshlack/Clinker/releases
http://www.clustal.org/clustal2/
http://ekhidna2.biocenter.helsinki.fi/dali/
https://github.com/azureycy/dbAPIS
https://github.com/steineggerlab/foldseek
http://gene3d.biochem.ucl.ac.uk/
https://anaconda.org/bioconda/hmmer
https://github.com/EddyRivasLab/hmmer
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https://github.com/ebi-pf-team/interproscan
http://www.iqtree.org/
https://mafft.cbrc.jp/alignment/software/source.html
https://github.com/soedinglab/MMseqs2
https://github.com/BioComputingUP/MobiDB-lite
https://www.pantherdb.org/
https://bioweb.pasteur.fr/packages/pack@phobius@1.01
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacteria and phages

A set of Pbunavirus from the Fagenbank were used to amplify candidate anti-defense genes. Phages ¢Pai18, $Pa22, ¢Pa33, and
¢Pa34 were used to test the effect of the candidate genes. Escherichia coli strain Dh5a was used for cloning plasmid pUCP20
with individual defense systems and plasmid pSTDesR with individual candidate anti-defense genes. P. aeruginosa strain PAO1
was used to clone both plasmids. All bacterial strains were grown in Lysogeny Broth (LB) at 37 °C and 180 rpm, or in LB agar
(LBA, 1.5 % agar (w/v)) plates at 37 °C. E. coli strains containing pUCP20 or pSTDesR were grown in media supplemented with
100 pg/ml of ampicillin or 50 pg/ml of streptomycin, respectively. P. aeruginosa strains containing both plasmids were grown in media
supplemented with 200 pg/ml of carbenicillin and 25 pg/ml of streptomycin. Phages were amplified in liquid media with PAO1, centri-
fuged at 3,000 x g for 15 min, filter-sterilized (0.2 pm PES), and stored at 4 °C.

METHOD DETAILS

Identification of variable genes within the pangenome of Pbunavirus

We used PPanGGOLIN v1.2.74°%%" to identify the variable genes of 162 complete Pbunavirus from the Refseq database on August 1,
2023. A phylogenetic tree was constructed by aligning the large terminase protein sequence using MAFFT v7.525 (default settings),*°
and inferring by maximum likelihood phylogenetics with the use of IQ-tree v2.3.6 (-B 1000 —alrt 1000 —m TEST)"° (available at the
associated Zenodo dataset). Core genes (genes present in more than 95% of the genomes) were excluded from further analyses.
The variable genes were clustered based on their sequence similarity using MMseqs2°' (default settings) and subsequently anno-
tated (July 2024) using HMMER v3.3.2,°” CD-SearchD v3.20,%” InterProScan v5.60-92.0,°® Foldseek v6,*” Phobius v1.01,%*
MobiDB-lite v3.8.4,°> Gene3D,*® PANTHER,®® and PROSITE.®® Previously identified anti-defense genes were searched for using
dbAPIS®® and Anti-DefenseFinder v1.0.0°° with default settings. Representative variable genes within genetic hotspots were
selected and tested for their anti-defense activity (Table S2).

Cloning of the candidate anti-defense genes

The selected candidate anti-defense genes were amplified from Pbunavirus of the Fagenbank using primers (Integrated DNA Tech-
nologies) from Table S6 with Q5 DNA Polymerase (New England Biolabs) or synthesized as gene fragments (gblocks, IDT). Plasmid
pSTDesR was amplified by PCR to insert an RBS using primers from Table S6. PCR products were run on 1% agarose gels, and
bands were excised and cleaned using the Zymoclean Gell DNA Recovery Kit (Zymo Research). The defense systems were cloned
into pSTDesR using the NEBuilder HiFi DNA Assembly Master Mix and transformed into chemically competent NEB® 5-alpha
Competent E. coli following the manufacturer’s instructions. Plasmids were extracted using the GeneJET Plasmid Miniprep kit
and confirmed by sequencing at Macrogen. Confirmed plasmids (Table S6) were transformed into PAO1 containing individual de-
fense systems®’ by electroporation, as previously described.®® The recovered cells were plated on LBA plates supplemented with
200 pg/ml of carbenicillin and 25 pg/ml of streptomycin.

Protein complex prediction

Protein complex predictions were performed using AlphaFold 3°' for confirmed anti-defense and defense system proteins. Co-
folding was carried out for each heteromeric and homomeric protein combination to model potential interactions. Predicted
aligned error (PAE) plots were generated for these co-folded proteins to assess the likelihood of complex formation. Low PAE
values, particularly in regions of overlap between the two proteins, were interpreted as indicative of potential protein-protein
interactions.

Selection for point mutations

Point mutations in the anti-defense proteins were selected using two criteria: 1) Multiple protein alignments from PSI-BLAST®® and
Clustal W v2.1°* to identify conserved amino acids (available at the associated Zenodo dataset); and 2) AlphaFold 3 co-folding pre-
dictions, followed by Predictomes*® analysis to identify amino acids likely involved in protein-protein interactions (Table S3).

Cloning of point mutants of the anti-defense genes

Point mutations of the anti-defense genes in pSTDesR were obtained by round-the-horn site-directed mutagenesis using phosphor-
ylated primers (Table S6) and Q5 DNA Polymerase. PCR products were digested with Dpnl (NEB), and run on 1% agarose gels. The
bands of correct size were extracted and cleaned with the Zymo Gel DNA Recovery Kit. The amplified plasmids were ligated with T4
DNA ligase (NEB) at room temperature for 2 hours and transformed into chemically competent NEB 5-alpha Competent E. coli. Plas-
mids were extracted using the GeneJET Plasmid Miniprep kit and confirmed by Sanger sequencing (Macrogen). Confirmed plasmids
(Table S6) were transformed into PAO1 by electroporation.

Efficiency of plating
Phage stocks were 10-fold serially diluted in LB and the dilutions were spotted onto double-layer agar plates of PAO1 with 1) empty
pUCP20 and empty pSTDesR, 2) pUCP20 with a defense system and empty pSTDesR, 3) empty pUCP20 and pSTDesR with the
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candidate anti-defense gene, or 4) pUCP20 with a defense system and pSTDesR with the candidate gene, following the small plaque
drop assay.®® The assays were performed using top agar (0.5% agar, w/v) supplemented with 200 pg/ml of carbenicillin and 25 pg/m
of streptomycin for plasmid maintenance, and 10 mM Rhamnose’° for induction of expression of candidate anti-defense proteins.

Liquid culture collapse assays

Overnight bacterial cultures were diluted to an ODggo of approximately 0.1 in LB and transferred to 96-well plates. Phages were
added at a multiplicity of infection of less than 1. The plates were then incubated at 37°C, with ODgqq readings taken every 10 minutes
over a 12-hour period using an Epoch2 microplate spectrophotometer (Biotek), with double orbital shaking.

Infection dynamics of phage-infected cultures

Overnight bacterial cultures of PAO1 strains with empty pUCP20 and pSTDesR, pUCP20 containing a defense system and empty
pSTDesR, or pUCP20 containing a defense system and pSTDesR containing an anti-defense gene, were diluted to an ODggo = 0.1.
Expression of the anti-defense gene was induced with Rhamnose at 10 mM. The bacterial cultures were then infected with phage
at an MOI <1 and incubated at 37°C and 180 rpm. Samples were taken at Oh, 2h, and 4h, and centrifuged at 10,000 x g for 2 min.
The phage-containing supernatant was serially diluted in LB and spotted onto DLA plates of PAO1 to estimate phage
concentration.

Co-purification assay

For co-purification assays to test interactions between Tadlll-1 and ThcB1, the proteins were cloned Strep-tagged in a modified
pET11a plasmid and untagged in a modified 13S-S plasmid using Gibson assembly as described above for cloning of candidate
anti-defense genes (primers and plasmids listed in Table S6). Tag placement was guided by AlphaFold3 structural models, with a
C-terminal Strep-tag used for ThcB1 and an N-terminal Strep-tag for Tadlll-1 to minimize potential interference with the predicted
interaction interface. The assemblies were transformed into chemically competent NEB® 5-alpha Competent E. coli following the
manufacturer’s instructions. Plasmids were extracted using the GeneJET Plasmid Miniprep kit and confirmed by Sanger
sequencing (Macrogen). Confirmed plasmids were then transformed into BL21-Al cells by electroporation in the following combi-
nations: pET11a-ThcB1 with 13S-S-Tadlll-1 and pET11a-Tadlll-1 with 13S-S-ThcB1. The recovered cells were plated on LBA
plates supplemented with 100 pg/ml ampicillin and 25 pg/ml streptomycin. For each combination, a starter culture was grown
in LB medium supplemented with antibiotics at 37°C with shaking until and ODsc >1, and used to inoculate a 2 L culture. Cultures
were grown until reaching an ODeoo ~0.5, at which point protein expression was induced by addition of 1 mM IPTG and 0.2% (w/v)
L-arabinose. Induced cultures were incubated overnight at 20°C with shaking at 150 rpm, and cells were harvested by centrifu-
gation (16,000 rpm, 30 min, 4°C). Cell pellets were washed once with ice-cold 1x PBS, and resuspended in lysis buffer (100 mM
Tris-HCI, 150 mM NaCl, 1 mM DTT, 5% glycerol, pH 7.5) supplemented with a cOmplete protease inhibitor cocktail. Cells were
lysed using a French press (2 passes at 1 kbar, continuous flow system), and lysates were clarified by centrifugation (16,000 rpm,
30 min, 4°C). The supernatant was filtered (0.45 pm) and subjected to affinity purification using Strep-Tactin® XT 4Flow® high-
capacity resin (IBA life sciences). Bound proteins were eluted with ice-cold elution buffer (100 mM Tris-HCI, 150 mM NaCl,
1 mM DTT, 5% glycerol, 50 mM Biotin, pH 7.5). Elution fractions were analyzed by SDS-PAGE on 4-20% gradient gels using
MES running buffer and Precision Plus Protein Dual Xtra Prestained Protein Standards ladder, and gels were stained with Bio-
Safe Coomassie stain.

Building HMM models of the anti-defense proteins

HMM models of the anti-defense proteins were created using the PSI-BLAST-derived clusters of the Pbunavirus protein sequences.
MAFFT was used to align the obtained protein sequences, and hmmbuild v3.4°” was used to build the HMM models. The HMM
models were applied to all viral proteins available from NCBI using hmmsearch v3.4,°” and scoring thresholds were set based on
the bimodal distribution of the HMM-hit bitscore. The HMM bit score obtained for each anti-defense gene is as follows: Bdii,
125; Bdi2, 135; Zadl-1, 100; Tadlll-1, 135; and Dadlll-1, 100. The HMM profiles of the anti-defense proteins can be found at the asso-
ciated Zenodo dataset.

Search for the anti-defense proteins in all phages

The HMM models were used to search for homologues of known anti-defense proteins and those found in this study in all phage
proteins from RefSeq (downloaded in September 2024). Phages containing anti-defense homologues were filtered for Pseudomonas
phages and their taxonomy recovered from the RefSeq database (Table S4).

Structural-based homology detection

Foldseek easy-search (version 9.427df8a) was used in exhaustive search mode (-exhaustive-search 1) to identify structural homo-
logs of the identified anti-defense genes in the BFVD,*' which contains 351,242 viral genes. The structural matches were filtered us-
ing atmalnscore > 0.7, gcov > 0.8 and tcov > 0.8. The code used to run the Foldseek algorithms and analyze results is available at the
associated Zenodo dataset. The Foldseek 3Di sequences of the anti-defense genes identified in this study are available at the asso-
ciated Zenodo dataset.
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Comparison of the variable region of Pbunavirus genomes
Clinker v1.33°° was used to visualize the genomic context of the anti-defense genes among phages.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless stated otherwise, data are presented as the mean of biological triplicates + standard deviation. A Bonferroni-adjusted p-value
of less than 0.05 was considered significant.

Cell Host & Microbe 33, 1161-1172.e1-e5, July 9, 2025 e5



	Bacteriophage genomes encode both broad and specific counter-defense repertoires to overcome bacterial defense systems
	Introduction
	Results
	Uncovering anti-defense genes in highly variable genomic regions of Pbunavirus
	Bdi1 and Bdi2 are inhibitors of a broad range of nucleic-acid-targeting defense systems
	ZadI-1 is an inhibitor of Zorya type I
	TadIII-1 is an inhibitor of Thoeris type III
	DadIII-1 is an inhibitor of Druantia type III
	Widespread occurrence of anti-defense genes in phages infecting diverse bacterial taxa

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Bacteria and phages

	Method details
	Identification of variable genes within the pangenome of Pbunavirus
	Cloning of the candidate anti-defense genes
	Protein complex prediction
	Selection for point mutations
	Cloning of point mutants of the anti-defense genes
	Efficiency of plating
	Liquid culture collapse assays
	Infection dynamics of phage-infected cultures
	Co-purification assay
	Building HMM models of the anti-defense proteins
	Search for the anti-defense proteins in all phages
	Structural-based homology detection
	Comparison of the variable region of Pbunavirus genomes

	Quantification and statistical analysis



