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Abstract

To prevent phage infection, bacteria have developed an arsenal of antiphage defense systems.
Using functional metagenomic selections, we identified new examples of these systems from human
fecal, human oral, and grassland soil microbiomes. Our antiphage selections in Escherichia coli
revealed over 200 putative defenses from 14 diverse bacterial phyla, highlighting the broad
phylogenetic interoperability of these systems. Many defense systems were unrecognizable based on
sequence or predicted structure, so could only be identified via functional assays. In mechanistic
studies, we show that some defense systems encode nucleases that only degrade covalently
modified phage DNA, but which accommodate diverse chemical modifications. We also identify outer
membrane proteins that prevent phage adsorption and a set of previously unknown defense systems
with diverse antiphage profiles and modalities. Most defenses acted against at least two phages,
indicating that broadly acting systems are widely distributed among non-model bacteria.
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Introduction

Bacteria must withstand the near constant threat of infection by bacteriophages (or, simply,
phages). To block infection, bacteria have devised various antiphage defense systems, which, in turn,
have spurred phages to develop counter-defenses to overcome bacterial immunity and re-establish
infection®™. This arms race stimulates genetic diversification in both host and virus in nearly all
microbial ecosystems on Earth. Thus, many defense and counter-defense systems likely await
discovery?®. Previously described defense and counter-defense systems have become ubiquitous
tools in molecular biology, are evolutionary antecedents to some eukaryotic innate immune factors,
and often dictate phage infection outcomes>®.

In recent years, over 100 new antiphage defense systems have been identified among genes of
unknown function in bacterial genomes®*°. Most were found based on genetic proximity to known
defenses?. Though this ‘guilt-by-association’ search strategy has proven effective, it will miss defense
systems in unfamiliar genomic loci. Indeed, machine learning models predict that dozens of new
antiphage defenses exist in just Escherichia coli, one of the best-studied bacteria'’. The discrepancy
between catalogued and actual defense systems is probably higher for non-model bacteria, as their
pangenomes are less characterized and their phages poorly described®. Yet, these bacteria are
likely targets of many emerging phage technologies®**°. To address this discrepancy, we used
functional metagenomic selections to identify antiphage defenses from natural bacteria in diverse
human-associated and environmental microbiomes.

Functional selections exploit the strong fithess advantages conferred by defense systems to
recover them from large libraries of plasmids that each express a different DNA insert'®*®. Rare DNA
inserts that encode a defense system can confer a survival phenotype, so will theoretically
outcompete other inserts in a library upon phage challenge. Because functional selections do not use
sequence to make predictions, they are well-suited to interrogate genes of unknown function for
activities like antiphage defense. Indeed, using only E. coli genomes, this approach identified ten new
defense systems in loci previously unknown to encode defenses'’. More recently, a single library
selected against a single phage revealed an antiphage system without homology to known
defenses'®. Based on these initial findings, we developed functional selections that could be
performed at scale, enabling us to probe diverse ecosystems with multiple phages to reveal many
new defense systems.

We surveyed nine metagenomes from human fecal, human oral, and grassland soil microbiomes
for antiphage defenses against a panel of seven E. coli phages. These 63 selections produced a total
of 203 unique DNA inserts with an estimated 88% true discovery rate. The DNA inserts originate from
14 diverse bacterial phyla yet act in E. coli to defend against a panel of E. coli phages. Nucleases
were particularly common in our dataset, suggesting that this form of phage defense may readily
traverse phylogenetic barriers. Over 40% of our DNA inserts lacked any recognizable antiphage
defense genes, hinting at dozens of potentially novel systems. By interrogating a subset of these
inserts, we define nine new antiphage defenses, many that originate in non-model bacteria. Our
findings include undescribed nucleases that act against modified phage DNA, B-barrel outer
membrane proteins that prevent phage adsorption, and a set of unknown genes with diverse
antiphage properties.

Functional metagenomic selections to uncover antiphage defense systems

We designed functional selections to isolate rare antiphage defenses from complex metagenomic
DNA libraries in E. coli (Table S1). Unlike previous studies, we used plasmid libraries that express
small DNA inserts (roughly 1kb to 6kb), which are long enough to encode complete systems but short
enough to enable the rapid identification of causal genes (Table S1)"?%. By simplifying the genetics
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of defense system discovery, we could scale up our selections to survey many microbiomes for
defenses against many phages. Our approach employed iterative selections where phage resistance
is monitored via colony formation in soft agar overlays (Figure 1A). In this scheme, bulk metagenomic
plasmids are purified from colonies that withstand one round of phage selection, transformed into
fresh cells, and subjected to a second round of infection. This enriches for phage defense encoded by
metagenomic plasmids over resistance that arises due to genomic mutation, enabling the recovery of
bona fide defense systems.

To optimize our selection scheme, we used a fecal metagenomic library (named F1A) and two E.
coli phages: the Tequatrovius phage T4 and a lytic-only mutant of the Lambdavirus, Ayi.. In the case of
T4, phage-resistant colonies emerged from initial selections using F1A but were not seen for
selections with an empty vector control (Table S2). When plasmids from F1A colonies were isolated
and re-tested for phage defense, 19 of 20 provided strong protection against T4 (95%). For selections
with Ay, we observed similar rates of phage resistance for F1A and our empty vector control,
regardless of the multiplicity of infection (MOI) used. This suggests that many Ai-resistant colonies
did not arise due to the action of metagenomic DNA. Indeed, only one of 16 plasmids conferred Ay
resistance when purified and re-tested in a fresh host background (Figure S1, Table S2). Thus, one
round of phage infection was sufficient to reveal metagenomically encoded defenses against phage
T4, but not against A;;. However, a second round of selection with Ay enriched for plasmid-encoded
defenses well above background (Figure S1, table S2). We therefore used iterative selections to
survey metagenomes for their antiphage defenses.

To identify phage defense elements, we surveyed three metagenomic libraries from grassland
soils’®, three from oral swabs of Yanomami Amerindians®’, and three from fecal samples of peri-
urban residents of Lima, Peru? (Table S1). These libraries were estimated to contain between
1.3x10° and 9.0x10° unique plasmids, each with a different metagenomic DNA insert’*?. We
subjected each library to iterative selection for defense against one of seven well-studied phages
using soft agar overlays (Figure 1A, Table S3). In the case of phage T4, only one round of infection
was required because empty vector selections were devoid of phage resistance (Table S4). For all
other phages, two rounds of selection were needed, as initial infections revealed similar rates of
resistance for libraries and empty vector controls (Table S4). For most selections, the second round
of selection substantially increased rates of phage resistance compared to the first. This indicates that
phage defense was mediated by our plasmid libraries (Figures 1B-1D, Tables S4, S5). From these
defense-enriched selections, we purified plasmids, performed long-read sequencing, and assembled
metagenomic DNA inserts that putatively drive our antiphage defense phenotypes.

Phage defense systems are encoded by diverse metagenomes

We assembled high confidence DNA sequences from 60 of our 63 independent selections,
yielding 203 putative phage defense inserts from soil, fecal, and oral metagenomic libraries (Figure
1E, Table S6). In aggregate, each biome produced similar numbers of unique inserts and included
putative defense systems against each phage surveyed (Figure 1E). Taxonomic predictions revealed
that 72 defense inserts (35%) came from members of the y-proteobacteria, a bacterial class that
includes our selection host, E. coli (Figures 1F, 1G, and Table S6). Though y-proteobacteria were the
most common bacterial class in our phage defense dataset, they represent only 2.6% of bacteria in
our solil, fecal and oral metagenomes, based on a reanalysis of 16S rDNA datasets from these exact
samples (Table S7)'*?%. This overrepresentation indicates that antiphage defenses from y-
proteobacteria are more likely to function in E. coli than defense systems from other, more diverged
bacteria. This may be due to some defense systems that only retain function across short
phylogenetic distances®.
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Surprisingly, most DNA inserts came from bacterial phyla distinct from E. coli (110/203, or 54%,
arose outside the Pseudomonadota). In total, DNA from 14 different bacterial phyla prevented phage
infection in E. coli, including examples from gram-positive, gram-negative, and candidate phyla
radiation bacteria (Figures 1F, 1G, and Table S6). To assess potential phylogenetic bias among
these inserts, we compared our phage defense and 16S datasets, omitting y-proteobacteria from the
analysis. We observed a significant correlation between each phylum’s abundance in our phage
defense dataset and its abundance as measured by 16S rDNA sequencing (Figure S2). Thus, once
close relatives of E. coli are ignored, phylogenetic relationships do not substantially bias whether our
defense inserts can operate in this bacterial host. This broad interoperability suggests that many
antiphage defenses target conserved or recurrent features of phage infection. This may explain why
some defense genes move frequently between distantly related bacteria®*.

Known defense systems tend to cluster in discrete genomic loci called defense islands®. Thus,
we looked for signatures of defense islands in our dataset. Over half of our phage defense inserts
had strong nucleotide identity to at least one sequence in NCBI's nt database, allowing us to examine
their genomic context. In almost all these queries, the insert mapped within 10kb of a known defense
gene, indicating a defense island origin (Table S8). This suggests that our dataset is enriched for
antiphage defenses. Indeed, most DNA inserts (121/203, 60%) encoded at least one open reading
frame (ORF) with homology to a known defense protein (e-value < 10®). In many cases, these inserts
did not encode complete defense systems but rather contained homologs of isolated defense genes
or candidate systems (Supplemental Dataset 1)°'%?*% We annotated putative nuclease domains in
over half of DNA inserts (55%), indicating a strong enrichment for nucleic acid degradation in our
dataset (Table S6). We also identified 82 sequences without a defense-associated gene (40% of
inserts). In summary, our dataset exhibits the expected hallmarks of defense-associated sequences
and likely contains novel antiphage defense systems.

To evaluate the robustness of our phage defense dataset, we individually tested 73 diverse DNA
inserts for defense against the phage on which they were originally identified (Table S6). When
expressed from a plasmid in E. coli, we observed reproducible phage defense for 64 of 73 inserts
(88%), indicating that most DNA inserts in our dataset confer bona fide antiphage defense (Figures
2A, S3). We then re-tested these 64 sequences for defense against the full seven-phage panel,
revealing 53 sequences that conferred >100-fold protection against at least two phages (Figure 2A).
The majority of these multi-phage defenses provided protection against phages with different
receptors and from different families (Table S3). Thus, we find many defense systems in commensal
and environmental bacteria that confer potent and broad-spectrum protection against E. coli phages.

Modification-Dependent Nucleases Block Phage Infection

In some cases, the phenotypic profile of a phage defense insert enabled us to predict a putative
defense mechanism. For instance, many defense inserts from our metagenomic selections provide
protection against the phages T2, T4, and T6, but not the T4-derived mutant T4-GT7 (Figure 2A). T-
even phages covalently modify cytosines to protect their DNA from bacterial nucleases, whereas T4-
GT7 is incapable of this modification®®>* (Figures 2B, 2C). Thus, we hypothesize that these defense
inserts recognize modified DNA as a ‘non-self’ marker of phage infection. Indeed, we find multiple
homologs of the type IV restriction system McrBC, which uses a modification-dependent nuclease to
target phage genomic DNA*. As expected, an insert encoding an McrBC-like system blocked
infection by T2, T4, and T6, but not T4-GT7 (Figure 2D). Further supporting a DNA-centric immune
strategy, we find at least one putative nuclease on 35 of the 39 inserts that defend against T4 but not
T4-GT7, a significant enrichment compared to the other inserts in our dataset (p<le™, Fisher's Exact
Test, Figure 2E, Table S6). Like the recently described antiphage effector BRIG1, these enzymes
may include previously unknown defenses that act against phages with modified DNA nucleotides*®.


https://doi.org/10.1101/2025.02.28.640651
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.28.640651; this version posted March 1, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

During our work, two nucleases, HEC-06 and PD-T4-3, were reported to block T4 infection when
expressed heterologously in E. coli*’?®. We found homologs of each nuclease among our inserts and
selected two for further study (named HEC-06ga: and PD-T4-3capno to reflect their predicted host
genera, Bacteroides and Capnocytophaga). HEC-06gact and PD-T4-3capno Share 22% and 48% amino
acid identity with their cognate nucleases, respectively. To test whether these nucleases have a role
in phage defense, we cloned each behind an inducible promoter, expressed them in E. coli, and
challenged each strain with a series of T-even phages. Compared to GFP controls, both predicted
nucleases provided strong defense against at least two T-even phages, with PD-T4-3capno acting at
very low expression levels (i.e. in the absence of inducer, Figures 3A, 3B). Regardless of expression
level, neither gene could protect against phage T4-GT7, which lacks cytosine modification®"3!
(Figures 3A, 3B). This suggests that both genes recognize modified phage DNA to elicit phage
defense. To test this hypothesis further, we purified PD-T4-3capno and monitored its ability to degrade
different phage genomic DNA substrates. The enzyme readily degraded modified T4 genomic DNA in
vitro but showed no activity against unmodified DNA purified from T4-GT7 (Figure 3C). These results
suggest that DNA modifications may activate PD-T4-3 family nucleases, which could explain their
ability to block phage infection.

PD-T4-3 was the most common annotation in our dataset (Table S9) and these homologs were
almost always associated with modification-dependent phage defense (defined as restriction of T4
but not T4-GT7, Table S6). To test if nuclease activity was required for defense, we mutated
conserved residues in the predicted active site of PD-T4-3capne. These mutants failed to defend
against T4 in vivo (Figure 3D) and could not degrade T4 genomic DNA in vitro (Figure 3E). Despite
acting against T4, PD-T4-3capno Was originally recovered from selections against phage Mu. Mu does
not modify cytosines but instead adds a carbamoyl methyl group to the N6 position of adenine®**
(Figure 3F). Based on this finding, we tested whether PD-T4-3capno could degrade genomic DNA from
phage Mu. We observed efficient degradation at high protein concentrations (0.1 to 1 uM) but almost
no activity at lower levels (Figure 3G). A similar trend was seen in vivo, as a leaky expression of PD-
T4-3capno provided only moderate defense against phage Mu (unlike the strong defense against
phage T4, Figure 3A), but substantial defense was observed upon PD-T4-3capme induction (Figure
3H). These results suggest that PD-T4-3capno €Xxhibits some plasticity to recognize different nucleotide
modifications and elicit phage defense, perhaps explaining its widespread prevalence across
unrelated bacterial genomes®’.

Beta-Barrel Outer Membrane Proteins Block Phage Adsorption

We noticed that several DNA inserts from selections against phage T7 also provided defense
against Ayir (Figure 2A, lower right). We were intrigued by this shared defense phenotype, especially
because these phages belong to different families, recognize different primary receptors, and employ
different replication strategies®>*. To identify potential defense genes, we removed the start codon
from each ORF on the DNA insert T7-2, which exhibited the strongest T7 and A, defense. We then
challenged these mutants with T7. This experiment revealed an 8-stranded, -barrel outer membrane
protein (OMP) that was necessary for phage defense (Figure 4A), which we named OMPrg.2 toO
reflect its predicted host genus, Telluria, and its parent insert, T7-2. Two other DNA inserts conferred
dual defense against T7 and Ai, T7-1 and T7-4 (Figure 2A). These inserts encoded 8-stranded and
12-stranded B-barrel OMPs, which we named OMPr¢.1 and OMP acin-4, respectively. When each OMP
was expressed in isolation, they provided more than 10*-fold protection against T7 infection and up to
6x10°-fold protection against A, (Figure 4B). Thus, these three OMPs are each sufficient for phage
defense.

During these experiments, we observed rare T7 plaques that formed during infections of OMPacin-4
expressing cells. We isolated, propagated, and sequenced one of these plagues to identify potential
mutations that enabled T7 infection. This phage, T7escaper, CONtained multiple missense mutations
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across the genes gp7.3 and gpl2, which encode T7’s host adsorption and nozzle proteins,
respectivelgl. These proteins physically interact to promote adsorption and DNA injection during T7
infection®>°. Interestingly, this T7escaper phage could infect E. coli expressing OMPre.1, OMPrej 2, and
OMPacin-a Similarly well, despite being recovered from only from the latter strain (Figure 4C). This
suggests that all three OMPs employed a similar mechanism of T7 defense, which we suspected may
be related to phage adsorption. To test this idea, we measured the proportion of T7 phages that
adsorb to E. coli expressing each OMP, empty vector and GFP controls, and a lipopolysaccharide
biosynthesis mutant (AWaaC) known to impair T7 adsorption®. Following centrifugation, most phages
were removed from the supernatant of empty vector and GFP controls, indicating a co-sedimentation
with these cells and thus strong adsorption of T7 to these strains (Figure 4D). In contrast, the
proportion of free phages was statistically indistinguishable from input for the AWaaC mutant and
each OMP-expressing strain (Figure 4D). This suggests that the expression of these OMPs prevents
T7 infection by blocking phage adsorption, as occurs for the AWaaC mutant®.

We next searched for potential homologs of each phage-resistant OMP. Sequence comparisons
by BLAST and structural predictions using AlphaFold3 revealed that OMPa.in.4 was related to a family
of Acinetobacter porins with poorly defined activity (Figure S4). Similarly, OMPr¢.2 and OMP+g2 are
sequence and structural homologs of the eight-stranded, B-barrel proteins OmpA and OmpX from E.
coli (Figures 4E, S4). OMP+¢.; and OMP+2 are homologous to one another and cluster separately
from OmpA and OmpX-like proteins on a phylogenetic tree. We could not establish a phage defense
phenotype for OmpA or OmpX but observed strong A,ir defense upon expression of a long-branching
OmpX-family protein, named Lom* (Lambda outer membrane, Figure 4F). Lom is a B-barrel protein
encoded by phage A that has been associated with adhesion and virulence in some E. coli strains but
has no other known function®. Lom’s strong antiphage defense phenotype in our experiments
suggests a potential antiphage role in nature. Consistent with this possibility, Lom is one of the few
proteins expressed constitutively from the A prophage, a characteristic typical of prophage-encoded

antiphage defense and superinfection exclusion genes***,

Novel Defense Systems

Many confirmed defense inserts lacked ORFs with detectable homology to known defense genes
(Figures 2A, S3). To determine if these inserts encoded new phage defenses, we selected six
examples for genetic interrogation. We first mutated the start codon of each full-length ORF to reveal
genes that impacted our phage defense phenotype (Figure S5). We then tested whether these genes
were sufficient for defense in solid and liquid media and against our full panel of phages, revealing
four single-gene defenses and two instances of more complex systems (Figures 5A, 5B, S6, S7). We
named individual defense genes using standard genetic nomenclature and assigned the names San
Juan and Dallas to the more complex defense systems. We then examined each defense gene for its
prevalence among bacteria in NCBI, revealing some genes with narrow phylogenetic distributions and
others in many bacterial clades (Figure 5C). The defense genes IdgA and ddgA appear almost
exclusively in the Patescibacteria, a massive clade of obligate epibionts previously called the
candidate phyla radiation®. These genes, along with the Planctomycete-derived tdgA, do not have
significant sequence or structural homology to proteins of known function, obscuring mechanistic
predictions. However, based on their shared phage defense profile, we speculate that tdgA and
Dallas recognize common features of phage infection, which are distinct from the Ai-specific defense
mechanism of the gene IdgA (Figure 5B).

San Juan was recovered from selections against T4 and contains two genes (Figures 5A, S5).
Though San Juan exhibits stronger restriction against phage T4 than T4-GT7, we could not identify a
nuclease domain within either sjdA or sjdB (sjd = San Juan defense). Thus, we do not favor
modification-dependent nuclease activity as San Juan’s defense mechanism, like we observe for PD-
T4-3capno (Figure 3). It is unlikely that modified nucleotides play any role in San Juan’s defense
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activity, as it strongly blocks infection by phage T7, which naturally lacks DNA modifications*® (Figure
5B). Instead, four putative transmembrane domains in sjdB led us to suspect abortive infection as a
potential defense strategy. Abortive infection is a common theme in antiviral defense, referring to the
programmed death or dormancy of an individual cell to protect the surrounding population. This
results in a density-dependent defense phenotype wherein cells succumb to high-titer infections but
withstand low-titer ones. To determine if San Juan acts via abortive infection, we subjected E. coli
expressing either San Juan or GFP to liquid infection with high and low amounts of phage T4.
Consistent with abortive infection, San Juan blocked T4 infection at low MOIs, unlike GFP, but both
populations declined rapidly at high MOls (Figure 5D). We sampled these high-titer populations and
measured phage numbers to determine if each cell background supported phage replication. We
observed 10°*-fold higher phage titers in the GFP cells compared to the San Juan background (Figure
5D, bottom). This suggests that the population decline observed for San Juan prevents phage
replication, unlike the phage-induced lysis experienced by the GFP population. Thus, San Juan elicits
phage defense via canonical abortive infection.

Our selections also revealed new phage defense nucleases. We identified two genes that
conferred defense against phage T4, but not T4-GT7, and encoded predicted nuclease domains
(Figures 5A, 5B). We tentatively named these genes mdgA and mdgB to reflect their putative
modification-dependent nuclease activity (mdg = modification defense gene). Homologs of MdgA
were prevalent across many bacterial phyla whereas MdgB was restricted to the common soil phyla
Actinomycetota and Acidobacteriota (Figure 5C). Both MdgA and MdgB conferred strong phage
defense when expressed in E. coli, which was lost when putative catalytic residues in the active sites
of each nuclease were swapped for alanine (Figures 5E, 5F). To test for modification-dependent
nuclease activity, we purified both wild-type MdgA and its catalytic mutant, MdgAg77a. Wild-type MdgA
potently degraded T4 genomic DNA but showed significantly reduced activity against DNA from T4-
GT7 (Figure 5H). MdgAg77a could not degrade T4 genomic DNA at any tested concentration,
indicating that this residue is required for nuclease activity, explaining its importance for phage
defense (Figures 5E, 5l1). Based on these data, we propose that MdgA and MdgB are modification-
dependent antiphage nucleases like PD-T4-3capno and HEC-06g.: (Figure 3)*"?%. Together, our data
indicate that this class of phage defense genes is highly interoperable. Heterologous nucleases from
multiple phyla provide phage defense to E. coli in a modification-dependent matter (Figures 2A, 2E,
3G). This suggests that DNA modification is a recurrent phage adaptation that can be recognized by
promiscuous antiphage nucleases in many bacterial lineages (Figure 5G).

Discussion

Metagenomes contain genomic DNA from diverse bacteria, most of which encode phage defense
systems. Via high throughput functional selections, we establish that defense systems from 9
metagenomes and 14 phyla can work in E. coli to prevent phage infection. The abundance of these
phyla in our dataset correlates with their abundance in the original metagenomic samples. Thus,
many phage defenses retain function across huge evolutionary distances, regardless of source
genome or habitat. Modification dependent nucleases are the most common defense function in our
dataset, implying that these enzymes traverse phylogenetic barriers particularly well. This could be
due to phages that recurrently select for these nucleases across bacterial lineages, promoting
interoperability.

We also find defense inserts without nucleases that function in E. coli, including 64 examples from
bacteria outside its phylum (Table S6). These include 14 inserts confirmed for phage defense and
several where we identify causal genes and systems (Figures 3A, 4B, 5A). Some of these defense
genes, like tdgA, act against many phages and have homologs in diverse phyla. Thus, even though
we understand little about tdgA’s defense mechanism, we can surmise that it relies on some
conserved or recurrent feature of phage infection. Other genes, like IdgA and ddgA of the
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Patescibacteria, retain function across tremendous phylogenetic distance but lack homologs in any
other bacterial clade, perhaps due to low rates of inter-phyla gene flow in these bacteria®*°. Their
discovery from oral and soil metagenomes is surprising, as only one Patescibacteria phage has been
described and very few defense systems have been identified in these genomes*”*®. The only known
Patescibacteria phage encodes many T4-like structural proteins, which could help explain why the
Dallas defense system protects against T-even phages in our panel.

Three DNA inserts confer protection against the phages T7 and A,ir and each encode an OMP that
prevents phage adsorption. These OMPsS, OMPrej.1, OMPrej-2, and OMPacin4, have their closest
homologs in regions of bacterial genomes without obvious signatures of phage origin. Thus, they may
represent dedicated antiphage defense genes in their natural hosts. Phage defense could also be a
moonlighting function, as OMPs can exhibit highly pleotropic activities*. Unlike its OMP+e; homologs,
Lom is encoded by phage A and protects only against A, among tested phages. Thus, Lom’s activity
may have evolved to benefit phages rather than host cells, for instance, via superinfection exclusion.
Superinfection exclusion can benefit both lysogens and circulating phages by preventing the latter
from adsorbing non-productively to an already infected host****. Though Lom is expressed from
integrated prophages, it does not reach sufficient levels to prevent Ay from infecting a lysogen in
laboratory conditions***°. However, non-productive adsorption can also be detrimental during times of
coordinated lysis, when early bursting phages frequently encounter hosts with replicating virus®..
Lom’s expression increases dramatically during late infection, implying it may act at this stage of
infection to prevent non-productive adsorption””. Consistent with this kin selection model, Lom
provided no defense against the heterotypic phage T7 in our experiments (Figure 4F).

Nucleases were the most common function within our phage defense dataset, with phenotypic
profiles suggesting that many of them act against phages with modified DNA genomes. We
corroborated this activity for four proteins in vivo (HEC-06gact, PD-T4-3capno, MdgA, and MdgB) and
demonstrated function in vitro for PD-T4-3¢capno and MdgA. PD-T4-3capno is @ modification-dependent
nuclease with high plasticity, capable of degrading both T4 DNA glucose-modified cytosines and Mu
DNA with carbamoylmethyl-modified adenines. This plasticity may explain its widespread distribution,
as it could enable defense against various phages with different genomic modifications*’. MdgA is
similarly widespread in bacterial genomes and capable of defending against both T4 and Mu in vivo.
Though analogous to PD-T4-3capno In this regard, the proteins share no conservation in nuclease or
accessory domains, suggestive of convergent evolution. The presence of DUF4268 domains in both
MdgA and MdgB represent a potential substrate recognition motif, especially as this domain co-
associates with type IV restriction enzymes across bacterial genomes®?.

From 60 phage selections in E. coli, we recovered 203 metagenomic DNA inserts. Many encoded
defense systems that were unrecognizable based on their sequence or predicted structure, so could
only be identified via functional assays. Frequently, these defenses were widely distributed and
broadly interoperable. This implies that the reservoir of defense genes available to any bacterial
species is larger than what circulates within its cataloged pangenome. In nature, phages keep pace
with this diversity by continually updating their inventory of anti-defense genes, enabling them to re-
establish infection in the face of new barriers**. Analogously, any phage-based technology for
eliminating or modifying natural bacteria will need to embrace diversity to sustain success>>.
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Figure 1. Functional metagenomic selections reveal antiphage defenses. (A) Scheme for functional
metagenomic selections. Nine DNA libraries in E. coli were subjected to infection with a panel of seven phages.
(B-D) Proportion of phage-resistant colony forming units (CFUs) after two rounds of iterative phage selection.
Proportions for (B) Fecal (F1A), (C) Oral (023), and (D) Soil (S10) after the first and second iteration are shown
in black and blue, respectively. An elevated proportion of phage resistance suggests a enrichment for phage
defense elements. (E) Distribution of unique DNA inserts from 60 independent selections. Each bar represents
a different metagenomic library, while the colored layers indicate the phage used for selection. (F) A phylogenetic
tree of known bacteria. Source phyla for putative phage defense inserts are depicted in bold and color; each
color represents a different phylum. Each tip represents a bacterial class and branch lengths are cropped at a
defined radius. Colors and numbers correspond to the stacked bar chart in (G). (G) Predicted phyla-of-origin for
all 203 putative phage defense inserts. The ten most prevalent phyla are named and numbered to the left of the
stacked bar chart. The 13 defense inserts that lack a confident phylum-level prediction are indicated in gray and
with an asterisk. Class-level predictions of y-proteobacteria are depicted as a subset of their parent phylum,
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each with a different covalent modification on cytosines. |I. Unmodified cytosine, Il. Hydroxymethyl cytosine
(hmC), lll. Glucosyl hydroxymethyl cytosine (hmC-Glu) and, IV. Gentiobiose hydroxymethyl cytosine (hmC-Gb).
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29. (D) Efficiency of plaquing (EOP) for T-even phages against insert T4-30, which encodes a homolog of the
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Figure 3. Nucleases cleave modified phage genomes to elicit defense. (A-B) Efficiency of plaquing for HEC-
06gact and PD-T4-3capno against T-even phages compared to GFP controls; (A) no inducer, (B) with inducer;
significance: ** p<0.001, *** p<0.0001 (one way ANOVA vs T4-GT7). (C) Purified PD-T4-3capno incubated with
T4 and T4-GT7 genomic DNA for 10’ at different concentrations; DNA was stained with ethidium bromide and
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their impact on infection via plaque assay; *** p<0.0001 (one way ANOVA vs WT). (E) The degradation of T4
genomic DNA in vitro by PD-T4-3capno and its mutants. Reaction products were analyzed as in (C). (F) Cartoon
of phage Mu showing the addition of a carbamoyl methyl group to the N6 position of adenine. (G) In vitro
degradation of Mu genomic DNA by purified PDT4-3capno at different concentrations. Reaction products were
analyzed as in (C). (H) Defense of PD-T4-3cspno @against phage Mu compared to a GFP control; PFU = plaque
forming units, (+/-) Ind indicates whether expression was induced; ** p<0.001, ns = no significance (Welch’s T-
test vs condition-match GFP control). All experiments in biological triplicate; error bars depict standard deviation.
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Figure 4. Outer membrane proteins block phage adsorption. (A) A gene encoding a predicted OMP is
necessary for phage defense by the T7-2 insert. A A symbol indicates that the start codon of indicated gene was
deleted. The bar chart indicates the EOP for each genotype upon T7 challenge. Solid line indicates limit of
detection. (B) Heat map depicting EOP for GFP, OMPrei-1, OMPrei2, and OMPacin4 Wwhen challenged with T7 and
Avir. Structures of each OMP predicted by Alphafold3 are depicted without their signal peptide. (C) Top, missense
mutants in T7escaper Mapped to two loci, encoding genes associated with phage adsorption and DNA injection.
Bottom, EOP for T7wr and T7escaper against OMPrei.1, OMPrei2, and OMPacins; ** p<0.001 (Welch’s T-test vs
T7wr). (D) T7-phage adsorption assay. The y-axis depicts free, unadsorbed phage following incubation with E.
coli cells of the indicated genotypes. Asterisks denote p<0.05, T-test with Bonferroni-Holm correction for multiple
hypotheses. (E) An unrooted phylogenetic tree depicting various OMPs and their homologs. Red outlines on
gray circles depict nodes with bootstrap support > 0.5. (F) EOP for OmpX, Lom, and OMPrei.2 against T7wr and
Avir; *** p<0.0001, ns = no significance (one way ANOVA vs condition-matched OmpX control). Dashed lines in
(C) and (F) indicate infectivity against a GFP control, defining and EOP value of 1. All experiments performed in
biological triplicate; error bars depict standard deviation.
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Figure 5. Novel defenses exhibit diverse antiphage profiles and modalities. (A) Cartoon representation of
two novel defense systems (San Juan and Dallas) and four novel genes (/dgA, tdgA, mdgA and mdgB).
Acronyms: sjd, San Juan Defense; Idg, Lambda Defense Gene; ddg, Dallas Defense Gene; tdg, T-even Defense
Gene; mdg, Modification Defense Gene. (B) Heat map depicting EOP values relative to GFP controls for each
defense against a panel of seven phages. (C) A heat map illustrating the prevalence of defense genes across
different phyla. (D) T4 infection of San Juan and GFP expressing E. coli cells using MOls of 0.01 and 10. At the
timepoint indicated by red arrows, parallel infections were subsampled and PFUs enumerated by plaque assay
(bottom). (E) A predicted catalytic residue in MdgA and its impact on T4 infection as measured via plaque assay;
** p<0.001 (Welch’s T-test, WT vs mutant). (F) A predicted catalytic residue in MdgB and its impact on T4
infection as measured via plaque assay; *** p<0.0001 (Welch’s T-test, WT vs mutant). (G) A cartoon model
depicting the interoperable defense activity of modification dependent nucleases across different host
backgrounds. Green, orange depict lineage-specific phage-bacterial arms races where nucleases recognize and
cleave modifications on their target phage genome. This activity is cross-compatible across hosts. (H) Purified
MdgA incubated with T4 and T4-GT7 genomic DNA for 10’ at different concentrations. Reaction products were
analyzed as in Figure 3C. (I) The degradation of T4 genomic DNA by MdgA and its catalytic mutant. Reaction
products were analyzed as in Figure 3C. All experiments performed in biological triplicate; error bars depict

standard deviation.
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