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Summary

Bacteria are under constant predation by their viruses, also known as bacteriophages or phages. To
protect themselves against phages, bacteria evolved a multitude of phage defense mechanisms. Some
of these phage defense mechanisms, such as CRISPR-Cas systems, have been known for more than a
decade. More recently, it has become evident that the repertoire of phage defense systems of bacteria
is far more diverse and numerous than previously thought. This finding not only reshaped our
understanding of phage defense systems but also raised the question of how phages can still successfully
infect these complex immune responses. In this dissertation, we investigate this complex interplay
between phages and their hosts, specifically looking at the importance of phage defense systems in
phage resistance, approaches for discovering additional phage defenses, and how phages evade these
phage defense systems.

In the first chapter, we provide a brief overview of the current understanding of bacterial immune
systems and how phages evade these systems. We begin by describing how phages infect bacteria, and
how bacteria respond to this infection. We then provide an overview of the known strategies that
phages use to neutralize the host response, which in response prompted bacteria to evolve new
strategies. Over time, creating a complex interplay between phage defense systems and evasion
strategies of the phage.

In the second chapter, we show that bacterial species Pseudomonas aeruginosa has a large and
numerous repertoires of phage defense systems. We demonstrate that the number of phage defense
systems per strain correlates with the broadness of its resistance against a wide range of phages.

In the third chapter, we aimed to uncover previously unknown phage defense systems by searching
for gene clusters that are associated with a higher resistance to phage infection. To achieve this, we
assessed the infection ability of our Pseudomonas phages across our P. aeruginosa collection and
conducted a genome-wide-association study. We identified one gene-cluster to be significantly
associated with an increased phage resistance, corresponding to a R2-type pyocin. These pyocins are
remnants of ancient phages that have been domesticated by bacteria to lyse nearby cells. How these
R2-type pyocin may convey phage defense remains unknown.

In the fourth chapter, we look for homologs of eukaryotic viral defense systems in bacteria to
uncover previously unknown phage defenses. We demonstrate that these homologs provide
protection against phages using P. aeruginosa as a model organism. These bacterial phage defense
systems resemble eukaryotic viral defense mechanisms in several ways, including preventing viral
attachment, R-loop-acting enzymes, the inflammasome, the ubiquitin pathway, and pathogen
recognition signalling.

In the fifth chapter, we search for previously unknown phage defense systems by capitalizing on the
observation that phage defense systems often exhibit high degrees of modularity, with sensing, signal
transmission, and effector enzymes frequently being exchanged among phage defense gene clusters. By
searching for gene clusters with defense-associated genes or functional domains, we uncovered several
new phage defense systems.

In the sixth chapter, we observe that the prevalence of phage defense systems of P. aeruginosa strains
from cystic fibrosis lung patients is reduced compared to P. aeruginosa strains from patients with other
lung conditions, suggesting that cystic fibrosis-associated strains are more susceptible to phages. This
observation provides a promising perspective for treating P. aeruginosa infections with phages.

In the seventh chapter, we set out to identify additional evasion strategies that phages use to evade
phage defense systems. In this chapter, we focussed on phage genes that were located within the highly
variable genomic regions of Pbunaviruses, a Pseudomonas phage family, and testing their ability to inhibit
bacterial phage defense systems. Using this approach, we discovered several genes that were able to



prevent the host immune response from acting, including those both broad and specific inhibitors. We
showed that these genes are prevalent among a large variety of phage taxa.

In the eight chapter, we provide a hypothesis that offers a new perspective on a long-standing
mystery: why phages encode their own tRNAs. An observation that has intrigued the phage field since
its discovery in the early 1950s. We suggest that these phage tRNAs serve as an evasion strategy
against phage defense systems that deplete host tRNAs, which would otherwise inhibit the ability of
the phage to translate its genes and prevent phage propagation. Supporting our hypothesis, we observe
that phage tRNAs have mutations that render these insensitive to tRNA targeting phage defenses.

In the nineth chapter, we review the current state of the phage tRNA field by highlighting their
diverse roles in phage infection. We discuss their multifunctional roles for temperate, as well as the
role of phage tRNAs for virulent phages, where they primarily serve to replenish the depleted tRNA
pool of the host. Additionally, we highlight currently known phage defense systems that convey phage
protection by depleting the host tRNA pool. We conclude the review by discussing the multiple layers
of tRNA-targeting phage defenses, not all of which act by depleting tRNAs; some instead act on tRNA
maturation steps and incorporation during translation.

In the tenth chapter, we present a general summary of the thesis and discuss the implications of
these insights. Many questions remain, including: What are the biological laws that seem to govern the
composition of the phage defense repertoire? And how can such a relatively small entity overcome the
defenses of a much larger host!? We also discuss several conceptual considerations, such as: Are we
studying phage defense systems in the appropriate biological context? The discussion concludes by
providing a perspective on the future of the field.

In conclusion, this dissertation investigates phage defense systems and evasion strategies. It provides
insights into the cumulative role of Pseudomonas phage defense systems that facilitate a broad resistance
to phages, it describes several methods to further uncover the bacterial immune system and provides
new perspectives on how phages circumvent these defenses.



Samenvatting

Bacterién worden constant geinfecteerd door hun virussen, die ook wel bacteriofagen of fagen worden
genoemd. Om zichzelf tegen deze fagen te beschermen, hebben bacterién een aantal
verdedigingsmechanismen bij zich. Sommige van deze mechanismen, zoals CRISPR-Cas-systemen, zijn
al langer bekend, maar recent onderzoek heeft aangetoond dat het afweersysteem van bacterién veel
diverser en talrijker is dan eerder gedacht. Dit heeft niet alleen ons begrip van deze systemen
veranderd, maar roept ook de vraag op hoe fagen desondanks deze hoeveelheid verdedigingssystemen
nog steeds succesvol hun gastheer kunnen infecteren. In dit proefschrift onderzoeken we deze
wisselwerking om het beter te begrijpen, waarbij wij specifiek hebben gekeken of een groter aantal
verdedigingsmechanismen per bacterie ook leidt tot meer resistentie tegen een brede collectie van
fagen. Daarnaast hebben we ook nieuwe methoden ontwikkeld om zowel meer
verdedigingsmechanismen van de bacterie als mechanismen die fagen gebruiken om de immuunreactie
van de gastheer te omzeilen, in kaart te brengen.

In het eerste hoofdstuk geven we een beknopte introductie van de huidige kennis over bacteriéle
immuunsystemen en de manieren waarop fagen deze systemen omzeilen. We beginnen met een
beschrijving van hoe fagen bacterién infecteren en hoe bacterién deze infectie proberen te stoppen.
Vervolgens geven we een overzicht van strategieén die fagen gebruiken om de immuunreactie van de
gastheer te omzeilen, waarop bacterién dan weer nieuwe strategieén ontwikkelen. Over tijd heeft dit
geleid tot een complexe wisselwerking tussen verdedigingssystemen en de strategieén van de fagen om
deze systemen te omzeilen.

In het tweede hoofdstuk onderzoeken we het immuunsysteem van de bacteriesoort P. aeruginosa.
Hieruit blijkt dat deze bacteriesoort over een groot en uitgebreid repertoire aan verdedigingssystemen
beschikt. Daarna tonen we aan dat het aantal verdedigingssystemen dat de gastheer bij zich draagt
correleert met hoe breed zijn weerstand is tegen onze collectie van verschillende fagen.

In het derde hoofdstuk zijn we op zoek gegaan naar nieuwe verdedigingsmechanismen door te
zoeken naar genen die geassocieerd zijn met een hogere weerstand tegen fagen. Hiervoor hebben we
al onze Pseudomonas fagen getest op onze P. aeruginosa collectie, waar we daarna een correlatieanalyse
op hebben uitgevoerd op gen-niveau. Eén gencluster bleek significant geassocieerd te zijn met een
verhoogde weerstand tegen fagen. Dit gencluster komt overeen met een R2-type pyocine. Deze
pyocinen zijn verwante aan fagen van vroeger die door bacterién zijn “getemd” om nabijgelegen cellen
te lyseren tijdens bacteriéle conflicten. Hoe deze R2-type pyocinen precies bijdragen aan faag afweer
is nog onbekend.

In het vierde hoofdstuk hebben we naar homologen van eukaryotische virale afweersystemen
gezocht in bacterién om nieuwe verdedigingsmechanismen te ontdekken. We tonen aan dat deze
bacteriéle homologen bescherming bieden tegen fagen. Deze bacteri€le verdedigingsmechanismen
vertonen op meerdere manieren overeenkomsten met hun eukaryotische virale afweersystemen
verwanten, waaronder het voorkomen van het binden van het virus aan de gastheer, enzymen die op
R-loops werken, componenten van het inflammasoom, het ubiquitineringscascade en pathogeen
herkennings-receptor signalering.

In het vijffde hoofdstuk zoeken we ook naar nieuwe verdedigingsmechanismen tegen fagen door
gebruik te maken van de observatie dat verdedigingsmechanismen tegen fagen vaak een hoge mate van
modulariteit vertonen, waarbij sensor-, signaaloverdrachts- en effector-enzymen vaak uitgewisseld
worden tussen verdedigingsmechanismen. Hierbij hebben we ons specifiek gericht op uitgewisselde
componenten, zoals genen of functionele eiwitdomeinen, die voorkomen in genetische contexten die
nog niet eerder waren onderzocht, bijvoorbeeld met andere flankende genen. Met deze methode
hebben we verschillende nieuwe verdedigingsmechanismen ontdekt.

In het zesde hoofdstuk onderzochten we of er verschillen zijn tussen welke en hoeveel
verdedigingssystemen gedetecteerd konden worden in P. aeruginosa stammen afkomstig uit de longen



van patiénten met taaislijmziekte ten opzichte van andere longaandoeningen. Bij dit onderzoek vonden
we dat de stammen die afkomstig waren uit de longen van patiénten met taaislijmziekte een minder
divers en talrijk verdedigingsrepertoire hadden tegen fagen dan de andere stammen. Deze bevinding
suggereert dat P. aeruginosa stammen die een infectie veroorzaken in de longen van taaislijm patiénten
waarschijnlijk gevoeliger zijn voor fagen. Dit biedt een veelbelovend perspectief voor de behandeling
van P. aeruginosa infecties bij deze patiénten.

In het zevende hoofdstuk richten we ons op het identificeren van voorheen onbekende strategieén
die fagen gebruiken om verdedigingssystemen te omzeilen. Hiervoor onderzochten we het
immuunsysteem remmende vermogen van genen die zich bevinden in de sterk variabele delen van het
genoom van Pbunavirussen, een familie van Pseudomonas fagen. Met deze methode hebben we
verschillende genen ontdekt die de immuunreactie van de gastheer konden hinderen, waaronder zowel
brede als specifieke remmers. Deze genen zijn terug te vinden in een groot aantal fagentaxa.

In het achtste hoofdstuk presenteren we een hypothese die een nieuw perspectief biedt op een lang
bestaand raadsel: waarom fagen hun eigen tRNA’s met zich meebrengen. Een observatie die het fagen
veld sinds de ontdekking in het begin van de jaren 1950 heeft geboeid. Wij stellen dat deze faag tRNA’s
dienen als een omzeilingsstrategie tegen de verdedigingsmechanismen die de gastheer gebruikt om
tRNA’s van de gastheer afbreken in het geval van een infectie van een faag. Dit vermindert het
vermogen van de faag om zijn genen om te zetten naar eiwitten en het vermogen van de faag om zich
te vermenigvuldigen. Ter ondersteuning van onze hypothese laten we zien dat de tRNA’s van fagen
mutaties bevatten waardoor deze ongevoelig zijn voor verdedigingsmechanismen die tRNA’s afbreken.

In het negende hoofdstuk geven we een overzicht van de huidige kennis op het gebied van faag
tRNA’s, waarbij we hun diverse rollen tijdens faag infectie uitlichten. We bespreken hun
multifunctionele functies bij “temperate” fagen, dat zijn fagen die zichzelf integreren in het genoom,
evenals de rol van faag tRNA’s bij virulente fagen, waarbij ze voornamelijk dienen om de afgebroken
tRNA-voorraad van de gastheer aan te wvullen. Daarnaast belichten we bekende
verdedigingsmechanismen die bescherming bieden door de tRNA-voorraad van de gastheer af te
breken. We sluiten de review af met het bespreken van de verschillende lagen van tRNA gefocuste
verdedigingsmechanismen, waarvan niet alle werken door tRNA’s af te breken, maar ook andere
belichten die ingrijpen op verschillende stappen van tRNA-maturatie en de incorporatie van tRNA’s
tijdens de translatie.

In het tiende hoofdstuk geven we een algemeen overzicht van het proefschrift en bespreken we de
betekenis van de bevindingen. Verder bespreken we ook openstaande vragen, zoals: Welke biologische
factoren de samenstelling van het verdedigingsrepertoire bepalen? En hoe een relatief kleine faag de
verdediging van een veel grotere gastheer kan overwinnen!? Daarnaast bespreken we enkele
conceptuele vraagtekens, zoals: Bestuderen we deze verdedigingssystemen wel in de juiste biologische
context? Ten slot, sluiten we de discussie af met een vooruitblik op de toekomst van het vakgebied.

Samenvattend onderzoekt dit proefschrift verdedigingsmechanismen van de gastheer ten opzichte van
de fagen en de omzeilingsstrategieén van de fagen zelf. Het biedt nieuwe inzichten in de cumulatieve
rol van verdedigingsmechanismen in P. aeruginosa-stammen die een brede weerstand tegen fagen
bieden. Daarnaast beschrijft dit proefschrift verschillende methoden om het bacteriéle immuunsysteem
verder te ontrafelen en biedt het nieuwe perspectieven op hoe fagen deze verdedigingsmechanismen
omzeilen.
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Bacteria and their viruses

Bacteria were among the earliest organisms to roam the world (/). Over time, bacteria have evolved
and adapted to an incredible diverse range of environments, from the ocean to even residing inside
eukaryotic cells, making them the most abundant and diverse life form on earth (/, 2). Despite their
success in adapting to different environments, up to 40% of all bacteria die each day to viral infections
caused by bacteriophages (3). Bacteriophages, also known as phages, are viruses that infect bacteria to
reproduce themselves (Figure 1). Phages are highly diversified, ranging from single-stranded(+) RNA
icosahedral-shaped phages that only encode a few genes, to large double-stranded DNA “Jumbo”
phages that encode more than 250 genes and form a sophisticated cellular structures made up of
several specialized components (4, 5). Regardless of the type of genomic content or the structural
complexity of the phage, the first step of the infection begins with the recognition and attachment to
the outer membrane of the bacterial host cell (Figure I). To recognize the host, phages have evolved
specialized proteins (tail fibers) that bind to host specific factors on the bacterial surface. Once the
phage has found its host, it ejects its genomic content, which usually resides within the capsid, into the
host cell through their phage tail (Figure 1).

Outer membrane

Periplasm

Inner membrane
Capsid

Phage tail
Tail fiber

Cytoplasm—P

Figure |. Phage adsorption to bacterial Pseudomonas aeruginosa strain PAO |. (Left) Shown is a false colored cryo-
TEM image of the adsorption of Pseudomonas phage vB_PaeP_FBPa22, which has a podophage morphology, to its Pseudomonas
aeruginosa strain PAO | host. (Top right) Close-up view of the phage attachment to the host. (Bottom right) An illustration
of the close-up view of the phage attachment, indicating the structures within the image including the host inner and outer
membrane, as well as the periplasm and cytoplasm. In addition, the phage capsid, tail, and tail fibers are indicated. Scale bars:
200 nm (left) and 100 nm (top right). Cryo-TEM image was taken by dr. V.M.A. Ongenae from Claessen Lab and colorized by
D.F. van den Berg.

After injection, the subsequent steps of the infection depend on the infection strategy of the phage,
including lytic and lysogenic strategies (6) (Figure 2). Virulent (lytic) phages enter their host and
immediately start replicating and producing phage components, which are assembled into new phage
particles, followed by the lysis of the host cell to release the newly produced phages into the
environment to infect their next host (6). While virulent phages start replicating immediately,
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temperate (lysogenic) phages can integrate their genome, as a prophage, into the genome of the host
instead. Here, the phage genome is passively replicated together with the host, until an environmental
cue causes the excision of the phage genome from the host chromosome and the initiation of its lytic
cycle (6). Besides the lytic and lysogenic phage lifestyles, several additional lifestyles have been
discovered over the years including the chronic lifestyle (a temperate-like lifestyle in which the host is
not lysed, but phage particles are still released), the pseudo lysogenic lifestyle (a temperate-like lifestyle
in which the phage genome is not integrated into the host (7)), the helper-dependent lifestyle
(undergone by satellite phage, which require a co-infecting phage to complete their infection cycle, for
example by providing its phage particle (8)), and the plasmid-like lifestyle (undergone by phage plasmids,
which typically exist as plasmids, but can spread as a plasmid through conjugation, or as a phage through
cell lysis (9)).

Although not all the above-mentioned phage infection strategies result in the immediate death of the
host, ultimately all reproducing phages redirect their host’s resources to their own replication,
imposing a metabolic burden and thereby a selective disadvantage to the host.

Lytic cycle

DNA circularization Phage replication Host lysis

e

TEntering lytic cycle

Prophage
Chromosome
\ @*[@ @
DNA integration Host replication

Lysogenic cycle

Figure 2. Phage infection strategies. The lytic (blue) and lysogenic (orange) life cycles, that phages employ during the
infection of their host. Common to both cycles are the initial step of adsorbing to the host cell. In the lysogenic cycle, the
phage genome resides in the host chromosome as a prophage, passively replicating together with the host, until an
environmental cue causes the prophage to excise and start its lytic cycle. In the lytic cycle, phages replicate their genomes
and produce new phage particles that are then released upon host cell lysis.

Phage immunity

To counteract phage infections, a variety of phage defense systems have evolved in bacteria (/0). These
bacterial defenses can be broadly categorized into extracellular and intracellular mechanisms.

Extracellular phage defenses

Extracellular phage defenses prevent phages from adsorbing to the host (/ /) (Figure 3). A wide variety
of extracellular phage defenses are known, such as mutating, modifying or masking the molecules that
phages use to recognize the host (/). Bacteria can also produce extracellular outer membrane vesicles
that act as decoys or start producing a protective mucus-like barrier (/1-13).
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Intracellular phage defenses

When the phage overcomes the extracellular barrier of phage defense, additional intracellular phage
defenses are in line to detect components of the infiltrated phage (/0) (Figure 3). These phage
defenses are specialized in detecting specific pathogen-associated molecular patterns (PAMPs),
including phage-derived RNA, DNA, proteins, metabolites, as well as phage-induced cell envelope
perturbations and metabolic changes (/4-28). When a PAMP is detected, the phage defense system
initiates its anti-viral response, which can be phage-directed or/and self-directed, depending on the
phage defense system (/0). These anti-viral responses range from the destruction of the incoming
phage genome (phage-directed) to altruistic cell death to protect neighbour cells (self-directed) (/0,
29). These defense systems often do not act in isolation, with some defenses slowing down the host
metabolism to slow down phage replication, which then provides more time for other intracellular
phage defenses to act (10, 15).

Extracellular
phage defenses

SO -~ ~

Masking Mutations Injection =
Mucus
Phage Transcription
receptor @ Outer membrane
O vesicles Translation
QQ Loss of receptor
c

PAMP-sensors

( 0 Phage
o ¥ products

Anti-viral response

Self-directed A Phage-directed

Intracellular
phage defenses

sulayjed Jejndsjow pajerdosse-usboyied

Figure 3. Phage defense. Shown are various extracellular and intracellular phage defenses of the bacterial host. The
extracellular phage defenses include the loss of phage receptors, production of extra cellular vesicles, production of mucus,
masking the receptor, and mutating the receptor in ways that result in the loss of recognition by the phage. The intracellular
phage defenses recognize the infecting phage, based on the accompanied pathogen-associated molecular patterns (PAMPs).
These PAMPs are detected by PAMP-sensors, upon which the anti-viral response is initiated. These responses can be self-
directed or/and phage-directed, each providing distinct mechanisms of protection against phages.

Phage evasion

In response to the immunity of the host, phages have evolved numerous ways to evade the host
response, most prominently through mutagenesis (30) (Figure 4). This mechanism is relevant for
overcoming both extracellular and intracellular defenses (I, 31). For instance, surface modifications
of the host, which affect host recognition by the phage, can be overcome by mutations in the phage
tail fibers that enable the phage to identify and bind the modified surface receptor (/1, 31). Similarly,
mutagenesis of PAMPs can prevent the detection of the host immune response (/0, 32). However,
mutagenesis alone is not always sufficient to bypass the host immune response. In these instances, the
phage encodes additional phage genes, such as extra tail fibers, mucus clearing enzymes, or genes that
can tinker with the immune response of the host (10, 33) (Figure 4a). For instance, phage-encoded
decoy proteins revert the attention of phage defenses or prevent the alarm signalling of the immune
response (10), and some phage-encoded proteins compensate for the effect of degraded host factors
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by the activated phage defense systems. For example, by producing tRNAs to compensate for tRNAs
that are depleted because of the immune response by the host (34) (Figure 4b). These outlined
strategies are just a handful of examples that phages utilize to evade the host immune response. Many
of these strategies have been characterized over the years with many more yet to be discovered (/0,
35).

Mutagenesis Additional Mucus
tail fibers cleareance

Evasion of extracellular phage defenses

b)

PAMP-sensors
I
anti | Signaling
defense v
genes Anti-viral response

|
': T——————| Effector

\J v
@
N/

A ‘@F&j

Figure 4. Phage evasion strategies. (a) Strategies that phages employ to circumvent the extracellular phage defenses of
bacteria. These include the use of extra tail fibers to target additional phage receptors in cell surfaces, clearance of the mucus
barrier to reach their receptors, and mutation of tail fibers to adapt to mutated receptors. (b) The strategies that the phage
employs to circumvent the intracellular phage defenses, including anti-defense genes, that prevent the PAMP-sensors from
signalling the rest of the immune response to convey the phage defense, and mutagenesis of the parts of the phage (red stars)
that are detected by the PAMP-sensors.

Co-evolution of bacteria and phages

Bacteria deploy several countermeasures against these evasion strategies of the phage (/0) (Figure
5). Foremost, the bacterial phage defense system mutates together with the phage-defense-evading
mutations of the phage, to remain sensitive to the PAMP and survive the phage infection (/0, 36).
Moreover, some defense systems are activated upon detecting anti-defense phage genes that tinker
with the immune response of the host, such as PARIS and Retron systems (37-39) (Figure 5). In
response, phages also encode genes to overcome these additional defenses, that are then counteracted
again by the host (39) (Figure 5). Over time, this co-evolution creates a complex ever-growing layered
network of immune responses and immune evasion (Figure 5). As the phage evolves additional anti-
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defense genes to overcome the complex layered immune response of the host, the phage is limited to
the genetic capacity of the capsid, leading to a trade-off between essential and non-essential genes (40).
Similarly, the host evolutionarily prefers to encode vital phage defenses, while getting rid of phage
defenses that provide no benefit (41, 42). This is reflected in the genomic content of both the phage
and the host, resulting in highly variable genetic regions that are critical for their survival in specific
niche conditions (41, 43).

Host response

— @Anti-defense gene, — 1% layer of defense

!

— @Anti-defense gene, —— 2" layer of defense

l
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— @ Anti-defense gene. —— n™" layer of defense
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Figure 5: Co-evolution of phage and host. Shown is a depiction of the evolutionary conflict between phage and host,
where every phage response is accompanied by a host response, evolving over time into a complex network of immune and
anti-defense gene layers.

Scope and objectives of this thesis

The aim of this thesis is to gain a deeper understanding of phage immunity in bacteria and how phages
evade this immunity. To achieve this, we chose to primarily focus on the phage-host dynamics of P.
aeruginosa. This Gram-negative bacterial species can be found in a wide variety of environments, from
crude oil to the ocean and soil (44). It is notorious for causing infections in burn wounds,
immunocompromised patients, and the lungs of cystic fibrosis patients (44). These infections are often
difficult to treat due to their antibiotic-resistant nature, with 15% of P. aeruginosa isolates being pan
drug-resistant (45). To treat these antibiotic-resistant infections, phages could be used as an alternative
to antibiotics (46) (Figure 1). However, it remains unclear if using phages is a long-lasting solution,
since P. aeruginosa strains are also known to be highly adaptable and to have a large repertoire of phage
defenses (47, 48). Paradoxically, P. aeruginosa also has a large and diverse phage population that can
overcome these defenses (48). This unique combination makes P. aeruginosa an excellent model
organism for gaining a deeper understanding of the interplay between phage and host, which can later
be explored for the development of phage-based antibacterial therapies.

Overview of the dissertation

In this thesis, we investigated the impact of defense systems on the host-range of phages and found
that encoding more phage defenses leads to a broader defense against phages (chapter 2). Using
several bioinformatic approaches, we identified additional phage defenses in P. aeruginosa genomes by
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searching for host genes that correlate with the loss of phage infectivity (chapter 3), by searching for
homologs of known eukaryotic viral defenses (chapter 4), and by looking for components of known
bacterial phage defenses in new genetic contexts (chapter 5). We also observed that the environment
of P. aeruginosa can significantly impact the abundance of phage defenses. Specifically, P. aeruginosa
encodes less phage defenses when present in the lungs of cystic fibrosis patients (chapter 6), likely
because of the reduced air flow and thicker mucus that result in lower inflow of phages. We then
investigated the mechanisms that phages deploy to circumvent phage defenses using different
methodological approaches. First, we mined the highly variable gene regions of Pseudomonas phages to
identify five new anti-defense genes (chapter 7). Then, we postulated that phages encode tRNAs to
circumvent tRNA-targeting phage defenses, addressing the 50-year-old mystery of why phages encode
their own tRNAs (chapter 8). This finding is placed in a broader context in a review on phage tRNAs
(chapter 9). Finally, we discuss the knowledge gained during the research to put it in a broader
perspective (chapter 10).






Chapter 2

Accumulation of defense systems in phage-resistant strains of
Pseudomonas aeruginosa

Prokaryotes encode multiple distinct anti-phage defense systems in their genomes. However, the
impact of carrying a multitude of defense systems on phage resistance remains unclear, especially in a
clinical context. Using a collection of antibiotic-resistant clinical strains of Pseudomonas aeruginosa and

a broad panel of phages, we demonstrate that defense systems contribute substantially to defining
phage host range and that overall phage resistance scales with the number of defense systems in the

bacterial genome. We show that many individual defense systems target specific phage genera and
that defense systems with complementary phage specificities co-occur in P. aeruginosa genomes likely
to provide benefits in phage-diverse environments. Overall, we show that phage-resistant phenotypes

of P. aeruginosa with at least 19 phage defense systems exist in the populations of clinical, antibiotic-
resistant P. aeruginosa strains.

A modified version of this chapter has been published as
Costa, A. R*, van den Berg, D. F. * Esser, J. Q. *, Muralidharan, A., van den Bossche, H., Bonilla, B.
E., van der Steen, B.A., Haagsma, A. C,, Fluit, A. C., Nobrega, F. L., Haas, P., & Brouns, S. J. ]. (2024).
Accumulation of defense systems in phage-resistant strains of Pseudomonas aeruginosa.
Science advances, 10(8), eadj0341.
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Introduction

Bacteriophage predation imposes a strong evolutionary pressure on bacteria to evolve mechanisms to
defend against phage infection (49). These defense mechanisms include modification of cell surface
receptors (50, 51) and intracellular defenses (11, 41, 52) such as CRISPR-Cas (53, 54) and Restriction-
Modification (RM) systems (55, 56).

More recently, dozens of previously unknown anti-phage immune systems have been discovered. In
most instances, they were identified based on the observation that immune systems often cluster in
defense islands (57-62). The presence and composition of these defense islands vary among individual
strains (41, 61, 63), and strongly contribute to phage-host co-evolution in natural populations (49).
The presence of multiple variable defense systems in bacterial genomes raises the important question
what the impact is of all these immune systems on overall phage resistance of bacterial pathogens.

To address this question, we assembled a set of 32 clinical, antibiotic-resistant Pseudomonas aeruginosa
strains and compiled a custom panel of 28 phages from 12 phylogenetic groups. We then analysed
phage infectivity and adsorption of the strains across the panel. This revealed that intracellular phage
defense mechanisms are an important determinant of the phage susceptibility of P. aeruginosa, and that
strains rich in phage defense systems are inherently more resistant to phage infection. Five strains
contained a large number (13-19) of anti-phage defense systems and displayed an extended phage-
resistant phenotype, in addition to having an extended drug-resistant (XDR) phenotype. Our data
further revealed that defense systems can be specific to certain phage families, and that the activity of
these individual defense systems in model strains can often predict the resistance of clinical strains to
the same phages. Additionally, we have found that some combinations of defense systems with
complementary phage specificity often co-occur in P. aeruginosa genomes and may provide phage
defense with broader phage specificity. Overall, our findings have implications for our understanding
of phage defense and potentially for the development of phage-based antibacterial therapeutics, as
antibiotic-resistant strains with an extended phage-resistant phenotypes are present in clinical settings.

Results

Defense systems are abundant and diverse in clinical P. aeruginosa strains

We selected a set of 32 antibiotic-resistant clinical strains covering the diversity of defense systems in
the P. aeruginosa species. The P. aeruginosa genomes from the RefSeq database carry 71% (119/167) of
the known defense system subtypes (Figure la, Table S1), which is in line with recent observations
that P. aeruginosa has a diverse arsenal of anti-phage defense (63). The defense systems found in the
RefSeq genomes resembled the defense arsenal in our clinical isolates (Figure Ib,c, Table $2), and
the number of defense systems per genome ranged between | and |9 systems for both datasets
(Figure Sld,e). Additionally, we assessed the phylogenetic distribution of our collection using a
maximum likelihood analysis of the core genes using Parsnp (64), which revealed the distribution of
the clinical isolates across the two main phylogroups, with 23 strains in the largest phylogeny group |
and 9 strains in phylogeny group 2 (Figure S1). We found that the RefSeq genomes belonging to
phylogeny group 2 carried slightly higher number of defense systems compared to those of phylogeny
group | (median phylogenetic group | = 7, median phylogenetic group 2 = 9, p = 0.0004), but these
differences are not observed in the strains present in our collection (p = 0.612) (Figure S1). Overall,
we demonstrate that P. aeruginosa genomes encode multiple different anti-phage defense systems and
establish that our collection of clinical isolates is phylogenetically diverse and covers the range of
defense systems both in types and numbers per strain as observed in P. aeruginosa
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Phage resistance correlates with the number of defense systems

To obtain a relevant panel of phages for these clinical isolates, we used a subset of 22 P. aeruginosa
strains as hosts to enrich and isolate different phages from sewage water. We obtained a total of 27
phages (Table S3), consisting of Caudoviricetes (dsDNA tailed phages), including 13 podophages (5
Autographiviridae, 3 Bruynoghevirus, | Schitoviridae, | Zobellviridae, and 3 unassigned phages), 4
siphophages (I Samunavirus, | Casadabanvirus, | Mesyanzhinowviridae, and | Detrevirus), and 10
myophages (9 Pbunavirus and | Phikzvirus, a Jumbo myophage related to nucleus-forming Pseudomonas
phage phiKZ (65)). To broaden the diversity of our phage panel beyond dsDNA phages, we additionally
included Fiersviridae PP7 (ssRNA phage). We then used vConTACT2 (66) to assess the taxonomic
diversity of our phage panel, and found that it represents 9 out of the 16 phage clusters observed in P.
aeruginosa phages overall, thus indicating a diverse representation of phages (Figure $2). A complete
overview of the diversity within phage families and genera in our panel can be found in Figure S3.

To determine the effect of the defense systems on the susceptibility of the clinical strains to our panel
of phages, we first assessed the ability of the phages to infect the strains, or to only adsorb to their cell
surface without infecting. Out of a total of 924 phage-host combinations (28 phages times 33 hosts,
including PAOI), 630 phage-host combinations did not result in infection (Figure 2a). We hypothesize
the non-infected phenotype can occur in two ways: either the phage fails to adsorb to the cell surface
(i.e., no receptor), or phage propagation is unsuccessful, possibly due to anti-phage defense. Based on
adsorption assay data, we found that a large proportion out of the 630 non-infection cases showed
adsorption. More precisely, 68% (429) of the phage-host combinations showing no infection exhibited
adsorption when considering an adsorption threshold of 50% (Figure 2a), and 32% (201) when
adopting a more conservative threshold of 90% (Figure S4a). These results indicate internal defense
mechanisms could play a role in preventing infection in a substantial fraction of strains where no
infection was observed. We ruled out the possibility of temperate phages (¢Pal9, ¢Pa28, pPa42, and
¢Pa47) integrating into the bacterial genome as the cause of instances where adsorption occurred but
no infection, based on sequencing analysis of bacterial strains following phage infection, which showed
no evidence of integrated phages (sequencing data available on the associated GitHub).
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Figure 2. Innate and adaptive defense systems correlate with phage resistance. (a) Host range of phages against
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We observed that some of the P. aeruginosa strains (L0872, Q0192, 16-543324, and 16-547171), which
encode more defense systems than average, exhibited complete resistance to our phage panel (i.e. no
phage could establish productive infection despite adsorbing to these strains in many cases) (Figure
2a,b). Therefore, we questioned which factor is the main driver of phage resistance among (i) the
number of defense systems, (ii) genome size, and (iii) number of prophages (49). To assess this, we
performed a multiple linear regression analysis including these factors, which showed that defense
systems are the only relevant indicator of phage resistance (r2 = 0.63 and p < 0.001 for correlation
with % infecting phages; r2 = 0.62 and p < 0.00! for correlation with % adsorbing phages that can
establish a productive infection (% @nfecting / (PAdsorbing*Pinfecting)) (Figure 2c-f, Fig. S4b-e). The
correlation between defense systems and phage resistance was reduced but remained significant when
considering a conservative adsorption threshold of 90% (r2 = 0.35 and p < 0.001) (Figure S4f-h), or
when only one representative phage per family or genus was included (# defense systems r2 = 0.48 and
p <0.001, genome size r2=0.11 and p = 0.033, # prophage r2 = -0.02 and p = 0.6256) (Figure S4i-I).
Although the number of prophages did not show significant correlation with phage resistance, we did
observe mechanisms of superinfection exclusion (67) for strains L1361 and L1496, which contain one
prophage each that likely provides protection against closely related temperate phages ¢pPa47 (100%
pident, 100% coverage) and ¢Pa42 (100% pident, 89% coverage), respectively.

Overall, our findings suggest that the number of defense systems in P. aeruginosa is associated with
phage resistance. This observation is best exemplified by the five P. aeruginosa strains (L0872, 16-
543324, 16-547171, 16-547181, Q0192) with 13-19 defense systems (Figure 2a,b) that were found
to be resistant to the complete phage panel and to our attempts of phage isolation using wastewater
from different sources.

In summary, we show that phage resistant strains of P. aeruginosa have accumulated phage defense
systems in their genome, suggesting that phage defense systems could be a contributing factor of the
phage sensitivity of the host.

Adaptive immunity targets temperate phages

Half (16/32) of the clinical strains contain adaptive immune systems in the form of CRISPR-Cas Type I-
F (12 strains) and Type I-E (4 strains). To investigate the contribution of CRISPR-Cas to phage
resistance we identified all spacers targeting our phage panel and assessed their potential effect on the
phage host range. We detected 70 spacers (43 unique) across |6 strains matching our phage panel
(Figure S5a), among which 54 are predicted to be interference-proficient (i.e., spacers with matching
protospacer adjacent motif (PAM) and protospacer) and 16 priming-proficient (i.e., spacers with a *|
slipped PAM (68) or up to 5 protospacer mutations (69, 70)) (Table S4). Most of the spacers (65)
originate from CRISPR-Cas Type I-F systems, with only five spacers from CRISPR-Cas Type I-E systems
(strains 15-547181, N4469, and 15043, all targeting ¢Pa28). Interestingly, 66 of the 70 spacers target
temperate phages (¢Pal9, ¢Pa28, ¢Pa42, and @Pa47), and only four spacers match a virulent phage
(¢Pa8). This is in line with previous findings that spacers of P. aeruginosa mostly match temperate phages
(71). Our data on phage infection and adsorption reveal that in 83% (25/30) of cases with matching I-
E (4/4) and I-F (21/26) spacers, the targeted phage was unable to infect (Figure S$5a). Out of the five
cases where the protective effects of matching spacers were not observed (Figure S5a), one was
linked to the presence of an Acr (pPa42 infecting 16-542613) (Figure S5b, Table S5).

Overall, our results suggest that CRISPR-Cas Type I|-E and I-F may contribute to resistance of the
clinical strains against temperate phages but plays a minor role against the vast majority of virulent
phages in the panel because they are not targeted. Although the catalogue of spacers may evolve
through CRISPR adaptation, the current set of spacers alone does not explain the observed infection
profiles.

Innate defense systems provide anti-phage activity against specific phage families
To understand the contribution of individual innate defense systems to broad-spectrum phage
immunity, we inserted |4 individual defense systems (Figure Séa) from P. aeruginosa clinical isolates
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into the low-copy plasmid pUCP20 (72), under their native promoters. The plasmids were introduced
into P. aeruginosa strain PAOI, which is infected by 18 phages of our panel. We validated that the
defense systems represent no obvious burden or toxicity to cell growth (Figure Séb, Kruskal-Wallis
test followed by Dunn’s post-hoc test), and subsequently assessed the defense-containing PAO| strains
for changes in phage susceptibility in solid and liquid media using efficiency of plating assays (EOP,
Figure 3a,b) and infection dynamics assays to measure phage titer over time (Figure S7). We further
monitored bacterial survival upon phage exposure using culture collapse assays (Figure 3c, and
Figure S8).

The EOP (Figure 3b) and infection dynamics (Figure S7) assays show that 9 out of 14 defense
systems exhibit activity against the phage panel. Of these, most (5) are active against at least two phage
families or genus. For example, Zorya is active against podo Bruynoghevirus, sipho Casadabanvirus, and
Fiersviridae. QatABCD and RADAR are both strong defenses against myo Pbunavirus and target
members of different families of siphophages (Casadabanvirus and Mesyanzhinovviridae, respectively).
CBASS Type IlI-C displays the broadest protection in our set, acting against podo Autographiviridae,
sipho Mesyanzhinowviridae and Casadabanvirus, myo Pbunavirus, and Jumbo PhiKZvirus. This suggests that
these defense systems employ sensing and targeting mechanisms that rely on phage features shared
among different families, such as proteins (21, 73-75) or phage-induced changes in host metabolism
(76) and cell integrity (38, 77), or that their effector is activated by other cellular responses, such as a
general stress response. Interestingly, Zorya Type | is the only defense system among those tested that
prevents infection of ssSRNA phage PP7 (Fiersviridae), suggesting also that the effector may be activated
by general cellular responses to phage infection. Additionally, CBASS Type IlI-C and AVAST Type V
systems provide robust (>105-fold) protection against infection by phiKZ-like, nucleus-forming Jumbo
phage @Pa36 (Figure 3b,c). Both systems have been reported to act via altruistic cell death upon
sensing of a specific phage protein (21, 78, 79), a strategy that (like RNA-targeting CRISPR-Cas systems
(15)) circumvents the nuclear shell defense used by Jumbo phages to overcome DNA-targeting defense
systems (80-82). The bacterial culture collapse assays provided additional information about the
protective effect of the defense systems in liquid culture. TerY-P and Zorya Type | protect the cell
population at both low and high phage multiplicity of infection (MOI) (Figure 3c, Figure S8), and
most cells survive infection monitored using microscopy with propidium iodide as an indicator of
membrane permeability and cell death (Figure 3d). For QatABCD, RADAR, Druantia Type lll, AVAST
Type V, CBASS Type IlI-C, II-A, and II-C, a culture collapse is observed when the phage is introduced
at high MOI. In summary, our findings indicate that some individual defense systems display phage-
targeting activity against specific phage families, while others are broader and target a few families.
While most of the defense systems could provide protection against phages at low concentration, only
two were efficient against phage at high densities.

Linking native infection profiles with protection patterns of individual systems

To understand the overall phage protection observed in genetically inaccessible clinical strains (Figure
2) in relation to the effect of individual phage defense systems (Figure 3), we initially assessed the
phage infectivity levels in these strains using efficiency of plating assays (Figure S$9a). We then
compared the phage susceptibility profiles of the clinical strains with those of PAO|I strains equipped
with a single defense system. Our findings indicate that in 84% of the cases, the phage susceptibility
profile of the clinical strains aligns with the expected profile (Figure S9b). This is especially evident
for Zorya Type |, TerY-P, Druantia Type lll, AVAST Type V, and CBASS Type II-A. The most notable
disparity in the results was observed for RADAR and CBASS Type II-C, as they were providing
protection against Pbunavirus in PAOI and not in the clinical strains (¢Pa34 and @Pa35 for RADAR;
¢Pa2, ¢Pal0, pPa33, and @Pa35 for CBASS Type II-C).

To assess if known phage-encoded anti-defenses impact the phage infectivity profile of the clinical

strains, we searched phage genomes for anti-defense genes including anti-RM (83-85), anti-CBASS (73,
86), anti-Pycsar (86), anti-TIR-STING (87), and anti-AVAST (2/) proteins (Figure S5b, Table S5).
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We focus here specifically on the anti-defenses against the defense systems introduced in PAOI, which
include anti-CBASS and anti-AVAST. Our search identified one phage-encoded anti-defense gene, an
anti-CBASS Type Il (acbll) in phage @Pa48. The acbll gene inhibited only the activity of CBASS type II-
Cin PAOI (Figure S5c), but its impact on the phage host range in the clinical strains is not clear since
¢Pa48 can only infect one (L1496) out of the two strains that carry CBASS Type II-C (Figure 2a,b,
Table S2). This outcome is possibly due to other defense systems that target @Pa48 in this strain.

Next, we focused on the anti-defense genes present within the bacterial genomes. We postulated that
an increased quantity of these anti-defense genes within a strain might lead to increased susceptibility
to our phage panel. To test this hypothesis, we performed a multiple linear regression analysis.
Surprisingly, we observed that the presence of known anti-defenses does not have a detrimental effect
on phage resistance of the host (r = 0.36, r2 = 0.13, p = 0.04). This may be linked to the regulation of
anti-defense gene expression in the host, as observed for Aca repression of Acrs (88). Among the anti-
defense genes identified in the strains (Figure S5b), only acbll was found to target a defense system
that was tested in PAOI. The acbll gene was found in strains L1347 and 16-547171, which carry the
CBASS Type II-C and II-A systems, respectively, and here it is in line with the expected infection
phenotype in four out of six cases (Figure 2a, Figure S5b). The suppression of acbll expression or
the presence of other defense systems may be the reasons why in two cases the bacteria can resist
phages despite having an anti-defense gene.

Overall, our findings underscore the intricate nature of phage susceptibility in natural settings, which
is likely influenced by the interaction between different defense and anti-defense mechanisms present
in both the strain and the phage.

Co-occurrence of defense systems with complementary specificities

Based on the observation that some defense systems provide distinct genera-specific anti-phage
activities (Figure 3), we hypothesized that combinations of defense systems may be advantageous for
cells by providing a wider protective range and would be a conserved feature in bacterial genomes to
efficiently achieve broader antiviral specificity. To test this hypothesis, we assessed the co-occurrence
(i.e. presence in the same genome) of defense systems in P. aeruginosa genomes in the RefSeq database
(n = 311), while taking phylogeny into account (89).

We found multiple defense system co-occurrences (147 out of 1317 (I11%) combinations tested,
Bonferroni-corrected binomial exact test statistic with a p-value < 0.01), seven of which involved
defense systems with anti-phage activity in this study (Table $6). Of these, six combinations have
complementary phage specificity, including: i) Druantia Type Il (Pbunavirus) and TerY-P
(Autographiviridae), ii) Druantia Type Il and Zorya Type | (Autographiviridae, Bruynoghevirus,
Casadabanvirus, Fiersviridae), iii) Druantia Type Ill and AVAST Type V (Phikzvirus), iv) AVAST Type V
(Phikzvirus) and QatABCD (Casadabanvirus, Pbunavirus), v) AVAST Type V and Zorya Type |
(Autographiviridae, Bruynoghevirus, Casadabanvirus, F), and vi) TerY-P (Autographiviridae) with CBASS Type
[I (Casadabanvirus, Pbunavirus). Druantia Type |l and CBASS Type |l have overlapping specificity for
Pbunavirus, with CBASS Type Il adding specificity to Casadabanvirus. A binomial test indicates that
complementary defense system combinations co-occurred significantly more often than expected
(Binomial test: n =7, x = 6, p = 26/56, P (X2x) = 0.042).

Overall, our analysis suggests that defense systems with complementary anti-phage activity co-occur
at a probability higher than by chance in P. aeruginosa genomes and could provide an advantage for
bacterial survival in phage diverse environments.
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Discussion

Bacterial strains carry numerous distinct phage defense systems in their genomes (63). We found that
P. aeruginosa strains carry at least 71% of all currently known defense systems, making this species a
versatile bacterial model to study phage immunology. Using a diverse set of clinical isolates of P.
aeruginosa, we observe that strains that have accumulated defense systems in their genome display
broad and robust immunity against phage infection.

By testing the activity of 14 defense systems against our phage panel, we observed that the majority (7
out of 9 active systems) of the defense systems tested in PAO| can protect the cell population at low
phage concentration (MOI <I), but not at high concentration (MOI 2 I). This phenotype could be
caused by the defense system being overwhelmed at high phage concentration, or by death or
dormancy of the infected cell (90) which serves as a means of protecting the cell population through
kin selection. In addition, we show that defense systems have anti-phage specificity that is often linked
to a few phage families or genera, suggesting that these defense systems employ a more general sensing
mechanism or that their effector is activated by other cellular responses. This is especially evident for
Zorya Type | and CBASS Type llI-C, which were effective against multiple distinct phage families. While
Zorya remains largely uncharacterized, the current knowledge of CBASS activation suggests a variety
of phage sensing strategies, including the recognition of peptides (HORMA domain) and dsDNA binding
(cyclase) in Escherichia coli CBASS Type IlI-C (79), binding of structured phage RNA in Staphylococcus
schleiferi CBASS Type I-B (91), and phage-driven depletion of folate-like molecules in Vibrio cholerae
CBASS Type Il (92).

Interestingly, we found that several pairs of the tested defense systems, which exhibit complementary
anti-phage specificities, co-occur in P. aeruginosa strains. We expect that these combinations of defense
systems could provide a broader range of phage protection through the complementary phage
specificities of each individual defense system. The complementary activities of naturally co-occurring
defense systems have also been found to enable resuscitation from defense system-induced bacterial
dormancy (R-M and CRISPR-Cas) (93) and to prevent plasmid dissemination in Vibrio cholerae El Tor
strains (DdmABC and DdmDE) (94), the latter proposing that defense system cooperation might play
a role in bacterial pathogenicity.

The strong correlation found between number of defense systems and phage resistance further
indicates that multiple defense system combinations are beneficial to cover the whole range of
predating phages. The importance of the number of defense systems in determining phage resistance
is further evidenced by the high levels of phage-resistance of five of our clinical isolates that encode
between I3 to |9 defense systems. Attempts to isolate phages from diverse wastewater samples
against defense-rich strains or to transform plasmid DNA proved more difficult, again pointing to the
strains’ inherent ability to defend well from incoming threats.

Importantly, our findings demonstrate the significance of the individual defense systems in predicting
susceptibility of P. aeruginosa strains to phages. However, factors such as genetic context, interactions
among defense systems (93, 95-97), the presence of unknown defense systems and anti-defense
mechanisms, will affect the outcome of phage infection. Further research is required to enhance the
predictive accuracy of genomic analysis, which could prove beneficial for ecological and evolutionary
studies.

Altogether, our results show that while phage host range has traditionally been linked to receptor-
associated factors (98), the number of defense systems is also a strong indicator of the susceptibility
of cells to phage in P. aeruginosa. Naturally occurring P. aeruginosa clinical strains with many defense
systems show an increased resistance to phages and may be selected for upon more widespread use
of therapeutic phages. Therefore, monitoring the evolution and spread of phage-resistant clinical
pathogens, and selecting or engineering phages with anti-defense properties may become instrumental
to combat antimicrobial resistance using phage.
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Materials and Methods

Bacteria

A set of 22 clinical isolates of P. aeruginosa provided by the University Medical Center Utrecht (UMCU)
was used for phage isolation and 32 for characterization of host range (Table S$2). The antibiotic
susceptibility of the strains was established using the broth microdilution method outlined by EUCAST
for determining the minimal inhibitory concentration and interpreted according to the EUCAST 2023
breakpoints (www.eucast.org). Escherichia coli strain Dh5a was used to clone plasmid pUCP20 with
individual defense systems. P. aeruginosa strains containing pUCP20 with individual defense systems
were constructed from P. geruginosa strain PAO|. All bacterial strains were grown at 37 °C in Lysogeny
Broth (LB) with 180 rpm shaking for liquid cultures, or in LB agar (LBA) plates for solid cultures. Strains
containing plasmid pUCP20 were grown in media supplemented with 100 pg/ml of ampicillin (for E.
coli) or 200 pg/ml of carbenicillin (for P. aeruginosa).

Bacteriophages

Phages used in this study are described in Table $3. All phages were isolated from sewage water.
Approximately | ml of sewage sample was added to 20 ml of LB, inoculated with 100 pl of overnight
cultures of each P. geruginosa clinical isolate, and incubated overnight at 37 °C with 180 rpm shaking.
Samples were centrifuged at 3,000 x g for 15 min and filter-sterilized (0.2 pm PES). The phage-
containing supernatant was serially diluted in LB and spotted onto double-layer agar (DLA) plates of
the isolation strains for the detection of phages. Single plaques with distinct morphologies were picked
with sterile toothpicks and spread with sterile paper strips onto fresh bacterial lawns. The procedure
was repeated until a consistent plaque morphology was obtained. Phages from purified plaques were
then produced in liquid media with their respective host, centrifuged, filter-sterilized, and stored as
phage lysates at 4 °C. For EOP and liquid infection assays (see below), phage stocks were obtained
from lysates prepared on PAOI and their concentration normalized to =Ix108 pfu/ml. Additional
efforts were made to isolate phages for the P. aeruginosa clinical isolates that exhibited the highest
phage-resistance. This involved using sewage water from various sources and following the enrichment
procedure outlined above, but with individual strains instead of mixtures.

Phage host range

Phages were |0-fold serially diluted in LB and spotted onto DLA plates containing each of the 32 P.
aeruginosa clinical strain used for phage characterization (Table S$2). The plates were incubated
overnight at 37 °C and the phage plaques were observed to distinguish productive infection (lysis with
individual phage plaques formed) from lysis from without (99) (lysis without individual phage plaques).
Efficiency of plating of phages in each clinical strain was determined by comparing phage titer to that
obtained in PAO| (for phages that infect this strain) or in the clinical strain with the highest phage titer
(for phages that cannot infect PAOI).

Adsorption assays

Early-exponential (optical density at 600 nm, ODeoo = 0.3) cultures of the P. aeruginosa clinical isolates
were added in triplicates to the wells of 96-well plates. Phages were added to these cultures at an MOI
of 0.01 and incubated at 37 °C with 100 rpm shaking for |5 min. The plates were centrifuged, and a
sample of the supernatant was taken, 10-fold serially diluted, and plated onto DLA plates of PAOI to
determine the titer of phages that did not adsorb to the clinical strain. A control plate in which phages
were added to LB was used to determine the total phage concentration. The concentration of adsorbed
phages was determined by subtracting non-adsorbed phage concentration from the total phage
concentration in the suspension. The percentage of adsorbed phages was calculated as the ratio
between adsorbed phages and total phages. Phages were considered to adsorb when over half of their
population on average adhered to the cells.
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Extraction of phage DNA and bacterial DNA

Phage DNA was extracted using phenol-chloroform. For this, 5 mL of each phage lysate at >10° pfu/mL
were treated with | pg/mL of DNase | and RNase for 30 min. Ethylenediaminetetraacetic acid (EDTA),
proteinase K, and sodium dodecyl sulfate (SDS) were added to the sample at final concentrations of
20 mM, 50 pg/mL, and 0.5% respectively, and the samples were incubated at 56 °C for | h. The samples
were then mixed with an equal volume of chloroform and centrifuged at 3,000 x g for 10 min. The
aqueous phase was recovered, and the procedure was repeated sequentially with a I:I mixture of
phenol:chloroform, and chloroform. The resulting aqueous phase was mixed with 0.1 volume of sodium
acetate 3M (pH 5) and 2.5 volumes of ice-cold absolute ethanol and incubated at -20 °C overnight. The
extracted DNA was pelleted at 14,000 x g for 15 min and washed in ice-cold 70% ethanol, before re-
suspending in ultrapure water. Bacterial genomic DNA was extracted using the GeneJET Genomic
DNA Purification kit (Thermo Fisher). The quality and quantity of extracted phage and bacterial DNA
were estimated using a NanoPhotometer and a Qubit fluorometer, respectively.

Phage genome sequencing

For samples sequenced at Beijing Genomics Institute (BGI) (Table S3), the phage genomic DNA was
fragmented by Covaris 55 pL series Ultrasonicator and used to construct DNA nanoball (DNB)-based
libraries by rolling circle replication. DNA was sequenced using the BGl MGISEQ-2000 platform (BGI
Shenzhen, China) with a paired-end 100 nt strategy, generating 4.6-19.2 Gb sequencing data for each
sample. For phage samples sequenced in-house, phage DNA was fragmented by Covaris M220 Focused-
Ultrasonicator, and libraries were prepared using the NEBNext Ultra || DNA Library Prep Kit. Size
distribution was checked on an Agilent DI000 Screen Tape System, and the libraries were pooled
equally and spiked with approximately 5% of the PhiX control library. The pooled library was
sequenced with an lllumina MiSeq using the MiSeq Reagent Nano Kit v2 (500-cycles). For samples
sequenced at the Microbial Genome Sequencing Center (MiGS, Pittsburgh, PA, USA), sample libraries
were prepared using the lllumina DNA Prep kit and IDT 10 bp UDI indices, and sequenced on an
lllumina NextSeq 2000, producing 2xI51 bp reads. Demultiplexing, quality control, and adapter
trimming were performed with bcl-convert (v3.9.3). Reads obtained for all samples were assembled
using Unicycler v0.5.0 (100). For samples sequenced in-house, the control PhiX was manually removed
from the assembled contigs using Bandage (/01/).

Bacterial genome sequencing

For samples sequenced at BGI (Table S2), the bacterial genome was fragmented by Covaris 55 pL
series Ultrasonicator and used to construct paired-end libraries with an insert size of 200-400 bp.
Bacterial genomes were sequenced on the BGISEQ-500 (MGI, BGI-Shenzhen) platform, generating |.4-
2.0 Gb sequencing data for each sample with a sequencing depth >100x. Reads were checked for
contamination using kraken2 (/02) and only considered for further analysis if >90% of the reads
identified as P. aeruginosa. Quality control of the raw data was performed using FastQC (/03) with
default parameters. For samples sequenced at MiGS, sequencing was performed as described above
for phages. Reads obtained for all samples were assembled using Unicycler and the assembly quality
was assessed using assembly-stats.v1.0.1 (/104) and BUSCO.v4 (/05) (pseudomonodales_odb10), and
the GC% was calculated using bioawk (https://github.com/Ih3/bioawk). The sequencing depth was
calculated using minimap2 (/06) and samtools mpileup (/07, 108).

Bacteria genome annotation and phylogenomic

Bacterial genomes of the clinical strains were annotated using Prodigal (/09). The genomes were used
to determine the multi-locus sequence type (MLST) of the strains using the PubMLST website
(https://pubmlst.org/) (/10), and the serotype using the P. aeruginosa serotyper PAst
(https://github.com/Sandramses/PAst). A total of 31| complete P. aeruginosa genomes were
downloaded from RefSeq in February 2022. A phylogenetic tree of the core genome of P. aeruginosa
was constructed using Parsnp (/1) with default parameters using P. aeruginosa strain PAOI
(NC_002516.2) as the reference genome. Parsnp aligns microbial genomes to identify both structural
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and point variations by searching for maximal unique matches (MUMs) to produce a core-genome
alignment. SNPs in this core-genome alignment are filtered by Parsnp based on repetitive sequences,
small locally collinear blocks (LCB) size, poor alignment quality, poor base quality, and possible
recombination events. The final alignment was given to FastTree2 for the construction of the
phylogenetic tree. Phylogeny groups were determined as previously described (64). The number of
complete prophages present in RefSeq and clinical strains was predicted with virsorter2 v2.2.4(112),
checkv v1.0.1 (/13) (end_to_end with checkv-db-vl.0) and a second round of virsorter2 v2.2.4,
following the protocol described in https://www.protocols.io/view/viral-sequence-identification-sop-
with-virsorter2-5qpvoyqebg4o/v3. Superinfection exclusion was considered when the prophage and
temperate phage shared a nucleotide similarity of pident >90% and coverage > 85%.

Phage genome annotation, taxonomy and phylogenomic

Phage genomes were annotated using the RAST server (//4), the start of the phage genome was
determined using PhageTerm (/15), and partial genes were manually verified and removed. The phage
lifestyle was predicted using PhageAl (/16). Phages from our collection were classified taxonomically
using GRAViTy (117). Phage diversity was evaluated using vConTACT?2 (66) with the default settings
and the ProkaryoticViralRefSeq94-Merged database, specifically selecting for P. aeruginosa phage
genomes. The output of vConTACT2 was visualized in a circular layout using Cytoscape (/ [8). Phages
within the same family/genus were compared using clinker (/19) for their similarity in gene structure,
and on sequence level using blastn (/20).

Detection of defense systems in bacterial genomes

Defense systems were detected in the P. ageruginosa genomes of RefSeq and clinical isolates with
PADLOC-DB v1.4.0 (121), DefenseFinder (63), and the HMMs with completeness rules and thresholds
as applied in Gao et al (2020) (/22). In addition, the representative sequences provided by Rousset et
al (2023) (123) were used to search for the defense system Detocs described in this work. Homology
searches were performed via blastp (/120) ( > 0.7 subject length / query length < 1.5 ; 0.7 > query
coverage < |.3; evalue < le-9). Systems were considered complete when all genes were present
without more than 2 genes in between. In case of discrepancies between the algorithms, we considered
the output reporting the most hits. For PADLOC, we excluded defense systems of the “other”
categories. For DefenseFinder, we excluded results of defense systems that were not discriminated
into subtypes, e.g. BREX.

In addition, a manual search of the neighborhood of the defense systems identified by the algorithms
led to the identification of a variant of the TerY-P system that contained all three genes and
corresponding functional domains of the original system (/22). The new TerY-P sequences were used
to search for this variant in the bacterial genomes using blastp with evalue < 2.34e-29 and pident > 30.
Systems were considered complete when all genes were present with less than 3 genes in between.

Detection of CRISPR-Cas I-F and I-E spacers targeting phages from our collection
Spacers were detected in the bacterial genomes using CRISPRDetect (/24), and were mapped to our
phage collection using blastn (word size = 8; evalue = |; query coverage > 90; pident > 90; no gaps;
maximum of | mismatch allowed). The non-target strand PAM (5’-CC for I-F, 5-AAG for I-E) was
manually checked, with a +1 or -1 PAM slippage allowed for |-F (68). Spacers with a matching PAM and
protospacer were categorized as interference-proficient, while spacers with a PAM slippage or up to
five protospacer mutations (with correct PAM) were categorized as priming-proficient spacers.

Detection of anti-defense genes in bacteriophage and bacterial genomes

Acrs were detected using AcrFinder (/25). For the detection of anti-RM (ardA (83), kicA (84), ardB,
ocyA, ocr, darA, darB (85)), anti-CBASS Type | (acbl) (86), anti-CBASS Type Il (acbll) (73), anti-Pycsar
(apyc) (86), anti-TIR-STING (87), and anti-AVAST (lidtsur-6, lidtsur-17, forsur-7, penshul-7, usur-3,
smaarsur-6, and mellemsur-6) (21) genes, we first searched for P. aeruginosa homologs using PSI-BLAST
(126) (maximum of 3 runs with 500 sequences; coverage > 60%, pident > 20%). Homolog functionality
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was checked using HMMer (/27) and HHpred (/28). P. aeruginosa homologs were only found for anti-
defense genes acb | and acbll. These homologs were searched for in our phage and bacterial genomes
with the use of blastp (evalue < 10”-8; pident > 30; coverage > 60%; 2.0 < subject length / query length
> 0.5). For genes with no P. aeruginosa homologs, we created an HMM from the multiple alignment file
obtained from the PSI-BLAST search above, using hmmbuild v3.3.2 (127) with default settings. These
HMMs were used to search for the anti-defense genes in our phage and bacterial collections (evalue <

107-6). All hits obtained were checked for the presence of the expected functional domains by HMMer
and HHpred.

Co-occurrence of defense systems

Coinfinder (89) was used for detecting the co-occurrence of defense systems in the P. aeruginosa
genomes of the RefSeq database, using the Parsnp (66) phylogenetic tree as input. We calculated the
percentage of overlapping (for at least | phage) and complementary combinations in our set of tested
defense systems. For this analysis, we combined the two CBASS type Il subtypes (A and C) since our
co-occurrence analysis in the RefSeq database was performed on the combination of all CBASS type Il
subtypes. A binomial test was then performed to test if the frequency of co-occurring complementary
defense systems deviated from the expected.

Cloning of defense systems in PAO|I

Defense systems were amplified from P. aeruginosa strains using the primers indicated in Table S7
with Q5 DNA Polymerase (New England Biolabs), in reactions that added regions of homology to
plasmid pUCP20. PCR products were run on 1% agarose gels and bands of the desired size were
excised and cleaned using the Zymoclean Gel DNA Recovery Kit. Plasmid pUCP20 (pEmpty, Table
S$8) was digested with BamHI and EcoRl, treated with FastAP (Thermo Scientific), and cleaned with
the Zymo DNA Clean & Concentrator Kit. Each defense system was cloned into pEmpty 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
Gene)ET Plasmid Miniprep kit, confirmed by sequencing (Macrogen, primers in Table $7), and
electroporated into PAOI as previously described (/29). Briefly, an overnight culture of PAOI was
centrifuged at 16,000 x g for 2 min at room temperature, and the pellet was washed twice and
resuspended in 300 mM of sucrose. The suspension was mixed with 100-500 ng of plasmid DNA and
electroporated at 2.5 kV in a 2 mm gap electroporation cuvette. Cells were recovered in LB for 1-2 h
at 37 °C and plated in LBA plates supplemented with 200 pg/ml of carbenicillin.

Cloning of anti-defense gene acbll into PAOI

Gene acbll was amplified from oPa48 using the primers indicated in Table S7 with Q5 DNA
polymerase, in reactions that added regions of homology to plasmid pSTDesR (/30). Plasmid pSTDesR
was amplified with the primers indicated in Table S7 and digested with Dpnl (New England Biolabs)
for Ih at 37 °C. PCR products were run on |% agarose gels and bands of the desired size were excised
and cleaned using the Zymoclean Gel DNA Recovery Kit. Gene abcll was cloned into the amplified
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, confirmed by sequencing (Macrogen, primers in
Table S7), and electroporated into PAOI.

Efficiency of plating

The 108 pfu/ml phage stocks were 10-fold serially diluted in LB and the dilutions were spotted onto
DLA plates of PAOI, or DLA+carbenicillin plates of PAOI with pEmpty or PAOI with individual
defense systems following the small plaque drop assay (/31). The phage dilution that resulted in
countable phage plaques was used in double-layer overlay plaque assays (/32) with PAOI, PAOI with
pEmpty, or PAO| with the defense systems. The anti-phage activity of the systems was determined as
the fold reduction in phage plaques in comparison to the number of plaques obtained in the
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PAO |:pEmpty control. The diameter of the phage plaques was measured to determine differences in
plaque size caused by the defense systems.

Infection dynamics of phage-infected cultures

Bacterial cultures of PAO| with pEmpty or with individual defense systems at an ODe¢oo = 0.1 were
infected with phage at an MOI <I. The cultures were incubated at 37 °C with rocking, and samples
were taken at Oh, 2h, 4h, and 6h to measure phage concentration. The sample was centrifuged at 3,000
x g for 5 min, and the phage-containing supernatant was |0-fold serially diluted and spotted onto DLA
plates of PAOI to estimate phage concentration.

Liquid culture collapse assays

Overnight grown bacteria were diluted to an ODgoo of approximately 0.1 in LB media. The cell
suspension was distributed into the wells of 96-well plates, and phages were added at MOls of 10, 0.1,
0.01, and 0.001). Assays were performed in triplicates. The plates were incubated at 37°C in an Epoch2
microplate spectrophotometer (Biotek) for ODgwo measurements every 10 min for 24h, with double
orbital shaking. The growth rate of uninfected cells carrying the empty plasmid and each defense system
was determined by comparing the OD measurement at the beginning of the log phase (ODI at 3h) to
that at the end (OD2 at 6h), using the natural log: In((OD2-ODI) / (t2 — tl)). The growth rate of the
cells carrying defense systems was compared to that of the cells carrying an empty plasmid using the
Kruskal-Wallis test followed by Dunn’s post-hoc test.

Sequencing of phage-infected bacterial strains

The genomic DNA of bacterial strains infected with phage for 6h was extracted using the GeneJET
Genomic DNA Purification kit. The quality and quantity of extracted phage and bacterial DNA were
estimated using a NanoPhotometer and a Qubit fluorometer, respectively. The bacterial genome was
sequenced at Plasmidsaurus (US). 5% of the reads with the lowest quality were filtered out using Filtlong
v0.2.1 (default) (/33). Miniasm v0.3 (/34) was used to create a first draft of the assembly using a 250
Mb subset of reads. Low quality reads were removed until a sequence depth of around 100x was
achieved. Reads were assembled using Flye v2.9.1 (135) with parameters selected for high quality ONT
reads. Polishing of the  assembly = was  conducted using Medaka  vI1.8.0
(https://github.com/nanoporetech/medaka) with the reads. Blastn v2.14.1 (/20), with query coverage
> 70% and pident > 70% was used to search for integrated temperate phages. Temperate phages were
considered integrated in instances where the contig was at least 30% larger than the phage itself.

Fluorescence microscopy of defense systems

Exponentially growing (ODe¢oo = 0.3) cultures of PAOI strains containing pEmpty or the defense
systems were infected with phage at an MOI of = 3, and the phage was adsorbed for 10 min at 37 °C.
Cells were centrifuged at 9,000 x g for | min, and the cell pellet was re-suspended in 5 pL of | yM of
propidium iodide. The stained cells were spotted onto 1% agarose pads (/36), and visualized using a
Nikon Eclipse Ti2 inverted fluorescence microscope equipped with a 100% oil immersion objective
(Nikon Apo TIRF; 1.49 numerical aperture). Time-lapse phase-contrast (CD Retiga RI) and
fluorescence images (after excitation with a 561 nm laser 2000 609/54 bandpass filter, EM-CCD Andor
iXON Ultra 897) were acquired every 5 min using Metamorph.

Statistical analysis

Unless stated otherwise, data are presented as the mean of biological triplicates * standard deviation.
All correlation analysis were determined by linear (multiple) regression models using the Im function
of R, and p-values were adjusted with the Bonferroni post-hoc test. The significance of differences
between phylogenetic groups was determined using the Kruskal-Wallis test with Dunn’s post-hoc test,
while the differences in infection dynamics were determined by two-way ANOVA followed by Sidak’s
multiple comparison test. For all statistical analysis, a significance level of 0.05 was used.
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Figure S1. Phylogenomic analysis of P. aeruginosa strains. (a) Maximum likelihood phylogenetic tree of P. aeruginosa
strains built using core genome SNPs mapped to the reference strain PAO| (NC_002516.2) using Parsnp and corrected for
branch length with ClonalFrameML to account for recombination. Circles and squares indicate the positions of clinical strains
in phylogenetic groups | and 2, respectively, and are colored based on the number of defense systems present in each strain.
(b) Comparison of the number of defense systems found in the RefSeq P. aeruginosa genomes among phylogenetic groups.
(c) Comparison of defense systems in the genomes of the 32 clinical strains among phylogenetic groups. (d) Comparison of
the number of infecting phages in the genomes of the clinical strains among phylogenetic groups. For panels (b), (c), and (d),
statistical analysis was 3 determined using the Kruskal-Wallis test with Dunn’s post-hoc test, with a significance value of 0.05.
(e) Diversity of defense systems and (f) number of defense systems per genome in P. aeruginosa strains from the RefSeq
database of phylogeny group |. (g) Diversity of defense systems and (h) number of defense systems per genome in RefSeq
P. aeruginosa of phylogeny group 2. (i) Diversity of defense systems and (j) number of defense systems per genome in RefSeq
P. aeruginosa of phylogeny group 3. In panels (e), (g), and (i), the defense systems are organized from most (left) to least (right)
prevalent and colored according to the abundance in Figure la. In panels (f), (h), and (j), the median number of defense
systems is shown in red.
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Figure S2. Diversity of the phage panel used in this study. P. aeruginosa phages were clustered using vConTACT?,
based on guilt-by-contig-association classification of genomic sequences, and visualized in Cytoscape. The phage families and
genus are indicated in italics, and the phages from the collection are highlighted in purple.
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Figure S3. Gene architecture and sequence similarity among phages within the same family or genus. Gene
cluster comparisons (left) and percentage identify and similarity scores (right) for (a) Autographiviridae, (b) Bruynoghevirus, (c)
Unknown, and (d) Pbunavirus.
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Figure S4. Linear regression analysis of correlation between different variables and phage resistance in P.
aeruginosa. (a) Host range of phages against 32 clinical 7 isolates of P. aeruginosa and strain PAOI. Phages are clustered by
phylogeny. Phage-bacteria interactions are depicted as infection (blue), adsorption (>90%) but no infection (orange), or no
interaction (white). Letters above the phage numbers indicate family or genus (for phages unassigned to a family): A,
Autographiviridae; B, Bruynoghevirus; C, Casadabanvirus; Dt, Detrevirus; F, Fiersviridae; K, Phikzvirus; M, Mesyanzhinowviridae; Pb,
Pbunavirus; Sa, Samunavirus; Sc, Schitoviridae; Z, Zobellviridae; U, unassigned. Linear regression analysis considering all 28 phages
of the panel for (b) genome size and number of prophages; (c) number of defense systems and number of prophages; (d)
percentage of infecting phages and number of prophages; (e) genome size and number of defense systems. Linear regression
analysis considering all 28 phages and adsorption at a conservative level of 90% for (f) percentage of adsorbing phages that
can establish a productive infection (% Qnfecting / (PAdsorbing + @Infecting)) and number of defense systems; (g) percentage of
adsorbing phages that can establish a productive infection and genome size; (h) percentage of adsorbing phages that can
establish a productive infection and number of prophages. Linear regression analysis considering a selection of representative
phages for (i) percentage of infecting phages and number of defense systems; (j) percentage of adsorbing phages that can
establish a productive infection (% Qinfecting / (PAdsorbing + Qinfecting)) and number of defense systems; (k) percentage of adsorbing
phages that can establish a productive infection and genome size; (I) percentage of adsorbing phages that can establish a
productive infection and number of prophages. r2 represents adjusted R-squared, a goodness-of-fit measure for the linear
regression models. Representative phages include @Pal, @Pa2, @Pa8, ¢Pal2, ¢Pa28, ¢Pa34, ¢Pa36, ¢pPa39, ¢pPa42, @Pa45,
¢Pa47, pPa48, pPa53, and @PP7.
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Figure S5. Role of adaptive immunity, superinfection exclusion, and anti-defense genes in defining the phage
host range in P. aeruginosa. (a) Spacers found in the clinical isolates to match the phages in our panel. Spacers that have
a matching protospacer adjacent motif (PAM) and protospacer are labelled as interference-proficient, indicated by white
circles. Spacers with a +1 slipped PAM or with up to 5 protospacer mutations are labelled as priming-proficient, indicated by
blue circles. Superinfection exclusion occurrences are 9 denoted with a star symbol when a strain carries a prophage that
resembles a temperate phage in the phage panel, with a pident >90% and coverage >85%. Phage-bacteria interactions are
depicted as infection (blue), adsorption but no infection (orange), or no interaction (white). Letters above the phage numbers
indicate family or genus (for phages unassigned to a family): A, Autographiviridae; B, Bruynoghevirus; C, Casadabanvirus; Dt,
Detrevirus; F, Fiersviridae; K, Phikzvirus; M, Mesyanzhinowviridae; Pb, Pbunavirus; Sa, Samunavirus; Sc, Schitoviridae; Z, Zobellviridae;
U, unassigned. (b) Anti-defense genes found in the genomes of the clinical isolates are indicated with an inverted triangle in
the position corresponding to the defense system potentially affected by the anti-defense gene. The number of instances of
each defense system type per strain is indicated in yellow, orange, or red for I, 2, or 3 respectively. The total number of
defense systems found per strain is indicated in a heatmap bar on the right. The complete list of spacers and anti-defense
genes found in the clinical strains and phages can be found in Table $4 and Table S5, respectively. (c) Spot test of phage
¢Pa33 onto top agar lawns of PAO| with empty plasmid (control), CBASS Type II-C, or CBASS Type II-C with Acb2.
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Figure Sé6. Individual defense systems cloned in P. aeruginosa strain PAOI. (a) Gene composition and functional
domains of the 14 defense systems cloned into P. aeruginosa strain PAOI. (b) Growth of PAOI strains containing individual
defense systems. The maximum growth rate, L, is shown next to the defense system name in the legend. No toxic effect is
observed in cell growth, as measured by optical density at 600 nm.
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Figure S7. Effect of individual defense systems on phage infection dynamics in P. aeruginosa PAO|. (a) Graphical
representation of the infection dynamics performed with phages representative of the families targeted by each defense
system. Results are shown as the mean * standard deviation of the phage concentration measured at 12 0-, 2-, 4-, and 6-
hours post-infection of the cells containing an empty plasmid (control) or defense system. Statistically significant differences
(p < 0.01) were determined by two-way ANOVA followed by Sidak’s multiple comparison test and are indicated with *. (b)
Heatmap summarizing the results of the infection dynamics assay. The heatmap shows the maximum fold reduction in phage
concentration obtained during the infection dynamics assay. Letters above the phage numbers indicate family or genus (for
phages unassigned to a family): A, Autographiviridae; B, Bruynoghevirus; C, Casadabanvirus; F, Fiersviridae; K, Phikzvirus; M,
Mesyanzhinowviridae; Pb, Pbunavirus; U, unassigned.
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Figure S8. Effect of individual defense systems on bacterial growth during phage infection. Graphical
representation of the bacterial growth upon infection with phage representatives of the families targeted by each defense
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or defense system (DS), uninfected or infected with phage at a multiplicity of infection (MOI) of 10 or 0.01.
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The following supplementary files are available online at doi: 10.1126/sciadv.adj0341

Table S1. Matrix of defense systems identified in the 31| RefSeq genomes of P. aeruginosa.

Table S2. Features of the clinical isolates of P. aeruginosa used in this work, including defense system
presence.

Table S3. Features of the P. aeruginosa phages used in this study.

Table S4. List of CRISPR-Cas Type I-F and I-E interference-proficient and priming-proficient spacers
found in the clinical isolates of P. aeruginosa to target phages from our collection.

Table S5. Anti-defense genes found in our collection of P. aeruginosa clinical strains and phages.

Table Sé. Co-occurrence of defense systems in the P. aeruginosa genomes of the RefSeq database
identified by Coinfinder.

Table S7. List of primers used in this work.

Table S8. List of plasmids used in this work.
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R2-type pyocins are associated with phage defense

To survive the constant phage predation, bacteria encode phage defense systems. Over 200 phage
defenses have been identified to date, yet it remains unknown whether this is the full extent of the
bacterial immune response. ldentification of additional phage defense systems is important for
understanding the bacterial immunity against phages. In this study, we searched for previously
unknown phage defense systems through genome-wide association studies (GWAS) using the phage-
sensitivity profiles of 33 Pseudomonas aeruginosa bacterial strains for 28 Pseudomonas phages. We
identified only one gene cluster that significantly associates with phage resistance. This gene cluster is
an R2-type pyocin, a phage tail-like bacteriocin that lyses nearby cells and is released during stress
conditions and bacterial conflict. We propose the hypothesis that these pyocins may convey phage
defense by lysing phage-infected kin.

This chapter has been a collaborative effort by
van den Berg, D. F., Fierlier, D., & Brouns, S. ]. J. (2025).
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Introduction

Bacteria are under constant predation from their viruses, phages (49). These phages infect bacteria to
replicate themselves and lyse the bacterial host in the process (49). To protect themselves, bacteria
evolved a multitude of phage defenses (49). To date, more than 200 bacterial phage defenses have been
discovered, including the well-known CRISPR-Cas systems, as well as the more recently discovered
phage defense systems (59, 122, 137-142). Despite the immense number of discovered phage defense
systems, the full extent of the phage defense repertoire of bacteria remains unknown. Identification of
these unknown phage defense systems is key for understanding how bacteria become resistant to
phages, particularly for using phages to treat bacterial infections (/43).

A multitude approaches have been used to search for these unknown phage defenses, including guilt-
by-association studies, which leverages that genes with similar functions often co-localize within the
bacterial genome (59, 122, 137-142). As well as functional screens such as transposon insertion assays,
where transposon insertions result in the loss of phage resistance of the host (/44). However, analytic
phenotype-driven approaches such as using the phage-sensitivity profiles of a set of bacterial strains to
discover novel phage defenses is yet to be applied. Where the presence of specific genes is associated
with an increased resistance to a specific phage, also known as genome-wide-association studies
(GWAS) (145).

Here, we set out to perform such a GWAS approach on the phage-sensitivity-profiles of Pseudomonas
aeruginosa bacterial strains for 28 diverse Pseudomonas phages to correlate the presence of certain
bacterial genes with a change in phage sensitivity (EOP) (146).

Results and discussion

The GWAS using linear models that were implemented by pyseer (/47). To take the phylogeny into
account, we also included a phylogenetic tree, that was creation from the core genes of our set of P.
aeruginosa strains using panaroo, into the linear model (/48). From this analysis, 13 genes (Table S1)
were predicted to affect the phage sensitivity of the P. aeruginosa strains (Figure la,b). These genes
were associated with the gain of resistance against Pseudomonas phage vB_PaeP_FBPa39 (®Pa39), a
phage that is part of the Bruynoghevirus genus with a podophage morphology (146). To our surprise, all
these genes were found to be part of the same gene cluster that encodes of a R2-type pyocin, suggesting
that R2-type pyocins are involved in the phage defense of P. aeruginosa isolates (Figure lc, S1) (149-
153).

R2-type pyocins are phage-like particles that have lost their ability to replicate and only consist of a
phage-tail (Figure 1d) (/49-152). R2-type pyocins originate from ancient P2-phages and are released
during bacterial conflict to lyse competing bacterial strain (/53). The possible involvement of R2-type
pyocins in phage defense suggests that R2-type pyocins are also important during bacterial-phage
conflict, where ancient phage remnants provide phage defense against new phage infections.

Apart from the phage-tail genes of the R2-type pyocin, the neighbouring genes of this gene cluster
encode for essential functions for the pyocin as well, including genes that regulate its expression and
translation, and the lysis machinery (Figure S1) (/149-153).

The prevalence of R2-type pyocins is widespread in P. aeruginosa and are encoded in more than half of
the strains in our collection (73%). In instances where the phage ®Pa39 adsorbs to the host, defense
is observed in 14 out of |7 instances (82.4%), while R2-pyocin (-) strains, only 2 out of 7 instances
show defense (28.6%), giving an increased resistance profile for R2-pyocin (+) strains by 2.7-fold
(76.5/28.6) (Table SI & Figure Ic). A similar trend is observed for other Bruynogheviruses in the
collection, including ®Pa5 and ®Pa29, which show an increase of 1.2 and |.5-fold, respectively. In
contrast, other phages with the podophage morphology in our collection are more effective at infecting
R2-type pyocin (+) strains compared to R2-type pyocin (-) strains, these phages infect these strains at
least 30% more often.
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Discussion

How R2-type pyocins may confer phage defense remains unresolved. It is possible that the phage
defense is conveyed by lysing the host before the infecting phage can replicate itself. Another possible
explanation is that pyocins lyse nearby phage-infected cells and thereby terminating the phage infection.
An argument against this hypothesis is that R2-type pyocins are not able to lyse other closely related
bacteria under normal conditions (/54). However, prior work has also shown that P. aeruginosa strains
that are undergoing an SOS-response become sensitive to R2-type pyocins, even when these strains
are closely related to each other (/54). Notably, this same SOS-response is frequently triggered by
phage infection, including during the infection of Bruynogheviruses such as phage ®Pa39, which R2-type
pyocins are predicted to act against (/55). Furthermore, the SOS-response pathway also induces the
production and release of pyocins themselves (/52).

Together, we propose the hypothesis that R2-type pyocins are produced and released upon phage
infection and provide phage defense through lysing the host and nearby bacteria that are phage-infected,
while non-infected kin are unaffected (Figure le).
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Figure |. R2-type pyocins are associated with phage defense. (a) The gene presence and absence of 32 P.
aeruginosa clinical isolates and strain P. aeruginosa strain PAOI. As well as the host range of their phages. Phage-
bacteria interactions are depicted as infection (blue), adsorption (>50%) but no infection (orange), or no
interaction (white). Letters above the phage numbers indicate family or genus (for phages unassigned to a family):
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M, Mesyanzhinovviridae; Pb, Pbunavirus; Sa, Samunavirus; Sc, Schitoviridae; Z, Zobellviridae; U, unassigned. (b)
Statistical results of the GVWAS-analysis, depicting each variable gene within the P. aeruginosa collection based on
its strength correlation with phage defense (Beta) with their statistical significance (-Logio p-value). Significantly
correlating genes are shown in yellow, while non-significant genes are shown in blue. (c) The phage sensitivity of
R2-type pyocin (+) and (-) strains in respect to phage vB_PaeP_FBPa39. (d) The gene composition and
neighbourhood of the R2-type pyocin in P. aeruginosa strain PAOI. Depicted are the R2-specific genes (blue) and
its regulatory and lysis machinery (yellow), while also showing the core genes of the host (grey). (e) Our
proposed mechanism of action that R2-type pyocins lyse phage infected cells, resulting in the termination of the
phage infection.

Conclusion

We identified R2-type pyocins as a predicted phage defense system through genome-wide association
studies (GWAS) using the phage-sensitivity profiles of 33 P. aeruginosa bacterial strains for 28
Pseudomonas phages. We propose the hypothesis that these R2-type pyocins are released in response
to phage infection and provide phage defense to nearby bacteria by lysing phage-infected kin. Further
experimental exploration is required to determine the precise involvement of R2-type pyocins in phage
defense.

Materials and Methods

Genome-wide association study of phage defense-associated genes

All genome assemblies from the set of clinical isolates of P. aeruginosa used in the study of Costa et al.
(2024) were downloaded (/46). As well as the infectivity (EOP) data of each of the phages in the
collection against these strains, which is present in the supplementary data.

To perform the GWAS, prokka v1.14.6 (156) was run on all the assemblies, followed by the creation
of a presence/absence matrix and an alignment of the core genes using panaroo vI.5.1 (/48). This
alignment was then used to create a phylogenetic tree using |Q-Tree2 v2.4.0 (--alrt 1000, -B 1000 -m
TEST) (157). To perform the association between the gene presence/absence matrix and the infectivity
of the phages in the collection, pyseer v1.3.12 (147) was applied to estimate these effects using linear
models, which took the phylogeny of the strains into account. The found associations were then
adjusted for multiple testing using the Bonferroni correction. An adjusted p-value lower than 0.05 was
seen as significant.

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.
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Figure SI. The R2-type pyocin genomic context. R2-type pyocin gene region. Shown are the |3 genes of R2-type
pyocin that encode for the R2-type pyocin particle (blue), as well as the pyocin regulation and lysis genes (yellow). Lastly, the

core genes of the host (grey) are indicated.

Gene ID Annotation p-value adj. p-value R? Beta | Beta-SE | MAF Defense against
PA0615 Collar 0,000148 0.0389 0922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0616 Spike 0,000148 0.0389 0,922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0617 | Sheath initiator | 0,000148 0.0389 0,922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0618 Tril 0,000148 0.0389 0,922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0619 Tri2 0,000148 0.0389 0922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0620 Tail fibre 0,000148 0.0389 0922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0622 Sheath 0,000148 0.0389 0,922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0623 Tube 0,000148 0.0389 0,922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0624 Hypothetical 0,000148 0.0389 0,922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0625 Tape measure 0,000148 0.0389 0,922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0626 Ripcord 0,000148 0.0389 0922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0627 LysM (glue) 0,000148 0.0389 0,922 | -844 12,5 0,5 vB_PaeP_FBPa39
PA0628 Hub 0,000148 0.0389 0922 | -844 12,5 0,5 vB_PaeP_FBPa39

Table SI. Genes that significantly correlate with phage defense. Shown are the |3 genes that that
significantly (adjusted p-value <0.05) associate with phage defense, from a genome-wide association study
(GWAS) that used the phage-sensitivity profiles of 33 P. aeruginosa bacterial strains for 28 Pseudomonas phages.
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Bacterial homologs of innate eukaryotic
antiviral defenses with anti-phage activity

Prokaryotes have evolved a multitude of defense systems to protect against phage predation. Some
of these resemble eukaryotic genes involved in antiviral responses. Here, we set out to systematically
project the current knowledge of eukaryotic-like antiviral defense systems onto prokaryotic genomes

using Pseudomonas aeruginosa as a model organism. Searching for phage defense systems related to

innate antiviral genes from vertebrates and plants, we uncovered over 450 candidates. We validated
six of these phage defense systems, including factors preventing viral attachment, R-loop-acting
enzymes, the inflammasome, ubiquitin pathway, and pathogen recognition signalling. Collectively,
these defense systems support the concept of deep evolutionary links and shared antiviral
mechanisms between prokaryotes and eukaryotes.

A modified version of this chapter has been published as
van den Berg, D. F.*, Costa, A. R*, Esser, . Q.* Stanciu, |., Geissler, J. Q., Zoumaro-Djayoon, A. D.,
Haas, P., & Brouns, S. J. J. (2024). Bacterial homologs of innate eukaryotic antiviral defenses with anti-
phage activity highlight shared evolutionary roots of viral defenses.

Cell Host & Microbe, 32(8), 1427-1443.
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Introduction

Prokaryotes are subject to persistent predation by bacteriophages, driving the evolution of diverse
host defense systems and phage-encoded countermeasures to evade these defense systems (52). This
ongoing arms race relies on the rapid turnover of defensive and counter-defensive mechanisms (40,
61), and is facilitated by mobile genetic elements (MGEs) that encode the large majority of the known
anti-phage defense mechanisms (/58). These MGEs integrate into genetic hotspots within the genome,
known as defense islands (8, 61, 122, 146, 158-161). Searching for new defense systems within these
defense islands has significantly expanded our understanding of the prokaryotic immune repertoire,
leading to the discovery of more than 100 defense mechanisms in the past six years (10, 122, 141, 159,
160).

A few of these defense mechanisms exhibit a striking resemblance to eukaryotic genes involved in
antiviral response, such as Toll/interleukin-I receptor (TIR), Argonaute, Gasdermin, cyclic GMP-AMP
synthase (cGAS), and Dynamin-like (Mx) proteins (38, 159, 160, 162-167). These findings highlight
shared evolutionary strategies in the context of the perpetual struggle against viral pathogens, bridging
the gap between prokaryotic and eukaryotic immune systems. Further investigating the link between
prokaryotic and eukaryotic immune systems can provide valuable insights into the evolutionary origins
and underlying mechanisms of eukaryotic immune responses.

Motivated by these factors, we set out to systematically project the current knowledge of eukaryotic-
like antiviral defense systems onto prokaryotic genomes using Pseudomonas aeruginosa as a model
organism, a bacterium known for its exceptional diversity and abundance of defense systems (63, /46,
161). Here, we report the first instance of inositol-monophosphate phosphatase Hermes (IMPase), a
plant-tolerance-like factor, which provides anti-phage defense via modifications of the cell surface that
prevent viral adsorption. We also report a DNA replication helicase/nuclease 2 (DNA2)-containing
anti-phage defense protein (Prometheus) that is similar to eukaryotic antiviral R-loop acting enzymes,
important components of the innate immune system of various eukaryotes (168-179). In addition, we
discovered four new eukaryotic-like anti-phage defense systems, two of which are like antiviral
inflammasome components featuring a new clade of NACHT domain-containing proteins with a distinct
architecture and two novel anti-phage effectors: NucS and SfsA (bNACHT Erebus and bNACHT
Hypnos). Moreover, we discovered another new defense system that contains eukaryotic-like
ubiquitin-related components, consisting of a fused EI-E2-JAB protein combined with a metallo-beta-
lactamase fold (MBL-fold) protein (6A-MBL). This defense system is a distant homolog of the pathogen
receptor signalling of Toll-like receptors and introduces a new subtype of the TIR-containing Thoeris
anti-phage defense family. Thoeris type lll is characterized by the presence of a ThsB-like protein with
a novel NucS endonuclease effector domain and an uncharacterized SLOG domain protein from a
lineage not previously linked to Thoeris systems.

These newly identified defense systems can be found in up to || bacterial phyla, being the most
prevalent among Proteobacteria, and enhance our understanding of the complex connection between
bacterial and eukaryotic immune systems.

Results

Eukaryotic-like antiviral homologs show anti-phage activity

To identify new eukaryotic-like defense systems in P. aeruginosa, we used the entire set of
experimentally verified protein sequences associated with eukaryotic innate immunity from the
InnateDB (/80) as our starting database (n = 10,139), including Homo sapiens (n = 7,886), Mus musculus
(n = 2,100), and Bos taurus (n = 153) (Table SI). Additionally, we applied DRAGO3 (/8/) to search
for plant pathogen recognition proteins and a custom literature-based list of functional domains
associated with plant and vertebrate innate immunity (Table S1). We used this starting set of proteins
as a seed to identify all eukaryotic homologs included in Eukprot (/82) with the use of MMseqs2 (easy-
cluster) (/83) and subsequently built an HMM protein signature from an average of 218 sequences for
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each validated innate immune protein. By applying these signatures to all representative proteins within
regions of genomic plasticity of P. aeruginosa, we identified 757 homologs, indicating that |1.2% of the
representative genes within the overall pangenome of P. ageruginosa exhibit similarity to eukaryotic
proteins associated with innate immunity (Figure la, Table S2).

To narrow down the selection of these eukaryotic homologs for testing possible antiphage activity, we
focused on gene clusters that occur in the proximity of known defense systems. The resulting 457
homologs contained a large range of functional domains, including the most abundant type lll restriction
enzyme (RESIIl) and DEAD/DEAH box helicase (DEAD). These two functional domains are also
present within the most notable nucleotide-acting antiviral defenses within eukaryotes, including RIG-
| and DICER (184, 185). To assess the likelihood of these functional domains being associated with
anti-phage activity, we determined if they were enriched in defense islands compared to other genomic
regions. This was achieved by computing the log-fold change (log2FC) in the prevalence of the domain
within proximity to known defense systems (< 0.| Mb) compared to its prevalence at greater distances
(> 0.1 Mb) (Figure la). The 0.1 Mb threshold was determined based on the distances observed
between known defense systems within defense islands of P. aeruginosa, which align with those
previously reported in E. coli (158). Among the eukaryotic antiviral associated functional domains that
are most enriched in phage defense islands were several already known to be shared by bacterial and
eukaryotic antiviral strategies. These included components involved in pathogen recognition, such as
signal transduction ATPases with numerous domain (STAND) proteins, and cGAS/DncV-like
nucleotidyltransferases (CD-NTases) involved in the eukaryotic antiviral pathway of cGAS (/86-188).

We then set out to experimentally test the anti-phage activity of eleven conserved gene clusters that
contain at least one of the most enriched functional domains, including DEAD, RESIII, ATPase, Helicase,
NACHT, Ubiquitin-activating El, TIR, and the less common IMPase, by introducing the gene clusters
with their native promoters into P. aeruginosa strain PAO! on a low-copy plasmid (/46) (Figure Ib,
Table I). These strains were subsequently challenged with a set of representative P. aeruginosa phages
from six taxonomic groups (Figure la) (146, 189), revealing six new eukaryotic-like defense systems.
Remarkably, all except one (Prometheus) demonstrated a complete inhibition (more than |0¢-fold) of
phage propagation for at least one phage, including Hermes, bNACHT Erebus, BNACHT Hypnos, 6A-
MBL, and Thoeris Il (Figure Ib). Together, these findings confirm the discovery of six new defense
systems with eukaryotic-like antiviral functional domains. We will discuss these in more detail in the
subsequent sections.
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Figure |. Anti-phage activity of defense systems identified in P. aeruginosa that are homologous to eukaryotic
antiviral immunity. (a) Strategy used for the identification of bacterial homologs of proteins involved in eukaryotic innate
immunity, from vertebrates (Homo sapiens, Mus musculus, and Bos taurus; InnateDB) and plants (363 species; PRGdb) that are
in proximity of known defense systems. Shown are the functional domains found within these homologs, in addition to their
prevalence in the P. aeruginosa homolog set in comparison to homologs more distant from defense systems (log2FC). A subset
of conserved gene clusters containing these enriched functional domains were selected for subsequent assessment of their

potential antiviral activity (in bold). The candidate defense systems

were cloned with their native promoters into pUCP20,

and then introduced into the P. aeruginosa strain PAO|. The anti-phage activity of the candidate defense systems was assessed
using efficiency of plating assays. (b) The anti-phage activity of the defense systems against a panel of eight phages from six
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distinct taxonomic groups, measured by efficiency of plating assays. Previously validated defense systems (/46) were included
as controls. The defense system architecture shows functional domains, color-coded based on their predicted function (Table
l). Genes are drawn to scale, with the scale bar representing 1000 amino acids. The bar graph shows the abundance of the
defense systems in P. aeruginosa genomes of RefSeq.

Table 1. Genes and functional domains of the eukaryotic-like defense systems

Defense system

Gene Functional domain(s)

COG/pfam/CDD Best eukaryotic hit

Hermes hrsA IMPase? PF00459 IMPAI1/2
100289
Prometheus proA  DUF401 |, DNA2zb, PF13195 MOV-10 RNA
tandem repeat (TR)s, PF18741 helicase
PF11784
bNACHT Erebus  eruA NACHT=2b, TPRac, NucS ¢l26020 NLRC4
endonucleased PF05729 inflammasome
PFI3176
PFO1939
bNACHT Hypnos hyoA  NACHT=b, TPRac, SfsA-  ¢l26020 NLRC4
N DNA-bindingd PF05729 inflammasome
PFI3176
PF17746
6A-MBL mblB ComA-like MBL-fold cd07731
cap2- E23 Els, JABa PF14457 UBE2EI
3 cl37499
PF14464
Thoeris thcBl  Capl2-like TIR2 PFO1582 SARMI
type lll
thcB2 TIR-like DUFI1863 PF08937
thcB3  TIR-like DUFI1863 PF08937
thcB4 ThsB-like TIR2b, NucS PFO1582 SARMI TLR adaptor
endonucleased
thcA SLOG PF18178

2 Functional domain associated with eukaryotic antiviral response.
b Functional domain is present in the eukaryotic homolog.

< Predicted with HHreplID.
dPredicted with Foldseek or DALL.
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Hermes is a homolog of eukaryotic immune IMPases that prevents phage
adsorption

Hermes was named after the Greek deity that functions as the messenger of the gods and consists of
one gene with an inositol monophosphatase (IMPase) functional domain (Figure 2a, Table I). Hermes
provides complete protection against myophages $Pal0 and ¢Pa34 from the Pbunavirus genus, causing
a reduction in phage infectivity of at least 106-fold in efficiency of plating assays (Figure Ib), reducing
phage propagation in liquid cultures by 102-fold (Figure 2b, Figure Sla), and allowing an almost
complete recovery of bacterial growth under phage predation (Figure 2c). A point mutation in a
conserved aspartic acid residue (D89A) in the predicted IMPase active site completely abolished phage
protection (Figure 2d). Hermes shows strong similarity to eukaryotic IMPases (IMPA) involved in
innate antiviral responses, both structurally (DALl Z-Score: 32.8) and at the sequence level (20-30%
pident) (Figure S1b,c). Hermes also shares resemblance with the bacterial IMPase SuhB, a constituent
of the core genome of P. aeruginosa (190, 191) (31% pident; DALI Z-score: 30.0) (Figure S1b). Similar
to SuhB and IMPA, Hermes is predicted to form a dimer structure (Figure Sld). Noteworthy,
phylogenetic analyses suggest that Hermes is the closest bacterial relative to the eukaryotic IMPase
family (Figure 2e) (192-197). Eukaryotic IMPases typically function by dephosphorylating inositol
monophosphate to produce myo-inositol, which serves as the precursor for key signalling molecules
in several cellular processes, including apoptosis, stress tolerance, cAMP production, and cell growth
(192-194). In addition, eukaryotic IMPases provide viral defense through affecting viral attachment and
interfere with viral packaging by altering lipid composition and expression of viral receptors (/98). In
bacteria and archaea, inositol-containing molecules have been linked to osmotic balance (/199), capsule
expression (200), and the biosynthesis of membrane phosphatidylinositol, which can be modified to
anchor proteins or complex carbohydrates to cell surfaces (20/). Given the role of the IMPase family
in surface alterations in both eukaryotes and prokaryotes, we hypothesized that Hermes-mediated
phage defense might involve surface modifications preventing phage adsorption. Further investigations
revealed that Pbunavirus $Pa34 completely failed to adsorb to Hermes cells, while PhiKzvirus ¢pPa36
adsorbed similarly to control and Hermes cells (Figure 2f).

Analysis of cell surface components, including capsule (CPS, Figure 2g), lipopolysaccharides (LPS,
Figure 2h), and outer membrane proteins (Figure Sle), demonstrated alterations at all levels in cells
expressing Hermes. Because Pbunavirus have been shown to use LPS as their receptor (202, 203), we
hypothesized that, modifications in LPS could account for the observed inability of $Pa34 to adsorb to
Hermes cells. Strikingly, while §Pa34 successfully adsorbed to LPS extracted from control and Hermes
D89A cells (which also contained CPS), no adsorption was observed for LPS derived from Hermes-
expressing cells (Figure 2i), supporting our hypothesis that Hermes provides phage defense through
LPS and/or CPS alterations at the cell surface via IMPase-dependent pathways.

To gain insights into the substrate specificity of Hermes, we inspected the binding pocket and compared
the conserved residues among Hermes, IMPAI, and SuhB (Figure SIb). We observed that Ala%0 in
the active site of Hermes differs from the corresponding Thr95 in IMPAI and Thr109 in SuhB, which
are critical residues for sequestering magnesium ions that catalyse the hydrolysis of inositol
monophosphate into myo-inositol (/96). This variation suggests that Hermes may target a related but
distinct substrate, a hypothesis further supported by mass spectrometry analysis, which showed
identical levels of inositol monophosphate and myo-inositol in both Hermes-expressing and control
cells (Figure SIf).

Collectively, our findings reveal a conserved mechanism of antiviral defense by IMPase-relatives in both
prokaryotes and eukaryotes, which prevents viral adsorption through alterations of the cell surface
(Figure 2j).
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Figure 2. Hermes is an anti-phage defense system with strong similarities to eukaryotic antiviral IMPase
proteins by preventing phage adsorption. (a) The functional domains of Hermes and mutation sites tested in (d). LOF,
loss of function. (b) Impact of Hermes on phage propagation in liquid culture. The propagation of phage $Pa34 was monitored
over time and the 6éh time point is shown here, with all data points displayed in Figure SIA. The control bar represents phage
propagation in PAO| containing an empty plasmid. (c) Effect of the defense system on bacterial growth upon phage infection.
PAOI cells containing an empty plasmid (control) or Hermes (defense system, DS) were infected with phage ¢Pa34 at low
(0.01) and high (10) multiplicity of infection and their growth was monitored for a period of 12h. (d) Effect of mutations in
the functional domains of the defense system on phage protection. The infectivity of phage $Pa34 on PAOI cells containing
an empty plasmid (control), Hermes, or Hermes with point mutations was assessed by plaque assay. (e) Phylogenetic tree of
IMPase-containing proteins. The phylogenetic tree of 366 representative proteins was inferred and bootstrapped using 1Q-
Tree2, and rooted with a fructose-1,6-bisphosphatase class | protein (FBPase class |; NCBI accession: CEI80039.1) from P.
aeruginosa. The clades of human IMPAI and IMPA2, plant IMPLI and IMPL2, and prokaryotic HrsA and SuhB are indicated in
the tree. (f) Adsorption of phage $Pa34 to cells harboring either an empty plasmid (control) or Hermes. The values represent
the concentration of unbound phage during a 30-minute incubation period. Adsorption of phage $Pa36, which is not targeted
by Hermes, serves as a control. (g) Capsule amount produced by cells harboring empty plasmid (control), Hermes, or Hermes
with a point mutation (D89A). The capsule amount was determined using Percoll density gradients (40, 60, 80%). The location
of the capsule band is highlighted with a white triangle. (h) Lipopolysaccharide (LPS) fractions extracted from cells expressing
empty plasmid (control), Hermes, or Hermes with a point mutation (D89A). LPS samples were separated on a 12% SDS-
PAGE gel and stained with SYPRO Ruby. Regions exhibiting band intensity differences in Hermes cells compared to control
and D89A cells are indicated by dashed rectangles. (i) Adsorption of phage to lipopolysaccharide (LPS) extracts containing
also capsular polysaccharides (CPS) from cells carrying an empty plasmid (control), Hermes, or Hermes with an LOF point
mutation (D89A). The values indicate the concentration of phage bound to decreasing amounts of C/LPS from each strain.
(j) Proposed model for anti-phage defense by Hermes (HrsA). Hermes induces changes in the surface structures of P.
aeruginosa, such as capsular (CPS) and lipopolysaccharides (LPS), leading to the prevention of phage adsorption

Prometheus is a bacterial homolog of human DNA2 antiviral defense genes
Prometheus, named after the Greek titan associated with the creation and protection of humanity, is
part of the bacterial DNA2-like enzyme (Bad) family (204) which also includes anti-phage genes hhe
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(122), Mokosh MkoA, and Mokosh MkoC (/60). Prometheus is composed of one very large open

reading frame encoding a protein of 2,221 amino acids with four predicted functional domains:
DUF401 |, DUF3320, DNA2 helicase/nuclease and REase MTES domains (Figure 3a, Table ).

The DNA2 domain is shared with several human antiviral genes, including NFXI-type zinc finger-
containing protein | (ZNFXI), Senataxin (SETX), DNA-binding protein SMUBP-2 (IGHMBP2), helicase
with zinc finger 2 (HELZ2), Moloney leukemia virus 10 homolog (MOV-10), and UP Frameshift |
helicase (Upfl) (Figure 3a,b, Figure S2a) (168, 172-179). These human genes share a DNA2 and
(ribo)nuclease domain with Prometheus, and provide protection against various viruses, such as
Epstein-Bar virus, Influenza, West Nile virus, and HIV-1 (168, 172-179). Interestingly, in both
Prometheus and its eukaryotic homologs, the DNA2 domain is split into two parts by tandem repeats,
although the function of this arrangement is unknown (Figure 3a). The antiviral human homologs of
Prometheus regulate viral transcription through a R-loop dependent mechanism. Targeting of these
RNA-DNA hybrids with a displaced single-stranded DNA strand (205), which are formed during
transcription (206), often results in transcription termination or attenuation (207).

We hypothesized that Prometheus exerts its antiviral response by interfering with phage transcripts
through action on R-loops formed during transcription. Testing this hypothesis, we observed that
Prometheus provides protection against podophages $Pa3 and ¢Pal8 from the Autographiviridae family,
siphophage ¢Pa28 from the Casadabanvirus genus, and siphophage $Pa53 from the Mesyanzhinovviridae
family, as observed in efficiency of plating assays (Figure Ib), liquid cultures (Figure 3c, Figure S2b)
and bacterial growth experiments during phage predation (Figure 3d). Interestingly, these phages
contain 3 to 12 transcribed DNA regions prone to R-loop formation (208), whereas phages unaffected
by Prometheus have no predicted R-loops ($Pa36, ¢Pal0, and ¢pPa34) (Figure 3e, Figure S2c). We
noticed that Prometheus homolog hhe protected against phage lambda with one predicted R-loop and
was unable to protect against phages lacking R-loops, such as T2, T4, T5, PIl, and MI13(/22) (Table
S3), while Mokosh can protect more broadly (/60).

We found that mutations of conserved residues in any of the four domains (DUF401 |, DNA2, Rease
MTES, DUF3320) abrogated protection, indicating that all domains are essential for Prometheus
function (Figure 3f). Further investigations using RNA-seq to analyse transcription profiles of phage
¢Pal8 in control versus Prometheus cells, revealed a 10-fold decrease in phage overall transcription
(Figure S2d). This decrease was also evident in the phage genomic abundance in the presence of
Prometheus, suggesting suppression of phage replication (Figure S2d). To understand the suppression
of replication we further investigated the domain organization of Prometheus. The REase MTES domain
belongs to the Swtl-like protein family found in several eukaryotic groups (209). In eukaryotes, Swtl
proteins act as RNA endonucleases, playing a role in the quality control of nuclear mRNA export, a
crucial step in eukaryotic gene expression (2/0). However, research on a bacterial Prometheus
homolog in Geobacillus stearothermophilus indicates that the protein functions as a single-stranded DNA
(ssDNA) endonuclease (204). This suggests that Prometheus might act as a ssDNA endonuclease on
the displaced ssDNA of the R-loop, through the actions of the DNA2 nuclease and/or REase MTES
domains. The activity of the DNA2 helicase/nuclease domain may be facilitated by the putative helicase-
related domains DUF401 | and DUF3320(2/ 1) (Figure 3f). Notably, DUF3320 is absent in 54% of
instances of Prometheus, even though mutagenesis of this domain (as well as of DUF401 I) results in
inactivation of the system (Figure 3f). Structural predictions indicate that the DUF3320 domain in
Prometheus is like a DNA-binding fork head domain (Figure S2e; DALI Z-score: 6.3), suggesting a
potential role in facilitating the helicase or R-loop binding of DNA2 in Prometheus.

In summary, our analysis highlights Prometheus as a defense system with similarities to eukaryotic
antiviral proteins containing DNA2 helicase/nuclease domains. This resemblance suggests a shared
mechanism for countering viral infections by acting on viral R-loop structures formed during
transcription (hypothetical model proposed in Figure 3g).
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Figure 3. Prometheus is a homolog of a multitude of human DNAZ2 antiviral defense genes. (a) The functional
domains of Prometheus, mutation sites tested in (f), and sequence similarity to the antiviral eukaryotic protein ZNFXI from
Homo sapiens (NP_066363.1). LOF, loss of function. (b) Phylogenetic tree of DNA2-containing proteins. The phylogenetic
tree of |,124 representative proteins was inferred and bootstrapped using |IQ-Tree2. Branches with bootstrap confidence
interval 290% are indicated with red dots. The phylogenetic tree was rooted with the ATP-dependent DNA helicase RecG
protein (NCBI accession: NP_254032.1) from P. aeruginosa PAOI. The clades of human MOV-10, HELZ2, Upfl, ZNFXI,
SETX, and SMUBP-2, prokaryotic Prometheus ProA, and DNA2-containing phage defense systems hhe and Mokosh type l/l|
(MkoA and MkoC) are indicated in the tree. (c) Impact of Prometheus on phage propagation in liquid culture. The propagation
of phage ¢$Pal8 was monitored over time, and the 6h time point is shown here, with all data points displayed in Figure S2B.
The control bar represents phage propagation in PAOI containing an empty plasmid. (d) Effect of the defense system on
bacterial growth upon phage infection. PAO|I cells containing an empty plasmid (control) or Prometheus (defense system,
DS) were infected with phage ¢Pal8 at low (0.01) and high (10) multiplicity of infection, and their growth was monitored for
a period of 12h. (e) A violin plot comparing the number of predicted R-loops in targeted and non-targeted phages. (f) Effect
of mutations in the functional domains of Prometheus on phage protection. The concentration of phage $Pal8 when spotted
on PAOI cells containing an empty plasmid (control), Prometheus, or Prometheus with LOF point mutations, as assessed by
plaque assay. (g) Prometheus is hypothesized to interfere with phage nucleic acids during transcription.

Erebus and Hypnos contain NACHT-domains

bNACHT Erebus and bNACHT Hypnos are named after the Greek god personification of darkness
(Erebus) and his nephew Hypnos, the Greek god of sleep. Both anti-phage systems show similarities
with eukaryotic antiviral inflammasome components, representing NACHT domain-containing NLR
proteins (nucleotide-binding domain leucine-rich repeat containing, also known as nucleotide
oligomerization domain (NOD)-like receptors). NLRs are part of the STAND superfamily and function
in antiviral activities within almost all domains of life (2/) (Figure 4a, Table ). Of these eukaryotic
NLRs, Erebus and Hypnos are most like intracellular-pathogen NLR family CARD domain-containing
protein 4 (NLRC4). NLRC4 contains several functional domains, including NACHT, an N-terminal
caspase recruitment domain (CARD), and a C-terminal leucine-rich repeat (LRR) (2/2). Erebus and
Hypnos share common features with NLRC4 such as the presence of the NACHT domain, but also a
protein repeat structure: the TPR domain. In addition, Erebus and Hypnos contain DNA-acting

functional domains not previously associated with phage defense, instead of the CARD domain in
NLRC4.

Hypnos and Erebus provide robust protection against myophages ¢Pal0 and $Pa34 from the Pbunavirus
genus (Erebus), and podophages $Pa3 and ¢Pal8 from the Autographiviridae family (Hypnos), resulting
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in a reduction of phage infectivity by at least 104-fold in efficiency of plating assays (Figure Ib). Both
defense systems limit phage propagation (¢Pa34 by Erebus, ¢Pal8 by Hypnos) in liquid culture (Figure
4b, Figure S3a). While Erebus allows full recovery of bacterial growth during phage infection (Figure
4c), Hypnos provides a benefit in bacterial growth approximately 2h post-infection (Figure 4c). Point
mutations of conserved amino acids in the NACHT Walker A ATP binding pocket of both defense
systems (K50A in Erebus and K52A in Hypnos) resulted in the complete loss of phage protection
(Figure 4d).

In humans, plants, and fungi, NACHT-containing NLRs are widely involved in the recruitment of the
inflammasome during the innate immune response upon sensing pathogen-derived biomolecules (213).
Although some NACHT-containing NLRs are found to be activated upon sensing viral dsRNA (214),
the vast majority sense pathogen-derived proteins (2/5-217). Recently, some clades of prokaryotic
NACHT domain containing NLRs have been found to provide phage defense (2/8). Here, we show
the first instance of anti-phage activity by NACHT proteins from clade 20 (Figure 4e), Erebus and
Hypnos, characterized by an N-terminal NACHT domain, a central tetratricopeptide repeat (TPR)
domain, and novel effector domains NucS and SfsA-N at their C-terminus (Figure 4af). This
organization is distinct from most NACHT domain-containing NLRs, which typically display an N-
terminal effector instead (2/8). Moreover, Erebus and Hypnos encode two TPR regions linked by a
helical bridge (Figure 4f), and mutagenesis of this bridge resulted in the loss of phage defense (R740A
in Erebus and R817A in Hypnos, Figure 4d).

In other NACHT-like defense systems, the NACHT-like domain physically associates with the effector
domain to prevent its activity. This inhibition is lost upon TPR-mediated sensing of phage infection,
resulting in protein multimerization (21), and activation of the effector domain. In line with these
observations, the effector domains of both Erebus and Hypnos are structurally predicted to be near
the NACHT domain, suggesting that the NACHT domain may prevent the activity of the effector
domain until the target is sensed, similar to the role of NACHT in eukaryotes (217) (Figure 4f, Figure
S3b,¢). It remains unclear if multimerization is required for the activation of the effector domains (219,
220), since these domains and this unusual domain organization has not been characterized before.
However, the effector domain of Erebus, NucS, is known for binding and cleaving ssDNA extremities
of branched DNA (221/), while the oligonucleotide/oligosaccharide-binding (OB) fold of SfsA-N in
Hypnos likely provides non-specific DNA-binding or cleaving capabilities (220, 222).

Collectively, our findings reveal the anti-phage activity of two new NACHT-containing NLR proteins,
Erebus and Hypnos, with strong similarity to eukaryotic NACHT-containing antiviral proteins. Based
on this similarity, we propose that upon sensing the presence of phage proteins by the bridge-linked
TPR domains, the NACHT domain undergoes a conformational change, activating the effector domain
(NucS or S$fsA-N) and triggering the initiation of the antiviral response, possibly through DNA cleaving
or DNA repressing mechanisms (hypothetical model proposed in Figure 4g).
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Figure 4 Erebus and Hypnos are NACHT-containing anti-phage NLRs with strong homology to eukaryotic
antiviral NLRs. (a) The functional domains of Erebus and Hypnos and mutation sites tested in (d). LOF, loss of function.
(b) Impact of Erebus and Hypnos on phage propagation in liquid culture. The propagation of phage ¢Pa34 for Erebus and
$Pal8 for Hypnos was monitored over time, and the 6h time point is shown here, with all data points displayed in Figure
S3A. The control bar represents phage propagation in PAO! containing an empty plasmid. (c) Effect of Erebus (top) or
Hypnos (bottom) on bacterial growth upon phage infection. PAO| cells containing an empty plasmid (control) or the defense
system (DS) were infected with phage ¢Pa34 for Erebus and $Pal8 for Hypnos at low (0.01) and high (10) multiplicity of
infection and their growth was monitored for a period of 12h. (d) Effect of mutations in the functional domains of Erebus
and Hypnos on phage protection. The infectivity of phage ¢Pa34 for Erebus and ¢Pal8 for Hypnos on PAOI cells containing
an empty plasmid (control), defense system, or defense system with point mutations was measured by plaque assay. (e)
Phylogenetic tree of all bacterial NACHT-domain containing NLRs. The phylogenetic tree was built from the proteins
provided by (2/8) (n = 3247) and inferred using FastTree. The clades are colored based on their antiviral properties. (f)
Tertiary structure of Erebus predicted by Alphafold2. The functional domains are color-coded, with TPR shown in green,
NACHT in orange, and the effector domain (NucS) in red. (g) Hypothetical model for anti-phage defense by Erebus (EruA)
and Hypnos (HyoA), with only Erebus shown. Erebus and Hypnos are hypothesized to sense phage infection using the TPR
domains, causing a conformational change in the NACHT domain that leads to the release of the effector domain. The effector
domains will likely initiate the antiviral response via DNA acting mechanisms.

6A-MBL contains a ubiquitination-like domain and an MBL-fold protein

6A-MBL contains one gene with a fused EI-E2-JAB functional domain (Cap2-3), and a second gene with
an MBL-fold functional domain (MbIB) (223) (Figure 5a, Table I). In eukaryotes, El, E2, and JAB
(DUB) function in the ubiquitin signalling pathway, which fine-tunes the eukaryotic innate immunity by
either modulating the stability of key molecules or by regulating cytokine production (224). In bacteria,
these functional domains provide phage defense in CBASS type Il systems via a ubiquitin-like mechanism
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termed cGASylation (225). The EI-E2 Cap2 protein of CBASS type Il is responsible for cGAS
conjugation of CD-NTase to a target molecule upon viral infection. JAB Cap3 functions as a regulator
of cGASylation by cleaving the cGAS conjugates (225). Previously identified phage defense systems had
El-E2 and JAB encoded by separate genes (160, 225), but in 6A-MBL these are fused. Here, we show
that this configuration provides strong protection against myophages ¢Pal0 and ¢Pa34 of the Pbunavirus
genus, and jumbo myophage ¢pPa36 of the Phikzvirus genus, resulting in a reduction of phage infectivity
by at least 104-fold in efficiency of plating assays (Figure Ib). 6A-MBL limits the propagation of phage
¢Pa34 in liquid cultures (Figure 5b, Figure S4a) and allows full recovery of bacterial growth during
phage infection (Figure 5c). Point mutations in conserved amino acids of each predicted functional
domain resulted in the complete loss of phage protection (Figure 5d).

Based on previous studies on EI-E2 and JAB components of antiviral responses in both eukaryotes and
prokaryotes (224, 225), we hypothesize that upon phage infection, the EI-E2 and JAB domains of 6A-
MBL prime the MBL-fold protein for activation through a ubiquitin-like mechanism. This may be aided
by the predicted complex formation between the two proteins, as predicted by Alphafold. The complex
consists of a dimer of Cap2-3 connected by the El domains. The E2 and JAB domains of Cap2-3 interact
with MbIB, forming a heterodimeric complex (Figure S4b). In addition, we observed a conserved
glycine (G395) in the C-terminal region of MbIB in proximity of the active site of the JAB domain of
Cap2-3(225) (Figure 5a). These conserved glycine residues at the C-terminal region often serve as
the conjugation site in other ubiquitin-like phage defense systems, such as CBASS type Il (225-228). In
CBASS type ll, conjugation of the cyclase to its target increases signal molecule production activating
downstream anti-phage effectors. Here, we suspect MbIB to go through a similar activation step and
this is supported by the loss of protection observed when deleting G395-A396-5397 in MbIB (Figure
5d). However, the mechanism of this activation remains unclear. The MBL-fold was originally
discovered in beta-lactamases and later found to be widely distributed in various proteins, exhibiting
hydrolase activity targeting nucleic acids and small molecules (229). The MBL-fold protein of 6A-MBL
shows strong structural similarity to the OB-fold domain of DNA internalization-related competence
protein ComEC (Foldseek (230): E-value: 1.56e-11), a protein predicted to be a nuclease (231/). It is
therefore possible that the MBL-fold protein of 6A-MBL acts as the nucleic acid acting effector upon
phage infection.

In summary, our findings demonstrate that 6A-MBL is an anti-phage defense system with similarities to
eukaryotic antiviral proteins associated with the ubiquitin pathway and CBASS type Il. Based on this
similarity, we hypothesize that 6A-MBL senses phage infection by the fused EI-E2-JAB protein (Cap2-
3), which may use a ubiquitin-like pathway to activate the MBL-fold protein (MbIB), resulting in anti-
phage activity (hypothetical model proposed in Figure 5e).
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Figure 5 6A-MBL employs a ubiquitination-like mechanism to activate an MBL-fold protein. (a) The functional
domains of 6A-MBL and mutation sites tested in (d). LOF, loss of function. The location of a conserved glycine (g) at the C-
terminal of the MBL is indicated above the gene and represents the residue where the substrate protein is commonly linked
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to its targeted via a ubiquitin-like mechanism. (b) Impact of 6A-MBL on phage propagation in liquid culture. The propagation
of phage $Pa34 was monitored over time and the 6h time point is shown here, with all data points displayed in Figure S4a.
The control bar represents phage propagation in PAOI containing an empty plasmid. (c) Effect of the defense system on
bacterial growth upon phage infection. PAO|I cells containing an empty plasmid (control) or 6A-MBL (defense system, DS)
were infected with phage ¢Pa34 at low (0.01) and high (10) multiplicity of infection and their growth was monitored for a
period of 12h. (d) Effect of mutations in the functional domains of 6A-MBL on phage protection. The infectivity of phage
®Pa34 on PAOI cells containing an empty plasmid (control), 6A-MBL, or 6A-MBL with point mutations was assessed by
plaque assay. (e) Hypothetical model for anti-phage defense by 6A-MBL. 6A-MBL is hypothesized to sense phage infection
through the fused E1-E2-JAB protein (Cap2-3), leading to the activation of a potential nuclease activity of the MBL-fold protein
(MbIB).

Thoeris type Il expands the TIR-domain antiviral family

Thoeris type lll contains a SLOG domain protein (ThcA) accompanied by four TIR(-like) domain-
containing proteins (ThcBl-B4) (Figure éa, Table 1). ThcA and ThcB4 are consistently encoded
within the Thoeris type Ill cluster, while the remaining genes exhibit variable presence (ThcBI: 51%;
ThcB2 and ThcB3 combined: 18%; either ThcB2 or ThcB3: 64%), establishing them as core genes of
this defense system. Thoeris type Ill exhibits robust protection against a myophage from the Pbunavirus
genus ($Pa34), reducing its infectivity by more than 10é-fold in EOP assays (Figure Ib). It efficiently
reduces phage proliferation in liquid cultures (Figure éb, Figure S$5a) and facilitates nearly complete
recovery of bacterial growth during phage predation (Figure 6c). Mutations in conserved amino acids
within core protein ThcA (SLOG, H49A) and accessory TIR-domain containing protein ThcBI (TIR,
D55A) resulted in the loss of defense, while mutagenesis of the active site of other TIR proteins (ThcB2
E82A, ThcB3 E83A, ThcB4 E203A) within the cluster did not result in the loss of defense activity
(Figure 6d). However, deletion of any TIR domain-proteins led to a complete loss of protection,
indicating that the presence of all TIR domain proteins is necessary, while all the individual TIR
enzymatic activities are not (Figure 6d).

In eukaryotes, TIR domains serve as scaffolding adapters during inflammation, orchestrating pro-
inflammatory responses through complex formation involving TIR domains of different proteins (232).
ThcB4 is homologous to one such eukaryotic scaffolding TIR domain-containing protein, SARMI
(Table I). However, unlike SARMI, ThcB4 lacks obvious multimerization (SAM) and autoinhibition
(ARM) domains that regulate TIR domain activity (233, 234). Eukaryotic TIR domains also serve to
signal pathogen recognition by protein repeats of the Toll-like receptors (235). In bacteria, the TIR
domains of the Thoeris defense family signal defense effectors upon sensing phage infection. Unlike
eukaryotic Toll-like receptors, Thoeris TIR domains function both as scaffolding proteins and phage
sensors, independently of protein repeat structures that function as the main pathogen sensors in
eukaryotes (/162). In Thoeris types | and I, TIR proteins sense phage infection, generating secondary
messenger molecules (cyclic ADP-ribose (cADPR) or histidine-ADPR, respectively) (236). These
molecules are recognized by the SLOG(-like) domain, which activates the effector present on the same
protein, leading to phage defense.

In Thoeris type lll, the two core proteins, ThcB4 and ThcA, are predicted to form a tetrameric complex
of two heterodimer subunits of ThcB4 and ThcA (Figure ée, Figure S5b,c). In this configuration,
the NucS endonuclease domain of ThcB4 is in direct contact with the SLOG domain of ThcA, indicating
a potential regulatory role of SLOG. This observation aligns with previous characterizations of Thoeris
types, where SLOG substrate binding physically activates the effector domain (236). Unlike previous
Thoeris types, the SLOG domain of Thoeris type lll belongs to the LD_cluster_3 clade of the
SMF/DprA SLOG superfamily, distinct from the traditional SIR2/TIR-associated SLOG domains
(STALD) (Figure 6f). Moreover, the SLOG domain of Thoeris type lll is also predicted to establish
direct contact with the TIR domain of ThcB4 (Figure ée), likely facilitating TIR domain signalling to
the SLOG domain upon phage infection sensing. However, mutagenesis of the TIR domain of ThcB4
(E203A) did not result in defense loss (Figure 6d), suggesting the production of signalling molecules
may be assumed by other TIR domain proteins within Thoeris type lll. For §Pa34, this role appears to
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be carried out by the TIR domain of accessory protein ThcBl, as mutation of its active site (D55A)
resulted in defense loss (Figure 6d). Based on the requirement of ThcB2 and ThcB3 but not their TIR
activity for full system functioning (Figure 6d), we expect these to be sensors of phages outside our
panel. Mutagenesis of a conserved residue (G61A) in the Rossmann fold of ThcB4, predicted to bind
NADH and to be essential for TIR activity, resulted in complete loss of protection, indicating that the
activity of ThcB4 is also necessary for Thoeris defense (Figure 6éd).

Interestingly, the TIR domain of ThcBI, which is required for the defense against ¢Pa34, is
phylogenetically distinct from previously described TIR domains of Thoeris and structurally resembles
the dimeric Capl2 TIR domain present in effectors of the CBASS and Pycsar defense systems (237)
(Figure S5c¢,d,e). Unlike these systems where the Cap12 TIR domain causes cellular NAD+ depletion
upon phage infection, no change was observed in cellular NAD+ levels during phage infection in Thoeris
type lll, suggesting that ThcBI likely acts as a phage sensor rather than an NAD+ depleting effector
(Figure S5f).

Here, the TIR domains in Thoeris type Il likely produce ADPR derivatives upon phage sensing, like
Thoeris type | and Il systems, to signal the SLOG domain of ThcA for activating the NucS endonuclease
domain of core protein ThcB4. Mutagenesis of a conserved amino acid (D368A) in the NucS domain
resulted in loss of defense, further supporting a crucial role of the NucS domain, likely as an anti-phage
effector nuclease (Figure 6d).

In summary, Thoeris type lll represents a novel addition to the antiviral TIR-domain family, which
carries a novel Thoeris-associated class of SLOG domain that likely activates the anti-phage NucS
nuclease effector in ThcB4 (hypothetical model proposed in Figure 6g).
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Figure 6 Thoeris type lll is a phage defense system of the TIR-domain antiviral family. (a) The functional domains
of Thoeris lll and mutation sites tested in (d). (b) Impact of Thoeris type Ill on phage propagation in liquid culture. The
propagation of phage $Pa34 was monitored over time and the 6h time point is shown here, with all data points displayed in
Figure S5A. The control bar represents phage propagation in PAO| containing an empty plasmid. (c) Effect of Thoeris type
Il on bacterial growth upon phage infection. PAO| cells containing an empty plasmid (control) or Thoeris type Il (defense
system, DS) were infected with phage $Pa34 at low (0.01) and high (10) multiplicity of infection, and their growth was
monitored for a period of 12h. (d) Effect of gene deletions and mutations in the functional domains of Thoeris type Il on
phage protection. The infectivity of phage ¢Pa34 on PAOI cells containing an empty plasmid (control), Thoeris type lll, or
Thoeris type lll with point mutations was assessed by plaque assay. (e) Tertiary structure of the ThcA:ThcB4 tetramer
predicted by Alphafold2. The SLOG-containing ThcA is shown in orange, and the TIR and NucS domains of ThcB4 are shown
in green and red, respectively. (f) Phylogenetic tree of SLOG-containing proteins. The phylogenetic tree of 13,399
representative proteins was inferred and bootstrapped using IQ-Tree2. The representative proteins include all groups within
the SLOG clan (CL0349), as indicated in the tree. Branches with bootstrap confidence interval 290% are indicated with red
dots. (g) Hypothetical model for anti-phage defense by Thoeris type lll. Thoeris type Ill is hypothesized to sense phage
infection by TIR proteins (ThcBI for ¢pPa34), leading to the production of signalling molecules. These are likely detected by
the SLOG domain of ThcA for the activation of the NucS endonuclease effector response by ThcB4, with which it forms a
complex.
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Distribution of the anti-phage repertoire across bacterial phyla

Analysis of the distribution of the new defense systems in prokaryotic genomes revealed that
Prometheus and 6A-MBL are the most widely distributed systems (Table S$4, Figure S$6). Prometheus
was found in seven bacterial phyla, exhibiting the highest abundance in Actinomycetota (Figure S2f,g),
while 6A-MBL was found in eleven bacterial phyla, predominantly prevalent within Proteobacteria
(Figure S4c,d). The remaining four defense systems were almost exclusively (>92%) observed in
Proteobacteria, spanning various classes, except for Hermes, which is restricted to
Gammaproteobacteria (Figures Slg,h, S3d,e, S5g,h, Table S4).

To assess the impact of the novel defense systems on the diverse and abundant defense repertoire in
P. aeruginosa (63, 146), we determined their distribution across all complete genomes (n = 541)
available from the RefSeq database. Prometheus and 6A-MBL are well distributed across the P.
aeruginosa groups (Figures S2h, S4e, Table S5). Hermes, Erebus, Hypnos, and Thoeris lll are less
abundant in P. geruginosa (Figures S11, S3f, S5i, Table S5). Collectively, the six validated systems
constitute 3% of the total defense systems found in P. aeruginosa and increase the average number of
defense systems per strain from 9.7 to 10.0 (Table S5). All new defense systems can often be found
within proximity of known defense systems (Figure la, Figure Slj, S2i, S3g, S4f, S5j) (158, 161).
In summary, the defense systems described here have a prominent presence among Proteobacteria
and contribute to the phage defense repertoire of P. aeruginosa.

Discussion

In this study, we searched for bacterial homologs of eukaryotic antiviral defense genes in P. aeruginosa
with antiphage properties. We uncovered more than 450 candidates located in proximity to known
anti-phage defenses. Experimental testing of eleven candidates revealed six eukaryotic-like novel anti-
phage defenses, including Hermes, Prometheus, Erebus, Hypnos, 6A-MBL, and Thoeris Ill. Five
candidate defense systems eluded experimental validation, possibly due to the limited panel of phages,
the presence of unknown phage-encoded anti-defense genes, or incompatibility with the genetic
background in the P. aeruginosa test strain. Of the ones that were validated, Hermes features a
eukaryotic-like antiviral functional domain not previously associated with anti-phage activities in
bacteria. This defense system causes alterations in surface structures crucial for phage receptor
interactions, effectively preventing phage adsorption, akin to the antiviral function of its eukaryotic
homologs (/98). Likewise, Prometheus is thought to play a role analogous to its eukaryotic
counterparts (206, 207).

We also report the eukaryotic-like defense systems bNACHT Erebus, bNACHT Hypnos, 6A-MBL,
and Thoeris Ill, each potentially equipped with nucleic acid interfering activities. Among these, Erebus
and Hypnos represent the first instances of anti-phage NACHT-containing NLR proteins from NACHT
clade 20, which display a domain architecture distinct from most NACHT-containing NLRs (2/8),
characterized by an N-terminal NACHT domain, central TPR domain, and C-terminal effector. This is
an indication that the antiviral function of NACHT-containing NLRs is independent of domain
organization and conserved across almost all domains of life (2/). Furthermore, while the precise phage
sensing mechanisms of these systems remain enigmatic, the presence of TPR domains in Erebus and
Hypnos suggests a potential interaction with specific phage proteins as their targets.

Another interesting finding is the first instance of an anti-phage E|-E2-JAB fusion in the 6A-MBL system.
Previously, these domains were described in unfused proteins, found both in eukaryotes and
prokaryotes, where they participate in ubiquitin-like signalling pathways crucial for modulating innate
immunity (188, 224, 237). In the prokaryotic defense systems CBASS and Pycsar, these proteins prime
bacterial cyclases for increased production of signalling molecules, which subsequently activate an
effector (225). In the context of 6A-MBL, it seems likely that the El-E2-JAB fusion protein regulates
the activity of an MBL protein through a ubiquitin-like mechanism that regulates its anti-phage activity.
Finally, Thoeris lll represents a novel member of the TIR-domain antiviral family found across
eukaryotes and prokaryotes. Comprising several TIR-domain-containing accessory proteins (ThcBlI,
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ThcB2, and ThcB3) and two core proteins (ThcB4 and ThcA), Thoeris type Ill is distinct from other
Thoeris types by employing a unique class of SLOG, an endonuclease as a putative effector, and
encoding the effector and SLOG domains in unfused proteins that form a tetrameric complex (/86). It
is noteworthy that the endonuclease NucS present in Thoeris type lll is a novel endonuclease effector
domain linked to anti-phage defense and is also found in bBNACHT Erebus.

Four out of six of the validated defense systems in our study share domains with recently reported
phage defense systems in bacteria (/88, 218, 237). This phenomenon underscores the remarkable
shared nature of anti-phage protein domains to other genetic contexts, which underlies the rapid
diversification in host-pathogen interactions and evolution of innovative functions (238). This
observation is relevant due to its potential to accelerate the mechanistic characterization of these
defense systems. Currently, the pace of understanding the workings of defense mechanisms significantly
lags the discovery of new systems (76, 239-241). Shared domains among these systems offer a
promising bridge to narrow this knowledge gap. By leveraging insights gained from the study of one
system to better comprehend another, we can expedite our understanding of the molecular intricacies
that drive these defense mechanisms.

The discovery that multiple defensive proteins employed by human cells possess direct homologs in
prokaryotes, functioning in viral defense, illuminates the cross-domain links in the evolution of the
human defense system and holds implications for future mechanistic studies of human innate immunity.
By expanding our knowledge of eukaryotic-like phage defenses, we can gain further insights into these
perspectives. The comprehensive exploration and characterization of prokaryotic antiviral defenses
could yield a plethora of new biotechnological, therapeutic and diagnostic tools, as seen previously
with restriction-modification systems, CRISPR-Cas and Argonaute, which have led to widespread
methods for DNA and RNA engineering (15, 242-247).

Altogether, we show the existence of new antiviral pathways that are shared between bacteria and
eukaryotes. Detailed future studies will be required to unveil the molecular mechanisms of these new
defense systems, and this will further help to understand the complex relationship between host
defense mechanisms of different domains of life that are potentially forged through a shared viral past.

Materials and Methods

Identification of anti-phage defense systems

We searched for defense systems using PADLOC vl.1.0 with PADLOC-DB v1.4.0 (/2]), and
DefenseFinder v1.0.9 with defense-finder-models v1.2.2 (63), and the HMMs with completeness rules
and thresholds as applied in Gao et al (2020) (/22). Additionally, Detocs was searched for using blastp
(120) (> 0.7 subject length / query length < .5 ; 0.7 > query coverage < |.3; evalue < le-9) and found
complete if all three genes were present with a maximum of | gene in between (/23). We observed
dtcB to fail gene annotation, thus we manually checked for its presence when dtcA and dtcC were
identified within proximity (1 gene in between).

Identification of conserved gene clusters within the variable regions of P.
aeruginosa

We used PPanGGOLIN v1.2.74 (248, 249) to identify the conserved gene clusters within the variable
regions of all 541 complete P. aeruginosa assemblies from the Refseq database on June 16, 2022.
Functional domains were identified using HMMER v3.3.2 (250) in combination with the Pfam-A models
v36.0.

We utilized Eukprot v3 (/182) to find homologs of innate immune proteins from vertebrates and plants.
For the vertebrate innate proteins, we built HMM profiles of the aligned InnateDB (/80) in June 2022
using MUSCLE v5.1 (251) and hmmbuild (/27). We applied the same method to find homologs of plant
innate proteins, using the Plant Resistance Genes database (PRGd) v4.0 (/81). Additionally, we applied
DRAGO3 (/81) to search for plant pathogen recognition proteins. For both vertebrate and plant
innate proteins, we created a custom database of functional domains found to be associated with innate
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defense in literature (Table S1). This list of functional domains and the created HMM profiles were
then searched for in the representative genes of the P. aeruginosa pangenome, with an e-value lower
than 0.01 considered significant. We adopted a guilt-by-association approach to categorize the
eukaryotic innate-like homologs into “near” and “remote” based on their distance to known phage
defense systems. This classification was determined by their proximity within 100kb of a known defense
system. We established this threshold based on the bimodal distribution of distances between known
defense systems in P. aeruginosa (Figure la). We then annotated the homologs found in P. aeruginosa
using the Pfam-A HMM library and checked for enriched functional domains within the “near” defense
island compared to “remote”. A subset of conserved gene clusters with these enriched functional
domains were selected for further testing of antiviral activity. The conservation of these gene clusters
across species was further assessed using Webflags vl (252). In addition, the signal peptide and
transmembrane regions were annotated with the use of SignalP v5.0 (253) and Phobius vI.0l (254).
All confirmed novel defense systems were checked for the presence of repeat regions using HHreplD
(255). Regions of the proteins that remained uncharacterized were further analysed using DALI (/91)
and Foldseek v6 (230). A confidence level higher than 90% and an e-value lower than 0.001 was
considered significant.

Cloning of the putative eukaryotic-like defense systems

The putative eukaryotic-like defense systems were amplified from P. aeruginosa strains using primers
from Table S6 with Q5 DNA Polymerase (New England Biolabs). PCR products were run on 1%
agarose gels, and bands were excised and cleaned using the Zymoclean Gell DNA Recovery Kit (Zymo
Research). Plasmid pUCP20 was digested with BamHI and EcoRI (NEB), treated with FastAP (Thermo
Scientific), and cleaned with the Zymo DNA Clean & Concentrator Kit (Zymo Research). The defense
systems were then cloned into the digested pUCP20 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 (Table S7) were extracted using the GeneJET Plasmid Miniprep
kit and confirmed by sequencing (Macrogen). Confirmed plasmids were transformed into PAOI| by
electroporation as previously described (/29) and the cells were plated on LBA plates supplemented
with 200 pg/ml of carbenicillin.

Selection for point mutations

A combination of strategies was employed to identify the amino acids to mutate in the defense system
proteins. These included performing a literature search to identify known critical amino acids of the
functional domains of the proteins, multiple protein alignments using PSI-BLAST (/26) and Clustal W
v2.] (256) to identify conserved amino acids, and Alphafold2 (257, 258) 3D prediction to visually
inspect active sites.

Cloning of knockout and point mutants of the defense systems

Gene knockouts and point mutations of the defense systems in pUCP20 were obtained by round-the-
horn site-directed mutagenesis using phosphorylated primers (Table $6) and Q5 DNA Polymerase.
PCR products were digested with Dpnl (NEB), and run on [% agarose gels, and the bands 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 following the manufacturer’s instructions. Plasmids were
extracted using the GeneJET Plasmid Miniprep kit and confirmed by sequencing (Macrogen). Confirmed
plasmids were transformed into PAO| by electroporation as previously described.

Efficiency of plating

Phage stocks were |0-fold serially diluted in LB and the dilutions were spotted onto double layer agar
plates of PAO| with empty pUCP20 or pUCP20 with defense systems following the small plaque drop
assay (/31). The anti-phage activity of the systems was calculated as the fold reduction of phage
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infectivity of the PAO| strain that contains the pUCP20-encoded defense systems, compared to the
infectivity of the PAOI strain containing the empty plasmid.

Infection dynamics of phage-infected cultures

Bacterial cultures of PAOI strains with empty pUCP20 or pUPC20 containing a defense system at an
ODgoo = 0.1 were infected with phage at an MOI <I and incubated at 37°C and 180 rpm. Samples were
taken at Oh, 2h, 4h, and 6h, and centrifuged at 3,000 X g for 5 min. The phage-containing supernatant
was serially diluted and spotted onto DLA plates of PAO| to estimate phage concentration.

Liquid culture collapse assays

Overnight bacterial cultures were diluted to an ODgoo = 0.1 in LB and distributed into 96-well plates.
Phages were added at MOls of 0.0l and 10, and the plates were incubated at 37°C in an Epoch2
microplate spectrophotometer (Biotek) for ODgoo measurements every 10 min for 24h, with double
orbital shaking.

Screening for mutant phages that escape defense

Screening for mutant phages that evade defense was performed as previously described with minor
adjustments (32). Briefly, phages were 10-fold serially diluted and spotted onto DLA plates containing
PAOI strains expressing individual defense systems. After overnight incubation at 37°C, plates were
examined for plaque formation. Single plaques were selected and transferred into LB, incubated for |h
at room temperature, and centrifuged at 8,000 X g for 5 min to recover the phage-containing
supernatant. The recovered phage suspensions were then serially diluted and spotted onto DLA plates
containing PAOI strains expressing either an empty pUCP20 vector or individual defense systems.
Original phages were also diluted and spotted for comparison. Following overnight incubation at 37°C,
the fold change in phage concentration between the negative control cells and those containing defense
systems was determined.

LC-MS analysis

The LC-MS analyses were performed using an Agilent LC/MS system consisting of a high-pressure liquid
chromatography set-up coupled to a triple-quadrupole (QQQ) mass spectrometer (G6460C) equipped
with a standard electrospray ionization (ESI) source. Both systems were operated through MassHunter
v10.1. The samples were randomized prior to their analysis. 3 pl of each sample were injected into the
column of the HPLC. Myo-inositol and inositol monophosphate were delivered to a CSH Cs guard-
column and a CSH Cg column (Waters) (2.1 mm by 5 mm, |.7-um pore size) at 30°C with a flow rate
of 0.3 ml/min using the following binary gradient: 0% B (acetonitrile), ramp to 5% B in 5 min followed
by a 6 min ramp to 75% B then a | min ramp back to 100% A (5 mM ammonium acetate) and 3 min
re-equilibration (A, 20 mM ammonium formate). The metabolites eluting from the column were
sprayed into the mass spectrometer operated in data-dependent mode, as in dynamic multiple reaction
monitoring (dMRM) mode using transitions. The MRM transitions were generated by optimizing the
fragmentor voltage and the collision energy. The dMRM was acquired in negative mode with a cycle
time of 500 ms. Data processing was done using Skyline (259). Peaks corresponding to myo-inositol
and inositol monophosphate were integrated for quantification, and the area under the curves were
exported for further analysis.

Phage adsorption kinetics in Hermes

Bacterial cultures of PAOI strains containing pUCP20, pUCP20-Hermes, or pUCP20-Hermes D89A
were grown until an ODsoo of 0.3, infected with phage $Pa34 or ¢pPa36 at an MOI of 0.1, and incubated
at 37°C and 180 rpm. Samples were taken at 0-, 10-, 20-, and 30-min post-infection and immediately
centrifuged at 12,000 x g for | min. The supernatant was serially diluted and spotted onto DLA plates
of PAOI to estimate the concentration of non-adsorbed phages.
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Extraction and visualization of outer membrane protein

Outer membrane proteins were extracted from PAO| strains containing pUCP20, pUCP20-Hermes,
or pUCP20-Hermes D89A as previously described with slight modifications (260). Overnight grown
cultures were centrifuged at 10,000 x g for 20 min, and the cell pellet re-suspended in 10 mM Tris-
HCI pH 8.0. Cells were lysed using B-PER™ Bacterial Protein Extraction Reagent (Thermo Fisher
Scientific) following manufacturer instructions. The supernatant was centrifuged at 21,000 x g for |h
at 15°C, and the cell pellet containing cytoplasmic and outer membranes re-was re-suspended in 10
mM Tris-HCI pH 8 containing 2% Sarkosyl. Samples were incubated in a rotary shaker at room
temperature for 30 min and centrifuged at 21,000 x g for 30 min at 15°C. The pellet was re-suspended
in 10 mM Tris-HCI pH 8 containing 2% Sarkosyl and centrifuged again. The outer membrane pellet was
then washed twice and re-suspended in 10 mM Tris-HCI pH 8. Protein concentration was determined
using the Pierce BCA Protein Assay Kit (Thermo) according to manufacturer instructions and the
samples run on a 4-12% SurePAGE, Bis-Tris gel (GenScript) at 200V in MOPS buffer (GenScript). The
gel was stained with Bio-Safe Coomassie G-250 stain (Bio-Rad) and visualized on Bio-Rad Gel Doc
XR+.

Extraction and visualization of lipopolysaccharides

LPS was extracted from P. aeruginosa PAOI cells harboring pUCP20, pUCP20-Hermes, or pUCP20-
Hermes D89A as previously described with minor modifications (26 ). Briefly, overnight cell cultures
were adjusted to an ODgoo of 0.5 in NaCl 0.9% (w/v). Cells were centrifuged at 10,600 x g for | min
and the pellet re-suspended in NaCl 0.9% and centrifuged again. The cell pellet was re-suspended in
lysis buffer (IM Tris-HCI pH 6.8, 2% SDS, 4% 2-mercaptoethanol, 10% glycerol) and incubated at 95°C
for 10 min. Proteinase K solution (25 pg/ml proteinase K in lysis buffer) was added to cooled down
samples and incubated at 56°C for |h with shaking. The solution was directly loaded onto a 4-12%
SurePAGE, Bis-Tris gel and run at 20 mA in MOPS buffer. The gel was stained with the SilverQuest
Silver Staining Kit (Thermo Scientific) following manufacturer instructions and imaged with Bio-Rad
GelDoc XR+.

Extraction and visualization of capsule density

Bacteria were separated by capsule density using a discontinuous density gradient as previously
described with minor adaptations (262). Briefly, overnight cultures of P. aeruginosa PAOI cells
harboring pUCP20, pUCP20-Hermes, or pUCP20-Hermes D89A were centrifuged for 10 min at 3,200
x g for 10 min, and the pellet re-suspended in | X phosphate buffered saline (PBS). After centrifugation,
the pellet was washed once more with | X PBS and re-suspended in | ml of X PBS. The cell suspension
was added onto a discontinuous density gradient of 30%, 60%, 80% Percoll (w/v in I XPBS, Sigma), and
centrifuged for 30 min at 3,000 x g for 30 min.

Phage adsorption to capsule and lipopolysaccharides

CPS and LPS were extracted from PAO| strains containing pUCP20, pUCP20-Hermes, or pUCP20-
Hermes D89A as previously described with slight modifications (263). Briefly, overnight cell cultures
were adjusted to an ODggo of 0.65 and centrifuged at 12,000 x g for 5 min. The cell pellet was re-
suspended and vortexed in lysis buffer (60 mM Tris-HCI pH 8, 5 pg/ml of CaCl,, 2 mg/ml MgCl,)
containing 3 mg/ml lysozyme and incubated at 37°C for |h. Samples were then subjected to three
cycles of freeze (-80°C) and thaw (37°C). DNase and RNase were added at 20 pg/ml and incubated at
37°C for 30 min, followed by additional incubation with 0.1% SDS. Extractions were boiled at 100°C
for 10 min, cooled down and mixed 2 mg/ml of proteinase K in lysis buffer. After incubation at 60°C
for |h, extractions were centrifuged at 14,000 x g for 2 min. The supernatant was recovered, mixed
with cold 75% ethanol, and incubated at -20°C overnight. Extractions were centrifuged at 14,000 x g
for 30 min at 4°C and the CPS/LPS pellets resuspended in LB. The CPS/LPS pellets were 10-fold serially
diluted and incubated with phage $Pa34 at 10¢ pfu/ml for Ih at 37°C with shaking. The mixtures were
10-fold serially diluted and spotted onto DLA plates containing PAOI to determine the amount of
phage that did not adsorb to the CPS/LPS extracts.
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Protein complex prediction

Predicted aligned error plots were generated with Alphafold2 multimer (257, 258) for each hetero-
and homomeric co-folded protein combination. Overlapping low predicted aligned error rates
between proteins were seen as an indication for putative protein complex formation.

Phage R-loop prediction

QmRLFS-finder (264) was applied to predict the R-loop structures within the phage collection.
Predicted R-loops were considered only if they were identified within a transcript and in the same
transcriptional direction.

Comparison of IMPA, SuhB, and HrsA

We compared the structure of bacterial SuhB (M. tuberculosis, PDB: 2Q74) and eukaryotic Human
IMPA (PDB: |AVWB) with the Alphafold2 predicted structure of Hermes (WP_023087430.1) using
DALI pairwise structure comparison. The alignments of these structures were further investigated
using ChimeraX matchmaker-.

RNA-seq experiments with Prometheus

Bacterial cultures of PAOI strains containing pUCP20, Prometheus, and their mutants, were grown
until an OD¢oo of 0.3 and infected with phage at MOI of |. Samples were taken pre-infection and at 20
min post infection and centrifuged at 5000 X g for 5 min at 4°C. RNA was extracted from the cell
pellets using the RNeasy Mini kit and the RNAse-free DNase set (Qiagen) following manufacturer’s
instructions. RNA concentration was determined using Qubit RNA High Sensitivity (HS) (Thermo),
and the samples subjected to prokaryotic mRNA-seq (WOBI) by Novogene (Cambridge, UK).

Adapters ) adapter: 5'-
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT-3
3 adapter: 5'-

GATCGGAAGAGCACACGTCTGAACTCCAGTCACGGATGACTATCTCGTATGCCGTCTTCT

GCTTG-3") were removed from the reads and the reads filtered out if they contained an N content
greater than 10%, or low-quality (Qscore<= 5) bases for more than 50% of the total bases. The
remaining sequences were mapped on their corresponding reference genome using bwa v0.7.18 (265).

Subsequently, the number of reads per gene were determined using Samtools v1.20 (/08) in cohorts
with bedtools intersect v2.31.1 (266) and the NCBI genome annotation file (gff) (267, 268).

Sequencing during phage infection

Bacterial cultures of PAO| strains containing pUCP20, Prometheus, and its mutants were grown until
an ODyeoo of 0.3 and infected with phage at MOI of |. Samples were taken pre-infection and at 20 min
post infection and centrifuged at 5000 % g for 5 min at 4°C. DNA was extracted from the cell pellets
using the GeneJET Genomic DNA Purification Kit (Thermo Scientific) following manufacturer
instructions. DNA was sequenced using Nanopore at Plasmidsaurus. Obtained reads were quality
checked and the bottom 5% of reads with the lowest quality score reads removed via Filtlong v0.2.1
(default parameters). The filtered reads were mapped onto the corresponding reference genome of
the phage and host using minimap2 v2.28 (106) (map-ont parameter). The alignment statistics were
obtained using Samtools v1.20 and visualized using Integrative Genomics Viewer (IGV) (269).

NAD/NADH measurements

Bacterial cultures of PAOI strains containing pUCP20, Thoeris Ill, and Thoeris Ill H49A SLOG were
grown until an OD600 of 0.3. Cultures were divided and one part infected with phage $Pa34 at an
MOI of | for 30 minutes. Uninfected and infected cultures were centrifuged at 5000 x g for 5 min at
4°C, and the pellet washed once with cold Ix PBS. The cell pellets were then used for NAD/NADH
quantification using the NAD/NADH quantification kit (Sigma) following manufacturer instructions.



Bacterial homologs of innate eukaryotic antiviral defenses with anti-phage activity. 71

Building HMM models of the defense system

HMM models for multi-gene defense systems were created using cblaster v1.3.18 (270) to obtain all
clusters within P. aeruginosa in which the defense genes were present and near each other (20% pident).
Single-gene defense systems were searched for using PSI-BLAST (/26) search, and sequences with a
pident lower than 20% and coverage lower than 70% were excluded. Muscle5 (251) (-super5) was used
to align the obtained protein sequences, and hmmbuild v3.3.2 (/27) was used to build the HMM models.
The HMM model scoring thresholds were set based on the 100% sensitivity-point with the help of an
ROC curve analysis that scored the HMM sensitivity for the defense gene compared to all other genes
within P. aeruginosa. The HMM bitscore obtained for each defense system gene is as follows:
Prometheus proA, 3500; Hermes hrsA, 325; 6A-MBL mbIB, 130, and cap2-3, 230; Erebus eruA, 190;
Hypnos hypA, 350; and Thoeris Ill thcA, 75, thcBI, 50, thcB2, 50, theB3, 50, thcB4, 75, with the presence
of thcA and thcB4 genes being mandatory.

Search for the defense systems in archaeal and bacterial genomes

To detect all prokaryotic homologs of the novel defense systems, we applied the HMM models on the
proteins of all representative genomes, which were downloaded from RefSeq in February 2023. The
taxonomy of each identified defense system is based on the annotation provided by RefSeq itself.

Phylogenetic tree and annotation of the defense system genes

Phylogenetic trees of ProA (Prometheus) and HrsA (Hermes) were made by obtaining all available
Uniprot Release 2024_01 (271) protein sequences that contained DNA2 (n = 131,097) or IMPase (n
= 56,571) functional domains, respectively. ATP-dependent DNA helicase RecG protein (NCBI
accession: NP_254032.1) and fructose-1,6-bisphosphatase class | (FBPase class |; NCBI accession:
CEI80039.1) were used to root the ProA and the HrsA phylogenetic trees, respectively. To generate
the TIR and SLOG domain phylogenetic trees, all sequences of the corresponding protein clans, STIR
(CLO73, n = 108k) and SLOG (CL0349, n = 155k), were downloaded from the InterPro 98.0 database
(272) on February 6, 2024. Duplicate sequences were removed using Seqkit v2.7.0 (rmdup) (273),
followed by a down sampling step (Segkit sample). Representative sequences were obtained using
mmseqs2 vI5.6 (easy-cluster) (274), with the degree of down sampling based on the number of
representatives obtained (between 1000 and 1500 sequences). The representative sequences were
aligned using Muscle v5.3 (-super5) (275) and trimmed using trimAl v1.8 (-automatedl) (276). The
resulting trimmed alignment was used to build and bootstrap a phylogenetic tree using 1Q-Tree2
v2.2.6(157) (-B 1000, --alrt 1000, -m TEST). The phylogenetic tree of Hypnos and Erebus was built
with the NACHT-containing NLR protein accessions and phylogenetic group information provided by
Kibby et al. (2023) (218) (n = 3247). These sequences were aligned using Muscle v5.3 (-super5),
trimmed using trimAl vI.8 (276) (-automatedl), and a phylogenetic tree was built using FastTree
v2.1.11 (277) with default settings. All phylogenetic trees were visualized using iTOL v1.0 (278).

Phylogeny tree of P. aeruginosa
A phylogenetic tree was constructed using Parsnp v1.7.4 (/| [) on all complete P. aeruginosa assemblies
from the Refseq database on June 16, 2022 (n = 541) and visualized using iTOL (279).

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.
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Figure S| Features of the defense system Hermes. (a) Hermes limits propagation of phage $Pa34 in liquid cultures. (b)
Structure of homologous proteins H. sapiens IMPA (PDB: | AWB), M. tuberculosis SuhB (PDB: 2Q74), and P. aeruginosa HrsA
(predicted by Alphafold). The IMPase active site is depicted in detail with residues relevant for interaction with inositol
monophosphate indicated. Residue differences between SuhB or HrsA compared to IMPA are highlighted in orange when
substituted by residues of similar characteristics and in red when distinct. (c) Similarity of Hermes to antiviral eukaryotic
IMPase proteins IMPAI/2 from Homo sapiens (NP_001138359.1) and IMP-Like 1/2 (IMPL) from Arabidopsis thaliana
(NP_001118558.1). (d) Structure comparison of homologous proteins H. sapiens IMPA (PDB: | AWB, orange), M. tuberculosis
SuhB (PDB: 2Q74, yellow), and P. aeruginosa HrsA (predicted by Alphafold, purple). The PAE plot of the Alphafold multimer
model for dimeric HrsA is also shown. (e) Outer membrane proteins extracted from cells carrying an empty plasmid
(control), Hermes, or Hermes with a point mutation (D89A) and visualized by SDS-PAGE. Proteins differentially expressed
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or Hermes with a point mutation (D89A). (g) The abundance of Hermes within bacterial phyla. (h) The distribution of
Hermes proteins within Proteobacteria. y: Gammaproteobacteria. (i) The distribution of Hermes across P. aeruginosa. Red
circles indicate strains that contain Hermes. (j) The gene neighborhood of Hermes within and outside P. aeruginosa (left), and
representative genome showing the location of Hermes and other defense systems (right). Defense systems discovered in
this study are shown as a red line.
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Figure S2 Features of the defense system Prometheus. (a) The human homologs of Prometheus, depicting gene
architecture and regions of sequence similarity. (b) Prometheus limits propagation of phage ¢Pal8 in liquid cultures. (c) R-
loops identified in phage genomes from our panel. Phages with multiple R-loops are susceptible to the anti-phage activity of
Prometheus (targeted), while those with a limited number of R-loops are resistant (not targeted). (d) DNA (top) and RNA
(bottom) read depth across the ¢Pal8 genome during infection of cells containing an empty plasmid (Control) or a plasmid
expressing Prometheus. DNA and RNA were extracted at 20 minutes post-infection. Predicted location or R-loops in the
phage genome are indicated with a red line. (€) Overlay of Prometheus ProA DUF3320 domain predicted by Alphafold2 with
the DNA-binding Forkhead domain (PBD: 2BBY). (f) The abundance of Prometheus within bacterial phyla. (g) The
distribution of Prometheus proteins within Proteobacteria. a: Alphaproteobacteria, P: Betaproteobacteria, y:
Gammaproteobacteria. (h) The distribution of Prometheus across P. aeruginosa. Red circles indicate strains that contain
Prometheus. (i) The gene neighborhood of Prometheus within and outside P. aeruginosa (left), and representative genome
showing the location of Prometheus and other known phage defense systems (right). Defense systems discovered in this
study are shown as a red line.
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Figure S3 Features of the defense systems Erebus and Hypnos. (a) Erebus and Hypnos limit the propagation of
phages $Pa34 and ¢Pal8, respectively, in liquid cultures. (b) Predicted IDDT per position for Erebus and Hypnos Alphafold2
structures. (c) Tertiary structure of Erebus and Hypnos predicted by Alphafold2. On the left, the structure of Erebus is color-
coded by pLLDT score. On the left, the structure of Hypnos is shown both color-coded by pLLDT score and by functional
domains, with TPR shown in green, NACHT in orange, and the effector domain (SfsA-N) in red. (d) The abundance of Erebus
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(top) and Hypnos (bottom) within bacteria phyla. (e) The distribution of Erebus (top) and Hypnos (bottom) proteins within
Proteobacteria. a: Alphaproteobacteria, B: Betaproteobacteria, y: Gammaproteobacteria. (f) The distribution of Erebus (top)
and Hypnos (bottom) across P. aeruginosa. Red circles indicate strains that contain the defense system. (g) The gene
neighborhood of Erebus (top) and Hypnos (bottom) within and outside P. aeruginosa, and representative genome showing the

location of Erebus (top) and Hypnos (bottom) and other defense systems. The defense systems discovered in this study are
shown as a red line.
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Figure S4 Features of the defense system 6A-MBL. (a) 6A-MBL limits propagation of phage ¢Pa34 in liquid cultures.
(b) Tertiary structure of the complex formed between MbIB and Cap2-3 proteins of 6A-MBL, predicted by Alphafold 2. On
the left the structure of the complex is color-coded by functional domains with MbIB shown in blue, Cap2-3 E| in dark orange,
Cap2-3 E2 in yellow, and Cap2-3 JAB in light orange. (c) The abundance of 6A-MBL within bacteria phyla. (d) The distribution
of 6A-MBL proteins within Proteobacteria. a: Alphaproteobacteria, B: Betaproteobacteria, y: Gammaproteobacteria. () The
distribution of 6A-MBL across P. aeruginosa. Red circles indicate strains that contain 6A-MBL. (f) The gene neighborhood of
6A-MBL within and outside P. aeruginosa and representative genome showing the location of 6A-MBL and other defense
systems. The defense systems discovered in this study are shown as a red line.
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Figure S5 Features of the defense system Thoeris type Ill. (a) Thoeris type lll limits propagation of phage ¢$Pa34 in
liquid culture. (b) Tertiary structure of the ThcA:ThcB4 tetramer predicted by Alphafold2, color-coded by pLLDT score. (c)
PAE plot of AlphaFold multimer models for complexes formed between ThcA and ThsB|-B4 proteins and among ThsB|-B4
proteins of Thoeris lll. In each square, the shade in blue indicates the expected distance error in Angstrém (A) for a pair of
residues. (d) Phylogenetic tree of TIR-containing proteins. The phylogenetic tree of 5,201 representative proteins was
inferred and bootstrapped using IQ-Tree2. The representative proteins include all groups within the STIR clan (CLO173), as
indicated in the tree. Branches with bootstrap confidence interval 290% are indicated with red dots. (e) Tertiary structure
of TheBI predicted by Alphafold 2 and overlaid with the TIR domain of Cap|2 (PDB 7UNS8). Capl2 is shown in yellow and
ThcBI is color-coded by pLLDT score. (f) Total intracellular NAD measured in cells harboring an empty plasmid, Thoeris lll,
or mutation H49A in the SLOG domain, during infection with phage ¢$Pa34. (g) The abundance of Thoeris type Il within
bacteria phyla. (h) The distribution of Thoeris type Ill within Proteobacteria. a: Alphaproteobacteria, B: Betaproteobacteria,
v: Gammaproteobacteria, B: Bacteroidota. (i) The distribution of Thoeris type lll across P. aeruginosa. Red circles indicate
strains that contain Thoeris type Ill. (j) The gene neighborhood of Thoeris Ill within and outside P. aeruginosa, and
representative genome showing the location of Thoeris type Ill and other defense systems. The defense systems discovered
in this study are shown as a red line.
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Figure S6 Impact of the new defense systems on the P. aeruginosa anti-phage repertoire. Diversity of defense
systems found in the genomes of 541 P. aeruginosa strains from the RefSeq database, organized from most (left) to least (right)
abundant. The complete list of defense systems is shown on Table S5. Defense systems discovered in this study are depicted

in red.

The following supplementary files are available online at doi: 10.1016/j.chom.2024.07.007
Table SI List of eukaryotic innate proteins retrieved from the literature.

Table S2 Representative genes of the variable regions within the pangenome of 542 RefSeq P.
aeruginosa genomes, identified by PPanGGoLiN.

Table S3 R-loops predicted in phage genomes from Costa et al. (2024), Gao et al. (2020), and Millman
et al. (2022).

Table S4 Presence of the defense systems in RefSeq representative genomes of prokaryotes.
Table S5 Defense systems identified in the 542 RefSeq genomes of P. aeruginosa.
Table Sé List of primers used in this study.

Table S7 List of plasmids used in this work.









Chapter 5

Discovery of phage defense systems through
component modularity networks

Phage defense systems in bacteria exhibit high degrees of modularity, with sensing, signal
transmission, and effector enzymes frequently being exchanged among phage defense gene clusters.
In this study, we capitalized on this modularity to discover phage defense systems by searching for
defense-associated modules in new gene contexts. This approach revealed a large and interconnected
network of modular components distributed across diverse gene clusters. From over 500 candidate
defense systems, we selected nine for experimental testing and validated three: Dionysus, a TerB-
encoding system that disrupts early phage infection vesicle formation by Jumbo phages; Ophion, a
Radical SAM-containing system that prevents the formation of the Jumbo phage nucleus; and
Ambrosia, a tightly regulated RM-like system. Collectively, we demonstrate that leveraging the
modular architecture of phage defense systems is an effective approach to their discovery.

A modified version of this chapter has been published as

van den Berg, D. F.*, Costa, A. R*, Esser, . Q.*, Muralidharan, A., van den Bossche, H., & Brouns,
S.J.J. (2025). Discovery of phage defense systems through component modularity networks. bioRxiv,
doi: 10.1101/2025.09.30.679545
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Introduction

Bacteriophages (phages) are viruses that infect and replicate within a bacterial host (280). To defend
themselves against these viral threats, bacteria evolved a diverse repertoire of phage defense systems.
These systems detect the infecting phage and trigger immune responses that range from cleaving the
invading phage DNA to disrupting key metabolic processes, such as ATP and NAD* metabolism,
thereby preventing phage propagation (/0). In response, phages evolved counter-defenses, prompting
further bacterial adaptations (28/). Over time, this ongoing evolutionary race has generated
remarkable diversity among bacterial anti-phage strategies (/0).

It has become increasingly evident that many defense systems are built from modular components.
This modularity is exemplified by phage defense families which comprise multiple subtypes that are
unified by conserved core elements, such as the cyclase of CBASS, the ATPase NsnB of Menschen,
LmuB of Lamassu, YprA family helicase of ARMADA, and the protease-nuclease pair of Canu (160,
188, 282-284). Apart from shared genes, many systems have also interchanged functional domains,
creating novel architectures from a common pool of modular parts. For example, sirtuin (SIR2)
domains appear in several phage defense families, including Thoeris, prokaryotic argonautes (pAgos),
defense-associated sirtuins (DSRs), and Avs (122, 159, 160, 186, 285, 286). Other frequently
repurposed domains include superfamily helicase (SF2), HNH endonuclease, CD-NTase associated
protein 4 (Cap4), modified DNA rejection and restriction (Mrr), restriction endonuclease (REase),
Toll/interleukin-1 receptor/resistance protein (TIR), Trypsin-like, Caspase, Metallo-B-lactamase (MBL),
and purine nucleoside phosphorylase (PNP) domains (238, 283, 284, 287).

The modular exchange of these genes and domains provides a genetic breeding ground for the genesis
and diversification of phage defense systems. Understanding these modular components that are shared
in evolution is key to uncovering the full spectrum of bacterial antiviral mechanisms. In this study, we
use this principle to identify candidate defenses by analysing gene clusters that combine at least one
known defense-associated gene with different domain contexts. We focused on P. aeruginosa, a species
with a highly diverse phage defense repertoire (161, 288, 289). This approach uncovered more than
500 candidate systems, nine of which were selected for experimental testing. Of these, we validated
three: Dionysus, a TerB-containing system specifically targeting jumbo phages; Ophion, a Radical SAM
(rSAM)-containing system also targeting jumbo phages; and Ambrosia, a restriction-modification (RM)-
like system targeting Pbunavirus and Mesyanzhinowviridae phages. Our findings demonstrate the power
of modular domain-based discovery approaches to expand the known diversity of phage defense
mechanisms and offer new insights into the architecture of bacterial immunity.

Results

Modularity of phage defense system components

More than 95% of known phage defense systems in P. aeruginosa reside within regions of genomic
plasticity (RGPs) (248). To identify previously uncharacterized phage defense systems, we performed
an extensive search for gene clusters residing in these RGPs across 541 P. aeruginosa genomes. This
analysis identified 1040 conserved gene clusters (Figure 1a) of which 515 (40%) contained functional
domains associated with known defense systems. The most prevalent defense-associated domains were
P-loop-containing ATPases (10.6%) and methyltransferases (MTases, 3.8%) (Table S1). The modularity
of gene clusters that contained phage defense-associated functional domains was further analysed using
a gene network approach to investigate shared genes, resulting in a large, interconnected network of
phage defense-related clusters (Figure 1b-d, Supplementary File I).

We then classified the identified clusters into six distinct categories: |. Complete defense systems
(12.2%); 2. Complete systems with additional defense-associated genes (4.2%); 3. Complete systems
with additional genes not previously associated with defense (5.6%); 4. Complete systems with
additional genes both defense-associated and non-defense-associated (7.0%); 5. Clusters containing
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defense-associated genes in new combinations (57%); and 6. Clusters with both defense and non-
defense genes (14%). Importantly, nearly half of the gene clusters (247/515; 48%) shared at least one
gene with another cluster, allowing us to combine these into gene networks (Figure 1b; Table SI).
Most of these networks are small, but three gene networks (networks 3, 5, and 8) each contain more
than 15 genes (Figure Ic; Table S1). These larger networks consist of several gene clusters and may
include novel or accessory elements relevant to phage defense. For instance, gene network 8, which is
the largest network, spans 95 genes from 33 gene clusters and is largely composed of genes not
previously associated with phage defense, aside from a few ATPases and STAND proteins. On the
other hand, networks 3 and 5 are strongly enriched in known defense elements. Network 3 contains
several type | and |l restriction-modification (RM) system components, while network 5 includes genes
that are part of BREX, DISARM, and Druantia systems. Although we did not further investigate these
networks in this study, they offer starting points for future exploration of phage defense diversity and
modularity.

To investigate the key contributors to defense network formation, we evaluated the gene connectivity
within defense system families (degree centrality score: number of connections) and their role in linking
distinct subnetworks (betweenness centrality score: bridge formation between subnetworks) (Figure
le,f; Table SI). Interestingly, most genes with high number of connections within phage defense
families (14 out of the top 20) have yet to be associated with phage defense, while known defense
genes predominantly scored high in bridging phage defense subnetworks (15 out of the top 20) (Figure
le,f).

For example, NAD(P)-binding protein (gene 233, Table S1) from gene network 3 is ranked the highest
in both degree and betweenness centrality but has not previously been associated with phage defense.
In contrast, other genes with high scores in both degree centrality and betweenness have been
previously associated with phage defense, including MTases and REases of RM systems. Similar to what
was observed for the largest gene networks 3 and 5, we found these to be commonly shared among
RM subtypes as well as other RM-like systems (159, 241, 290). Similarly, ATPases, such as SMC-like
ATPase (gene 3542), PARIS ATPase AriA (gene 1225), and the ATP-Binding Cassette (ABC)-2 type
transporter (gene 4514), scored highly in both categories. These ATPase domains are often phage-
sensing components of defense systems, suggesting they might be shared among defense systems for
phage specificity(291, 292).

These insights into the fluidity of the phage defense repertoire of P. aeruginosa suggested that we could
utilize this gene network to discover additional phage defense systems. To test this, we selected nine
gene clusters with shared defense components (clusters type 2-5) for experimental validation of phage
defense and plasmid conjugation in P. aeruginosa strain PAO| (288). Three gene clusters (33%), which
we named Dionysus, Ophion, and Ambrosia (Figure Ib, Table I), exhibited robust anti-phage activity
and were further characterized, as discussed in detail below.
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common components among these gene clusters. (b) Network of shared components between gene clusters containing anti-
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Table 1. Genes and functional domains of the phage defense systems identified in this study

Defense system Gene Functional domain(s) Identifier

Dionysus dinA Merozoite adhesive erythrocytic binding cl34696, cl31754
protein (MAEBL)

Transmembrane domain .

Domain with unknown function CATH: No match
dinB Tellurite resistance protein TerB-like IPR029024
dinC a-helical pore-forming toxin (a-PFT)2 -
Domain with unknown function CATH: No match
Ophion opnA Radical S-adenosyl-L-methionine (rSAM)a PF04055
opnB Polymerase and Histidinol Phosphatase IPRO04013
(PHP)a

opnC Phosphoribosyl transferase domain (PRTase)> PFO0156

Domain with unknown function (2x) CATH: No match
Ambrosia abrR Xenobiotic Response Element (XRE) cd02209

transcriptional regulator

abrA DNA Né6- adenine methyltransferase PF05869
(MTase)?

abrB Histidine kinase-, DNA gyrase B-, and HSP90- PF13589,
like ATPase (HATPase) COG0642

abrC Phosphoacceptor receiver (REC) domain cd00156
Winged helix-turn-helix (wWHTH) domain IPR036390

abrD HNH endonuclease? PF13395

a Functional domain previously associated with phage defense

Dionysus is a TerB-containing defense system with activity against Phikzvirus
jumbo phages

Dionysus is named after the god associated with winemaking and the celebration of life. This defense
system consists of three genes encoding: DinA, featuring a merozoite adhesive erythrocyte binding
protein (MAEBL) and a transmembrane (TM) domain; DinB, a TerB-like protein; and DinC, a pore-
forming toxin (PFT) with four TM domains (Figure 2a). Dionysus can be found in both Gamma- (312
instances) and Betaproteobacteria (49 instances) (Figure Sla, Table S2).

Dionysus provides robust protection against jumbo Chimallivirus phiKZ and $Pa36, both in efficiency of
plating (>10¢é-fold reduction) and liquid cultures (Figure 2a,b). The one-step growth curve of $pPa36
in control and Dionysus cells revealed that the life cycle of the phage is severely compromised by the
defense system, with a similar latency period but a significantly reduced burst size (82 + 24 PFU/cell in
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control cells versus 9 * 2 PFU/cell in Dionysus-expressing cells) (Figure 2c,d). All three proteins of
Dionysus are essential for its protective capacity, as mutating a conserved amino acid within the
MAEBL-like domain of DinA (H326A), and deletion of DinB or DinC, resulted in the partial (DinA
H326A) or complete loss of anti-phage activity (Figure S1b). Lastly, in silico co-folding with AlphaFold
3 and further analysis using AlphaBridge predicts DinC to interact with the C-terminus of DinA to
form a complex (1:1 stoichiometry; piCSi: 0.77), and DinB to form a homodimer (piCSi: 0.83) (Figure
Slo).

Dionysus genes dinB and dinC encode domains that have previously been associated with phage defense.
DinB has a TerB domain, which was originally identified in the tellurite resistance gene cassette and
believed to be involved in the bacterial stress response (293, 294). More recently, TerB domains were
also found in phage defense systems such as Bunzi (BnzA) and Shango (SngA)(/60, 161) (Figure S2d).
It is still unclear how TerB domain-containing phage defense proteins convey phage protection. It has
been proposed that this could be related to TerB proteins having amphitropic characteristics (295),
meaning they can reversibly switch between the cytoplasm and membrane, depending on
environmental signals or ligand binding. These previous observations suggest that DinB may be involved
in membrane surveillance.

DinC contains a PFT domain, which has also been reported to act as the anti-phage effector in various
defense systems, including CBASS, Pycsar, CRISPR-Cas, Retrons, and bGSDM (10, 38, 161, 188, 296).
PFTs often form multi-subunit pores with a hydrophilic interior in the cellular membrane to depolarize
the bacterium and block phage propagation and can be broadly classified into two categories based on
their secondary structure: a-PFTs, which form a-helical pores, and B-PFTs, which form B-barrel pores
(297). Inspection of the AlphaFold3 modelling of DinC revealed that it is an a-pore-forming toxin (a-
PFT) consisting of multiple amphipathic a-helices, structurally similar to enterotoxins such as
haemolysin BL (Hbl), non-haemolytic enterotoxin (Nhe), and cytolysin A (ClyA) (298) (Figure Sle).

Dionysus gene dinA encodes an MAEBL domain, not previously linked to phage defense. This domain
is poorly understood, apart from its role in Plasmodium species, where MAEBL is a transmembrane
protein that binds erythrocyte receptor(299). Therefore, DinA may act as a membrane-associated
protein involved in detecting phage components during phage infection.

Based on the predicted function of DinA, DinB, and DinC, we hypothesized that Dionysus may convey
phage protection by detecting membrane-associated processes of the jumbo phage through DinA and
DinB, with the result of DinC forming pores in the cellular membrane to cause cell death and abort
phage infection. To investigate this hypothesis, we assessed membrane permeabilization using
propidium iodide (Pl) staining. We observed that at 90 min post infection by jumbo phage ¢Pa36, the
vast majority of Dionysus cells were not lysed, suggesting that Dionysus does not act through damaging
of the cellular membrane (Figure SIf). This is further supported by quantification of cell survival at
both one hour and two hours post infection, where no control cells survived after 2 hours, while
Dionysus cells remained viable (Figure S1g). These results show that DinC does not form pores in
the host membrane. We therefore hypothesized that DinC might act on the early phage infection (EPI)
vesicles that jumbo phages produce to protect their DNA from host defense systems before
transitioning into their nucleus-like compartment (300). To explore this possibility, we performed
confocal microscopy using 4',6-diamidino-2-phenylindole (DAPI) to stain phage and host DNA,
expecting that DNA foci appear at EPI vesicle and nucleus compartments. These compartments shield
the phage DNA from DNA-targeting host defenses (82). This experiment revealed no EPI vesicles or
nuclei in cells expressing Dionysus, while both compartments could be observed in control (empty
plasmid) and ADinC mutant cells (Figure 2e-g; S1h). At 50 minutes post-infection, EPI vesicles were
present in almost half of the control and ADinC-expressing cells (48% and 39%, respectively), while
none could be detected for Dionysus-expressing cells (Figure 2f). Moreover, no nuclei were detected
in Dionysus cells, while 24% control and 28% ADinC cells contained nuclei (Figure 2g). These results
were not affected by differences in adsorption, which was found to be identical between control and
Dionysus-expressing cells (Figure Sli). To further investigate the potential interaction of Dionysus
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with the EPI vesicles of the Jumbo phage, we labelled either DinA or DinC with mNeonGreen and
observed that, I5 min post infection, both proteins form foci where the EPI vesicles are formed,
suggesting possible interactions between these proteins and further supporting the hypothesis of early
activity of Dionysus on the EPI vesicle (Figure 2h,i; Figure S1j). Together, these results show that
Dionysus specifically acts on the phage-derived EP| vesicle upon phage detection, preventing
progression of jumbo phage infection at the first stage in its infection cycle (Figure 2j).
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Figure 2. Dionysus is a jumbo phage specific defense system. (a) The functional domains of Dionysus, with loss of
function mutation sites indicated as red lines. Genes are drawn to scale and indicated for their association with phage defense
(PD associated). Dionysus was cloned with its native promoter into pUCP20 and introduced into P. aeruginosa strain PAOI,
followed by assessing anti-plasmid activity (plm) by conjugation assays and anti-phage activity by efficiency of plating assays.
The phage panel included Fiersviridae PP7, podophages Autographiviridae $Pa3 and ¢Pal8, siphophages Casadabanvirus ¢Pa28
and Mesyanzhinoviridae $Pa53, myophages Pbunavirus ¢Pal0 and $Pa34, and jumbo phages Phikzvirus $Pa36 and phiKZ. (b)
Effect of Dionysus on bacterial growth upon phage infection. P. aeruginosa strain PAO| cells containing an empty plasmid
(Ctrl) or Dionysus (Din) were infected with phage $pPa36 at low (0.01) and high (10) multiplicity of infection, and their growth
was monitored for a period of |12h. (c,d) One-step phage growth curve of $Pa36 infecting PAO| with (c) empty plasmid and
(d) Dionysus. (e) Confocal microscopy images during $Pa36 infection (0, 50, and 90 min) of PAOI with empty plasmid,
Dionysus, and a knock-out of DinC (ADinC). 4',6-diamidino-2-phenylindole (DAPI) was used to stain phage and host DNA.
The scale bar is | pm in length. (f,g) The percentage of observed (f) EPI and (g) nuclei during $Pa36é infection of control,
Dionysus-expressing, and ADInC cells. (h,i) Confocal microscopy images during $Pa36 infection (15 min) of Dionysus cells
with (h) DinA-mNeonGreen and (i) DinC-mNeonGreen. The scale bar is | pm in length. (j) Working model for phage defense
by Dionysus, which is hypothesized to form pores in the EPI vesicle upon phage infection, protecting against jumbo phages.
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Ophion is a radical SAM-containing anti-jumbo phage defense system proposed to
act via nucleic-acid interfering mechanisms

Ophion, named after a primordial serpent from Greek mythology, is a three gene system encoding a
radical S-adenosyl-L-methionine (rSAM) enzyme (OpnA), a polymerase- and histidinol-phosphatase
(PHP, OpnB), and a phosphoribosyl transferase (PRTase, OpnC) (Figure 3a). Distributed across
diverse Gammaproteobacteria (Figure S2a; Table S2), Ophion shows strong protection against
jumbo phages ¢Pa36 and PhiKZ, reducing phage infectivity by at least 10%-fold in EOP assays and
blocking phage propagation in liquid cultures (Figure 3a,b). The one step growth curve of $Pa36 in
Ophion cells showed no detectable burst, indicating that the phage life cycle is completely disrupted
(Figure 3c). Mutating conserved residues of the rSAM and PRTase domains revealed these to be
essential for protection, with partial dependence on the PHP domain (Figure S2b).

Each Ophion protein contains a domain associated with anti-phage mechanisms. For instance, the rSAM
domain of OpnA is related to, but phylogenetically distinct from, those in prokaryotic Viperins
(pViperins) (Figure S2c), which inhibit phage propagation by generating 3'-deoxy-3',4"-didehydro-
nucleotides (ddh-NTPs). These nucleotide analogs terminate RNA synthesis when incorporated into
phage transcripts (301, 302). The PHP domain of OpnB is found in the ppl phage defense system and
in family X DNA polymerases where it is involved in DNA proofreading as a metal-dependent
exonuclease of the phosphate backbone, removing misincorporated nucleotides (122, 303, 304). The
PRTase domain of OpnC is known to play crucial roles in the biosynthesis of purine, pyrimidine, and
pyridine nucleotides, as well as in purine and pyrimidine salvage (305). PRTases were previously
identified as the phage defense effector of the phage defense type Ill Retron systems and as the toxin
in the toxin-antitoxin phage defense systems ShosTA and PsyrTA (160, 306). These phage defense
associated PRTases are phylogenetically related and located within the same clade of the PRTase family,
suggesting a shared function (Figure S2d). Of these phage defense-associated PRTases, only the
function of the ShosTA PRTase has been characterized, which disrupts the purine metabolism by
producing nucleoside monophosphate, eventually disrupting DNA duplication of both the host and the
phage (307). The Ophion proteins are not predicted to interact with each other (Figure S2e).

Together, these observations indicate that each protein encoded by Ophion contains functional
domains that are known to interfere with nucleotide modification and salvage pathways. To gain a
broader understanding of Ophion's potential mechanism of action, we set out to identify the stage of
phage infection at which Ophion acts, using confocal microscopy to monitor $Pa3é jumbo phage
infection. In control cells and in cells expressing an OpnC mutant (K98A), the phage progressed
normally through both early (EPI vesicle) and late (nucleus) stages. In contrast, in Ophion-expressing
cells, $Pa36 failed to develop nuclei (Figure 3d-f), indicating that infection is arrested early, before
the translation of nucleus-forming components (308). Given the nucleotide-modifying potential of the
rSAM domain of OpnA and PRTase of OpnC (301), it is possible that early phage transcription within
the EPI vesicle is disrupted by incorporating transcription-halting nucleotides. Notably, Ophion does
not seem to affect the host and does not trigger abortive infection (Figure S2f), implying a phage-
specific mechanism.
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Figure 3. Ophion is a radical SAM-containing phage defense system proposed to act via nucleic-acid
interfering mechanisms. (a) The functional domains of Ophion and the mutation sites (shown as red lines) that were
tested. Genes are drawn to scale and indicated for their association with phage defense (PD associated). Ophion was assessed
for anti-plasmid activity (plm) by conjugation assays and for anti-phage activity by efficiency of plating assays. The phage panel
includes Fiersviridae PP7, podophage Autographiviridae ¢Pa3 and ¢Pal8, siphophage Casadabanvirus $Pa28, siphophage
Mesyanzhinoviridae $Pa53, myophage Pbunavirus $Pal0 and $Pa34, and jumbo phages Phikzvirus $Pa36 and phiKZ. (b) Effect of
the defense system on bacterial growth upon phage infection. P. aeruginosa strain PAO|! cells containing an empty plasmid
(Ctrl) or Ophion (Opn) were infected with phage $Pa36 at low (0.01) and high (10) multiplicity of infection, and their growth
was monitored for a period of 12h. (c) One-step growth curve of $Pa36 infecting PAO| with Ophion. (d) Confocal
microscopy images during $Pa36 infection (0, 50, and 90 min) of control (empty plasmid), Ophion, and OpnC mutant (K98A)
cells. Both the bacterial and phage DNA were labelled using 4',6-diamidino-2-phenylindole (DAPI). (e,f) The percentage of
observed (e) EPI and (f) nuclei formed during ¢Pa36 infection of control (empty plasmid), Ophion, and OpnC-K98A cells. (g)
Proposed multilayered defense against jumbo phages. On the left side, jumbo phage progresses through its infection cycle,
from formation of the EPI vesicle (early stage) to the transition into the nucleus stage, and the final assembly of the phage
particles before lysing the host. On the right, jumbo phage infection is stalled at early stages when co-occurring and co-
localizing jumbo phage defense systems Juk (targeting epi vesicle) and Ophion (likely targeting early phage transcripts) are
present.
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Notably, we observed that Ophion strongly co-localizes and co-occurs with Jumbo phage defense
system Juk (309) in 98.2% of the cases (108 out of the |10 times Ophion is found in P. aeruginosa;
Observed = 108; Expected = 23; Z-score = |8.25; Adjusted p-value = 0; Mean distance = 0 bp).
Interestingly, Ophion and Juk convey protection against jumbo phages at different stages of their
infection cycle. Specifically, Juk disrupts EPI vesicles which form early in the infection, while Ophion
affects the phage in a later stage by blocking the progression from phage EPI vesicle to the nucleus
stage. Combined, these systems seem to provide a multilayered defense to limit the escape possibilities
of jumbo phages (Figure 3g).

In summary, Ophion provides potent and specific defense against jumbo phages by blocking progression
from the EPI vesicle to the nucleus stage, possibly by halting the transcription of the nucleus forming
genes. The co-occurrence of Ophion with the EPI vesicle-targeting system Juk strongly suggests
beneficial effects of targeting distinct features and processes of early jumbo phage infection.

Ambrosia combines features of RM and two-component regulatory systems
Ambrosia, named after the food and drinks that provide immortality to the Greek gods, consists of
five genes and provides protection against siphophages from the Mesyanzhinovviridae family and
myophages from the Pbunavirus genus, limiting phage propagation in both solid and liquid cultures
(Figure 4a,b). One step growth curve of ¢Pa34 in control and Ambrosia cells revealed that the life
cycle of the phage is severely compromised by the defense system, with a burst size significantly
reduced from 165 * 18 PFU/cell in control cells to undetectable in Ambrosia-expressing cells (Figure
4c,d). Ambrosia is found across Gammaproteobacteria, with most of its occurrences (76%) in
Pseudomonadales (Figure S3a; Table S2).

The five genes of Ambrosia encode a HipB-like XRE transcriptional regulator (AbrR), a RM type II-
associated N6 adenine-specific DNA methylase (MTase, AbrA), a sensor histidine kinase/heat-shock-
protein(HSP)90-like ATPase (HATPase, AbrB), a response regulator (REC, AbrC), and an RM type IV
HNH endonuclease (AbrD) (Figure 4a; Figure S3b,c). Each protein is required for anti-phage
activity, since mutating conserved residues in any of the predicted functional domains completely
abolishes Ambrosia defense activity (Figure S3d).

Ambrosia contains both elements from an RM system (MTase and HNH endonuclease (3/0)), which
are known to be involved in phage defense, and a two-component regulatory system (HATPase and
REC, a stimulus-response coupling mechanism (3/1)). Previous studies have reported that two-
component systems often localize near RM systems, particularly RM types Il and IV (312, 313), but
their integration in a single gene cluster was not previously described. It has been proposed that the
two-component system regulates the transcription of the RM systems, with the sensor kinase
phosphorylating the response regulator to initiate transcription in response to specific environmental
stimuli (3/4). We hypothesized that this could also be the case for Ambrosia, especially since the REC-
encoding AbrC contains a winged-helix-turn-helix (wHTH) domain, which is associated with these
transcription initiating RECs (315). In the context of Ambrosia, this suggests that AbrB detects phage
infection and then phosphorylates AbrC, triggering a downstream transcriptional response to phage
infection. The importance of AbrC phosphorylation is supported by the loss of phage protection when
the predicted phosphorylated site (D60) was mutated to alanine (D60A) (Figure $3d). In addition,
we quantified the expression of mNeonGreen inserted into the Ambrosia cluster in place of AbrA or
AbrD and observed that these regions were barely expressed in normal conditions but highly
expressed during phage infection (Figure S3e). These results suggest that the expression of Ambrosia
proteins is regulated at the transcription level.

In addition, Ambrosia expression may also be controlled by the HipB-like XRE transcriptional regulator
AbrR, as these transcriptional regulators are known to inhibit transcription, especially of their own
gene clusters (316). In the context of RM systems, these XRE transcriptional repressors are known as
control (c) proteins, which prevent the expression of the nuclease before the methylase has had time
to methylate the host DNA (317).
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The apparent need for multiple transcriptional regulators to control Ambrosia gene expression
suggests that its RM-like components could be toxic to the host if expressed inappropriately and are
therefore only expressed upon phage infection. Consistent with this idea, AbrA is predicted to be an
N6 DNA methyltransferase and AbrD belongs to the RM type IV HNH endonuclease family, which
typically cleaves methylated DNA. This raises the possibility that AbrD could act on modifications
introduced by AbrA and, if expressed outside infection, damage host DNA. In classical type Il RM
systems, by contrast, the methylase protects host DNA from nuclease activity (3/8).

To test whether AbrA methylation might provide protection from the nuclease of Ambrosia, we
propagated phages in P. aeruginosa PAO| expressing only AbrA from an inducible promoter and then
challenged these phages against PAOI carrying the complete Ambrosia system. In line with the
hypothesis, phages remained sensitive, indicating that AbrA methylation does not protect against AbrD
activity (Figure S3f,g). Interestingly, we did not observe toxicity of Ambrosia to the host during phage
defense, which would have been expected if AbrD efficiently targeted the host chromosome (Figure
4e). One possibility is that AbrD activity is more damaging to phage DNA than to host DNA, as nicking
nucleases may disproportionately affect linear genomes compared with circular chromosomes (319).

Overall, our results indicate that the RM-like components of Ambrosia do not operate as a
conventional type || RM system. Instead, Ambrosia appears to represent a distinct, tightly regulated
phage defense system in which a HipB-like XRE protein and a two-component regulatory module
control the expression of RM-like enzymes in response to infection (Figure 4F).
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Figure 4. Ambrosia is a phage defense system that combines components of a restriction-modification system
and a two-component system. (a) The functional domains of Ambrosia with the mutation sites tested indicated as red
lines. Genes are drawn to scale and indicated for their association with phage defense (PD associated). Ambrosia was assessed
for anti-plasmid activity (plm) by conjugation assays and for anti-phage activity by efficiency of plating assays. (b) Effect of
Ambrosia on bacterial growth upon phage infection. P. aeruginosa strain PAOI cells containing an empty plasmid (Ctrl), or
Ambrosia (Abr) were infected with phage $Pa34 at low (0.01) and high (10) multiplicity of infection, and their growth was
monitored for a period of 12 h. (c,d) One-step growth curve of pPa34 infecting (c) control (empty plasmid) and (d) Ambrosia-
expressing cells. (e) Assessment of cell concentration (CFU/ml) in phage-infected cultures of control (empty plasmid, EP) or
Ambrosia-expressing cells. Bars represent average values of at least three biological replicates with individual points overlaid.
(f) Working model for anti-phage defense by Ambrosia. Ambrosia is proposed to represent a defense system where a HipB-
like XRE gene together with a two-component regulatory mechanism appears to control the expression of an RM-like system
that targets its own DNA modification in response to phage infection.
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Discussion

Evolutionary adaptation often proceeds from evolutionary tinkering processes, where existing genetic
elements are repurposed or recombined (320). Key to this process is the modular organization of
genes and their constituent domains, which enables rapid exchange of distinct functional units among
unrelated pathways in a “plug-and-play" fashion (320). This is especially well exemplified by the core
glycolytic genes, which are recruited across diverse metabolic pathways, including amino acid
biosynthesis and aerobic respiration (321, 322).

Likewise, phage defense systems of bacteria exhibit high degrees of modularity, with sensing, signal
transmission, and effector enzymes exchanged between phage defense systems (238). This modularity
may allow rapid adaptation to phage countermeasures (323-325), for instance by replacing the sensory
or effector domain that are inhibited by phage encoded anti-genes. In turn, the phage overcomes this
adaptation, resulting in a continuous evolutionary race between the phage and the phage defense
systems of the host.

In this study, we capitalized on the modularity of phage defense systems to discover three previously
unknown defense systems in P. aeruginosa that incorporated genes or functional domains previously
associated with phage defense in new architectures. Our discovery approach offers several powerful
features. First, by searching for components already associated with phage defense, we increase the
likelihood of finding positive candidate defense systems, independently of their abundance across
bacterial genomes. Second, previously unknown anti-phage genes and functional domains can be
integrated into subsequent searches, creating a feedback loop that continually expands our
understanding of the phage defense repertoire. Lastly, this growing catalogue enables deeper insight
into the evolutionary relationships between defense systems and the modular components they share.
For example, many of the most frequently shared elements are RM components, and one of the
systems uncovered by our approach, Ambrosia, combines an unusual RM-like module with regulatory
genes.

The defense systems that we discovered using this approach include also Dionysus and Ophion.
Dionysus contains a TerB-like and a pore-forming domain shared with several other defense systems
but also contains an additional gene with a MAEBL functional domain that was not associated with
phage defense before. Ophion features three genes with phage defense associated functionalities that
have not previously been found in this combination. This system includes a rSAM, which is related to
bacterial Viperins that convey phage defense (166, 301), along with PHP and PRTase domains. Both
Dionysus and Ophion specifically block infection by jumbo phages, which have evolved specialized
compartments to protect their DNA from DNA-targeting host defenses. After entry, the phage
genome is enclosed by a membranous EPI vesicle, where early transcription occurs. At a later stage of
the infection, the content of the EPI vesicle is transferred into a nucleus-like compartment where DNA
replication and late transcription (300, 326-329). While these compartments provide jumbo phages
with an advantage against some host defenses, our findings show that they can also be exploited as a
vulnerability targeted by phage defenses such as Dionysus and Ophion.

Specifically, we show that Dionysus forms pores in the EPI vesicle of the jumbo phage to disrupt the
infection cycle of the phage at an early stage, similar to the mechanism described for the Juk phage
defense system(309). In addition, we show that Ophion specifically prevents the progression of nucleus
formation, potentially by halting phage transcription in the EPI vesicle stage. Together with jumbo phage
specific Avs5 defense, which recognizes an early-expressed jumbo phage protein (330), evidence is
growing of the existence of a jumbo phage specific defense system repertoire. We also observed that
Ophion almost exclusively co-localizes and co-occurs with the Juk phage defense system, suggesting
evolutionary advantages of co-targeting.

Altogether, we explored the modularity of phage defense components across defense systems,
expanding the known network of phage defense-associated domains employed by bacteria, and
highlighting the diverse molecular functions recruited for phage defense.
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Limitations of the study

This study demonstrates the utility of gene modularity networks for uncovering new phage defense
systems, but several limitations remain. First, while we show that Dionysus and Ophion arrest jumbo
phage infection at distinct stages, the exact molecular processes underlying these effects remain to be
elucidated, and future biochemical and structural work will be required to define the effector activities
in detail. Second, our analysis of Ambrosia suggests regulation of an RM-like module by a two-
component system, but it is not yet clear whether the effector activity primarily targets phage DNA,
host DNA, or both, and how host toxicity is avoided. Third, our validation was limited to P. aeruginosa
and a subset of phages. The broader distribution, mechanistic diversity, and ecological roles of these
systems remain to be determined. Finally, while our modularity-based search expands discovery
potential, it inevitably misses defense systems that lack known components or occur outside the
networks captured here.

Materials and Methods

Bacterial strains and bacteriophages

The candidate defense systems were amplified from P. aeruginosa clinical isolates obtained from the
University Medical Centre Utrecht (/46). pUCP20-based plasmids containing the defense systems were
cloned in Escherichia coli strain Dh5a and subsequently in P. aeruginosa strain PAOI. E. coli strain
ET12567/pUZ8002 was used in conjugation assays. All bacterial strains were grown in Lysogeny Broth
(LB) at 37 °C and 180 rpm, or in LB agar (LBA, |.5 % agar (w/v)) plates at 37 °C, unless stated
otherwise. E. coli ET12567/pUZ8002 was grown in media supplemented with 50 pg/ml of kanamycin
and 25 pg/ml of chloramphenicol. Strains containing plasmid pUCP20 were grown in media
supplemented with 100 ug/ml of ampicillin (for E. coli) or 200 pg/ml of carbenicillin (for P. aeruginosa).
Strains containing plasmid pSTDesR (/30) were grown in media supplemented with streptomycin at
25 pg/ml. Pseudomonas phage PP7 was acquired from LGC Standards, and all the remaining phages were
obtained from the Fagenbank (/46). Phages were propagated in liquid media using P. aeruginosa strain
PAOI as the bacterial host. The resulting bacterial lysate was centrifuged at 3,000 x g for 15 min, filter-
sterilized (0.2 ym PES), and stored at 4 °C until further use.

Identification of putative anti-phage gene clusters in variable regions of P.
aeruginosa

We used PPanGGOLIN v1.2.74 (248, 249) to identify conserved gene clusters in the variable regions
of all 541 complete P. aeruginosa assemblies from the RefSeq database as of June 16, 2022. Genes in
these conserved gene clusters were analysed for their proximity to one another using cblaster vI.3.19
(270), applying a threshold of 100-base-pair distance. Gene clusters encoding known and complete
defense systems were identified using DefenseFinder v1.0.9 with defense-finder-models v1.2.2 (63).
Additionally, the defense-finder models were used to identify incomplete phage defense systems. Lastly,
anti-phage-related functional domains were identified in the sub-selected gene clusters using the Pfam-
A (331) and Superfamily HMM models (332) using HMMer (/27) and Interproscan v5.60-92.0 (333)
respectively, from a list of anti-phage-associated functional domains compiled from a literature search
(Table S3). R package visNetwork (https://datastorm-open.github.io/visNetwork/) and Gephi (334)
were used to perform a network analysis of the multi-gene clusters that contained anti-phage
associated functional domains in addition to other functional domains previously not associated with
phage defense. Confirmed anti-phage gene clusters were further annotated using HHpred,
InterProScan (333), and CDD (/28, 335, 336). Moreover, each protein was also predicted using
AlphaFold3 (257, 258), searched for homologs with Foldseek (230), and further analyzed for functional
domains using CATH-AlphaFlow 2024 (337) domain predictions. Signal peptides and transmembrane
regions were annotated using Phobius vI.0l and SignalP v6.0 (253, 254, 257, 258, 338).
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Cloning of candidate defense systems

The candidate defense systems were amplified from P. aeruginosa strains using Q5 DNA Polymerase
(New England Biolabs) with primers from Table S4. The PCR products were run on 1% agarose gels,
and bands were excised and cleaned using the Zymoclean Gel DNA Recovery Kit (Zymo Research).
Plasmid pUCP20 was digested with BamHI and EcoRI (NEB), dephosphorylated with FastAP (Thermo
Scientific), and cleaned with the Zymo DNA Clean & Concentrator Kit (Zymo Research). The defense
systems were cloned into the digested pUCP20 using the NEBuilder HiFi DNA Assembly Master Mix
(New England Biolabs) and transformed into chemically competent NEB® 5-alpha Competent E. coli
(New England Biolabs) following the manufacturer’s instructions. Plasmids (Table S5) were extracted
using the GeneJET Plasmid Miniprep kit (Thermo Scientific) and confirmed by Sanger sequencing at
Macrogen. Confirmed plasmids were transformed into P. aeruginosa strain PAO| by electroporation as
previously described (/129) and the cells were plated on LBA plates supplemented with 200 pg/ml of
carbenicillin.

Selection and cloning of point mutations of the defense systems

Loss of function mutagenesis candidates were determined using a combination of literature search,
multiple protein alignments using PSI-BLAST and ClustalWV v2.1 (256, 339), and Alphafold3 structural
prediction (257, 258). Gene knockouts and point mutations of the defense systems in pUCP20 were
obtained by round-the-horn site-directed mutagenesis using Q5 polymerase with the phosphorylated
primers indicated in Table S4. The PCR products were digested with Dpnl (New England Biolabs) to
remove methylated template DNA and run on |% agarose gels. The bands of the expected size were
excised and cleaned with the Zymo Gel DNA Recovery Kit and ligated with T4 DNA ligase (New
England Biolabs) at room temperature for 2 hours. The ligated products were transformed into
chemically competent NEB® 5-alpha Competent E. coli following the manufacturer’s instructions.
Plasmids (Table S5) were extracted and sequenced as indicated above and transformed into P.
aeruginosa strain PAO| by electroporation.

Efficiency of plating

Ten-fold serial dilutions of phage stocks were spotted onto double-layer agar (DLA) plates of P.
aeruginosa strain PAO| with empty pUCP20 or pUCP20 with the candidate defense systems following
the small plaque drop assay (/3/). The anti-phage activity of the systems was calculated as the fold
reduction in phage infectivity of P. aeruginosa strain PAO| that contains the defense system, compared
to the phage infectivity of P. aeruginosa strain PAO| containing the empty plasmid.

Infection dynamics of phage-infected cultures

Overnight bacterial cultures of P. aeruginosa strain PAOI with either empty or defense-containing
pUCP20 were adjusted to an ODggo of 0.1 in LB and subjected to phage infection at an MOI lower than
I. The cultures were incubated at 37 °C and 180 rpm. Samples were collected at Oh, 2h, 4h, and 6h,
followed by centrifugation at 3,000 x g for 5 min. The resulting phage-containing supernatant was
serially diluted and spotted onto DLA plates of P. aeruginosa strain PAOI to estimate phage
concentration.

Liquid culture collapse assays

Bacterial cultures grown overnight were diluted to an OD¢go of 0.1 in LB and dispensed into 96-well
plates. Phages were introduced at MOls of 0.0 and 10, and the plates were incubated at 37 °C in an
Epoch2 microplate spectrophotometer (Biotek). ODsoo measurements were taken every 10 min over
a 24h period, with double orbital shaking.

Plasmid conjugation

Plasmid pSTDesR was conjugated into P. aeruginosa strain PAO| containing empty pUCP20 or pUCP20
with individual defense systems using the puddle matting approach as previously described (340).
Briefly, overnight cultures of the strains were diluted |:2 in LB and incubated at 42 °C for a minimum
of 3h. Then, 0.5 ml of the P. aeruginosa cultures were mixed with 1.5 ml of an exponentially grown
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culture of E. coli ET 12567/pUZ8002 containing pSTDesR. The cells were collected by centrifugation at
10,000 x g for 5 min, and resuspended in 50 pl of LB. The cell mixture was transferred onto the middle
of a pre-warmed LBA plate and allowed to dry. The plates were incubated overnight at 30 °C. The
bacterial puddle was then scaped off the surface of the LBA plate and resuspended in | ml of sterile
phosphate buffer saline (1x PBS). Two-fold serial dilutions of this cell suspension were then platted on
LBA plates containing either 100 pg/ml of carbenicillin (for total cell count) or additional 12.5 pg/ml
streptomycin (for conjugants quantification). The plates were incubated for 48h at 37 °C.

Adsorption assays

P. aeruginosa strain PAO| carrying either an empty plasmid or a plasmid expressing a defense system
was grown to early exponential phase (optical density at 600 nm [ODggo] = 0.3). Phages were added
at a multiplicity of infection (MOI) of 0.01 and incubated at 37°C with shaking at 180 rpm for 10
minutes. Samples were collected at 0- and |0-minutes post-infection, centrifuged at 9,000 x g, and the
supernatant, containing non-adsorbed phages, was serially diluted 10-fold. The dilutions were plated
on PAOI double-layer agar plates to quantify non-adsorbed phage titers.

One step growth curve

P. aeruginosa strain PAO| carrying either an empty plasmid or a plasmid expressing a defense system
was grown to an ODgg¢ of 0.3—-0.4. Cultures were centrifuged at 3,200 x g for 10 minutes, and the cell
pellet was resuspended in LB to half the original culture volume. Phages (¢Pa34 or ¢pPa36) were added
at a multiplicity of infection (MOI) of 0.0 and allowed to adsorb for 10 minutes at 37°C with shaking
at 180 rpm. After adsorption, cultures were centrifuged, and the cell pellet was resuspended in LB to
the original culture volume. Cultures were incubated at 37°C with shaking, for 90 minutes (Ambrosia)
or |10 minutes (Ophion and Dionysus). For Ambrosia, samples were taken at time 0, every 5 minutes
for the first 30 minutes, and then every 10 minutes thereafter. For Ophion and Dionysus, samples were
collected at time 0 and at 10-minute intervals. Samples were immediately serially diluted 10-fold and
spotted on PAO| double-layer agar plates for phage quantification.

Confocal microscopy

Confocal microscopy was performed as previously described (330). P. aeruginosa strain PAO! carrying
either an empty plasmid or a plasmid expressing Dionysus or Ophion was grown to an ODgg( of 0.3—
0.4. Cells were infected with phage $Pa36 at an MOI >3, and adsorption was allowed for 10 min at
37°C, 180 rpm. Cells were then centrifuged at 12,000 x g for | min to remove non-adsorbed phages,
resuspended in LB, and incubated at 37°C, 180 rpm. Following incubation at different time points, cells
were pelleted again and resuspended in 100 pl of LB. DAPI (to stain DNA) was added to final
concentrations of 0. mg/ml. For cell viability staining, propidium iodide was added at a final
concentration of | pM. Stained cells were spotted onto 1% agarose pads (/36) and imaged using a
Nikon AIR/SIM laser scanning confocal microscope (inverted Nikon Ti Eclipse body) equipped with a
100x oil immersion objective (SR Apo TIRF; numerical aperture 1.49). DAPI was excited at 405 nm
(emission filter: 450/50 nm), with signals passed through a 405/488/543/640 excitation dichroic mirror.
Z-stacks were acquired using a Nikon Al Piezo Z Drive at intervals of 0.1 or 0.2 pm (10-20 slices),
capturing different focal planes of all bacteria in the field of view (512 X 512 pixels, corresponding to
36.79 x 36.79 pm, satisfying Nyquist criteria). A pinhole size corresponding to 1.2 Airy Units (AU),
referenced to the shortest wavelength, was used. Images were acquired at |2-bit depth using a Galvano
scanner with Nikon NIS-Elements software. Image analysis was performed using Fiji.
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Presence of the novel phage defense systems in bacteria

To detect all instances of Dionysus, Ophion, and Ambrosia in bacteria, we applied cblaster v1.3.18
(270) to obtain all clusters in the RefSeq database (minimum identity 20%). The taxonomy of all
Dionysus, Ophion, and Ambrosia instances by cblaster was based on the annotation provided by
RefSeq. Next, we built HMM profiles for the individual proteins of these defense systems using MUSCLE
(-super5) v5.1 (251) to align the obtained protein sequences, and hmmbuild v3.3.2 (/27) to build the
HMM models. HMM models were searched against protein sequence databases using hmmsearch
(127). The HMM model scoring thresholds were set based on the 100% sensitivity point with the help
of an ROC curve analysis that scored the HMM sensitivity for the defense protein compared to all
other proteins within P. aeruginosa. The HMM bitscore obtained for each defense system protein is as
follows: Dionysus: DinA, 400, DinB, 100 and DinC, 200; Ophion: OpnA, 500, OpnB, 350, and OpnC,
450; and Ambrosia: AbrA, 100, AbrB, 500, AbrC, 150, and AbrD, 200.

Co-occurrence analysis

A pairwise co-occurrence analysis was performed using the presence and absence of all known jumbo
phage defense systems, including Juk, Dionysus, CBASS type lll, Avs5, 6A-MBL, and Ophion in the set
of 541 complete P. aeruginosa assemblies from the RefSeq database as of June 16, 2022. The Z-scores
and associated p-values were calculated based on the expected co-occurrence of these phage defense
systems with the assumption of independence(34/). These p-values were then adjusted using the
Bonferroni correction (342).

Phylogenetic analysis of shared phage defense genes

Phylogenetic trees of AbrA (N6-Methylase), AbrD (HNH), DinB (TerB), OpnB (PHP), and OpnC
(PRTase), were made by obtaining all available Uniprot Release 2024 _04 (343) proteins containing the
corresponding functional domain. The phylogenetic tree of OpnA (rSAM) was built using the radical
SAM containing protein list from Bernheim et al. (2021) (30/). Duplicate sequences were removed,
and the left-over proteins were subsequently down sampled, aligned, and trimmed as previously
described (138). The resulting alignments were used to build a phylogenetic tree using FastTree v2.1.11
(277) with default settings and visualized, without branch lengths, using the interactive Tree of Life
(iTol) v6 (344). All previously known defense genes were then searched using the HMM profiles of
Defense Finder Models vI.3.0 and PADLOC-DB v2.0.0 (121, 345). A bitscore higher than 100 was
seen as significant.

Statistical analysis
Unless stated otherwise, data are presented as the means of biological triplicates + standard deviation.
A Bonferroni-adjusted p-value of less than 0.05 was considered significant.
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different orders is shown in the outer circles of the graphic, while the inner circle indicates the classes. y:
Gammaproteobacteria. B: Betaproteobacteria. (b) Effect of gene deletions and mutations in the functional domains of
Dionysus on phage protection. The infectivity of phage $Pa36 on P. aeruginosa strain PAO| cells containing an empty plasmid
(control), Dionysus, or Dionysus with point mutations or deleted genes was assessed by plaque assay. Bars represent average
values of at least three biological replicates with individual points overlaid. (c) PAE plot obtained by co-folding the three
Dionysus proteins (two copies of each) with AlphaFold3. (d) Phylogenetic tree of TerB containing proteins. The phylogenetic
tree of 1406 representative proteins were inferred using Fasttree2. The representative proteins include all groups within the
TerB-like family (IPR029024), as indicated in the tree. (e) Predicted Alphafold3 structure of alpha-PFT DinC. (f) The
membrane permeability of control and Dionysus-expressing cells 90 min post infection with ¢Pa36, assessed with propidium
iodide (Pl) staining. (g) The cell concentration (CFU/ml) of PAO! containing an empty plasmid (control) or Dionysus, during
$Pa36 infection at an MOI of 10. (h) Confocal microscopy images during $Pa36 infection (0 and 15 min) of PAO| expressing
Dionysus with fluorescently labelled mNeonGreen-DinA, mNeonGreen-DinB, or mNeonGreen-DinC, stained with DAPI.
Shown are the separate captured images for DAPI, and mNeonGreen, as well as the merged images. (i) Adsorption assay of
$Pa36 on PAOI containing an empty plasmid (control) or Dionysus. (j) EOP assay of $Pa36 in PAOI containing an empty
plasmid (control), Dionysus, or Dionysus with mNeonGreen (mNG) fused to N- or C-terminus of each Dionysus protein
(DinA N-mNG, DinB C-mNG, and DinC C-mNG).
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Figure S2. Characteristics of the phage defense system Ophion, Related to Figure 3. (a) The prevalence of Ophion
in prokaryotes. Ophion was found in a total of 4103 instances, and its distribution (in percentage of total) in different orders
is shown in the outer circles of the graphic. y: Gammaproteobacteria. (b) Effect of mutations in the functional domains of
Ophion on phage protection. The infectivity of phage ¢Pa36 on P. aeruginosa strain PAO! containing an empty plasmid
(control), Ophion, or Ophion with point mutations was assessed by plaque assay. Bars represent average values of at least
three biological replicates with individual points overlaid. (c) Phylogenetic tree of radical SAM containing proteins. The
phylogenetic tree of 1976 representative proteins was inferred using Fasttree2. The representative proteins include all groups
within the radical SAM superfamily (PF04055), as indicated in the tree. (d) Phylogenetic tree of PRTase-containing proteins.
The phylogenetic tree of 1174 representative proteins was inferred using Fasttree2. The representative proteins include all
groups within PFAM clan0533, as indicated in the tree. () PAE plot obtained by co-folding all Ophion proteins (two copies
each) using AlphaFold3. (f) The cell concentration (CFU/ml) of PAO| containing an empty plasmid (control) or Ophion, during
infection of dPa36 at an MOI of 10.
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Figure S3. Characteristics of the phage defense system Ambrosia, Related to Figure 4. (a) The prevalence of
Ambrosia in prokaryotes. Ambrosia was found in a total of 537 instances, and its distribution (in percentage of total) in
different orders is shown in the outer circles of the graphic. y: Gammaproteobacteria. (b) Phylogenetic tree of Né MTase-
containing proteins. The phylogenetic tree of 2066 representative proteins was inferred using Fasttree2. The representative
proteins include all groups in N6-specific DNA methylases (IPR002052), as indicated in the tree. (c) Phylogenetic tree of
HNH containing proteins. The phylogenetic tree of 68| representative proteins was inferred using Fasttree2. The
representative proteins include all groups in HNH (IPR00271 1), as indicated in the tree. (d) Effect of mutations in the
functional domains of Ambrosia on phage protection. The infectivity of phage ¢Pa34 on P. aeruginosa strain PAOI cells
containing an empty plasmid (control), Ambrosia, or Ambrosia with point mutations was assessed by plaque assay. Bars
represent average values of at least three biological replicates with individual points overlaid. (e) Fluorescence measurements
(AU) over 90 minutes of infection by $Pa34 on P. aeruginosa strain PAO|1 cells containing an empty plasmid (EP), Ambrosia
with abrA replaced by mNeonGreen, or Ambrosia with abrD replaced by mNeonGreen. (f) EOP assay to assess the infectivity
of $Pa34 produced in PAOI or PAOI:abrA*, on PAOI encoding an empty plasmid (control) or Ambrosia. (g) EOP assay to
assess the infectivity of $Pa53 produced in PAOI or PAOI abrA®, on PAOI encoding an empty plasmid (control) or
Ambrosia.
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Chapter 6

Reduced prevalence of phage defense systems in
Pseudomonas aeruginosa strains from Cystic Fibrosis patients

Cystic fibrosis is a genetic disorder that affects mucus clearance, particularly of the lungs. As a result,
cystic fibrosis patients often experience infections from bacteria, which contribute to the disease
progression. Pseudomonas aeruginosa is one of the most common opportunistic pathogens associated
with cystic fibrosis. The presence of P. aeruginosa complicates the treatment due to its high antibiotic
resistance. Thus, research is ongoing to treat these infections with bacterial viruses instead, known as
bacteriophages. Notably, P. aeruginosa clinical strains possess a variety of phage defense mechanisms
that may limit the effectiveness of phage therapy. In this study, we compared the defense system
repertoire of P. aeruginosa strains isolated from cystic fibrosis patients with those from non-cystic
fibrosis patients. Our findings reveal that P. aeruginosa strains isolated from cystic fibrosis patients
have fewer phage defense mechanisms per strain than from non-cystic fibrosis patients, suggesting
altered phage selection pressures in strains colonizing cystic fibrosis patient lungs.

A modified version of this chapter has been published as

van den Berg, D. F., & Brouns, S. |. J. (2025). Reduced prevalence of phage defense systems in
Pseudomonas aeruginosa strains from cystic fibrosis patients. mBio, 16(4), doi: 10.1128/mbio.03548-24.
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Introduction

Cystic fibrosis (CF) is a genetic disorder that affects mucus clearance, especially of the lungs (346). The
decrease in mucus clearance creates a breeding ground for opportunistic pathogens, such as bacteria,
to colonize the lungs (346). These infections are often chronic, accumulate resistance to antibiotic
treatment, and cause major lung damage (346, 347). Over time, this damage results in respiratory
failure, the most common cause of death for CF patients (346). Lung infections in CF patients are often
caused by strains of Pseudomonas aeruginosa (346). Although antibiotic treatments can alleviate patient
symptoms and prolong life, they generally fail to fully eradicate P. aeruginosa from the lungs (348).
Consequently, research has turned to alternative treatment options, including the use of bacterial
viruses (phages) (349-353). However, the efficacy of phage-based treatments might also be limited
since P. aeruginosa strains often possess a variety of phage defense mechanisms that may limit the
sensitivity of strains to phages (/46). Particularly, a recent study on the abundance of defense systems
in clinical isolates of P. aeruginosa found that these strains accumulate a large number of defense systems
and are less susceptible to phage infection (/46). However, it is unknown if the distribution of phage
defense systems varies with the pathogen environment or patient conditions. In this study, we
investigated the defense system repertoire of clinical P. aeruginosa isolates from mucus-rich lungs of CF
patients by comparing them to strains isolated from non-CF lung patients.

Results and discussion

We utilized the Pseudomonas Genome Database to investigate the defense system repertoire of P.
aeruginosa isolates from the respiratory system of CF and non-CF (e.g. pneumonia) patients (354). We
first compared the prevalence of the phage defense systems and found isolates from CF patients to
encode significantly fewer phage defense systems per strain (non-CF: 9.8 vs CF: 6.8; a 30% reduction;
Welch Two Sample t-test, t = -9.878, df = 601.37, p-value < 2.2e-16) (Figure la; Figure Sla) (/46).
This possibly renders the isolates from CF lungs more susceptible to phages, as we previously observed
that P. aeruginosa strains including CF strains, encoding fewer phage defense systems, exhibit greater
susceptibility to phages (/46). This finding remains valid when only considering lung isolates (n = I,
adjusted R-squared = 0.37, p-value < 0.05). Interestingly, this reduction in the number of defense
systems per strain did not affect the overall diversity of the defense repertoire, where the Shannon
index (Both: 3.86) and evenness (Both: 0.80) remained identical (Table SI). Therefore, we
hypothesized that the decrease in defense systems per strain is not the result of a broad, non-specific
reduction. Instead, we suspected that the overall reduction is possibly caused by differences in the
abundance of a few prevalent defense systems. To assess this, we compared the abundance of each
defense system in CF and non-CF lung isolates (Table S1) using a chi-square test followed by a post-
hoc test with false positive rate (FDR) adjusted p-values, considering adjusted p-values lower than 0.01
to be significant (Table $2). Additionally, we considered changes greater than 2-fold (log2FC > | or
log2FC < -1) as relevant (Table S2).



Reduced prevalence of phage defense systems in Pseudomonas aeruginosa strains from CF patients. | 05

A B ° More abundant
20 £05
109 e
o
504
15 g
R 2
< €03
9 63 65 64 2
g 104 50 uv_)
T 45 G o2
& 29 = 34 3
5 - 26 23 % 0.1
5 16 I 13 12 °
3 0.0 OZoryal
< O Tt T T T T T T T
012 3456 7 8 91011121314151617 18 19 20 2122 2324 Ab°-°d°-1 02 °-3°-(‘:‘F°-5t°;6°'7°-8°'91-°
Number of defense systems per CF lung isolate (n = 602) undance in non-CF strains (per genome)
_ Zorya | Wadjet DarTG
10 31 C 5 (X UJ OO =
30 28
Azaca RM il
25 49prUIR. ©
3HPRniAB
CRISPR IV-A
o

Prevalence (%)
(6,
1
-Logo(pvalue)

O
2'%&
O

( Less abundant | More abundant
T

T 0
0123 456 7 8 91011121314151617 18 192021222324 2 -1 0o 1 2
Number of defense systems per non-CF lung isolate (n = 348) Change in abundance (LogzFC)

Figure |. P. aeruginosa strains isolated from cystic fibrosis (CF) patient lungs have fewer defense systems. (a)
The number of defense systems per P. aeruginosa strain isolated from CF lungs (top) and non-CF lungs (bottom). The median
number of defense systems per strain is indicated with a lighter red colored bar. (b) The comparative abundance of individual
defense systems in P. aeruginosa strains isolated from CF and non-CF lungs. The graph is divided into four sections: Red
represents a log2FC greater than |, light red indicates a log2FC between 0 and |, light blue corresponds to a log2FC between
0 and -1, and blue signifies a log2FC less than -I. The significance of the change in abundance was calculated using a Chi-
Square test with false positive rate (FDR) adjusted p-values. Significant defense systems (adjusted p-value < 0.01) are indicated
as yellow dots. (c) A volcano plot depicting the change in abundance (Log2FC) of defense systems between CF and non-CF
isolates as well as the significance of this change.

We identified ten defense systems with considerable changes in abundance (two were more abundant
and eight were less abundant in CF strains; Figure 1b-c, Sb-f), but only three of these systems were
prevalent enough to potentially affect the overall number of defense systems per strain (present in
more than 10%) in either group, all three were more depleted in CF isolates. These defense systems
include Wadjet type | (355) (non-CF: 37.8% vs CF:13.4%; log,FC = -1.4), RM type Il (non-CF: 23.5%
vs CF: 7.7%; logosFC = -1.5) and Zorya type | (27) (non-CF: 24.4% vs CF: 3.4%; logoFC = -2.5). The
reduced prevalence of just these three defense systems accounts for one-fifth (344 out of 1786 fewer
defense systems than expected: 19.3% of total) of the total reduction in defense systems observed in
CF compared to non-CF isolates. Besides these defense systems, CRISPR-Cas type IV-A is also
noteworthy for being completely absent in the CF isolates, while present in the non-CF isolates (non-
CF: 2.6% vs CF: 0%; logoFC = -1.8). Interestingly, all of the above-mentioned defense systems act on
foreign DNA, and notably, two of these defense systems, Wadjet type | and CRISPR-Cas type IV-A,
are known to act upon plasmids specifically (159, 355, 356). The reduced presence of plasmid-
restrictive mechanisms of these strains may highlight the role of plasmids in CF-infecting strains,
potentially facilitating the acquisition of plasmids to gain resistance against antibiotics used for treating
CF infections (357, 358). Notably, the reduction in the phage defense repertoire of CF lung isolates is
not due to the reduced presence of plasmid-restrictive mechanisms alone, such as Wadjet, RM systems,
CRISPR-Cas systems, DISARM, and MADS. Rather the observed reduction remains unaffected by the
exclusion of these plasmid-restrictive defenses from the analysis (CF mean: 4.2; non-CF mean: 5.8;
Welch Two Sample t-test: t= 9.1, df = 680, p-value < 2.2e-1¢).
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It remains unclear whether the reduced prevalence of defense systems in CF isolates was caused by
strain selection before, or during lung infection in CF patients. As for antibiotic resistance, strains
infecting CF lungs adapt over time (346), and could therefore also adapt in the context of phages and
other mobile genetic elements such as plasmids. In the CF lung environment, this adaptation seems to
involve the loss of phage defense mechanisms or reduction of their expression. Possibly because CF
lungs are less penetrable to phages due to factors such as reduced air circulation, a thicker and
dehydrated mucus layer, and a higher prevalence of biofilms (346, 359). Supporting this hypothesis, we
observed fewer prophages in the genomes of CF lung isolates, suggesting reduced exposure to phage
predation (CF: 3.3 vs non-CF: 5.3 prophages per genome; 38% decrease; Welch Two Sample t-test: t
= -12.379, df = 508.88, p-value < 2.2e"'¢) (Figure Slg). Besides the reduced phage defenses of P.
aeruginosa isolates from CF lung isolates we also observed these strains to have a significantly smaller
genome (CF: 6.5 Mb vs non-CF: 6.8 Mb; a 4% decrease; Welch Two Sample t-test: t = -13.811, df =
594.47, p-value < 2.2e-'¢) and to encode fewer genes (CF: 6053 vs non-CF: 6298 genes; a 4% decrease;
Welch Two Sample t-test: t = -11.715, df = 625.07, p-value < 2.2e'¢) (Figure Slh,i). These
characteristics reflect a more adapted and specialized genome of P. aeruginosa strains in the CF lung
environment (360-362).

Conclusion

We observed that P. aeruginosa strains isolated from the lungs of CF patients encode a more limited
number of phage defense systems compared to strains isolated from non-CF patient lungs. This can be
attributed to a reduced abundance of several key phage defense systems including Wadjet, Zorya type
I, and RM type lll, which likely results from adaptation to the CF lung environment. This provides a
promising perspective that these bacterial strains are more susceptible to phage therapeutic options.

Materials and Methods

All complete P. aeruginosa genomes were downloaded from the Pseudomonas Genome Database on
the 9th of April 2023 (n = 14,230). The metadata was utilized to select the strains for: Species = P.
aeruginosa, Assembly version status = latest, Host taxonomic name = Homo sapiens. A further selection
was then made between isolates from the respiratory system of CF (n = 602) and those of non-CF (n
= 348) (Table SI). The non-CF patients primarily were affected by unspecified respiratory tract
infection (73.0%) and ventilator-associated pneumonia (20.1%). Chronic bronchitis and chronic
obstructive pulmonary disease (COPD) were less frequently prevalent, 4.9% and 2.0% respectively.
Defense systems were detected in P. aeruginosa genomes with DefenseFinder v1.3.0 (363) using
DefenseFinderModels v1.3.0. Prophages were identified using PhiSpy v4.2.21 (default settings) (364).
Differentially abundant defense systems among CF strains compared to non-CF strains were detected
using a simulated p-value Chi-Square test followed by a post hoc analysis (R-package: chisq.posthoc.test
v0.1.2) (365) with false discovery rate (FDR) adjusted p-values. An adjusted p-value lower than 0.0l
was considered significant. Moreover, a log,FC of at least (-)| was used as an additional threshold.
Visualization of this analysis was done using a volcano plot created by the R-package EnhancedVolcano
v1.24.0 (268).
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Figure S1. Comparison of the phage defense system repertoire in P. aeruginosa strains isolated from cystic
and non-cystic fibrosis lungs. (a) A density plot of the number of defense systems per P. geruginosa strain isolated from
CF lungs and the other non-CF lung sources. (b) The prevalence of individual defense systems per P. aeruginosa strain isolated
from CF lungs. (c) The prevalence of individual defense systems per P. aeruginosa strain isolated from non-CF lungs. (d) The
relative log2FC change in prevalence of individual defense systems between P. geruginosa strains isolated from CF and non-
CF patients. (e) The subset of significantly differentially abundant (adjusted p-value < 0.01) defense systems that are found to
be overly abundant (log2FC > |) and (f) less abundant (log2FC < -1) in CF isolates. (g) The number of detectable prophages
in P. aeruginosa strains isolated from CF and non-CF patients. (h) The genome size of P. aeruginosa strains isolated from CF
and non-CF patients. (i) The number of genes present in P. aeruginosa strains isolated from CF and non-CF patients.

The following supplementary files are available online at doi: 10.1128/mbio.03548-24.

Table S1. Summary table of the P. aeruginosa strains and additional information, including the defense
system repertoire.

Table S2. The relative fold changes in defense system prevalence in P. aeruginosa strains isolated from
CF lungs compared to those from non-CF lungs.









Chapter 7

Phages encode broad and specific counter-defense genes to
overcome defense systems

Bacteria and bacteriophages have been engaged in a relentless evolutionary arms race, driving a rapid
evolution of bacterial defense mechanisms and leading to their scattered distribution across genomes.
We hypothesized that the variability in defense systems presence in bacterial genomes leads to
equally variable counter-defense repertoires in phage genomes. To test this, we analysed the variable
regions in Pseudomonas model phages of the Pbunavirus genus, uncovering five anti-defense genes
inhibiting Zorya type |, RADAR, Hypnos, Druantia type | and lll, and Thoeris type lll. Remarkably, a
typical Pbunavirus encodes up to five known anti-defense genes, some broadly inhibiting four
unrelated defense systems with distinct nucleic acid-targeting mechanisms. Structural searches
revealed that these broad-acting inhibitors are encoded across diverse phage taxa infecting multiple
bacterial hosts. The broad activity and prevalence of these inhibitors indicate strong selective
pressures exerted by defense systems and offer opportunities to improve phage-based therapeutics.

A modified version of this chapter has been published as
Costa, A. R*, van den Berg, D. F.*, Esser, J. Q.*, van den Bossche, H., Pozhydaieva, N.,
Kalogeropoulos, K., & Brouns, S. |. J. (2025). Bacteriophage genomes encode both broad and specific
counter-defense repertoires to overcome bacterial defense systems.
Cell Host & Microbe, 33(7), 1161-1172.



112 Chapter 7

Introduction

Prokaryotes have evolved an extensive array of defense mechanisms to protect themselves from
bacteriophage predation (10, 49). In response, phages have developed countermeasures to overcome
these defenses, including mutations that enable them to escape recognition, and anti-defense genes
that disrupt phage defense systems (32, 52, 6/). Well-known examples of the latter include anti-
restriction and anti-CRISPR proteins, which disable restriction-modification and CRISPR-Cas systems,
respectively (310, 366, 367). With the increasing discovery of new phage defense systems (10, /22,
141, 159, 160, 368), novel anti-defense genes targeting these mechanisms are beginning to be
uncovered as well (281, 369).

The ongoing phage-bacteria arms race is highlighted by instances where defense systems detect
interference by specific anti-defense genes. For example, systems like Retrons (38, 370), Ronin, and
PARIS (62, 371) can sense tampering of other defense systems by phages and trigger additional
defensive measures, prompting phages to evolve further countermeasures (37, 323).

Much like bacteria do not encode every possible defense system (4/), it is likely that phages do not
carry all anti-defense genes. In phages, the number of anti-defense genes may be limited by genomic
constraints, as the size of a phage genome is restricted by the capacity of the capsid (40). In addition,
some anti-defense proteins such as Ocr (i.e., overcome classical restriction) are sensed by specific
defense systems, presenting additional vulnerabilities (62). To balance these trade-offs, it is possible
that phages carry only a subset of anti-defense genes, acquiring others through recombination with
related phages (372). These recombination events, driven by high evolutionary pressure from phage
defenses, are main drivers of phage differentiation and variability (30). 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 as a model, which infect Pseudomonas
species (373) and have been used in pre-clinical studies and clinical trials for phage therapy (374, 375).
By analysing 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 PAOI. Our screen identified five novel anti-defense genes: one inhibiting Druantia
type lll (Dadlll-1), another targeting Thoeris type Ill (Tadlll-1), one inhibiting Zorya type | (Zadl-1), and
two related broad defense inhibitors (Bdil and Bdi2) targeting four defense systems including Zorya
type |, RADAR, Hypnos, and Druantia type |. This approach demonstrates the potential for identifying
new 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 evolution but also advance the development of
phage-based therapeutics.

Results
Novel anti-defense genes in highly variable genomic regions of Pbunavirus

To identify new anti-defense genes in highly variable regions of phage genomes, we analysed the
pangenome of 162 Pbunavirus genomes available in RefSeq using PPanGGOLIN (249). 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 la).

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 (376) within these variable regions (Figure la, 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 Pbunavirus pangenome (Table $2) and tested them against a
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collection of 12 defense systems expressed in P. aeruginosa strain PAO1 (138, 146) (Figure Ib). 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 Sla).

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
Pbunavirus 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
infectivity of Pbunavirus against PAO! expressing each defense system (/46). If a defense system
protected against a phage specifically encoding the candidate anti-defense gene as well, that
combination 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 lll, and Thoeris type Ill (Figure Ic). Interestingly, the validated
anti-defense proteins are significantly smaller (average size: 90 amino acids) than other proteins in the

Pbunavirus core (average: 559 amino acids), shell (average: 319 amino acids) or cloud (average: 314
amino acids) pangenomes.
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(b) Individual defense systems were cloned with their native promoters into pUCP20 and then introduced into the P.
aeruginosa strain PAO, 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 (grey) 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.

Bdil and Bdi2 are inhibitors of a broad range of nucleic acid acting defense
systems.

Among our candidate genes, Bdil (broad defense inhibitor I, ORF83 from phage Nemo, Genbank:
KT372694.1) and Bdi2 (ORF91 from vB_PaeM_FBPalO, Genbank: ON857929.1) surprisingly
demonstrated broad-spectrum inhibitory activity against the defense systems Zorya type |, RADAR,
Hypnos, and Druantia type | in both efficiency of plating and culture collapse assays (Figure 2a, Figure
S2a).

To understand the broad inhibitory activity of Bdil and Bdi2, we first searched for functional domains
at the sequence level but found none. We then analysed the proteins at the structural level and found
that, despite sharing only 33.8% identity at amino acid level (Figure S2a), Bdil and Bdi2 have strong
structural similarity with each other (AlphaFold 3, DALI (191) Z-score: 12.1), suggesting a similar
mechanism for phage defense system inhibition (Figure 2b, Figure S2c). Multimeric predictions using
AlphaFold 3 suggest that Bdil, but not Bdi2, forms multimers, with the most confident prediction being
a hexamer (Figure 2c, Figure S2d). A structural similarity search using Foldseek with the multimeric
structure did not reveal any significant structural 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 S2e). The KOW domain is a subclass of the Src homology-3 (SH3) domain, an ancient fold
that is involved in signalling pathways through protein-protein interactions (377). The KOW-like
domain is also known to function through protein-protein interactions and to bind ribonucleoproteins
(378, 379). Since the four defense systems inhibited by Bdil 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 (/38) and Druantia type | (/122), RNA
for RADAR (239, 240), DNA and RNA for Zorya type | (380), Figure S2f), we hypothesized that
Bdil and Bdi2 interact with protein-nucleic-acid complexes of these defense systems, inhibiting their
activity.

To investigate this hypothesis, we used AlphaFold 3 to co-fold Bdil (predicted with higher confidence
than Bdi2, Figure S2c) with each protein of the defense systems it inhibits. We did not observe highly
confident co-folding of Bdil with any of the defense system proteins (Figure S2g). Since Bdil is
inhibiting multiple DNA- and RNA-targeting defense systems, we hypothesized that it would act as a
nucleic acid mimic, but analysis of the electrostatic charges of the monomeric or multimeric structures
are not suggestive of this hypothesis (Figure 2d).

To further explore the multimeric structure of Bdil, we used Predictomes (38/) to analyse AlphaFold
3 structures and identify residue pairs mediating interactions among monomers (Table S$3). Based on
this information and amino acid conservation in Bdil and Bdi2 homologues (Figure 2e, Figure S2h),
we selected three amino acids in Bdil that may contribute to multimer formation for mutational
analysis (Figure 2c,f). Mutating each of these amino acids (D14A, L33E, and W54A) completely
abolished the inhibitory activity of Bdil against Zorya type | (Figure 2f). However, none of these
mutations affected the anti-defense activity of Bdil against RADAR, and only D14A and L33A abolished
its activity against Hypnos and Druantia type | (Figure 2f). The selective effect of these mutations on
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each defense system suggests that Bdil employs distinct mechanisms or protein surfaces to inhibit
different phage defense systems.

In summary, Bdil and Bdi2 function as multipurpose anti-defense proteins capable of inhibiting four
defense systems involved in nucleic acid binding activities.
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Figure 2. The inhibitory activity of Bdil and Bdi2 on Zorya type I, RADAR, Hypnos, and Druantia type |
defense systems. (a) Effect of anti-defense proteins Bdil and Bdi2 on Zorya type I, 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 PAO| containing empty pUCP20 and pSTDesR plasmids. (b) Monomeric structure of Bdil and Bdi2, as
predicted by AlphaFold 3 (AF3) and colored by pLDDT. (c) Hexameric structure of Bdil, as predicted by AF3 and colored
by monomer. Three amino acids of Bdil predicted to be important for multimer formation, and mutated in panel F, are shown
in red. (d) Monomeric (left) and hexameric (right) AF3 structures of Bdil colored by electrostatic potential. (e) Multiple
sequence alignment of Bdil 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,
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and mutations tested in F are indicated with a red dot. (f) Effect of point mutations in selected amino acids of Bdil on anti-
defense activity against Zorya type |, RADAR, Hypnos, and Druantia 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 (*). DS, phage defense system, indicated above each graphic.

Zadl-1 is an inhibitor of Zorya type |

Our search uncovered an additional anti-defense gene, Zadl-1 (ORF84 of vB_PaeM_FBPa35, Genbank:
ONB857938.1) that fully inhibits Zorya type | defense, as shown by efficiency of plating and culture
collapse assays (Figure 3a,b).

Zadl-1 does not contain any known functional domains that could suggest its mechanism of action. To
explore potential functions, we used AlphaFold 3 to predict its structure. Zadl-|1 shows no sequence
or structural similarity to the anti-Zorya proteins Bdil and Bdi2. AlphaFold 3 predictions indicate that
Zadl-1 likely functions as a monomer (Figure 3c) and suggests a weak physical interaction with the
ZorC protein (ipTM 0.31, pTM 0.54, Figure S3a,b). Zadl-1 appears to be buried in the EH signature
domain of ZorC, interacting also with the globular C-terminal domain of ZorC, both shown to be
required for ZorC DNA binding activity (380) (Figure S3b). Thus, we hypothesize that ZadlI-| could
inhibit ZorC by blocking its DNA-binding activity. However, given the weakly predicted interaction
between Zadl-1 and ZorC, we were unable to confidently identify specific amino acids involved in this
interaction for further mutational analysis. Instead, we mutated two conserved lysine residues (K64
and K68) based on homologues of ZadlI-1 (Figure 3d) and tested their impact on anti-defense activity.
Both K64A and K68A mutations abolished the anti-defense function of Zadl-| against Zorya type |,
indicating that these residues are critical for its activity (Figure 3e).

In summary, Zadl-1 inhibits Zorya type | through a mechanism that remains to be characterized,
potentially by interfering with the DNA binding activity of ZorC.
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Figure 3. The inhibitory activity of Zadl-1 on Zorya type | defense. (a) Effect of anti-defense protein Zadl-I on
Zorya type | protection against phage vB_PaeP_FBPa22 (zPa22), 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-I on Zorya type | protection against phage vB_PaeP_FBPa22 (gPa22), evaluated by measuring
bacterial growth via optical density (OD 600 nm). The graph displays the average optical density readings and standard
deviations from three biological replicates. (c) Structure of Zadl-| predicted by AlphaFold 3 (AF3) and colored by pLDDT.
(d) Multiple sequence alignment of Zad-| with 43 homologous sequences. Ten representative sequences are shown, with
consensus indicated above. Mutations tested in D are indicated with a red dot. (e) Effect of point mutations in selected amino
acids of Zadl-I 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 (*).
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Tadlll-1 is an inhibitor of Thoeris type Il

We identified Tadlll-1 (ORF78 of vB_PaeM_FBPal2, GenBank: ON857930.1), a protein that inhibits
Thoeris type lll defense, as demonstrated by both efficiency of plating and culture collapse assays
(Figure 4a,b). In these assays, Tadlll-1 fully restored phage infectivity in the presence of the defense
system. Despite extensive analysis, we found no known functional domains in Tadlll-1, nor any
significant structural similarity to previously characterized proteins (Figure 4c).

To identify potential interactions between Tadlll-1 and the Thoeris type lll components, we used co-
folding predictions. Tadlll-I was predicted to interact with the phage-sensing TIR proteins ThcBIl and
ThcB3, as well as SLOG domain-containing protein ThcA (Figure S4a). Since ThcBl is predicted to
form a dimer and ThcA is predicted to interact with ThcB4 (/38), we also co-folded Tadlll-1 with
these complexes. The results showed a highly confident interaction between two Tadlll-1 molecules
and the ThcBI dimer (ipTM = 0.73, pTM = 0.80, Figure S4b,c).

The TIR protein ThcBl is responsible for producing signal molecules that activate the Thoeris type |lI
defense response upon phage infection (/38). Tadlll-1 appears to bind to this protein, leading us to
hypothesize that it interferes with signal production. Supporting this hypothesis, Tadlll-|1 was found to
bind near the catalytic aspartate residue (D55) of the ThcBI TIR domain (Figure 4d), a residue critical
for the TIR-domain’s signalling function (/38).

Using Predictomes, we identified two conserved amino acids in Tadlll-l — T47 and S49 — that are
predicted to strongly interact with the D55 residue of ThcBI (Table S$3, Figure 4d,e). Mutating these
amino acids individually abolished Tadlll-l anti-defense activity (Figure 4f), confirming their
importance for its function. These findings suggest that Tadlll-1 inhibits Thoeris type Ill by physically
blocking the active site of the ThcBIl TIR domain, thereby interfering with signal production. This
mechanism differs from that of other known anti-Thoeris proteins, such as Tadl and Tad2, which
function by sequestering immune signalling molecules produced by TIR-domain proteins from other
Thoeris types (382, 383).

In summary, Tadlll-1 inhibits the anti-phage activity of Thoeris type Il potentially by blocking the active
site of the TIR domain and inhibiting signal molecule production.
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Figure 4. The inhibitory activity of Tadlll-1 on Thoeris type Ill defense. (a) Effect of anti-defense protein Tadlll-|
on Thoeris type lll protection against phage vB_PaeM_FBPa34 (gPa34), 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 vB_PaeM_ FBPa34 (2zPa34), evaluated by
measuring bacterial growth via optical density (OD 600 nm). The graph displays the average optical density readings and
standard deviations from three biological replicates. (c) Structure of Tadlll-1 predicted by AlphaFold 3 (AF3) and colored by
pLDDT. (d) Structure of the complex formed between two Tadlll-] monomers (blue) and a ThcBl dimer (yellow), as
predicted by AlphaFold 3. The catalytic aspartate D55 of ThcBlI is indicated in red. The inlet shows two amino acids (red) of
Tadlll-1 predicted to be important for interaction with D55 of ThcB I and mutated in panel F. (e) Multiple sequence alignment
of Tadlll-1 with I8 homologous sequences. Ten representative sequences are shown, with consensus indicated above. All
residues predicted to interact with ThcBIl are marked in blue 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 Tadlll-1 on anti-defense activity against
Thoeris type lll. 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 (¥).

Dadlll-1 is an inhibitor of Druantia type Il

We identified Dadlll-1 (ORF27 of vB_PaeM_FBPa2l, Genbank: ON857942.1) as an anti-defense gene
effective against the defense system Druantia type lll, as demonstrated in efficiency of plating and
culture collapse assays (Figure 5a,b). Druantia lll comprises the proteins DruE and DruH, with DruE
being conserved across all Druantia types (/159). To determine whether Dadlll-1 interferes with DruH
or DruE, we tested its effect on Druantia type |, hypothesizing that if Dadlll-| targeted DruE, it would
inhibit all Druantia types. We observed that Dadlll-1 did not affect Druantia type | defense (Figure
5¢), 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. Structural analysis using AlphaFold 3 did not suggest any complex
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formation between Dadlll-I and the Druantia type Il proteins (Figure S5a,b), implying that inhibition
may not rely on direct protein-protein interactions. However, the structural prediction of Dadlll-| was
of low confidence, which limits our ability to draw conclusions about its mechanism of inhibition. This
poor prediction suggests that Dadlll-1 likely has a novel structure, hinting at potentially new functions.
Additionally, mutating the conserved lysine residue (K85A) in Dadlll-1 did not alter its anti-defense
activity (Figure 5d,e).

In summary, the phage protein Dadlll-1 inhibits Druantia type Ill, most likely through a mechanism
specifically targeting the activity of DruH, a protein unique to this Druantia type.
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Figure 5. The inhibitory activity of Dadlll-1 on Druantia type Ill defense. (a) Effect of anti-defense protein Dadlll-
| on Druantia type lll protection against phage vB_PaeM_FBPal2 (gPal2), 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 |l protection against phage gPal2, evaluated by measuring bacterial
growth via optical density (OD 600 nm). The graph displays the average optical density readings and standard deviations from
three biological replicates. (c) Effect of anti-defense protein Dadlll-l on Druantia type | protection against phage
vB_PaeP_FBPa22 (oPa22), 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-| 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 (p<0.05) are marked with an asterisk (¥).

Widespread occurrence of the anti-defense genes in phage infecting diverse
bacterial taxa

Using a sequence-based homology search, we found that several of the anti-defense genes from our
study are highly prevalent in Pbunavirus, particularly Bdil (99%) and Zadl-1 (78%) (Figure 6a). These
genes are often co-encoded by the same phage (Figure éa, Figure S6, Table S4), but we did not
detect significant pairs of anti-defense genes that are significantly co-occurring, even when taking the
phylogeny of the large phage terminase into account.

On average, phages of the Pbunavirus group encode 2.9 anti-defense genes per phage (Figure 6éb), but
no phage encodes all six known anti-defense genes (Figure 6a, Figure S6). This may be due to
constraints such as capsid size, the metabolic burden of maintaining additional genes, or the need to
balance anti-defense gene expression with evading their detection by some phage defenses. These
factors suggest that the phage anti-defense pangenome acts as a reservoir from which individual phages
selectively acquire anti-defense genes as needed. Supporting this, our analysis showed that anti-defense
genes are unevenly distributed across different phylogenetic branches of Pbunavirus. For example, Zadl-
| is nearly absent in the PBI branch, while Bdi2 is almost absent in the Pseudomonas phage Epa7, TH15,
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and PBI branches (Figure éa). These genes are typically located within clusters of small genes in highly
variable regions of the phage genome (Figure S$6). Interestingly, despite anti-defense activity across
different phage groups (Pbunavirus and Autographiviridae), sequence similarity searches failed to detect
the anti-defense genes in Pseudomonas 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 éc, Table S4). Furthermore, sequence similarity 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 AlphaFold3 structures, we queried
the Big Fantastic Virus Database (BFVD) (384) using Foldseek (230). The BFVD consists of 351,242
viral structures, with all sequences sharing less than 30% amino acid identity. This analysis identified
one structural homolog for Zadl-1 and two for Tadlll-1 (Table S5). Bdil and Bdi2 yielded the most
hits, with a total of 54 unique structural homologs distributed across more than 32 phage taxa infecting
more than |7 bacteria genera. These span Gram-negative and Gram-positive hosts of the bacterial
phyla Actinobacteria, Actinomycetota, Bacteroidota, and Pseudomonadota (Figure é6d, Table S5).
Remarkably, the structural homologs of Bdil 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 defense systems as
a barrier to phage infection. The ability of these phages to encode multiple, but not all anti-defense
genes, suggests they exploit a dynamic anti-defense pangenome, selectively drawing from it to adapt
their strategies against bacterial immune systems while balancing other genomic constraints.
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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 Sé 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. (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 Bdil and
Bdi2 structural homologs found in the BFVD (384), a database of 351,242 viral structures sharing less than 30% amino acid
identity. The structural alignment of Bdil with example homologs is depicted on the right, with the amino acid identity
indicated at the bottom.
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Discussion

In this study, we explored the highly variable genomic regions of a common myophage infecting P.
aeruginosa to identify novel anti-defense genes, which hold potential for improving phage therapy
applications. Using Pbunavirus as a model phage, we identified and validated 5 out of 43 candidate genes.
Collectively, these genes showed activity against six of the 12 defense systems tested. Among these
anti-defenses, the structural homologs Bdil and Bdi2 individually inhibited four distinct defense systems:
Zorya type |, RADAR, Hypnos, and Druantia type |. We postulate that these anti-defense genes
interfere with DNA- and RNA-interacting proteins of these defense systems. Interestingly, mutational
data on Bdil suggest distinct specificities towards different targets. Some other proteins such as Ocr,
AdrA, NARPI, and JSSI_004 have been shown to inhibit more than one phage defense system (34,
385-387). Ocr and AdrA achieve this by mimicking DNA and inhibiting defense systems that target
specific DNA forms, while NARP| overcomes NAD+ depleting systems by reconstituting NAD* from
its degradation products. Here, Bdil and Bdi2 do not seem to target conserved effector domains
among defense systems, akin to JSSI_004, which inhibits several distinct defense systems via a
phosphorylation-based mechanism (387). These findings suggest that broadly acting anti-defenses are
common among phages, and may provide evolutionary advantages, given the genomic constraints
imposed by capsid size, restricting the amount of genetic material they can encode (388). This
versatility likely arises from the functional similarities between different defense systems, which share
common domains, sense similar phage-associated molecular patterns, and employ identical effector
mechanisms (389). For Bdil and Bdi2, it is unclear if 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.

In addition to Bdil and Bdi2, we identified Zadl-| as another inhibitor of Zorya type I. ZadlI-I likely
binds to ZorC, highlighting the diverse mechanisms phages can use to inhibit the same phage defense
system. This diversity may increase the evolutionary challenge for bacterial hosts, complicating the
development of phage resistance. This diversity in inhibitory strategies is further demonstrated by
Tadlll-1, which inhibits Thoeris type Il by physically blocking its TIR domain. Unlike previously identified
anti-Thoeris proteins (Tad| and Tad2), which sequester signalling molecules produced by TIR domains
(382, 383, 390), Tadlll-1 likely directly interacts with the TIR-domain proteins, thereby preventing
effector activation. The inhibitory mechanism of Dadlll-1 against Druantia type Ill remains elusive, as
neither functional domains nor interactions could be predicted.

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 anti-CRISPR proteins and
other anti-defense genes also tend to be encoded on the leading strand of conjugative plasmids (391)
to facilitate early expression in the host. It further predicts that the exploration of leading strands in
other phage families and genera could yield further discoveries of anti-defense mechanisms.

Interestingly, while 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 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 undetectable by sequence-based methods. In such cases,
structure-based approaches can uncover relationships between genes that have diverged too far at the
sequence level. These findings highlight the value of structural approaches in assessing the prevalence
of anti-defense genes across diverse phages, although their success ultimately depends on the accuracy
of structure predictions.

While our study shows that Pbunavirus typically encode 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 newly discovered defense systems remain massively underrepresented (392). It is likely that
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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 defense systems in phage-resistant pathogenic
species (146). Our study contributes valuable anti-defense genes and presents a strategy for discovering
others by exploring highly variable regions in genomes of other phage groups.

Materials and Methods

Bacteria and phages

A set of Pbunavirus from the Fagenbank were used to amplify candidate anti-defense genes. Phages
Pal8, ¢pPa22, $Pa33, and pPa34 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 PAO!| 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 50 pg/ml of streptomycin or 100 pg/ml of ampicillin, 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 PAOI,
centrifuged at 3,000 x g for |5 min, filter-sterilized (0.2 ym PES), and stored at 4 °C.

Identification of variable genes within the pangenome of Pbunavirus

We used PPanGGOLIN v1.2.74 (248, 249) to identify the variable genes of 162 complete Pbunavirus
from the Refseq database on August |, 2023. A phylogenetic tree was constructed by aligning the large
terminase protein sequence using MAFFT v7.525 (default settings)(393), and inferring by maximum
likelihood phylogenetics with the use of IQ-tree v2.3.6 (-B 1000 —alrt 1000 —m TEST) (394) (File SI).
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 (/83) (default
settings) and subsequently annotated (July 2024) using HMMER v3.3.2 (127), CD-SearchD v3.20 (395),
InterProScan v5.60-92.0 (333), Foldseek v6 (230), Phobius vI.0l (254), MobiDB-lite v3.8.4 (396),
Gene3D (397), PANTHER (398), and PROSITE (399). Previously identified anti-defense genes were
searched for using dbAPIS (400) and Anti-DefenseFinder vI.0.0 (392) 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 Technologies) from Table $6 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 $6. PCR products were run on |% 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 S7) were transformed into PAO! containing
individual defense systems (/46) by electroporation, as previously described (/29). The recovered cells
were plated on LBA plates supplemented with 200 ug/ml of carbenicillin and 25 pg/ml of streptomycin.

Protein complex prediction

Protein complex predictions were performed using AlphaFold 3 (40/) 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
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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: |) Multiple protein
alignments from PSI-BLAST (/26) and Clustal W v2.1 (256) to identify conserved amino acids (File
$2); and 2) AlphaFold 3 co-folding predictions, followed by Predictomes (381) 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 phosphorylated primers (Table $6) and Q5 DNA Polymerase. PCR products were
digested with Dpnl (NEB) and ran 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. Plasmids were extracted using the GeneJET Plasmid Miniprep kit and
confirmed by sequencing (Macrogen). Confirmed plasmids (Table S7) were transformed into PAO|
by electroporation.

Efficiency of plating

Phage stocks were |0-fold serially diluted in LB and the dilutions were spotted onto double-layer agar
plates of PAOI with I) empty pUCP20 and empty pSTDesR, 2) pUCP20 with a defense system and
empty pSTDesR, 3) empty pUCP20 and pSTDesR with the candidate anti-defense gene, or 4) pUCP20
with a defense system and pSTDesR with the candidate gene, following the small plaque drop assay
(131). The assays were performed using top agar (0.5% agar, w/v) supplemented with 200 ug/ml of
carbenicillin and 25 pg/ml of streptomycin for plasmid maintenance, and |0 mM Rhamnose (/130) for
induction of expression of candidate anti-defense proteins.

Liquid culture collapse assays

Overnight bacterial cultures were diluted to an ODsoo of approximately 0.1 in LB and transferred to
96-well plates. Phages were added at a multiplicity of infection of less than |. The plates were then
incubated at 37°C, with ODe¢oo readings taken every 10 minutes over a |2-hour period using an Epoch2
microplate spectrophotometer (Biotek), with double orbital shaking (Table S$8).

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 (127) was used to build the HMM models. The HMM models were applied to all viral proteins
available from NCBI using hmmsearch v3.4 (/27), 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: Bdil, 125; Bdi2, 135; Zadl-I, 100; Tadlll-I, 135; and Dadlll-1, 100. The HMM profiles of
the anti-defense proteins can be found in File S3.

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 |)
to identify structural homologs of the identified anti-defense genes in the BFVD (384), which contains
351,242 viral genes. The structural matches were filtered using a tmalnscore > 0.7, qcov > 0.8 and tcov
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> 0.8. The code used to run the Foldseek algorithms and analyse results is available in File S4. The
Foldseek 3Di sequences of the anti-defense genes identified in this study are available in File S5.

Comparison of the variable region of Pbunavirus genomes
Clinker v1.33 (119) 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.
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Figure S2 Characteristics of anti-defense proteins Bdil and Bdi2. (a) Effect of anti-defense proteins Bdil and Bdi2
on Zorya type |, RADAR, Hypnos, and Druantia type | protection against phage infection, evaluated by measuring bacterial
growth (ODeoo). Control is P. aeruginosa strain PAO | having empty pUCP20 and pSTDesR plasmids. (b) Effect of anti-defense
proteins Bdil and Bdi2 on Zorya type |, RADAR, Hypnos, and Druantia type | protection against phage infection, evaluated
by measuring phage propagation (PFU/ml) over a period of 4h. Control is P. aeruginosa strain PAO| containing empty pUCP20
and pSTDesR plasmids. (¢) Amino acid similarity between Bdil and Bdi2. Identical amino acids are shown in bold. (d)
Superimposition of Bdil and Bdi2 structures predicted with AlphaFold 3 (AF3). (e) Predicted aligned error (PAE) plot, pTM
and ipTM values obtained by AlphaFold 3 co-folding of six Bdil proteins. (f) Superimposition of Bdil (predicted with AF3)
and Elongation factor P (EF-P, Uniprot F4JUX3) showing that Bdil has significantly structural similarity to the N-terminal
region of EF-P having a KOW-like domain. (g) Zorya type | protection against RNA Leviviridae PP7 and inhibition of the



Phage genomes encode broad and specific counter-defense genes to overcome defense systems. 127

protection by proteins Bdil and Bdi2. Phage titers were determined, with an example plate shown alongside a bar graph
representing the average titers from three independent biological replicates. Error bars show standard deviation, and
statistically significant differences (p<0.05) are marked with an asterisk (*). (h) Predicted aligned error (PAE) plots, pTM and
ipTM values obtained by AlphaFold 3 co-folding Bdil with each protein of the phage defense systems it inhibits. (i) Multiple
sequence alignment of Bdi2 with 56 homologous sequences. Ten representative sequences are shown, with consensus
indicated above.
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aeruginosa strain PAO| having empty pUCP20 and pSTDesR plasmids. (b) Predicted aligned error (PAE) plots, pTM and ipTM
values obtained by AlphaFold 3 co-folding Zadl-1 with each protein of Zorya type I.
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Figure S4. Predicted aligned error (PAE) plots, pTM and ipTM values obtained by AlphaFold 3 co-folding of
Tadlll-1 with Thoeris type lll proteins, and experimental validation attempts. (a) Co-folding of Tadlll-1 with each
individual protein of Thoeris type lll. (b) Co-folding of Tadlll-| with the predicted TIR-containing ThcB4 and SLOG-containing
ThcA protein complex of Thoeris type lll. (c) Co-folding of two Tadlll-| monomers with the predicted TIR-containing ThcB|
dimer of Thoeris type lll. (d) Structure of the complex formed between two Tadlll-I monomers (blue) and a ThcBI dimer
(yellow), as predicted by AlphaFold 3. Two amino acids of Tadlll-1, which are predicted to interact with ThcB| and mutated
in Figure 4E, are shown in red. (e) Co-purification assay testing interactions between Tadlll-1 and ThcB1. Tagged and untagged
combinations of the proteins were co-expressed in E. coli BL2|1-Al, subjected to affinity purification via Strep-tag, and analyzed
by SDS-PAGE.
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Chapter 8

Phage tRNAs evade tRNA-targeting host defenses
through anticodon loop mutations

tRNAs in bacteriophage genomes are widespread across bacterial host genera, but their exact
function has remained unclear for more than 50 years. Several hypotheses have been proposed, and
the most widely accepted one is codon compensation, which suggests that phages encode tRNAs
that supplement codons that are less frequently used by the host. Here, we combine several
observations and propose a new hypothesis that phage-encoded tRNAs counteract the tRNA-
depleting strategies of the host using enzymes such as VapC, PrrC, Colicin D, and Colicin E5 to
defend from viral infection. Based on mutational patterns of anticodon loops of tRNAs encoded by
phages, we predict that these tRNAs are insensitive to host tRNAses. For phage-encoded tRNAs
targeted in the anticodon itself, we observe that phages typically avoid encoding these tRNAs.
Further supporting the hypothesis that phage tRNAs are selected to be insensitive to host anticodon
nucleases. Altogether our results support the hypothesis that phage-encoded tRNAs have evolved to
be insensitive to host anticodon nucleases.

A modified version of this chapter has been published as

van den Berg, D. F., van der Steen, B. A, Costa, A. R., & Brouns, S. J. . (2023). Phage tRNAs evade
tRNA-targeting host defenses through anticodon loop mutations. Elife, 12, e85183.
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Introduction

Transfer RNAs (tRNAs) were first discovered in the 1950s (402) and have since been found to play a
vital role in the central dogma of molecular biology in all living systems (403). During the 1960s, tRNAs
were also reported in viruses of bacteria (phages) (404). We now know that phage-encoded tRNAs
are widespread, especially among virulent phages (405). Multiple hypotheses have been proposed for
the role of these phage-encoded tRNAs. The most established being codon compensation, where
codons rarely used by the host but necessary to the phage are supplemented by the tRNAs carried by
the phage (405). Why phages are pushed towards these alternative codons is generally believed to be
a side effect of differences in the GC content of phage and host (405-407). A recent study by Yang et
al. (2021) may have hinted at an additional factor: phage tRNAs represent a means to counteract the
depletion of host tRNAs that occurs as an early response to phage infection (408). The host uses
several mechanisms to deplete its tRNA pool, such as downregulating the expression of its tRNAs,
modifying tRNAs to make them unusable for translation, and most notably cleaving the tRNAs using
anticodon nucleases (408-412). Exactly what activates host tRNA cleavage is often unknown; an
exception is anticodon nuclease PrrC, which cleaves tRNA-Lys(ttt) when triggered after sensing phage-
encoded protein Stp (4/3). In response, phage T4 encodes a tRNA ligase that repairs the cleaved
tRNA-Lys (413). Recently, a phage encoding a tRNA was found to replenish the host tRNA depleted
by the Retron Ec78 phage defense system, thereby preventing the inhibition of phage propagation (39).
However, it remains unclear how phage tRNAs avoid being degraded by the same mechanism that
results in the depletion of host tRNAs during phage infection. Here, we have analysed phage-encoded
tRNAs and hypothesize that the tRNAs encoded by phages are insensitive to tRNA anticodon nuclease
activity, preventing depletion of the tRNA pool and translation stalling during phage infection.

Results and discussion

To investigate our hypothesis that phage tRNAs are insensitive to tRNA anticodon nucleases, we
analysed the tRNAs encoded by a large and well-characterized dataset of tRNA-rich bacteriophages
(33 tRNAs per phage on average) that infect mycobacteria: mycobacteriophage cluster Cl (414)
(Figure la,b). We specifically selected this mycobacteriophage dataset because the bacterial host
encodes a range of well-characterized tRNA nucleases (tRNAses), such as VapC, MazF, and RelE (4/5-
420). A subset of these tRNAses target the tRNA anticodon loop and are activated upon various stress
responses, including phage infection (421). Upon activation, these anticodon nucleases cleave specific
tRNAs in conserved regions within the anticodon loop to inactivate the tRNAs and thereby regulate
protein translation of the host (415). The cleavage region within the tRNA anticodon loop is sequence-
dependent and highly specific to the type of tRNA. Mutations in the recognition and cleavage sequence
within the anticodon loop have been found to result in insensitivity to these anticodon nucleases (415,
417). To check phage tRNAs for mutations that are known to cause insensitivity to anticodon nucleases
(415-417), we compared them to those of their host. We found that all 10 mycobacteriophage-
encoded tRNAs that are targeted by anticodon nucleases contained anticodon loop mutations known
to affect cleavage by VapC (Figure |c, Supplementary File la,lb). These findings support the idea
that phage-encoded tRNAs are insensitive to cleavage by anticodon nucleases (Figure Ic). We
propose that these phage tRNAs serve as a mechanism to counteract the depletion of tRNAs by
anticodon nucleases during phage infection, thereby allowing the phage to translate its proteins and
successfully complete the infection cycle (Figure 1d).
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Figure | Phage tRNAs are predicted to be anticodon nuclease resistant. (a) The genomic context of the tRNA
clusters containing 36 tRNAs present in C| mycobacteriophage Rizal (4/4). (b) Prevalence of individual phage-encoded
tRNAs in the C| mycobacteriophage cluster, composed of 161 phages. (c) Mutations in the anticodon-loop of phage tRNAs
in comparison to host tRNAs, located in the cleavage site of anticodon nucleases. (d) Proposed mechanism of action of phage
tRNAs. During phage infection, tRNAses are activated and deplete the host tRNA pool via tRNA cleavage to prevent phage
propagation. Phage tRNAs are insensitive to cleavage allowing the phage to propagate.

In addition, we observe that mycobacteriophages rarely encode tRNAs that are cleaved within the
anticodon itself (Supplementary File Ib), suggesting that these anticodons are avoided by the phage
and that no tRNAs evolved to be insensitive to cleavage. Specifically, this avoidance is seen for the
serine-coding tRNAs that are cleaved at the GA site within the anticodon (tRNA-Ser(gga), tRNA-
Ser(tga), tRNA-Ser(cga), and tRNA-Ser(aga)) (4/5) (Supplementary File Ib). To compensate for
this, the phage encodes a serine tRNA (tRNA-Ser(gct)) that is not targeted by nucleases. We observed
the same avoidance for known targets of RelE (420), including stop codon (cta), tRNA-Leu(tta), and
tRNA-GIn(cga) (Supplementary File Ib). Interestingly, when comparing the codon frequency of
phage genes, we observed no differences in the codon frequency between codons for which the phage
encodes a tRNA and those for which it does not (Welch Two Sample t-test, t = 1.0471, df = 41.591,
p-value = 0.301 I) (Supplementary File Ib). Moreover, we did not observe a difference in the codon
frequency between phage and host genes (Paired t-test, p-value = 0.999) (Supplementary File Ib).
We also found that in only 2 out of 23 instances, the preferred codon (i.e. the most frequently encoded
codon per amino acid) of the phage did not match that of the host (tRNA-Val(cac) and tRNA-Ala(cgc))
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(Supplementary File Ib). Together, these observations suggest that the phage-encoded tRNAs
were likely not selected for codon compensation. Overall, our findings support the hypothesis that
phage tRNAs in Mycobacteria evolved to resist anticodon nucleases to overcome host tRNA-depletion
strategies that limit phage propagation. To investigate if this hypothesis could extend more generally
outside Mycobacteria, we examined other species with anticodon nucleases, including Shigella flexneri
(VapC-LT2) (422), Escherichia coli (VapC, PrrC, Colicin D, and Colicin E5) (413, 422-424), and
Salmonella enterica (VapC/MvpT) (422). It is important to point out that the following analyses are
based solely on the known cleavage site, and that the recognition sequence of these anticodon
nucleases is unknown, thus limiting the ability to identify possible insensitivity-causing mutations in the
recognition site of the anticodon loop. Despite this limitation, we observed mutations in the anticodon
loop near or at the cleavage site of anticodon loop-targeted phage-encoded tRNAs in nearly all
instances (9 out of 11) (Figure S1; Supplementary File 1c). When the anticodon itself was the
target of the anticodon nuclease, as is the case for VapC-LT2 in S. flexneri, we found that the phage
generally avoided encoding the target tRNA (tRNA-fMet), except for two instances. One of these is
the phage-encoded tRNA-Lys(ttt) in coliphages. In this instance, the phage encodes a tRNA-Lys ligase
(rnll & rnl2) that repairs tRNA-Lys(ttt) after it has been cleaved by PrrC (413). The other instance
involves phage-encoded tRNAs targeted by E. coli Colicin E5. The cleavage activity of Colicin E5
depends on modifying the wobble position (424), which might be absent in these phage tRNAs possibly
caused by mutations in the anticodon loop, which we observed for three out of the four targeted
tRNAs (Figure Slc). Alternatively, these mutations might affect the recognition by Colicin E5. In
summary, our findings in Mycobacteria are consistent with almost all (9 out of |1) currently known
instances of targeted phage tRNAs in Enterobacteria (Supplementary File | c). The discrepancies in
these cases can be accounted for by the presence of tRNA ligases, reliance on tRNA modifications of
the cleavage site, or mutations within the uncharacterized recognition site. We speculate that our
hypothesis may be extended beyond Mycobacteria and Enterobacteria, given the ubiquity of virus-
encoded tRNAs and host tRNAses (424-426).

Conclusion

We propose that phage-encoded tRNAs escape targeting by host tRNAses via insensitivity causing
mutations within the tRNA cleavage and recognition site. This proposed hypothesis can be helpful in
selecting or engineering bacteriophages capable of infecting hosts containing anticodon nucleases.

Materials and Methods

tRNA analysis in mycobacteria and mycobacteriophages

Mycobacterium  smegmatis MC2-155 (CP000480.1) and Mycobacterium tuberculosis H37Rv
(NC_000962.3) were used as references for obtaining the host tRNA sequences. All CI cluster
mycobacteriophage genomes were downloaded from PhagesDB (4/4) the Ist of September 2022.
tRNAs were annotated using Aragorn (427) and tRNAscan-SE (428). Codon frequency and fraction
were determined using cusp (EMBOSS v6.6.0.0) (429).

tRNA analysis in non-mycobacteria species and phages

We performed a literature search for all anticodon nucleases with known specificities on the Ist of
March 2023. These were found in Leptospira interrogans (430), S. flexneri (422), E. coli (413, 422-424),
S. enterica (422), Deinococcus radiodurans (431), and Geobacillus kaustophilus (432). We excluded L
interrogans, D. radiodurans, and G. kaustophilus due to the absence of known tRNA-encoding phages.
The species-specific tRNA sequence of the host for each anticodon in question was obtained using
tRNAVviz (433). Species-specific phages were obtained from the public PhageAl database (/16) on the
Ist of March 2023. tRNAs were annotated and analyzed as indicated above for mycobacteria and
mycobacteriophages.
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Figure IS Phage tRNAs from Enterobacteria. (a) Mutations in the anticodon-loop of phage tRNAs in comparison to
host tRNAs, located in the cleavage site of anticodon nucleases of tRNA fMet (cat) that are targeted by VapCs. (b) Mutations
in the anticodon-loop of phage tRNAs in comparison to host tRNAs, located in the anticodon loop of tRNA Lys (ttt) that is
targeted by PrrC (Rloc), which is repaired by the tRNA-Lys ligase. (c) Mutations in the anticodon-loop of phage tRNAs in
comparison to host tRNAs, located in the anticodon loops of tRNAs that are targeted by Colicin E5 in the anticodon itself
(d) Mutations in the anticodon-loop of phage tRNAs in comparison to host tRNAs, located in the anticodon loops of tRNAs

that are targeted by Colicin D from E. coli.

The following supplementary files are available online at doi: 10.7554/eLife.85183

Supplementary file |. Phage versus host-encoded tRNA comparisons.






Chapter 9

Phage tRNAs: Decoding the Enigma

The presence of tRNAs in bacteriophage genomes has intrigued scientists since their discovery in the

early 1960s, as phages were believed to rely on the host tRNAs for their translation. Over the years,

a multitude of hypotheses have been explored, providing evidence that phages with different lifestyles
utilize tRNAs in distinct ways. In recent years, several studies have provided evidence that phage

tRNAs play a crucial role in evading phage defense systems. In this review we summarize the current

state of the field of phage tRNAs, highlighting their diverse roles in phage infection. We also discuss
the host response to phage tRNAs and the application of this knowledge to improve phage-based

therapeutics to combat bacterial infections.

A modified version of this chapter has been published as
Berg, D. F., & Brouns, S. J. J. (2025). Phage tRNAs: decoding the enigma. Trends in Microbiology.
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Viruses of Bacteria encode transfer RNAs for Translation

Transfer RNAs (tRNAs) were first discovered in the 1950s (402) and have since been recognized to
be vital in the central dogma of molecular biology in all living systems (Box 1) (403). Surprisingly, during
the 1960s, tRNAs were also reported in viruses of bacteria (phages) (404). This finding challenged the
view of viruses at that time, which were believed to hijack the host translation machinery for their
replication, including the host tRNAs instead of encoding their own (434). Follow-up studies observed
that the tRNAs from Escherichia coli phage T4 were expressed early in the infection and that removing
these tRNAs from the genome resulted in a 20-fold reduced infectivity (435, 436). Intriguingly, recent
efforts found that phages more often encode tRNAs than previously thought, observing tRNAs in more
than 30% of phage genomes, ranging from | to 62 tRNAs (437). Yet, despite their widespread
occurrence, the precise function of phage tRNAs during the infection cycle (see Glossary) remains
unclear. Recent breakthroughs have uncovered unexpected roles for these tRNAs, from circumventing
the immune response of the host to regulating the phage replication cycle. We summarize these recent
advances in this review.

Box I: The Cellular Function of tRNAs
tRNAs make up around |5% of the total ribonucleic acid (RNA) in the bacterial cell, making them the
second most abundant RNA after ribosomal RNA (rRNA) (438).

After transcription, tRNAs go through several maturation steps before becoming functional, including
the removal of the 5" and 3’ precursor sequences by a variety of RNases, and the addition of a CCA
sequence on its 3’ end by the nucleotidyl transferases (NTases) (439, 440). This CCA sequence is
charged with its corresponding amino acid by the aminoacyl-tRNA synthetase (aaRS) based on the
anticodon of the tRNA (35, 441, 442). Additionally, tRNAs undergo various post-transcriptional
modifications to stabilize the tertiary structure, regulate its translation efficiency, and tune the precise
base-pairing of its anticodon (35, 441).

After the tRNA is mature and charged with their amino acid, elongation factor thermo-unstable (EF-
Tu) guides the tRNA to correct A-site of the ribosome during translation (443). During translation,
the amino acid that is attached to the tRNA is incorporated into the nascent polypeptide chain by the
ribosome, forming a peptide bond between the amino acids, in accordance with the codon on the
mRNA template (441, 442, 444, 445).

To ensure that each of these steps is performed with high accuracy, tRNAs consist of several key
features (Figure 1) (442):

e Acceptor stem: Serves as the amino acid attachment site acid at its conserved CCA site at the
3’ end during aminoacylation (addition of the amino acid to the tRNA).

¢ Dihydrouridine (d)-arm: Serves to stabilize the L-shaped structure of the tRNA that is required
to fit into the ribosome during translation, as well as being crucial for the recognition of the
aminoacyl tRNA synthase (aaRS) during aminoacylation.

e Variable loop: Differs in length among different tRNAs, and together with the D-arm aids the
aaRS$ with distinguishing between tRNAs for the correct aminoacylation.

e TWC-arm: Assists in stabilizing the L-shaped structure of the tRNA together with the D-arm,
as well as aiding the binding of the mature tRNA to the correct position within the ribosome
during translation.

e Anticodon loop: part of the anticodon stem which is responsible for the base pairing of the
tRNA with the mRNA codon.

e Post-transcriptional modifications: Can serve a multitude of functions, such as stabilizing the
tertiary structure, regulating its translation efficiency, and tuning the base-pairing of its

anticodon. For example, through 7-cyano-7-deazaguanine and archaeaosine
modifications of specific tRNA residues (446, 447).
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Figure l. Overview of the structural composition of the transfer RNA. Shown are the features of the transfer RNA
(tRNA), consisting of the amino acid, acceptor stem, D-arm, anticodon stem, anticodon loop, variable loop and TWC loop,
as well as the CCA-end of the acceptor stem.

The disruption of any of the tRNA maturation steps leads to a variety of detrimental effects, including
non-functional tRNAs, mischarging, and misincorporation of the tRNA during translation (448). To
resolve these tRNAs from negatively affecting translation, cells have evolved several quality control
checks during each of these steps that degrade or repair faulty tRNAs (448).

The Diverse Roles of Phage tRNAs

The role of tRNA genes in phage genomes has been extensively discussed and explored, with numerous
studies identifying a diverse set of potential roles that can be attributed to phage tRNAs (405, 449).
One important factor in this discussion is that the lifestyle of the tRNA-encoding phage appears to
determine the specific function of the tRNA. These lifestyles can be grouped into two main types:
virulent and temperate phages (6). Virulent phages follow the lytic cycle, where phage replication
and formation of new particles start upon genome ejection into the host cell, while temperate phages
can follow the lysogenic cycle where they integrate into the genome of the host. Here, the temperate
phage can remain integrated, passively replicating itself with the host chromosome. Under stressful
conditions for the host, temperate phages excise from the host genome and transition to the lytic
cycle, like virulent phages, to abandon ship. Some types of temperate phages, such as plasmid-phages,
deviate from the lysogenic cycle by not integrating in the chromosome, but instead, these phages
replicate as plasmids (450). Interestingly, temperate phages typically encode just a few phage tRNAs,
while virulent phages are found to encode a multitude, sometimes up to 61 different tRNAs (323, 405).
This suggests that phages with different lifecycles may have different needs for tRNAs. Over the years,
several hypotheses and roles have been proposed for phage tRNAs.
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Diverse Functions of tRNA from Temperate Phages

As mentioned above, for temperate phages that integrate into the tRNA gene of their hosts, the
encoded phage tRNAs may replace the function of the dysfunctional host tRNA that the temperate
phage integrates into during its lysogenic cycle. In the majority of observed cases, host tRNA genes are
a prime integration target of temperate phages, since host tRNAs are prevalent and conserved across
a large diversity of hosts, making it a reliable integration site (451, 452). A disadvantage of integrating
into the host tRNAs is that the function of this host tRNA is disrupted, leading to a disadvantage for
the host, and consequently, for the integrated phage that relies on host survival for its own existence.
To resolve this downside, some phages encode the same tRNA in their genome to replace the function
of the integrated host tRNA (Figure la) (405, 453). Alternatively, some temperate phages, such as
MIo38S, are flanked by tRNA halves at their 3’ and 5’ end of their genome, which forms two complete
functional tRNA copies when it integrates into the tRNA of the host (Figure 1b) (454, 455). Notably,
temperate phages often encode multiple tRNAs, suggesting that the function of phage tRNAs in
temperate phages is not limited to compensating for the disrupted tRNA of the host.

Several hypotheses could explain these additional tRNAs in temperate phage genomes. One hypothesis
is that tRNAs are acquired by random chance during transduction events, however, no study has
found evidence for this hypothesis (405). Moreover, tRNAs of temperate phages may function as an
integration site for beneficial mobile elements, such as those encoding phage defense systems. This
benefits the temperate phage in inter-viral conflicts, as observed for E. coli P2-like phages and their P4-
like satellites, which encode phage defense systems in a specific integration site in their genome (62).
Lastly, besides possibly providing an advantage in inter-viral conflicts, temperate phage tRNAs may
provide an advantage in their conflict with the host defenses. A recent study discovered that temperate
Mu phages use a charged tRNAgY from the host as a substrate to hypermodify the adenines of the
phage DNA, preventing host DNases from acting (456). It is possible that other phages utilize a similar
mechanism with their own charged tRNAs.

In addition to regular tRNAs, temperate phages have also been found to encode suppressor tRNAs
(tRNAsw), also known as nonsense suppressors (457-459). These tRNAs match the stop codon on
the mRNA, and instead of terminating the translation process, the tRNA is charged with an amino acid
(460). This incorporation results in readthrough of the stop codon, preventing translation termination,
resulting in translation of dysfunctional protein. The role of these suppressor tRNAs in temperate
phages has recently been proposed as preventing the correct translation of lytic genes while being in
the lysogenic phase, especially in crAss-like phages where the TGA stop codon is re-assigned to
glutamine (Figure Ic) (457-459, 461).
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Figure I: Overview of the tRNA conflict between temperate phages and their hosts. (a) Phage tRNAs are
encoded by temperate phages to compensate for the disrupted host tRNA which is caused by the integration of the temperate
phage into the host tRNA during its lysogenic cycle. (b) Some temperate phage genomes are flanked by two tRNA halves
that restore the function of the disrupted host tRNA after integration. (c) Suppressor tRNAs are encoded to prevent the
premature expression of the lytic genes when the temperate phage is integrated into the host genome.

Phage tRNAs in Phage Replication and Codon Usage.

While temperate phages only encode a few phage tRNAs, virulent phages can encode up to 61 different
tRNAs. Similar to temperate phages, some virulent phages, such as E. coli phage T4, also encode
suppressor tRNAs (460, 462). These suppressor tRNAs may function to alter the codon table of the
phage, possibly interfering with the translation of the proteins involved in the host response during
phage infection (461, 463). Additionally, phage tRNAs of virulent phages may facilitate phage infection
through codon compensation, where codons rarely used by the host but necessary to the phage are
supplemented by the tRNAs encoded by the phage (Figure 2) (405). Why phages evolved to differ in
codon usage from their hosts remains largely unknown. One factor may be that the translation
efficiency of certain codons is affected by phage infection, driving the phage to encode more of the
efficiently translated codons, while avoiding those that are negatively affected (464, 465). Meanwhile,
the host evolved to encode the codons that are well translated during non-phage infection (466).
Another relevant factor for encoding phage tRNAs is to bridge the discrepancies in the GC-content
that are often observed between the phage genome and its host, resulting in a mismatch between the
frequently used codons of the host with those of the phage, as well as opening up the host range
from GC-rich hosts to those that are those with a lower GC-content (405, 407, 467-469). This is in
line with virulent phages, that do not encode tRNAs, translate their highly expressed genes using the
most abundant tRNAs in the host pool, while tRNA-encoding virulent phages use their own tRNAs,
especially for their late-stage genes (Figure 2) (405, 406, 449, 453). This discrepancy may be explained
by the tRNA pool dynamics during phage infection. Early in the infection, the host tRNA pool is still
abundant enough for efficient translation (Figure 2). However, at a later stage, phage tRNAs take over
(Figure 2) (408). This shift shows the dynamic nature of the tRNA pool during phage infection.
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Figure 2. Phage tRNAs in phage replication and codon usage. Phage tRNAs may compensate for the differences in
GC-content between the phage and host. Early phage translated genes are translated using the most abundant host tRNAs.
However, at later stages, phage genes are translated using the tRNAs of the phage.

Phage tRNAs Replenish the Depleted Host tRNA Pool

The depletion of the host tRNA pool during phage infection was first observed several decades ago
(470). Since then, various causes for this phenomenon have been identified, including the
downregulation of the host tRNAs during the early stages of the infection (471, 472) and the active

cleavage of the tRNA pool (Figure 3a) requiring phages to evolve countermeasures against these
depletion strategies (Figure 3b) (408, 413, 472-474). For example, E. coli phage T4 utilizes a tRNA
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ligase to repair the host lysine tRNAs that are cleaved by PrrC. This cleavage occurs upon detecting
the interference by the Stp phage T4 protein of the restriction-modification (RM) system of the host
(475).

An alternative and recently identified strategy involves phages encoding tRNAs that are resistant to
the host tRNA nucleases (tRNases) (Figure 3a) (37, 39, 323, 408). This strategy was only recently
proposed when investigating differences in phage tRNAs compared to host tRNAs (323). These
mutations were found to overlap with known resistance-gaining mutations in the cleavage site of a
broad range of tRNA nucleases, including VapC, Colicin E5, Colicin D, and PrrC (Figure 3a) (323).
Several studies have subsequently expanded the relevance of these cleavage-resistant phage tRNAs as
an evasion mechanism to other phage defense systems that cleave host tRNAs upon detecting the
phage infection, including phage defense systems RM-PrrC, PARIS, Retron-Eco7 (type I-A Retron),
Casl3, and RemAIN (Figure 3a) (37, 39, 476, 477). While the impact of phage tRNAs on most of
these defense mechanisms is unexplored, their involvement in the evasion of PARIS and Retron-Eco7
is well established (37, 39, 476, 477). Although their mechanism of action is distinct from each other.
Because PARIS (and RM-PrrC) detect the presence of phage proteins that mimic DNA, including Ocr
and Stp, both resulting in the cleavage of tRNAWs (37, 478, 479); while tRNA-targeting phage defense
system Retron-Eco7 is activated by a phage exonuclease that cleaves the multicopy single-stranded
DNA (msDNA) of the Retron-Septu type Il complex, causing the complex to fall apart. This releases
the HNH-domain containing effector (PtuB), which starts cleaving the host tRNAv or tRNAser,
depending on the specificity of the system (39, 476).

Moreover, CRISPR derived Casl|3a complexes, which do not recognize phage proteins, but instead
recognize the phage through crRNA matching phage transcripts with one of the spacers from its
CRISPR-array, upon which the collateral RNase activity of Cas|3a cleaves several host tRNAs including
tRNAYs, tRNAgl, tRNAen, and tRNA®* (Figure 3a) (15, 410).

Lastly, RemAlIN, a prophage encoded-phage defense system, protects the host from lytic activity of
other (pro)phages through cleaving several essential host tRNAs, including tRNAley, tRNApro, tRN Afmet,
and tRNAser, upon detecting an unknown trigger (Figure 3a) (477).
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Figure 3: Phage tRNAs replenish the depleted host tRNAs. (a) During phage infection, several phage factors are
known to activate the tRNases of the host, such as DNA-mimics Stp and Ocr, which interfere with the defense response of
the host, and induce the activity of RM-PrrC and PARIS to cleave the tRNAs of the host. In addition, Retron-Eco7 (type I-A
Retron) is activated by an exonuclease of the phage, resulting the cleavage of the msDNA of the Retron. This causes the
Retron-Eco7 complex to disassemble and start cleaving the tRNAY" or tRNAse" of the host. Moreover, Cas|3a is activated
by phage transcripts that match its spacer, leading to the cleavage of several host tRNAs, including tRNAs, tRNAgh, tRNAak,
and tRNAleu, Lastly, RemAIN, a prophage encoded-phage defense system, protects the host from lytic activity of other
(pro)phages through cleaving several essential host tRNAs, including tRNA'ey, tRNAPre, tRNAfmet, and tRNAser, upon detecting
an unknown trigger. (b) The cleavage of tRNAs by these phage defenses result in the inhibition of translation and phage
propagation. In response, phages encode tRNAs, that are resistant to these host tRNases, to replenish the tRNA pool and
propagate.

Although the involvement of phage tRNAs in evading each of these phage defense systems has not yet
been demonstrated, current evidence strongly suggests their potential neutralize these phage defenses.
It is also likely that the number of tRNA-targeting defense systems exceeds the above-mentioned
defenses, since the functional protein domain that cleaves tRNAs for each of these phage defense
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systems is shared across various phage defense systems. PARIS contains the OId/TOPRIM functional
domain, which is responsible for their tRNA cleaving capacity. This domain is also present in at least
eleven other phage defense systems, including Menshen and Gabija (59, 141, 142, 159, 480-483).
Moreover, Retron-Eco7 (type I-A Retron) cleaves tRNAs using its HNH nuclease domain, a commonly
shared domain among phage defense systems, including Septu type |, Zorya type Il, RM type |l systems,
and CRISPR-Cas systems (159, 484, 485). Additionally, Casl3a, RemAIN, and PrrC share their tRNA
cleaving HEPN domain with at least 17 other phage defenses, including CoCoNuTs, AbiF, and Ape
(122, 141, 142, 481, 486-491). Lastly, VapC shares its PIN domain with phage defenses HEC-03 and
HEC-09 (142, 492). While these domains are not necessarily always involved in tRNA cleavage and
may have different nucleic acid targets, it is likely that at least some of these phage defenses target
tRNAs, potentially even the tRNAs of the phage. Promising candidates may be found in the VapC
family, as many VapCs have unknown tRNA targets, while extensively investigated for their activity
against the tRNAs of the host (415).

Proposed Phage tRNA Functions

In addition to the above-mentioned roles and proposed hypotheses regarding the role of tRNAs in
phages, several additional novel hypotheses may be proposed. One of these hypotheses is that some
phage tRNAs are not resistant to cleavage and instead act as tRNA-derived small RNAs (tsRNAs) and
tRNA-derived fragments (tRFs), which are known to modulate the transcription and translation of the
host (493). Moreover, phage tRNAs might act to stall the ribosomes of the host during infection,
preventing a host defense response (494), or interfere with other tRNA-binding proteins (495).
Alternatively, integrated temperate phages might encode tRNAs to increase the available tRNA pool
of the host, which may accelerate their replication, resulting in an increased number of integrated phage
copies. Lastly, eukaryotic viruses, such as human cytomegalovirus, have been found to use tRNAs as
scaffolds to assemble their capsids. It is possible that phages use tRNAs in a similar fashion (496).

Taken together, phage tRNAs have diverse functions. In temperate phages, tRNAs may restore the
detrimental effects of their integration into the tRNA of the host and prevent the premature
expression of their lytic genes. In virulent phages, tRNAs are primarily encoded to benefit the phage
during its replication cycle, to counteract the phage defense response of the host and overcome
discrepancies in codon usage between phage and host genes. Notably, these lytic-related functions
could also apply to the functionality of the tRNAs of temperate phages that have entered the lytic
cycle. More speculative functions of phage tRNAs, include their involvement in the
hypermodification of phage DNA, to provide an integration site for beneficial mobile elements,
increase the tRNA pool of the host for improved replication, function as capsid scaffolds, and regulate
host translation and transcription through RNA-interference and ribosomal stalling.

Layers of tRNA-targeted Phage Defense

Cleavage of host tRNAs is not the only tRNA-targeted layer of phage defense that the host immune
response initiates upon phage infection (Figure 4). Another significant mechanism involves the toxic
small alarmone synthetase (toxSAS) family, including toxSAS and phage defense system CapRel, which
pyrophosphorylate the highly conserved CCA-ends in the acceptor stem of tRNAs to inhibit
translation and prevent phage propagation (Figure 4b) (74, 497). Other host mechanisms that act on
tRNAs, though not yet linked to phage defense, are part of the nucleotidyltransferase (NTase) family
(498). The most notable member of the NTase family is the MenT toxin of Mycobacterium tuberculosis
(498). MenT extends the tRNA at the acceptor stem with additional cytosines, preventing the
aminoacylation process during maturation and inhibiting translation (Figure 4b) (498). Other
members of the NTase family are less understood but are known to convey phage defense, including
SanaTA, ADbiIE, and AbiG (59, 499). Lastly, TacT, a member of the acetyltransferase (GNAT) family,
disrupts translation through acetylation of the glycine aminoacyl-tRNAs (Figure 4b).
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In addition to these toxins, it is conceivable that hosts distinguish self-tRNAs from non-self-tRNAs
through several specific modifications to the tRNA during maturation (442). To bypass these host
defenses, phages may act to become independent of the host and encode their own tRNA-maturing
enzymes to steer the phage tRNA pool away from these host regulatory pathways (Figure 4a) (500).
Supporting this hypothesis, a recent study has found that some phages encode not only one, but several
steps of tRNA maturation, including their own CCA-adding tRNA NTases, aminoacyl-tRNA
synthetases (aaRS), and elongation factors (EF-Tu), as well as tRNA modifying enzymes such as QueC
and tRNA-guanine transglycosylase (TGT)-like proteins (446, 447, 500), which are known to modify
the guanine (g) of tRNAs into 7-cyano-7-deazaguanine (preQo) and archaeaosine (G*) through their
involvement in the deazaguanine metabolism (Figure 4a) (446, 447). The exact benefit for phages to
modify the guanine (g) into preQo or G* remains to be speculated. A similar tRNA modification,
deazaguanine derivative queuosine (Q), is present at the first position of the anticodon and improves
the codon-anticodon interaction, making the translation faster and more accurate (501, 502).
However, unlike Q, preQo and G* modifications are present in the D-arm and act to improve the
stability of the tRNA during stressful conditions, which might be beneficial for the phage during phage
infection (503). Moreover, preQo and G* may render phage tRNAs more resistant to the tRNA
cleaving enzymes of the host, since the G* modification in DNA is known to render DNA resistant to
a multitude of endonucleases, including EcoRV, Haelll, Dral, EcoRlI, and Mbol (504). In addition, preQo
or G* modification might also be a way to distinguish phage tRNAs from host tRNAs (442).
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Figure 4. The layers of tRNA-targeted phage defense in the maturation steps of phage tRNA. (a) The stages of
phage tRNA maturation are shown, from transcription to tRNA modifications, processing, amino-acetylation, translocation,
and translation. Phage factors are shown in blue, while bacterial factors are shown in yellow. (b) The proposed host defenses
that may interfere with the maturation of the phage tRNA are also illustrated, including toxSAS, NTase, and GNAT. preQO,
7-cyano-7-deazaguanine; G*, archaeaosine; TGT, tRNA-guanine transglycosylase; NTase, nucleotidyltransferase; Q,
queuosine; aaRS, aminoacyl-tRNA synthetase; aa, amino-acid; EF-Tu, Elongation factor thermo unstable; toxSAS, toxic small
alarmone synthetase; GNAT, Gcen5-related N-acetyltransferases.

These complex dynamics highlight the arms race between the host and phage, with numerous of
unresolved questions to be explored.

Concluding Remarks and Future Perspectives

Although phage tRNAs have intrigued scientists since their discovery in the 1960s, it is only recently
that researchers have begun to understand their complexity, uncovering an array of unexpected roles
for phage tRNAs during phage infection. These diverse roles make predicting the function of individual
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phage tRNAs challenging and are likely affected by multiple factors. However, certain overarching
functions appear to be conserved, such as virulent phages are known to encode a multitude of tRNAs
to overcome the defenses of the host and improve translation efficiency. For temperate phages, tRNAs
are likely encoded to prevent a detrimental effect of integrating into the tRNA of the host, as well as
controlling the host response during the lytic and lysogenic stages. These novel insights provide
promising potential for phage therapeutic approaches. For instance, natural or genetically engineered
phages, that encode additional phage tRNAs, could significantly enhance the efficiency of the phage
infection to overcome phage resistant bacteria that utilize tRNA-depleting defense strategies.
Furthermore, engineering phages might also be a way to expand their host range by overcoming codon
usage discrepancies between the host and phage. A comprehensive understanding of phage tRNAs will
be crucial for these applications. Intriguingly, several unexplored hypotheses remain that may be
validated in the years to come (see Outstanding Questions). These questions might be answered with
a recent burst of novel methods to investigate tRNAs in vivo, such as the improved detection of tRNA
modifications and high-throughput sequencing of tRNAs (505-507). Understanding the full complexity
and role of phage tRNAs holds the potential to benefit phage-based therapeutics through empowering
phages to overcome tRNA-targeting phage defenses (508).

Outstanding Questions
I. Are there phage defense systems that specifically target phage tRNAs?

2. Do phage tRNAs function as mobile element integration hotspots?

3. Which roles do the other phage encoded non-coding RNAs have, such as transfer-messenger RNAs!?
4. Can we extrapolate the roles of phage tRNAs into tRNAs that are encoded by human viruses?

5. Can we improve phage-therapeutics with phage tRNAs?
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Summary and discussion

Bacteria and phages have engaged in an evolutionary dance since the dawn of life. Only recently have
we begun to understand the depth of this dance, as a growing number of phage defenses and
countermeasures continue to be uncovered. Yet, it remains largely unclear what the specific roles
and impact of each of these mechanisms is, and whether we can unearth additional mechanisms. This
dissertation has advanced our understanding of this phage-host conflict, finding novel insights into
both phage defense systems and how phages circumvent them. Here, we discuss these advances and
put these in the context of the discoveries that were made before, while also reflecting on the
current paradigms in the field and its future.



150 Chapter 10

Introduction

Since their emergence, bacteria have been under predation from their viruses, known as
bacteriophages (phages) (3). To defend themselves, immune mechanisms have evolved in bacteria that
recognize and act on phage associated molecular patterns (/0). In response, phages have evolved
countermeasures against each of these mechanisms, prompting bacteria to adapt, resulting in a complex
conflict between the phage and host (/0). Over the last decade, the field has made tremendous
progress in our understanding of this conflict (/0). In this discussion, we place these discoveries in the
context of the findings presented in this thesis and discuss the current and future direction of the field.

Insights into phage immunity and evasion strategies
The accumulation of phage defense systems correlates with a broader phage resistance

The complexity of the bacterial immune system is exemplified by the sheer number of distinct
mechanisms that have been discovered so far, from preventing adsorption to degrading host factors
upon detecting phage infection (//-28). Bacteria almost always encode several phage defenses that
have been accumulated over time (Figure 1) (63). However, the impact of encoding multiple defense
systems remained unclear. Although long hypothesized, we demonstrate that the greater the number
of phage defense systems the bacterium encodes, the broader its resistance to a collection of phages
(Chapter 2) (/46). Later studies from the Filippovs group confirmed our findings when also
investigating the phage defense resistance of Pseudomonas aeruginosa (509).
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Figure |: Accumulation of phage defense systems correlates with phage resistance. Over time, phage defense
systems are accumulated by the bacterial strain to protect itself from phage predation. This increase in the number of encoded
phage defense systems renders the strain less sensitive to phages.

Other studies on other genera and species, including Vibrio and Escherichia (49, 510), have also found
that phage defense systems are indeed a significant factor for phage resistance. However, they also
emphasize that adsorption factors are the large contributor to phage resistance, especially when phages
infect bacterial strains that are more distantly related from their original host strain.

Why phage defense systems seem to be a larger factor in P. aeruginosa compared to Vibrio and
Escherichia may relate to the broad adsorption range of most Pseudomonas phages, while phages from
Vibrio and Escherichia seem to be more often adsorbing to a smaller fraction of strains (49, 510). One
explanation could be that Pseudomonas only has 20 LPS/O-antigen variants, one of the most common
phage receptors, while Vibrio and Escherichia have more than 180 variants (5/1-514). | hypothesize that
this may give Vibrio and Escherichia species more ways to remodel their outer membrane to the
environmental phages to prevent their adsorption, instead of relying on intracellular phage defenses.
Future studies could further explore the possible relationship between the variability of the outer
membrane phage receptors and the prevalence of intracellular phage defenses.

Mapping the phage defense repertoire of P. aeruginosa
To obtain a more comprehensive understanding of the effect of phage defense systems on the host
range of Pseudomonas phages, we set out to map the complete phage defense repertoire of our P.
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aeruginosa bacterial collection (Chapters 3 to 5) (138, 515). To date, several approaches have been
used for such purposes, including both bioinformatic and wet-lab methods (Figure 2). These
approaches can be further categorized in two main types: gain of function assays and loss of function
approaches.
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Figure 2. Overview of approaches to find novel phage defenses. A multitude of approaches have been applied to
date. These can be categorized into both bioinformatic and wet-lab approaches, as well as gain of function and loss of function
assays. Candidate phage defense systems are identified through several ways, including proximity to known phage defense
systems, variable regions of mobile elements, machine learning predictions based on genomic features, variants of known
phage defenses, homology to eukaryotic viral-defenses, genome-wide association studies, and fragmentation of the
pangenome. In gain of function assays, candidate phage defense systems are cloned and transformed into a host bacterium,
followed by phage resistance assays. In loss of function assays, bacterial genes are disrupted or removed by using transposons
or CRISPR-Cas directed DNA degrading enzymes.



152 Chapter 10

In the loss of function approaches, bacterial genes are inactivated, followed by subjecting these strains
to a collection of phages to check for altered phage resistance. Thus far, two of such approaches have
been applied, including transposon insertion assays and CRISPR-Cas mediated knockouts (144, 516).
During transposon insertion assays, transposons integrate at pseudorandom positions in the genome,
causing the disruption of bacterial genes (5/7). A loss of phage defense provides evidence that this
disrupted gene is linked to phage resistance (/44). Similarly, CRISPR-Cas mediated knockouts, i.e.
CRISPR-Cas3 and CRISPR-Cas9, of which CRISPR-Cas3 disrupts bacterial genes by searching for the
position in the genome, for which a spacer was provided, followed by the genomic degradation from
that position onwards (516, 518). Loss of phage defense leads to follow-up analyses to provide evidence
that these genes are indeed linked to phage resistance.

In the gain of function approaches, candidate phage defense systems are transplanted from their original
strain into another bacterial host that is used to test whether the candidate phage defense system
provides phage defense, such as P. aeruginosa or Escherichia coli (Figure 2). This is typically achieved by
using of a cloning plasmid, that is modified to encode the candidate phage defense system. When
introduced into the new host, the plasmid either persists or integrates the candidate phage defense
system into the genome of its new host. To date, the most fruitful approach to successfully identify
candidate phage defense has been through guilt-by-association studies which leverages that genes with
similar functions often co-localize within the bacterial genome (121, 122, 142, 159, 160). Other
approaches include mining variable genetic regions of mobile elements, such as prophages and
integrons, the fragmentation of the bacterial genome, and most recently the development of machine
learning algorithms that search for novel phage defenses based on the genomic and protein features of
the known phage defense repertoire (62, 139, 141, 519, 520) (Figure 2).

In this thesis, we provide three additional methods for identifying phage defense systems (Chapters
3 to 5). First, we search for bacterial genes that, when present in the clinical strains, correlate strongly
with the resistance to one of our Pseudomonas phages (Chapter 3). This method provided us with
one strong candidate: pyocins. Pyocins are small phage-like particles that consist of only the tail of a
phage and are believed to originate from an ancient phage that has been domesticated by the bacterium
to combat competing bacteria through pyocin-mediated lysis (149, [53). Our approach suggests that
pyocins can also act in the bacterium-phage conflict, where the release of pyocins can lyse during early
stages of phage infection, preventing formation of mature phage particles. In a way, ancient phage
components are used against phages that are around today. It should be noted that further investigation
is required to support the involvement of pyocins in phage defense.

Secondly, we identified phage defenses by analysing conserved gene clusters that contained
components of known phage defenses in new gene contexts (Chapter 4). This approach to find new
phage defense systems capitalizes on the observation that phage defense systems in bacteria exhibit
high degrees of modularity, with sensing, signal transmission, and effector enzymes frequently being
exchanged among phage defense gene clusters. An approach that had already been successfully applied
to the earliest discovered phage defense systems, including RM and CRISPR-Cas (484, 521, 522). Here,
we apply the same methodology additionally using more recently uncovered phage defenses, leading
to the discovery and functional characterization of three novel phage defense systems. These phage
defense systems are RM systems, TerB-family proteins, and Radical SAMs. Beyond these three phage
defense systems, we also uncovered over 500 candidate phage defense systems, a much larger number
than the currently known phage defense repertoire, providing a broad indication of the putative phage
defense repertoire of P. aeruginosa. We observed that of these candidate phage defense systems,
restriction enzymes, methylases, and ATPases are the most frequently exchanged phage defense genes.
Earlier work has also identified restriction and methylation enzymes to be commonly exchanged among
phage defense systems such as RM, DISARM, and Druantia (159, 241, 523, 524). The exchange of these
RM components likely provides the bacterial immune system with additional options for protecting
against additional phages. Moreover, this heterogeneity could also be a way to limit a successful phage
from infecting neighbouring bacteria in the colony (523). Since this phage inherits the epigenetic
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markers of the previous host, rendering the RM system of the neighbouring host useless in instances
where the RM systems are identical. The exchange of the restriction and methylation genes could be
a way to counteract this evasion strategy and maintain phage defense at a population level (523). Similar
to restriction and methylation enzymes, ATPases have also been described in a multitude of phage
defenses, such as Gabija, Septu, PrrC, and PARIS (62, 122, 142, 159, 525). Of these shared ATPases,
we found the ATPase of the PARIS systems to be one of the most shared genes. In PARIS, this ATPase
is responsible for detecting the presence of specific phage-proteins (37, 479). This observation suggests
that ATPases may be exchanged among phage defense systems to gain or lose sensitivity to a specific
phage protein, adding an additional layer to the phage defense repertoire. Notably, the co-operative
nature of ATPase does not only seem to occur at the genomic level, but also at the functional protein
level, since a recent study by Wu et al. (2024) showed that the phage sensor ATPase of Gabija can
operate as a substitute sensory ATPase for phage defense system Tmn, which then results in activating
the downstream effector of the Tmn-mediated phage defense (526). Overall, we show that searching
for conserved gene clusters that contain components of known phage defense systems is an effective
approach for uncovering the full scope of the phage defense system repertoire, as well as providing
new insights into the defense system repertoire dynamics.

Lastly, we leveraged the similarity of several phage defenses with viral defenses from eukaryotes, to
search for additional eukaryotic viral defense-like genes in P. aeruginosa to uncover novel phage
defenses (Chapter 5) (/38). Previous studies have uncovered several phage defenses with strong
similarities to the viral defenses of eukaryotes, including bacterial Viperin, caspase recruitment domains
(CARD), Gasdermin, Sirtuins, prokaryotic Argonautes (pAgos), Toll-interleukin-I receptors (TIR), and
STANDs (21, 163, 238, 301, 527-529). For this reason, we created a catalogue of protein signatures
of known viral defense genes from eukaryotes. Applying these protein signatures to the pangenome of
P. aeruginosa, we uncovered more than 450 candidate gene clusters that may provide phage protection
(138). We provide evidence that at least four of these candidates convey phage defense, including
IMPAse Hermes, DNA2-containing Prometheus, TIR-containing Thoeris Ill, and ubiquitin-like
containing 6A-MBL. This provides additional insight into the evolutionary link between prokaryotic and
eukaryotic viral defenses. This link is reinforced by a separate study that searched for eukaryotic viral
defense genes through homology to known bacterial phage defense systems and discovered seven
additional anti-viral genes in the human genome, including MOV I0LI, PLD6, GIMAPs, FHAD |, EFHD?2,
and CTRC (530). Each of these six genes was found to be homologous to at least one out of three
bacterial phage defenses: Mokosh, Eleos, and Lamassu. To explore the origin of these shared defenses,
other groups turned to Asgard Archaea, the closest living prokaryotic relative to eukaryotes (531,
532). Their findings reveal that Asgard Archaea harbor a multitude of eukaryotic-like viral defenses,
including Mokosh, Lamassu, Viperin, Argonaute, CBASS, and NLRs. These results support the
hypothesis that the eukaryotic viral defense repertoire originates from Asgard Archaea. It is not
unthinkable that besides the contribution of Asgard Archaea, the bacterial phage defense repertoire
also contributed to the complex viral defenses of eukaryotes today.

Overall, this thesis provides several additional approaches for discovering phage defense systems to
improve our broad understanding of the phage defense repertoire of bacteria.

Fewer phage defense systems in strains isolated from the lungs of cystic fibrosis patients

Besides our curiosity in mapping the complete phage defense repertoire of P. aeruginosa, we were
curious about its relevance in phage therapeutics. Previous studies aimed at development of therapeutic
applications for treating P. aeruginosa infections with phages (533). While treating superficial bacterial
infections showed promising results, these were yet to be reported for treating infections residing in
the lungs of cystic fibrosis patients (351, 533, 534). To our surprise, we found that the strains that
cause these infections have significantly fewer phage defense systems than their counterparts in other
lung conditions, which should in theory render these strains more sensitive to phages (Chapter 6)
(535). We postulate that this decrease in the number of phage defenses hints at the difficulty for phages
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to reach these strains in the lungs of cystic fibrosis patients, likely because of the thicker dehydrated
mucus and/or the reduced air flow, which lowers the need for the additional phage defense systems
(346). The question remains whether these strains are selected for, or whether these strains lose
irrelevant phage defense systems over time (Figure 3). Either way, the discrepancy highlights that the
environments can greatly impact the phage defense repertoire, as well as providing a promising
perspective for phage-based therapies for these CF patients, as was recently demonstrated by the first
randomized human phage-therapy trial that successfully treated chronic P. aeruginosa infections in CF
patients (536). Our findings suggests that phage treatments could be combined in the future with
mucus-clearing approaches to potentially achieve even greater efficacy.
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Figure 3. Loss of phage defense systems in the lungs of cystic fibrosis patients. Over time, the P. geruginosa strains
residing within the lungs of cystic fibrosis patients likely lose their phage defense systems, resulting encoding far fewer phage

defense systems than their counterparts in other lung conditions. This is likely the result of the reduced phage predation that
occurs in these lungs, due to the reduced air flow and thicker dehydrated mucus, preventing the phage from reaching the
strain.

Phage evasion strategies of Pseudomonas phages

Beyond our investigation into the application of phages to combat P. aeruginosa strains that infect cystic
fibrosis patients, we were also interested in improving and understanding how these phages infect these
strains. For this reason, we set out to dissect the mechanisms that phages utilize to circumvent the
bacterial immune system (Chapter 7 to 9).

To date, a number of studies have already set out to uncover a multitude of these mechanisms through
a combination of wet-lab and bioinformatic approaches (43, 281, 371, 537-540) (Figure 4). Several of
these approaches are like those applied to finding phage defense systems. For example, instead of
searching for co-localizing phage defense systems, these studies search for co-localizing anti-phage
defense genes within phage genomes and predicting anti-phage defense activity through machine
learning algorithms (43, 371, 540). Other approaches are distinct. For example, one study observed
defense neutralizing genes to be encoded in the leading region of plasmids. These genes are likely to
be the first ones to be translated when entering the host to counteract its immune response (39/).
They used this gained knowledge to identify novel anti-defense genes in this region of other plasmids.
Recently, efforts have also been made to identify phage-defense neutralizing proteins through
computationally predicting a physical interaction between all phage genes and phage defense gene, after
which predicted strong interacting proteins were tested for their neutralizing activity (537). It is not
unlikely that a similar approach that leverages protein hallucinations will produce artificial proteins that
able to neutralize a wide range of phage defense systems (54/).

Besides these above-mentioned bioinformatic approaches, several wet-lab approaches have been
explored to identify phage evasion strategies. This includes loss of function approaches, such as
synthetic antisense oligomers (ASOs), which inhibit specific phage transcripts to investigate their role
in phage defense evasion, as well as CRISPR-Cas | 3-mediated counter selection for phages that contain
a gene of interest (542-544). This CRISPR-Cas| 3 is loaded with a spacer against the gene of interest,
if present, CRISPR-Cas|3 becomes active, causing cell death. Alternatively, smaller phages can be
produced using PCR and ligated together using Gibson assembly and electroporating the assembled
phage genome in an E. coli competent strain, such as HSTO08 (545). By deliberately omitting PCR
products of the region of interest, the impact of these regions on the ability of the phage to overcome
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the host phage defenses can be assessed. Both approaches strife to show the effect of the absence of
these genes on the ability of the phage to overcome the immune system of the host.
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Figure 4. Overview of approaches to find novel anti-phage defense genes. A multitude of approaches have been
applied to date. These can be categorized into both bioinformatic and wet-lab approaches, as well as gain of function and loss
of function assays. In loss of function assays, phage genes are negatively selected by CRISPR-Cas mediated selection, or
selectively not synthesized during phage-cloning. In gain of function assays, candidate anti-phage defense genes are cloned and
transformed into a host bacterium with a certain phage defense system, followed by phage resistance assays. Candidate anti-
phage defense genes are identified through several ways, including proximity to known anti-phage defense genes, leading
regions of mobile elements, machine learning predictions based on host-viral network importance, co-folding predictions of
phage genes to phage defense genes, and presence in highly variable regions of the phage genome.
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In this thesis, we set out to uncover more anti-phage defense genes by looking in highly variable regions
of phage genomes. We suspected that, like the defense systems of the host, phages encode their
counter mechanisms in highly variable regions of their genome (Chapter 7). To investigate this
proposition, we identified highly variable phage genes within our set of Pseudomonas-infecting
Pbunaviruses. From the 43 identified candidate anti-phage defense genes, we validated five to be
functional. Two of these anti-phage defense genes, bdil and bdi2, turned out to have a broad
neutralizing activity against our set of phage defense systems, including Druantia type |, Hypnos,
RADAR, and Zorya type I. Others, such as Zadl-1, Tadlll-1, and Dadlll-1, appear to specifically act
against Zorya type |, Thoeris type Il and Druantia type lll, respectively. How these phage genes convey
their neutralizing activity remains an open question. Previous studies have found that anti-phage defense
genes can act in a variety of ways, including physical blocking, degradation or sequestering of the
signalling molecule, preventing or reverting the effector activity, and inactivating phage defense genes
(34, 39, 86, 546-551).

Phages encode tRNAs to resupply the depleted host tRNA pool during phage infection

Beyond our search for anti-phage defense genes in our Pseudomonas phage collection, we were also
curious about the possibility that phage tRNAs may act as anti-phage defense genes. Phage tRNAs were
discovered not long after the discovery of tRNAs themselves, however, its function remained an
enigma until recently (325). We provided a novel insight into this enigma when we compared the tRNA
sequence of the phage to the tRNA sequence of its host and observed conserved mutations in the
phage tRNA that render them resistant to phage defenses that target tRNAs (Figure 5, Chapter 8)
(323). Later studies confirmed our suspicion by providing evidence that phage tRNAs circumvent phage
defenses PARIS and Retron type I-A (479, 552). We summarized these breakthroughs in a review on
phage tRNAs, where we also discuss its role in the infection cycle of temperate phages (Chapter 9)
(325). For temperate phages, tRNAs may act to also benefit the phage during its lysogenic cycle,
especially for phages that integrate into the tRNA of the host. In these instances, phage tRNAs are
utilized to compensate the detrimental effects of disrupting the host tRNA (Figure 5) (325).
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Figure 5. Overview of the roles of phage tRNAs in the lysogenic and lytic cycle. Phage tRNAs may act to
compensate for the detrimental effect of phages that integrate into tRNAs. In these instances, the tRNA compensates for the
same tRNA that is disrupted or repairs the tRNA. Some phages also encode suppressor tRNAs that regulate the timing of
the lytic cycle. In the lytic cycle, phage tRNAs serve different functions, most notably to replenish the depleted tRNA pool of
the host, as well as providing tRNAs that are rarely produced by the host, but the phage utilizes extensively.
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Together, this thesis has contributed to obtaining deeper understanding of the phage-host conflict. We
showed that P. aeruginosa strains can encode upwards of 20 distinct phage defense systems and their
accumulation leads to a broader phage defense phenotype (Chapter 2). We developed several
additional approaches to further uncover the expanding phage defense repertoire (Chapter 3 to 5).
In addition, we show that the environment of the host affects its phage defense repertoire (Chapter
6). On the side of phages, we find that phages encode genes in their highly variable genomic regions
that neutralize the immune system of the host (Chapter 7). We also shed a new light on a 50-year-
old mystery on why phages encode their own tRNAs (Chapter 8 and 9). Although, this thesis expands
our understanding of phage defense systems, it also shows that our comprehensive understanding of
the host-phage conflict is incomplete, with many unanswered questions remaining.

The Quest(ions): Searching for Clarity
The broader context

First and foremost, do the insights described in this thesis hold when viewed through the lens of the
natural environment? In laboratory settings, we often focus on one phage infecting one strain, a
necessary simplification. However, this simplification overlooks several important factors that likely
affect the host/phage interaction in the natural environment, including nutrient levels, environmental
changes, time, and presence of other phages and bacteria, resulting in the likely under- and
overestimating the features of the phage-host interaction (553). This is well exemplified by the many
environmental factors that affect the decision of temperate phages to enter the lytic or lysogenic life
cycle, such as salinity, temperature, UV, host density, and the presence of other phages (554). Similarly,
the immune system of the host is also affected by external factors. For example, CRISPR-Cas mediated
resistance is more prominent in low nutrient conditions compared to high nutrient conditions (555).
Let alone the effect of other organisms within the environment, for instance the production of
antibiotic products (e.g. aminoglycosides) and secondary metabolites (e.g. coelichelin), which modulate
the phage sensitivity of nearby bacteria (556, 557). Last but not least, lab settings typically do not last
longer than a few days, while the phage-host interaction in natural conditions likely unfolds over a
longer timescale (558).

All included several components of the phage-host interactome are likely poorly reflected in lab
conditions. This does not invalidate results obtained in laboratory conditions, but it does suggest that
the relevance of certain factors in the phage-host interaction might differ between the lab and natural
setting. Therefore, adopting a broader ecological perspective could be fruitful for fully understanding
the phage-host interaction.

Constraints on the phage defense repertoire

Beyond the broader natural perspective, there are fundamental conceptual questions that have yet
remained unresolved. For example, bacterial strains only encode a small fraction of the phage defense
systems that are present within its species. This suggests that there is a maximum number of phage
defense systems that a single strain can encode, especially when considering that every strain would
strive to encode as many phage defense systems as possible to protect itself against external threats.
However, we observe a wide range in the number of encoded phage defense systems per strain
(Chapter 2) (/46). In the natural perspective, this could be explained that bacteria in environments
with a limited variety of phages, encode fewer necessary phage defense systems, and those in high
phage diverse settings encoding a multitude of phage defenses. In line, this phenomenon is observed
when looking across a variety of metagenomic samples (559). However, it does not explain why strains
do not always encode as many phage defense systems as possible. A possible explanation is that
bacterial strains do indeed encode as many phage defense systems as possible, while also striving to
encode as little genes as possible for efficient replication to outgrow other competing bacterial strains
from the same colony: the minimal phage defense conjecture. Driven by stochastic processes, these



158 Chapter 10

strains lose as many phage defense systems as possible, while the overarching colony still encoding
each of the individual defense systems that the colony started out with. During the next phage
outbreak, these divergent strains within the colony exchange their phage defense repertoire to give
birth to a new phage resistant hybrid strain. Over time, creating a multitude of closely related strains
with different arrangements of phage defense systems that each provide enough phage defense to
outside threats, while reproducing as efficiently as much as possible. This explanation is in line with the
observation that closely related strains can encode a vast variety of phage defense system repertoire
architectures (Chapter 2) (/46).

Together, these observations suggests that the phage defense repertoire is thus not solely shaped by
the accumulation of phage defense, but also by being able to rapidly lose these phage defense systems
upon (temporal) redundancy or high energetic costs. This postulation hints at a possible reason for
why phage defense systems are so commonly found on mobile elements and rarely encoded in core-
regions of the bacterial genome (/46). Beyond the growth rate and energy-efficiency benefits as major
drivers for the minimal phage defense conjecture, several other factors might also be relevant. For
instance, it can be postulated that the more phage defense systems a strain encodes, the fewer external
sources of genetic material it is able to accept, and thus limiting its ability to genetically adapt to
environmental changes compared to those with fewer phage defense systems. As well as, preventing
other detrimental effects of encoding a multitude of phage defense systems, such as the increased
chance of inter-phage defense conflicts and autoimmune responses. Several example of inter-phage
defense conflicts include instances where the restriction and modification systems prevent the
transcription of another or acts on the modification of the methylates of the other system (97). It is
thus not unlikely that other instances of conflicting phage defense systems exist, especially those acting
on the same cellular pathways. Regarding the increased chance of autoimmunity, the hypothesis is that
the more self-acting phage defense systems a strain encodes, the more chance of being triggered in
non-phage conditions, leading to cell death. As is seen for CRISPR-Cas systems which often seem to
incorporate self-targeting spacers that are toxic to the host (560, 561). However, for other phage
defense systems it is unclear whether these self-inflicting fitness costs are the large driver in limiting
the number of encoded phage defenses. Thus far, one preliminary study has been conducted and
observed that overexpressing self-acting phage defense systems, i.e. Septu and Gabija, can cause growth
arrest under sub-optimal growth conditions. The activation of these systems is likely caused by the
ATP depletion that occurs in these conditions. In contrast, most studies show that the activity of self-
acting phage defense systems is highly regulated and only present upon detecting a specific phage-
associated molecular pattern (21, 22, 32, 74, 479). It is likely that even more regulative processes are
present to prevent the self-harming activity of these phage defense systems during non-phage infection
conditions, as is seen for eukaryotic viral immune systems (562).

Overall, several factors seem to drive bacterial strains to encode a minimalistic phage defense
repertoire, including energy-efficiency, growth rate benefits, genomic adaptability, avoiding inter-phage
defense conflicts, and auto-immune fitness costs. All while remaining resistant (enough) to the next
phage outbreak at a colony level.

On the rarity of phage defense systems

While some phage defense systems are commonly encoded, such as RM and CRISPR-Cas systems,
others are rarer (/46). To some extent, this rarity could be explained by their relevance being limited
to a handful of niches. Yet, some phage defense systems, such as Ambrosia, which is only present once
in all sequenced P. aeruginosa strains, are so rare that it is hard to believe that such narrow and
infrequent niches exist. This raises several questions, such as: Could these rare phage defense systems
be remnants of niches that used to be more prevalent? Or are they recent adapting to novel niches?
Alternatively, it is also possible that these rare phage defenses are so rare because they are not native
to the species in which we found them but instead are sometimes acquired from genetic interactions
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with other organisms in the environment that more frequently encode these phage defenses (563).
Many fascinating possibilities remain to be explored. Determining the origin of these rare phage defense
systems could offer new insights into the dynamics of the phage defense repertoire.

David and Goliath

Thus far, we discussed various unanswered questions regarding the phage-host conflict from the host
side. However, just as many questions remain on the phage side of the conflict. The main question is
how such comparatively small viruses can overcome the defenses of their giant hosts. Even the smallest
of viruses, such as Pseudomonas phage PP7 which only comprises four genes, can infect their bacterial
host which encodes up to 6000 genes (564, 565). These ultra-small viruses possibly evade the bacterial
host immune system through their simplicity or by replicating faster than the response time of the
host. However, this hypothesis does not seem to hold for larger phages that are several magnitudes
larger, since, unlike ultra small viruses, larger phages evidently encode genes that are linked to
counteracting the host immune system. This shows that the host can convey immunity to these phages
when the chance is there (This thesis). Each defense mechanism is counteracted by an additional
phage evasion strategy, which drives the phage to encode more genes to evade all these phage defense
systems. This ultimately drives the phage to encode additional genes until its genomic limit is reached,
which is determined by the capacity of its genome-encapsulating capsid (40).

In response, phages can overcome this genomic limit by making their genes multifunctional, requiring
less genes for the same outcome, or to increase their genomic limit to encode more genes. We
observed the multifunctionality of phage genes when investigating the anti-phage genes in our set of
Pseudomonas phages, where we find that several of these anti-phage genes show a neutralizing activity
against a broad range of phage defenses systems (Chapter 7). On the other hand, there is also
evidence that phages increase their genomic limit by increasing the genomic capacity of their capsid.
For instance, the jumbo phage morphology is believed to have evolved from the smaller myophage
morphology, increasing its maximum genomic capacity from around 150kb to 500kb (566). Besides
increasing its genomic capacity, phages may have also expanded their genome by teaming up with other
(helper) phages. This is well exemplified by several instances where researchers have found phages to
be accompanied by helper satellite phages, which encode additional genes to help the phage infect its
host (567).

Phages may also overcome their genomic limit by becoming genetically highly variable, both through
mutations as well as gene-composition, to evolve faster than the host is able to adapt to. Furthermore,
phages may have evolved their lytic and lysogenic lifestyles to evade the host immune response. For
instance, the phage lytic cycle might have evolved to outpace the host immune response, while the
lysogenic cycle evolved to allow the phage to insert into the genome, and wait until a suitable moment,
for example when the host immune response is hampered, before replicating.

But even when considering all these phage evasion strategies, it seems only a matter of time before
the bacterial host has found ways to counteract each of these strategies. So, why have phages not gone
extinct yet? One possibility is that phages are indeed somehow able to outpace the host immune
response indefinitely (Red Queen hypothesis). Alternatively, the existence of phages hints at a deeper
co-dependency between phages and their hosts. In this co-dependency, bacteria cannot drive phages
to extinction without negative consequences, whereas phages cannot drive bacteria extinct without
going extinct themselves. In a way, it seems that bacteria and phages are in a not-so voluntary co-
dependent symbiosis (mutualism).

On the origin of phage defenses

Over the eons, the viral-host conflict has evolved into an extraordinarily complex interaction, with
roots tracing back to the emergence of life itself during the RNA world, when life is thought to have
been characterized by self-replicating ribonucleic acid (RNA) entities (< 200 nucleotides)(568). A viral-
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host-like phenomenon might already have existed, where the constraints of thermodynamics and
entropy make replication inherently error-prone, producing non-functional copies that utilize
resources without contributing to them (568, 569). It could be speculated that selective pressures may
have driven the existence of ribozymes (RNA enzymes) that cleared these RNA entities, giving rise to
one of the earliest forms of viral defense. Over time, as life became more complex, so did its viruses.
Requiring the host to rapidly evolve additional phage defense systems, favoring phage defenses with a
modular nature to readily create novel combinations (Chapter 4). The origin of what makes up these
phage defense systems is quite mysterious, but it may have involved the repurposing of phage
components, such as phage tails to bind phage particles, or bacterial outer membrane proteins, that
the phage uses to bind to the host, to detect phage tail production from within the host cytoplasm.
Moreover, a portion of phage defense systems were likely also adopted from the ongoing viral-viral
conflict, in which competing phages encode defenses against each other (8). For instance, by
domesticating defense system-encoding prophages, ultimately streamlining these prophage-remnants
to retain only its beneficial genes, including the phage defense system itself. This process could explain
why so many known phage defense systems are found on small mobile elements (Chapter 1).

In summary, | hypothesize that the origin of phage defense systems coincided with the emergence of
life, or perhaps even earlier. Over time, phage defense systems drew inspiration from diverse sources,
including the repurposing of phage-interacting components.

Pause for reflection

It begs the question whether we should see the phage-host conflict so deterministically as the current
paradigm of the field suggests. It calls for a moment for reflection of how narrow and, at the same time,
broad our view is on what constitutes as a phage defense system. The main question being: what
qualifies and what does not qualify as a phage defense system? The current paradigm suggests any gene
that inhibits the replication of any phage can be considered a phage defense system. But should we not
be asking how relevant this inhibition is and how it came to be? Does a marginal inhibition count as
true phage defense! And what about “phage defense systems” that have a primary function that is not
related to phage defense? For example, most phage defense conveying toxin-antitoxins do not act on
phages but instead are activated by the metabolic changes caused by the phage infection that affect the
presence of the anti-toxin. Their primary function is to prevent their own removal from the host
genome, so do these accidental phage defense systems count as true phage defense systems? With the
current view, it is easily possible that more than half, if not all, of the host genome qualifies as a phage
defense system. And at that point, you might as well refer to them as regular genes again.

“If one has a hammer one tends to look for nails”’- Silvan Tomkins in 1963

Conclusions and Outlook

Advances in understanding the conflict between phage and host has significantly increased over the
years, from knowing about just a few phage defenses to hundreds (122, 138, 141, 159, 160). For many
years to come, these phage defenses will give enough food for thought for the phage-defense field. In
the future, | propose that it will be important to view these phages defenses and evasion strategies in
their full context, not only in the context of phage infection, but also in an ecological context and
beyond. This is especially important if our goal is to use phages to combat bacterial infections, since
phages’ nature prevents the eradication of all its hosts. Overcoming this innate phage instinct likely
requires us to engineer these phages, a delicate process that demands an immense understanding of
the phage-host interaction, as well as requiring breakthroughs in biotechnology, such as the recent
advances in in silico protein prediction. These breakthroughs will not only give us new insight into the
phage-host interactions but also opens the possibility to start designing our own phage evasion
strategies, enabling us to become better at designing a virus, than nature itself. The question, however,
remains whether we should.



Epilogue: Consciousness

In 2 musky room, dimly lit by the morning light, a student wakes up after a long night of thinking. He
rubs his eyes and blindly feels around for his glasses, fumbling past crumpled notes and left open
books. His fingers find his glasses besides a mug filled with cold coffee from last night. He puts on his
glasses. Although it wasn’t much of an improvement, he was now able to perceive a better overview
of the mess around him. “Right, last night” he says out loud, while he tries to remember where he
left his thoughts. It comes to him, while sipping on his cold coffee that he found besides his couch.

“It still doesn’t make any sense.” He mumbles to himself.
“Why is it always the same?”

He gazes at his blackboard, which has completely turned white from the smeared-out scribbles of
obsessive chalk drawings. “There is no reason for it” he says calmly while clearing the blackboard
with his sleeve.

“Why do all electrons have the same charge and mass?”.

Then it comes to him: “Maybe... they are all one and the same...”

For a long time, scientists have been curious on why all electrons have the same charge and mass.
There is nothing preventing electrons from differing, yet they remain identical and indistinguishable,
which has led to the one-electron theory. A theory that hypothesizes that all electrons are, in fact,
one and the same. One single electron that pulsates through all possible electron positions one by

one in space and time. From the electron’s own perspective, the electron blinks almost
instantaneously between all available positions, from one perceived electron to another across the
whole universe. From the perspective of the observer, this is observed as several electrons circling
around multiple nuclei, akin to how we perceive motion from film, which is inferred from rapidly
changing frames.

This analogy not only holds for perception of motion from film but may also be extended to
perception itself. Where one true consciousness blinks through all possible perspectives. To us, the
observer, it is perceived as a continuous presence, while consciousness enters and leaves us all in
every passing moment...

In a way, | is we and we is |.
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Bacteria are under constant predation by phages. To protect
themselves, bacteria evolved a multitude of defense
mechanisms. Some of these phage defense mechanisms, such as
CRISPR-Cas systems, have been known for more than a decade.

More recently, it has become evident that the repertoire of
phage defense systems of bacteria is far more diverse and
numerous. This finding not only reshaped our understanding of
phage defense systems, but also raised the question of how
phages can still successfully infect despite this complex immune
responses of its host.

In this dissertation, we investigate this question by specifically
looking at the importance of phage defense systems, and
discovering additional defenses and counter strategies.



