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Abstract

Mobile genetic elements (MGEs) are autonomous genetic agents that utilise host cells for selfish
reproduction. MGEs are considered to be drivers of microbial evolution, as they largely control horizontal
gene transfer. Bacteriophages (Phages), the viruses that infect bacteria, are classified as MGEs. Phages are
known to inject their genome into a host cell and then hijack the host cell, turning it into a virion-producing
factory. Interestingly, not only host cells are exploited by MGEs, some MGEs also exploit other MGEs for
their selfish horizontal spread. So-called phage satellites are specialised in the hijacking of phages. The
majority of phage satellites are integrative elements present in bacterial chromosomes, which contain some,
but not enough, structural genes to generate virions. They therefor are dependent on phage structural
proteins for horizontal transfer via transduction. The resulting satellite-dependent exploitation of a phage

often leads to a reduction in the virion output of the hijacked phage.

In this work, a new Shewanella phage, named Dolos, was characterised. Dolos belongs to the viral family
Inoviridae and thus is a phage that carries out a chronic-productive infection. Consequently, Dolos-mediated
virion release occurs independently of host cell lysis. Phage Dolos has been found to be exploited by a
plasmid called pDolos. pDolos appears to be a cryptic, non-mobilizable plasmid that has been shown to be
stable in cells during the absence of phage Dolos. In the presence of Dolos, pDolos can be transferred to
other cells by transduction. Like other phage satellites, pDolos drastically reduces the virion output of the
helper phage Dolos. Furthermore, a higher number of pDolos virions was detected in a supernatant
containing both pDolos and Dolos virions. Interestingly, in contrast to all other phage satellites, pDolos
has no recognisable phage genes. Thus, this study shows that phage satellites are much more diverse than
previously assumed and that pDolos can be regarded as the first member of a new family of phage satellites,
characterised by autonomously replicating plasmids without phage genes that hijack inoviruses. Considering
the relatively simple requirements for a plasmid to hijack an inovirus, it is likely that such satellite systems
are widespread. In addition, this study demonstrates a new transmission strategy for non-mobilizable

plasmids by acting as phage satellites.

As an additional part of this study the mechanism of host acquisition by the virulent Shewanella phage
Thanatos was investigated. Thanatos encodes two ADP-ribosyltransferases (ARTSs), which are enzymes
known to be host acquisition factors of Escherichia phage T4. These Thanatos ARTs are homologues of the
phage T4 Alt protein and were consequently named Altl and Alt2. Phage particle proteomics demonstrated
that both enzymes are highly abundant proteins of the Thanatos particle. In addition, both Thanatos ART's
are injected into the host cell during the phage DNA injection process and thus immediately ADP-ribosylate
host proteins. Altl and Alt2 have been shown to be autocatalytic and have different ADP-ribosylation
profiles. A protein interaction study revealed interactions with host proteins that are likely involved in anti-
phage defence. Furthermore, it was shown that a functional loss of Alt2 drastically reduces the virion output
of the phage Thanatos. This work therefor provides first insights into the function of ARTSs for Thanatos-

mediated host acquisition.



Zusammenfassung

Mobile genetische Elemente (MGEs) sind autonome genetische Einheiten, welche fir die eigennitzige
Vermehrung auf Wirtszellen angewiesen sind. MGEs gelten als treibende Kraft der mikrobiellen Evolution,
da sie den horizontalen Gentransfer weitgehend kontrollieren. Bakteriophagen (Phagen), Viren, die
Bakterien infizieren, werden als MGEs klassifiziert. Phagen sind dafiir bekannt, dass sie ihr Genom in eine
Wirtszelle injizieren und diese dann in eine Virionen produzierende Fabrik umwandeln. Interessanterweise
werden nicht nur Wirtszellen von MGEs ausgenutzt, einige MGEs beuten sogar andere MGEs aus, um
ihren eigenen horizontalen Transfer zu erweitern. Sogenannte Satellitenphagen sind auf die Ausbeutung
von Phagen spezialisiert. Die meisten Satellitenphagen sind integrative Elemente bakterieller
Chromosomen, die einige, aber nicht gentigend Strukturgene besitzen, um selbst Virionen zu produzieren.
Diese MGEs sind daher fiir den horizontalen Transfer mittels Transduktion auf Phagenstrukturproteine
angewiesen. Die daraus resultierende Satellitenphagen-abhingige Ausbeutung eines Phagen fiihrt hiufig zu

einer verminderten Virionenproduktion des ausgebeuteten Phagen.

In dieser Arbeit wurde ein neuer Shewanella Phage namens Dolos charakterisiert. Dolos gehért zur
Virusfamilie der Inoviridae und ist somit ein Phage, der eine chronisch-produktive Infektion durchfithrt. Die
Dolos-vermittelte Freisetzung von Virionen erfolgt also unabhingig von einer Lyse der Wirtszellen. Es
konnte in dieser Arbeit gezeigt werden, dass der Phage Dolos von einem Plasmid mit der Bezeichnung
pDolos ausgenutzt wird. pDolos scheint ein kryptisches, nicht mobilisierbares Plasmid zu sein, welches
auch in Abwesenheit des Phagen Dolos in Zellen stabil ist. In Gegenwart von Dolos kann pDolos sich
mittels Transduktion verbreiten. Wie andere Satellitenphagen reduziert pDolos die Virionenproduktion des
Helferphagen Dolos drastisch. Dariiber hinaus konnte gezeigt werden, dass in einem Uberstand, der sowohl
pDolos- als auch Dolos-Virionen enthilt, signifikant mehr pDolos-Virionen vorhanden sind.
Interessanterweise besitzt pDolos im Gegensatz zu allen anderen Satellitenphagen keine erkennbaren
Phagengene. Diese Studie zeigt also, dass Satellitenphagen viel vielfiltiger sind als bisher angenommen und
dass pDolos als erstes Mitglied einer neuen Familie von Satellitenphagen angesehen werden kann, welche
sich durch autonom replizierende Plasmide ohne Phagengene auszeichnet, die Inoviren ausbeuten.
Angesichts der relativ einfachen Bedingungen, die ein Plasmid erfiillen muss, um ein Inovirus auszubeuten,
ist es wahrscheinlich, dass solche Satellitensysteme weit verbreitet sind. Dartiber hinaus demonstriert diese
Studie eine neue Ubertragungsstrategie fiir nicht mobilisierbare Plasmide, indem diese als Satellitenphagen

fungieren.

In einem weiteren Teil dieser Thesis wurde der Mechanismus des Witrtserwerbs durch den virulenten
Shewanella Phagen Thanatos untersucht. Thanatos kodiert zwei ADP-Ribosyltransferasen (ARTSs), Enzyme,
die als Wirtserwerbsfaktoren des Escherichia Phagen T4 bekannt sind. Diese Thanatos-ART's sind Homologe
des Alt-Proteins des T4-Phagen und wurden daher Altl und Alt2 genannt. Eine Proteomanalyse der
Phagenpartikel hat gezeigt, dass beide Enzyme in den Thanatos-Partikeln in sehr hoher Anzahl vorhanden
sind. Auflerdem werden beide Thanatos-ARTs wihrend der Phagen-DNA-Injektion in die Wirtszelle

II



injiziert und ADP-ribosylieren daher sofort Wirtsproteinen. Altl und Alt2 sind nachweislich autokatalytisch
und weisen unterschiedliche ADP-Ribosylierungsprofile auf. Eine Proteininteraktionsstudie weist auf
Interaktionen mit Wirtsproteinen hin, die wahrscheinlich an der Abwehr von Phagen beteiligt sind. Dartiber
hinaus konnte gezeigt werden, dass ein Funktionsverlust von Alt2 die Virionenproduktion des Phagen
Thanatos drastisch reduziert. Diese Arbeit liefert somit erste Einblicke in die Funktion von ARTSs bei dem

Thanatos-vermittelten Wirtserwerb.
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Introduction

1. Introduction

1.1 Mobile genetic elements

Mobile genetic elements (MGEs), are autonomous genetic agents that use host cells for their selfish
propagation [1, 2]. The spread of MGEs occurs either vertically, together with the cell division of the host
cell, or horizontally, by transmission from one cell to another [2, 3]. However, many MGEs use both
distribution strategies. Horizontal transmission of MGEs occurs in microbes through conjugation,
transduction, or transformation [4]. The transfer of genetic material through cell-cell contact is termed
conjugation [5], whereas the transfer of genetic material through viral particles (vitions) is termed
transduction [6]. Both conjugation and transduction are types of horizontal transfer that can only be carried
out by MGEs with specific capabilities. These horizontal transfer strategies are therefore active processes
controlled by MGEs. Transformation, on the other hand, is a form of horizontal transfer of genetic
information in which cells take up free DNA from the environment. This process is completely
independent of any capabilities of a MGE [7]. In summary, the horizontal transfer of MGE:s is considered

to be the main driver of intercellular gene transfer leading to large pangenomes of microbial species [2].

MGE:s are widespread in all three domains of life, and horizontal gene transfer mediated by MGEs has
uniquely shaped life and biodiversity [1, 2, 8-10]. Coevolution of MGEs and cellular life is therefore
regarded as a highly important factor for evolution [1, 2, 11-14]. In humans, it is currently estimated that
one half to two thirds of the genome consists of MGEs [11, 15]. In bacteria, MGEs can make up to 40%
of the genome, depending on the species [16]. In addition to their frequency within genomes, MGEs are
also highly diverse. The group of MGEs includes, for example, integrative elements such as transposons,
retrotransposons, group I and II introns, integrative conjugative elements (ICEs) as well as some viruses
and satellite elements such as phage satellites. However, extrachromosomal MGEs such as plasmids or
viruses, are also commonly found in all domains of life [1, 8, 9, 17, 18]. In Archaea, for example, plasmids
can comprise more than 25% of the total genetic material of a cell [19, 20] and viruses that infect bacteria,
known as bacteriophages, are the most abundant biological entities on earth with about 103! virions [21,
22]. To illustrate this very large number, it is also estimated that there are one trillion bacteriophages for

every grain of sand on earth [21].

Interestingly, the reproduction of MGEs is very successful, even though their replication within a cell is
sometimes very costly for the host, as they utlise the host's tesoutces for their selfish reproduction [2].
These elements could therefore also be described as genetic parasites that exploit their host cell for their
own reproduction. However, it's often not that simple, many MGEs carry genetic cargo which benefits the
host cell, like virulence factors or resistance mechanisms [23-25]. To a certain extent, these cargo can thus
be seen as factors to out-compete the high cellular costs, resulting from these elements [13]. Remarkably,
MGEs compete for resources not only with the host, but also with other MGEs within a cell. Some MGEs

even utilise resources from other MGEs for selfish horizontal spread. Phage satellites, for example, are
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parasitic genetic elements that exploit bacteriophages by hijacking their viral structural proteins to package
the phage satellite's genome. Therefore, phage satellites can be thought of as the viruses of the viruses. The
implicated interactions of MGEs with the host and MGEs with other MGEs led to the philosophical
assumption, promoted by Eduardo Rocha's group, that cells are playgrounds for MGEs and that the

genomes of cells are shaped by the associated coevolutionary conflicts |2].

In the following, bacterial plasmids as well as the transducible MGEs, bacteriophages and phage satellites

will be described in more detail.

1.1.1 Plasmids

The term plasmid was coined by Joshua Lederberg in 1952 [6]. Today, plasmids are regarded as mobile, or
at least self-transmissible, extrachromosomal, circular genetic elements that are transferred into other species as
naked DNA [6, 26]. Plasmids are widespread in nature and are found in all domains of life [8, 18, 26, 27].

MGE:s of this kind can be categorised according to their mobility or replication mechanism.

Depending on their mobility, plasmids can be divided into three different groups: mobile, mobilizable and
non-mobilizable plasmids [26, 28]. Mobile plasmids, also called conjugative plasmids, are usually very large.
The median genome size of proteobacterial mobile plasmids is about 181 kbp [28]. The smallest described
conjugative proteobacterial plasmid has a size of about 20 kbp [28]. Mobile plasmids are transferred
horizontally by conjugation [26, 29]. Therefore, these plasmids contain genes that are crucial for
conjugation, including mobility (#0b) genes and genes for mating pair formation. Mob proteins are
relaxases, which play a crucial role in DNA processing during conjugative transfer [28, 30, 31]. In contrast,
genes responsible for mating pair formation are typically part of a type IV secretion system that provides a
mating channel for conjugative transfer [28, 32, 33]. So-called mobilizable plasmids only harbour 70b genes
and are therefore dependent on mobile plasmids for horizontal transfer, as they ate not able to form a
mating channel themselves [26, 28]. The median genome size of proteobacterial mobilizable plasmids is
about 35 kbp [28]. Interestingly, about half of the described plasmids are categorised as non-mobilizable
[26, 28]. Therefore, it is unclear how they are transferred horizontally, as transfer by conjugation requires
at least a Mob relaxase for DNA processing. The plasmids of this group vary widely in genome size, with
very small plasmids (about 1 kbp) and large plasmids (1.9 Mbp) classified as non-mobilizable [28].
Consequently, it is not known how the term “zobile” in the plasmid definition is sometimes fulfilled, as the

exact mechanism of horizontal transmission for many non-mobilizable plasmids is unknown [26].

Plasmids can also be categorised according to their replication mechanism. Circular bacterial plasmids can
replicate by theta replication, strand-displacement replication and rolling-circle replication [19]. Rolling-
circle replication is quite common for plasmids of Gram-positive bacteria, whereas most plasmids of Gram-
negative bacteria replicate by theta replication, which is also the main known replication mechanism for

bacterial chromosomes [34-36]. The three replication mechanisms mentioned are described in more detail
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in the following. In addition, a simplified representation of the three replication mechanisms is shown in
Figure 1.

Theta replication is named after the Greek letter 'theta' (0) because an intermediate theta structure,
resembling the Greek letter, is formed during this replication [35, 36]. The theta replication process starts
at the origin of replication (or7) where the two strands are unwound and two replication forks are formed.
The theta replication mechanism requires two host-derived replisomes and is usually bidirectional, resulting
in a continuous synthesis of the leading-strand and a discontinuous synthesis of the lagging-strand [36].
Hence, a coupled leading- and lagging-strand synthesis occurs during theta replication [36]. The synthesis
terminates at the terminus region, which is located opposite the o7/ region on a plasmid [19]. Finally, the
theta replication produces two dsDNA plasmids, each with a parental and a newly synthesized DNA strand
[19].

The strand-displacement replication is also a bidirectional replication mechanism [36]. The special feature
here is that plasmids that carry out this type of replication are quite independent, as no cellular replisome is
required for the synthesis of the lagging-strand [19, 36]. Since this replication mechanism is quite
independent, these plasmids carry a large gene set for their replication, including several rep (replication)
genes. This required gene set of strand-displacement replicating plasmids as well as the rather independent
replication mechanism lead to a size limitation, so that the currently described strand-displacement
replicating plasmids are all between 5 - 15 kbp in size [36, 37]. To simplify, the replication initiation is
mediated by the plasmid-encoded RepC protein, which melts the DNA duplex at the 077 [35, 36]. Within
this fused region, a secondary hairpin structure is formed in each single strand, with the base of the hairpin
acting as the starting point of DNA synthesis, as the plasmid-encoded RepB primase primes strand-
displacement replication at these secondary structures [12]. The subsequent DNA synthesis occurs on both
strands independently of each other, and replication takes place continuously on both strands [36]. A
specially plasmid-encoded helicase called RepA is important for the DNA synthesis. This helicase supports
the DNA melting process and is crucial for the continuous synthesis of the lagging-strand [35]. Continuous
DNA synthesis on a single strand produces a single daughter strand, which separates the two parental
strands and displaces one of them, forming a D-loop [19, 36]. Thus, in contrast to theta replicating plasmids,
the leading- and lagging-strand synthesis of strand-displacement replicating plasmids is decoupled [36].
Another plasmid replication mechanism is rolling-circle replication. As with strand-displacement
replication, the synthesis of the DNA strands is an uncoupled process and the synthesis is continuous for
both strands [36]. The special feature here is that replication is unidirectional and not bidirectional [36, 38,
39]. Consequently, one strand is amplified first and then the other. Simplified, replication begins at the o7,
a structure within the double-stranded DNA (dsDNA) that forms a highly complex hairpin structure [38,
39]. Within this hairpin structure, a nicking of the leading-strand is initiated by a specific own encoded Rep
protein [38, 39]. The leading strand of the double-stranded plasmid DNA is replaced by the Rep protein
while simultaneously the host DNA polymerase synthesises a new leading-strand. This replacement of the

parental leading-strand by a newly synthesised leading-strand leads to a rolling-circle phenomenon, which
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gives this type of replication its name [19, 38]. A special feature of rolling-circle replication is that a circular
single-stranded DNA (ssDNA) intermediate is produced [36, 38, 39]. For this purpose, the parental
linearised leading-strand is sealed by the plasmid-encoded Rep protein, resulting in a circular intermediate
[38]. This single-stranded intermediate acts as a template for the synthesis of the lagging-strand, which
begins at the single-stranded o7/ (s50), located on the ssDNA intermediate. Characteristically, the sso forms
hairpin structures that leads to priming by the host RNA polymerase followed by host-derived synthesis of
the lagging-strand [38].

There are currently 17 known plasmid families that carry out rolling-circle replication [38, 40]. These
families differ mainly in the Rep protein used and the sequence and position of the nick sequence [38]. The
size of the currently described rolling-circle replication plasmids ranges from less than 1 kbp to 30 kbp [41].
The best described rolling-circle replicating plasmids are the plasmid pC194 with a genome size of 2.9 kbp,
the plasmid pT181 with a size of 4.5 kbp and the plasmid pMV158 with a size of 5.5 kbp [38].

Rolling-circle replication Theta replication Strand-displacement

replication

lagging- leading- Q@

strand - strand
synthesis 3 synthesis

Figure 1: Plasmid replication mechanisms. Illustrated are in a simplified way the rolling-circle replication, the theta
replication and the strand-displacement replication. o7z origin of replication, sso: single-stranded origin of replication,
Rep: Rep protein.
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1.1.2  Bacteriophages

Bacteriophages (phages) are viruses that infect bacteria. Such MGEs carry genes to package their own
genetic information. Phages are therefore transmitted horizontally by transduction [1]. Bacteriophages are
the most abundant biological entities on Earth with approximately 103! particles [21, 22]. Moreover, phage
particles are estimated to be 10 times more numerous than the most abundant organisms on Earth, bacteria
[42]. Phages have been shown to influence bacterial communities in various ecosystems and thus drive
bacterial evolution [43]. For example, phages are estimated to kill 15-40% of marine bacteria per day,
resulting in a high turnover of biomass [25]. Since many phages lyse and thus kill their host at the end of
their infection cycle, the phage-mediated selection pressure on bacteria is high, which leads to an arms race
between bacteria and phages [42, 43]. This coevolutionary arms race is currently a focus of phage-host
interaction research. Phages try to infect and control host cells in order to reproduce themselves. Bacteria,
on the other hand, defend themselves with various anti-phage defence systems, which in turn are targeted

by the viral invaders [44].

Phages are very diverse and can be categorised into several groups according to their virion morphology,
their genome type and their main reproduction strategy [25, 45]. A grouping of phages according to their
genome type or their virion morphology is illustrated in Figure 2.

Phages have diverse genome types, including dsDNA, ssDNA, dsRNA, and ssRNA. However, most of the
phages currently described are dsDNA viruses with genome sizes ranging from 10 to 500 kbp [46, 47]. The
morphology of phages can also differ drastically. More than 95% of the described phages have virions with
a head-tail morphology (tailed phages) [48]. Tailed phages belong to the viral class Caudoviricetes, which can
be divided into three morphological groups: the myoviruses, the siphoviruses and the podoviruses [49, 50].
Typically, myoviruses have long contractile tails, siphoviruses have long flexible non-contractile tails and
podoviruses have short non-contractile tails [25]. However, other virion morphologies have also been
described, such as the icosahedral enveloped particles of the Cystoviridae, or the rod-shaped particles of the

Plectroviridae, or the long filamentous particles that characterise the viral family Inoviridae |45].
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Figure 2: Phage grouping based on their genome type and vition morphology. Modified image from Hay and
Lithgow, 2019 [45].

Phages can also be grouped according to their main reproduction strategy. Currently, five different phage
propagation strategies on single-cell level have been described: the lytic life cycle, the lysogenic life cycle,
the pseudolysogenic life cycle as well as a chronic-productive life cycle and a chronic life cycle which is non-
productive [51]. The most frequently described and best-studied mechanisms of phage reproduction are
the lytic and lysogenic life cycles [51].

For transduction and therefore horizontal transmission of the viral genome, the majority of the described
phages lyse and thus kill a host cell at the end of their life cycle in order to release the produced vitions.
However, not all phages rely on host cell lysis to release virions for horizontal transfer; some phages carry
out a so-called chronic infection [51]. Chronic infections can be non-productive, meaning that the potential
virion release is not actively mediated by a phage (e.g. Pseudomonas phage phi6) [52], or productive, and thus
depend on a phage-mediated virion release via a budding-like process (e.g. Acholeplasma phage L.2) [53] or
an extrusion process (e.g. Escherichia phage M13) [54]. The chronic life cycles performed at the single-cell
level naturally lead to a stable infection at the population level. Interestingly, even phages that kill their host
cell at the end of their infection cycle are often described to cause stable infections at the population level.
This phenomenon at the population level is referred to as "carrier state life cycle" [51]. At the population
level, a mixture of phage-sensitive and phage-resistant bacteria leads to an infection that results in a stable
equilibrium. A special case, however, is the chronic but non-productive infection caused by the Psexdomonas
phage phi6 [51]. It is known that phage phif6 is able to lyse and thus kill host cells, but also chronic phi6
infections are sometimes described at single-cell level [51]. The chronic life cycle of phi6 is thought to be a
coevolutionary event, as some Psexdomonas strains are resistant to phi6-mediated cell lysis, resulting in carrier

cells in which phi6 virions are produced but not released in a phage-dependent manner [52]. The release of
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phi6 virions in a chronic but non-productive infection thus appears to be a rare and phage-independent
event [51].

In the following the most prominent life cycles, the lytic and lysogenic life cycles as well as the rather rare
chronic-productive life cycle performed by members of the viral family Inoviridae, will be described in more

detail.

The lytic and lysogenic life cycles

Virulent phages carry out the lytic cycle in order to multiply [25]. This life cycle can be divided into five
steps. First, a virion must adsorb to a host cell, whereupon the viral genome is injected into the host. This
step is followed by host factor-dependent replication of the viral genome, as well as transcription and
translation of the viral genes. The structural proteins of the phage are then assembled in the host cell,
leading to the production of fully functional virions within the host. Finally, the infected host cell is lysed
in a phage-dependent manner, which leads to the release of virions, after which the cycle can begin anew
(Figure 3).

During the lytic life cycle, bacterial hosts are reprogrammed in a phage-dependent manner that transforms
the cells into virion-producing factory [55, 56]. Many virulent phages are described to inject not only their
DNA into the host, but also enzymes from the group of host acquisition factors (HAFs), which, among
others, are able to modify host proteins and thus presumably change their function in such a way that they
benefit the phage [55, 57]. In addition, some virulent phages use specific HAFs to completely degrade the

host chromosome, leaving an enveloped space full of resources that benefit the viral invader [58, 59].

Temperate phages undergo the lysogenic life cycle in order to propagate [25]. After genome injection, the
viral genome persists either episomally or integrates into the host chromosome (Figure 3). This state of
persistence is referred to as prophage [25]. During the lysogenic life cycle, no virions are produced, so that
no horizontal transmission takes place. Therefore, prophage transmission is performed vertically by cell
division. Under certain stress conditions, such as DNA-damaging stress or a cold shock, prophage
induction occurs and the temperate phage enters a pro-active life cycle, often the Iytic life cycle.

Due to the persistence of temperate phages, one could assume that these viruses have a rather low impact
on their host under stress-free conditions. However, this is not the case. Temperate phages often carry
cargo, such as antibiotic resistance genes or virulence factors, which impact the bacterial lifestyle and the
bacterial stress resistance [60, 61]. For example, only [7brio cholerae strains carrying the prophage CTX¢ are
virulent and able to cause the diarrheal disease cholera [62]. In addition, stochastically induced spontaneous
prophage induction has a major impact on the bacterial lifestyle. For example, it is known that spontaneous
prophage induction has a positive effect on biofilm formation [61, 63—65]. This effect often is attributed to
the fact that phage-dependent lysis of bacteria releases DNA, which increases the amount of extracellular

DNA (eDNA), being an essential component of the biofilm matrix [63, 66—68].
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Figure 3: The lytic and lysogenic life cycles of phage propagation. Shown is the lytic propagation, which

ultimately leads to cell lysis of the infected host cell, and the lysogenic propagation, which is characterised by a state
of persistence in which the phages are transmitted vertically by cell division.

Inoviruses and their chronic-productive life cycle

Members of the viral family Inoviridae (inoviruses) are filamentous phages [45, 69]. Their long, filamentous
particles measure 6 to 10 nm in width and 600 to 2500 nm in length [70]. Hence, these virions are
comparatively thin and long. The most frequently found tailed phages are much shorter. For example, the
Escherichia coli siphovirus Lambda has a virion length of approximately 200 nm [71] and the Shewanella
myovirus Thanatos has a particle length of about 110 nm and a particle width of about 70 nm [72]. A
characteristic feature of inovirus virions is that these particles all attach to pili to enter a host [70]. The
genome of inoviruses typically consists of a circular (+)-sense ssDNA and is between 5.5 and 10.6 kbp in
size, coding for 7 to 15 proteins [70]. Some inoviruses are able to integrate into the host chromosome and
can therefore persist as prophages, such as the filamentous [7bri0 phage CTX¢, which carries the well-
known cholera toxin [62]. Other inoviruses do not integrate into the host chromosome. Instead, they
remain extrachromosomally as a plasmid in a host cell [45]. Replication of the extrachromosomal circular
inoviral genome typically occurs by the rolling-circle mechanism [45, 69]. Another characteristic of
inoviruses is the absence of phage-dependent cell lysis, which is due to their unique chronic-productive life
cycle [45]. Furthermore, inoviruses can produce a high yield of about 103 virions per ml due to their chronic

infections [45].
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The best-studied members of the family Inoviridae are the Ff coliphages. Phages of this group infect
Escherichia coli and attach to the F-pilus of the cells. The Ff coliphages include phage f1, phage fd and phage
M13 [73]. These filamentous phages were discovered independently in the early 1960s, with f1 isolated at
the Rockefeller University in 1960 [74] , M13 isolated in Munich in 1963 [75] and fd identified in Heidelberg
in 1963 [76]. Genome analysis revealed that they are almost identical viruses with 98% nucleotide identity
[73].

A schematic genome map of a Ff phage is illustrated in Figure 4 A and displays 11 open reading frames
(ORFs), which are defined from gl to gXI [69]. The length of the ORFs, their location within the genome
and the protein domains of the protein products encoded by them are crucial for the ORF assignment of
inoviruses, as genes and proteins encoded by inoviruses are generally not conserved [69]. For instance, the
major capsid protein of Ff coliphages and the major capsid protein of Psexudomonas phage Pfl share only
13% amino acid identity [69].

The virion structure of a Ff coliphage is shown in Figure 4 B. This illustrated virion shows the inoviral
structural proteins plIl, pVI, pVIL, pVIII and pIX which are derived from the structural genes gIII, gVI,
gVII, gVIII and gIX. A list of the functions of all Ff phage proteins is shown in Table 1.

A

E. coli Ff phage [~6400 nt]

gll gX gVv gVil 4 gIX g gVl glll gVvi gl igXl glv
B
~1um )
plll . pvil
i % {~ 6 nm
pVl pViil pIX

Figure 4: Filamentous Ff page. A. Genome chart of a filamentous Ff phage. Red: function in replication, blue:
structural function, grey: secretional function. B. Schematic virion structure of a Ff phage.
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Table 1: Filamentous Ff phage proteins and their function. aa: amino acids.

Protein

name Group Function Length [aa]
plI Replication Replication endonuclease 410
pX Replication Replication-associated protein 111
pV Replication ssDNA binding protein (protects ssDNA) 87
pVII Structural Minor coat protein 33
pIX Structural Minor coat protein 32
pVIII Structural Major coat protein 73
pllI Structural Attachment protein 424
pVI Structural Minor coat protein 112
pl Assembly/Sectretion Vition assembly/sectetory pore protein 348
pXI Assembly/Secretion Vition assembly/sectetory pote protein 108
plV Assembly/Secretion Vition assembly/sectetory pore protein 426

Inoviruses carry out a chronic-productive infection and therefore do not lyse their host cell to release
virions, as inovirus virions are released by extrusion [45, 69, 77] (Figure 5). A special feature is that the
virions are not assembled in the cytoplasm and then released. Due to the large size of the viral particles,
virion assembly and secretion occur simultaneously.

After the injection of the inoviral ssDNA genome into a host cell, the host RNA polymerase synthesises a
short RNA primer [77], followed by host DNA polymerase I1I-dependent synthesis of the viral (-)-strand,
which results in a dsSDNA genome [77]. The viral dsDNA genome is the so-called replicative form (RF) of
the genome [45]. On the one hand, the RF is used for the host-dependent gene expression of viral genes;
on the other hand, the RF is important for viral replication, which is conducted by the rolling-circle
mechanism [45, 70]. The viral endonuclease pll initiates rolling-circle replication by nicking the (+)-strand
of the RF [77]. The circular ssDNA produced is usually an intermediate of replication for rolling-circle
replicating plasmids (refer to section 1.1.1. Plasmids), but in the replication of inoviruses the ssSDNA serves
as the infectious form (IF) of the viral DNA [45]. The IF is thus packaged into virions and secreted. For
this purpose, the IF is first coated with pV and thus protected from nuclease digestion [69]. A small hairpin,
the viral packaging signal, is not enveloped by pV and is therefore exposed [45, 77]. Viral assembly and
secretion then take place at the membrane, as the viral structural proteins are all transmembrane proteins
and therefore located within the inner membrane. The viral assembly and secretion proteins pl, pXI and
pIV form a secretion channel across the outer membrane. Viral assembly and secretion is initiated by
interaction of the minor capsid proteins pIX and pVII with the exposed packaging signal of the IF [45].
pIX and pVII form the cap of the virion, whereupon the pV proteins are removed in a continuous process
and replaced by the major capsid protein pVIII [45]. Finally, the minor capsid proteins pIII and pVI cap
the other end of the viral ssDNA genome and the assembled virion is completely released via the secretion

channel.
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Figure 5: The chronic-productive life cycle of inoviruses. Intracellulatly, the extrachromosomal genome of
inoviruses is present as a replicative form (RF) or an infectious form (IF). The double-stranded RF is used for phage-
mediated replication, which takes place via the rolling-circle mechanism. The replication mechanism used generates
the (+)-stranded ssDNA, which represents the IF. Protein biosynthesis takes place using the RF as a template. The
IF is enveloped by the ssDNA binding protein pV, but the packaging signal within the IF remains uncovered. Viral
assembly and secretion take place simultaneously at the membrane. Initially, the viral proteins pIX and pVII interact
with the packaging signal and form a cap, followed by the removal of the pV proteins, which are replaced by the major
capsid protein pVIII. Finally, the minor capsid proteins pIII and pVI cap the other side of the virion and the virion is
released through the secretory channel formed by pIV and pI/pXI.

Ff coliphages are the model system for inoviruses and have historically been a fundamental tool in
biotechnology. In 1980, a vector derived from Ff phages was developed by Sanger e¢# /. and used for rapid
DNA sequencing [78]. In addition, a system for 4 vitro oligonucleotide-directed mutagenesis was developed
on the basis of cloning vectors derived from Ff phages [79]. Moreover, the biotechnological method of
phage display, which is still widely used, relies on filamentous phages [80, 81]. Phage display is a method
for identifying protein-protein, protein-peptide or protein-DNA interactions. This biotechnological

approach is of great importance as, for example, antibodies for therapy have been identified by phage
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display [81, 82]. For phage display, huge recombinant phage libraries are created so that interaction pattners
can be determined using high-throughput screening. The special feature of these recombinant phages is
that the bait protein fused to a viral coat protein are automatically linked to the genetic information it
encode [81]. To produce these recombinant phages, a phagemid vector as well as a helper phage are
required. Phagemid vectors typically comprise a recombinant viral coat gene and an inoviral intergenic
region that includes the packaging signal and the viral origin of replication [80, 81]. The phagemid DNA is
packaged by a helper phage, usually a derivative of an Ff coliphage, which provides the phagemid with the
missing viral coat proteins. The helper phage itself, however, lacks the packaging signal and the natural
origin of replication, so it is unable to package itself [80].

Inoviruses and their potential applications have therefore become an integral part of many biotechnological

methods.

1.1.3 Phage satellites

Phage satellites are MGESs that actively utilise phages for their selfish replication [83]. Phage satellites are
described as integrative MGEs and are frequently found in bacterial chromosomes [83]. Currently, 5
families of phage satellites have been described: the P4-like satellites, the phage-inducible chromosomal
islands (PICIs), the capsid-forming PICls, the phage-inducible chromosomal minimalist islands (PICMIs)
and the phage-inducible chromosomal island-like elements (PLEs). The best-studied family is the P4-like
satellite family. The research field of phage satellites is on the rise due to extended genome analysis and the
development of new analytical tools [84] For example, two of the mentioned families were recently
discovered and described: the familiy of capsid-forming PICIs in 2023 by Alqurainy e /. [85] and the family
of PICMIs in 2024 by Barcia-Cruz et al. [86].

What all currently described satellite families have in common is that they are integrative elements that use
phages for horizontal transfer. Phage satellites are characterised by the fact that they lack some structural
proteins and that they are dependent on a helper phage for the production of satellite-containing virions
[83]. They therefore hijack the phage packaging machinery. This hijacking often leads to a reduction in
phage-containing virions [83]. Phage satellites therefore often have a negative effect on the viral fitness and
can thus be regarded to a certain extent as viruses of viruses. Their size varies between about 6.7 kbp
(PICMIs) and 18 kbp (PLEs) [2, 83, 86]. By default, the satellite genome is typically one third the size of
the helper phage genome [83]. Each phage satellite family has specific characteristics, including the lifestyle
of the helper phages used. For example, PICIs, capsid-forming PICIs and P4-like satellites typically utilise
temperate phages, whereas PLEs and PICMIs typically exploit virulent phages [86].

Special features of the P4-like satellite family are that these satellites sometimes persist episomally in cells
and that they have developed a distinctive mechanism for remodelling the capsids of their helper phages
[87, 88]. Thus, when a cell carrying a P4-like satellite is infected with a potential helper phage, the phage

capsid is remodelled in a specific way, resulting in smaller satellite-containing capsids [83, 88]. Capsid-
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forming PICIs are unique among the phage satellite families in that they encode their own capsid and only
require the tail proteins of a helper phage for complete virion formation [85]. PLEs are identified exclusively
in Vibrio cholerae and are characterised by the fact that these satellites completely prevents the production
of virulent helper phage progeny, while all other satellite families have only a limited influence on the
proliferation of their helper phages [83]. PICMIs are characterised by their small size (average: 6.7 bp) and
their low gene number [86]. In contrast to PLEs, PICMIs utilise virulent phages without strongly affecting
the fitness of their helper phages [86]. PICIs, on the other hand, are the most widespread phage satellites
and typically hijack temperate phages [83].

Recent research has shown that phage satellites are hotspots for anti-phage defence mechanisms [89, 90].
It has been demonstrated that both P4-like satellites [89] and PICIs [90] encode anti-phage systems. These
systems provide satellite-dependent protection for the bacterial host and the hijacked temperate helper
phage against invading virulent phages. Therefore, satellites are not only parasites of phages. Rather, it
appears that under certain circumstances the parasitic relationship can change into a mutualistic relationship

[89].

1.2 The model organism Shewanella oneidensis MR-1

Shewanella oneidensis MR-1 is a facultative anaerobic and motile gammaproteobacterium belonging to the
genus Shewanella. Natural habitats of species of the genus Shewanella include the sea water, the deep sea,
brackish water and freshwater sediments [91]. The genus Shewanella comprises more than 40 species, and
the bacteria of this genus are known to utilise a wide range of organic and inorganic electron acceptors for
respiration, such as radionuclides or chlorinated compounds [91]. Typical for the genus Shewanella is that it
consists of a diverse group of facultatively anaerobic aquatic bacteria. Moreover, the genus Shewanella is

widespread, partly due to the psychrotolerance of bacteria [92].

S. oneidensis MR-1 was originally isolated in 1988 from Lake Oneida in the state of New York (USA) [93].
8. oneidensis MR-1 cells have a single polar flagellum and are rod-shaped with a length of about 2-3 um and
a width of about 0.4-0.7 um. S. oneidensis MR-1 is known for its ability to utilise insoluble manganese oxide
as a terminal electron acceptor during anaerobic aspiration, which led to the name manganese-reducing
(MR) [93]. The genome of . oneidensis MR-1 consists of a circular chromosome of 4.9 Mbp with 4,318
protein-encoding genes and a megaplasmid of 161 kbp with 149 protein-encoding genes [94]. S. oneidensis
MR-1 is able to form complex structured biofilms on a variety of surfaces, making it not only an interesting

model for respiratory research, but also a lucrative model organism for biofilm research [95-97].
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1.2.1 Biofilm formation of S. oneidensis MR-1

There are two main types of bacterial lifestyle: a planktonic and therefore a motile lifestyle, and a sessile
lifestyle, usually referred to as a biofilm. Biofilms are defined as surface-associated bacterial communities
embedded in a self-produced matrix [98]. For most bacteria, this type of sessile lifestyle is the predominant
way of life. Biofilms are therefore widespread and occur in various environment [99]. Biofilms are
characterised by the fact that the cells, which often originate from several species, share a unique social way
of life [100]. Cells within a biofilm are protected against various stressors such as UV light, extreme pH
levels, phages and antibiotics [101]. This lifestyle-related stress resistance of bacteria is therefore of great

importance for mankind and especially for the healthcare system.

Biofilms are composed of cells embedded in a self-produced matrix. The self-produced biofilm matrix
consists of 97% water. In addition to water, the matrix consists of extracellular polymeric substances (EPS)
such as extracellular DNA (eDNA), extracellular polysaccharides and proteins. These EPS give the matrix
unique properties that favour the stress resistance of bacteria [102]. The formation of a bacterial biofilm is
divided into different stages (Figure 6). Firstly, individual planktonic cells attach to a surface [98].
Depending on the species, this step can take place via the cell pole, the flagellum or pili. For S. oneidensis
MR-1, attachment to a surface is mediated by the mannose-sensitive haemagglutinin (MSHA) type 1V pilus
[96]. In general, type IV pili are complex protein machineries characterised by long extracellular filaments
[103]. These filaments polymerise and depolymerise very rapidly, leading to extension and retraction of the
extracellular filaments. The activity of the MSHA pilus, which is important for cellular attachment onto
surfaces and therefore important for biofilm formation of S. oneidensis MR-1, is dependent on the second
messenger cyclic di-guanylate (c-di-GMP) [104, 105]. This second messenger thus drastically influences the
lifestyle of S. omeidensis MR-1. High c-di-GMP concentrations regulate the extension of the pilus and thus
favour the attachment of individual cells to a surface. After the attachment of single cells to a surface, the
biofilm matrix is formed, which leads to the development of microcolonies [98]. The subsequent growth
of the biofilm leads to the development of a mature biofilm. A mature biofilm consists of complex three-
dimensional architecture made up of cells embedded in their self-produced matrix. Finally, factors such as
physical shear forces cause biofilm dispersal. In this process, cells are released from the biofilm and can

switch to the planktonic lifestyle [98].
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Figure 6: Development of a S. oneidensis MR-1 biofilm. The initial MSHA pilus-mediated cell attachment to a
surface is shown. Subsequently, the formation of a microcolony can be seen. At this stage, the cells are already
embedded in a self-produced matrix. Growth-mediated, a mature biofilm develops from this stage, which is
characterised by a complex three-dimensional architecture. Factors such as physical shear forces cause biofilm
dispersal. Detached cells are able to return to the planktonic lifestyle. A MshA stain is shown as a microscopic image
visualising the MSHA pili, which are important for cell attachment to surfaces. A three-dimensional microscopic image
of a mature S. oneidensis MR-1 biofilm is also shown, illustrating the complex biofilm architecture [106].

1.2.2 Phages of S. oneidensis MR-1

S. oneidensis MR-1 carries four prophages in its genome: LambdaSo, MuSo1, MuSo2 and CP4So. While
LambdaSo, MuSol and MuSoll were identified by the genome sequencing of S. oneidensis MR-1 in 2002
[107], CP4So was identified much later in 2016 [108]. LambdaSo and MuSo2 are known to be able to
produce virions, whereas MuSol and CP4So are cryptic and therefore unable to form infectious particles
[63, 108]. The prophages of S. oneidensis MR-1, in particular the active lambda-like phage LambdaSo, have
been shown to strongly influence the biofilm formation of S. oneidensis MR-1, as spontaneous induction of
the prophages increases the amount of eDNA within a biofilm, which stabilises the matrix and promotes
biofilm formation [63]. It could therefore be shown that prophage-mediated lysis of a subpopulation can
positively influence the growth of a bacterial community [63]. A positive effect caused by spontaneous
prophage induction on biofilms has not only been demonstrated for Shewanella, but rather appears to be a
quite common occurrence, which has also been described for Staphylococcns anrens [109] and Streptococens

pneumoniae [67).

The presence of four prophages as well as the presence of several anti-phage defence systems in the genome
of §. oneidensis MR-1 suggests a high phage pressure. Consequently, it was investigated whether novel phages
infecting . oneidensis MR-1 could be isolated from freshwater sediment samples and whether . oneidensis
MR-1 could also serve as a model organism to analyse phage-host interactions. Therefore, an extensive
sampling was carried out a few years ago in which new tailed phages infecting 5. oneidensis MR-1 were

identified in various aquatic and freshwater sediment samples. One of these newly described Shewanella
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phages, named Thanatos, is a tailed phage that belongs to the morphological group of myoviruses [72]. The
dsDNA genome of Thanatos has a size of 160 kbp and encodes 206 proteins [72]. The Shewanella phage
Thanatos seems to be highly similar to the E. co/i phage T4, as 66 Thanatos genes are homologous to genes
of the phage T4. Most of these homologous genes code for structural proteins and proteins that are
important for DNA replication and packaging. The large number of homologous genes suggests that the
major viral functions of Thanatos and T4 are likely to be similar [72]. Thanatos performs the Iytic life cycle,
whereby the latency time of the phage Thanatos under the tested conditions was about 40 minutes and
about 20 particles were produced per cell [72]. Furthermore, the addition of Thanatos during biofilm
formation of S. oneidensis MR-1 was shown to enhance biofilm formation. This effect also appears to be due
to a phage-mediated increase in the amount of eDNA within the biofilm. Interestingly, on the other hand,

the addition of Thanatos to mature biofilms led to a drastic reduction in the biofilm biomass [72].

Recent work thus shows that . oneidensis MR-1 could also serve as a lucrative model organism of biofilm-

producing gammaproteobacteria to study phage-host interactions.

1.3 Project aim
The aim of this thesis was to identify and characterise new phages infecting S. onezdensis MR-1.

In addition, the mechanism of host acquisition of the virulent Shewanella phage Thanatos should be analysed
in more detail to gain a deeper insight into how virulent phages hijack bacterial host cells and become

phage-producing factories.
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2. Results

2.1 Analysis of the Shewanella phage Dolos and the plasmid pDolos

One aim of this study was to characterise new bacteriophages infecting Shewanella oneidensis MR-1 in order
to analyse phage-host interactions in more detail. In a previous study, freshwater sediment samples were
collected from aquatic environments presumed to be habitats for S. oneidensis MR-1 [72]. One of these

samples, was analysed in more detail in this thesis.

To obtain new phages infecting S. omeidensis MR-1, a freshwater sediment sample was incubated with S.
oneidensis MR-1 AlLambdaSo AMuSo2. This step was used to enrich potential phages contained in the
sample. The mentioned bacterial strain used for this enrichment step lacks both active prophages
(LambdaSo and MuSo2) and was taken as host organism for this study in order to exclude experimental
side effects caused by the prophages of S. oneidensis MR-1. In the following, this strain is referred to as 5.
oneidensis AA. After incubation of the sample with S. onmezdensis AA, the cell culture supernatant was collected
and spotted onto a developing S. oneidensis AA cell lawn. Using this procedure, the successful enrichment
of Shewanella phages was verified. The virion DNA was then isolated from the prepared virion-containing
supernatant, and the collected DNA was analysed by gel electrophoresis to obtain a first indication of
whether a single viral species or divers, possibly interdependent, infectious species were enriched. Figure
7 A displays the virion DNA of this sample, revealing several DNA bands of different sizes. Following, this
mixture of purified virion DNA was sequenced by David Brandt and J6rn Kalinowski (CeBiTec, Bielefeld
University) using the Oxford Nanopore method [110]. The resulting genomes were then annotated using

the Prokka tool [111].

The sequencing yielded two different circular ssDNA sequences. Since ssDNA is able to form base pairs
with itself, the large number of DNA bands of different sizes visible after gel electrophoresis could be due
to self-interaction or different structures of the circular ssDNA (Figure 7 A). The two ssDNA genomes
present in the virion-containing supernatant were 8,146 nt and 2,926 nt in size, of which the former was
identified as a phage possessing 11 open reading frames (ORFs). One of these ORFs was predicted by
BLASTp [112] to encode a protein possessing a Zot (zonular occludens toxin) domain, which is a highly
conserved domain of ssDNA viruses of the family Inoviridae [113, 114]. The protein containing the Zot
domain has been annotated as pl (protein I) virion assembly and export protein and is listed in the schematic
genome chart as gl (gene I) (Figure 7 C). The newly isolated inovirus was named "Dolos", after the spirit
of trickery from ancient Greek mythology [115], as these phages cause a chronic infection of the host,
which is often overlooked due to the lack of viral lysis [116, 117]. The further classification of the viral
proteins was carried out as usual for inoviruses, mainly by analysing the protein domains via InterPro [118],
the protein length and the order of the ORFs in the genome (Supplementary Table 1). The inovirus
structural proteins pVIII, pIIl and pVI as well as the pll and pV proteins important for replication were

predicted. 4 proteins of Dolos remained with unknown function.
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The other isolated circular ssDNA genome with a size of 2,926 nt was identified as a plasmid and was
named pDolos because of its associated isolation with phage Dolos. pDolos comprises 5 ORFs, 4 of which
have an unknown function and one of which was predicted by BLASTp [112] to encode a Rep protein
(Figure 7 B). Rep proteins are essential for plasmid replication and are therefore involved in theta, rolling-
circle and strand-displacement replication [39]. None of the pDolos ORFs were predicted to code for
packaging proteins. However, pDolos must also be packaged in some way, since the plasmid DNA was

isolated from virions.

Further sequencing of chromosomal DNA from infected S. oneidensis MR-1 cells indicated that neither the
phage Dolos nor the plasmid pDolos are integrated into the host chromosome, suggesting that phage Dolos
cannot persist as a prophage in . oneidensis MR-1, as for example the inovirus CTX¢ does in [7brio cholerae

[119].
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Figure 7: Isolation of virion DNA from a new sample revealed two different circular ssDNA genomes
packaged in particles. A. The purified DNA of a new virion-containing sample was separated by gel electrophoresis,
revealing DNA bands of different sizes. B. and C. Schematic representations of the two genomes isolated from this
virion-containing sample. B. 2,926 nt long ssDNA plasmid (Shewanella plasmid pDolos) harbouring 5 ORFs. C. 8,146
nt long ssDNA genome of a phage (Shewanella phage Dolos) harbouring 11 ORFs. Red: genes important for
replication, light blue: structural genes, blue: sectetional genes, grey: genes of unknown function, light grey: putative
single-stranded origin of replication (or7).

2.11  Characterization of the Shewanella phage Dolos

In order to analyse the relationship of plasmid pDolos and phage Dolos to each other and to the host, both
mobile genetic elements need to be individually characterised. For this purpose, the phage was separated

from the mixed virion-containing supernatant by single plaque isolation and enrichment steps. During this
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isolation process, it was found that all individual plaques tested by PCR contained the purified phage,
indicating that pDolos cannot produce visible plaques (Supplementary Figure 1). It was therefore initially

only possible to separate and characterise the phage Dolos and not the plasmid pDolos.

Basic viral characteristics

After isolation of phage Dolos, the basic viral characteristics were analysed. First, a plaque assay was
performed to analyse the plaque morphology of Dolos. For this purpose, Dolos-containing supernatant
and the viral host organism . oneidensis AA were added to soft agar and the mixture was plated on a common
agar plate (agar overlay method). During incubation, plaques formed within the cell lawn, which originally
resulted from the infection of a single cell with a single virion. The assay displays a cloudy plaque
morphology of the phage Dolos, which is typical for inoviruses, as plaques are not caused by cell lysis but
by a slight growth delay of the infected cells [54] (Figure 8 A).

Subsequently, Clara Rolland, Mathias Miusken and Johannes Wittmann (Leibniz Institute DSMZ,
Braunschweig) took electron micrographs of Dolos to determine the size and shape of the virus. For this,
Dolos virions were purified via a caesium gradient, negatively stained and analysed using transmission
electron microscopy (TEM). Figure 8 B shows a representative TEM image of a filamentous Dolos particle
with a virion length of about 1 um and a width of about 7.5 nm. The attachment site, which is characterised

by the pIII protein tuft, is clearly visible.

A B

Figure 8: Plaque morphology and virion morphology of phage Dolos. A. Plaque assay displaying small and turbid
Dolos plaques. Plaque assay plates were analysed after 48 h of incubation of phage Dolos with the host . oneidensis
AA. B. TEM picture of phage Dolos. The phage-containing supernatant was purified by caesium density gradient
centrifugation and negatively stained for microscopic imaging. Arrow indicates the phage attachment site. The
attachment site, marked by the plII proteins, is also shown in green in the schematic representation of an inovirus
virion above the TEM image.

Next, the host spectrum of phage Dolos was tested by spotting a Dolos-containing supernatant onto agar
overlay plates with different bacterial species. 9 S. oneidensis strains, 5 8. baltica strains, 12 other Shewanella
strains as well as Escherichia coli MG1655, Psendomonas putida KT2440 and Vibrio cholerae E1 Tor N16961 were
tested. Only S. oneidensis MR-1 and two . baltica isolates were infected by phage Dolos (Supplementary
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Table 2). In addition, a viral proteomic tree was created using the VipTree software tool [120] to better
classify Shewanella phage Dolos within the viral family Inoviridae. The phylogenetic tree shows that Dolos is

most closely related to known 177brio phages of the family Inoviridae (Figure 9).
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Figure 9: Viral proteomic tree of Shewanella phage Dolos. Phylogenetic tree was made with the software tool
VipTree [120]. Shewanella phage Dolos and all prokaryotic ssDNA viruses of the virus host DB (RefSeq Release 220)
were included in this analysis. The colouring of the left and right line indicates the virus family and host group,
respectively. Shewanella phage Dolos is highlighted with a red star.
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The heat and pH stress stability of the Dolos virions was then tested by exposing the virions to the
respective stressors for 24 hours. The serially diluted virions were subsequently spotted onto agar overlay
plates containing S. oneidensis AA. Stress experiments show a distinct pH stability from pH 4 to pH 12 and

a heat stability up to 40°C (Figure 10).
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Figure 10: pH and temperature sensitivity of Dolos particles. 24 hours pH (A.) or temperature (B.) exposed
phage-containing supernatants were serially diluted and subsequently spotted onto agar overlay plates containing .
oneidensis AA. Spot documentation was conducted after 48 h of bacterial growth.

Phage Dolos attaches to the MSHA pilus of S. oneidensis MR-1

After analysing basic viral characteristics such as plaque morphology and virion stability, the adsorption
receptor which Dolos uses should be determined. Therefore, several strains individually lacking common
surface proteins known to be used by phages were tested via spotting Dolos onto them. The result shows
that the major pilin subunit MshA of the MSHA pilus proves to be a potential adsorption receptor, as no

phage spots are formed on an mshA deletion strain (Figure 11 A).

Since MshA is part of a large multi-protein complex, being the MSHA pilus [103, 121, 122], it was tested
whether the major pilin subunit MshA is indeed the protein that Dolos utilises for adsorption. This was
investigated as the absence of the MshA protein could lead to a loss of surface-exposed pilus components,
meaning that the minor pilins of the MSHA pilus could also be inaccessible at the surface in the absence of
MshA [103]. To investigate the role of the MshA protein, a protein interaction assay was performed. For
this purpose, a bacterial adenylate cyclase two-hybrid assay (BACTH) was conducted and the phage

attachment protein pIll and the MshA protein of S. oneidensis MR-1 were fused to subunits of an adenylate
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cyclase. The BACTH assay shows enzymatic activity, indicated by the blue colour, and thus an interaction

between pllIl and MshA (Figure 11 C). This result proves that the phage adsorbs directly to the major pilin
subunit MshA.

A subsequent phage adsorption test displays that Dolos requires time for to attach to MshA. For this assay,
8. oneidensis AAA cells were infected with the phage Dolos during mid-exponential growth at a multiplicity of
infection (MOI) of 0.1. Samples were taken at different time points after infection and the PFU per ml was
determined by plaque assay. The percentage of extracellular phages within these samples was calculated by
normalising to the initial phage concentration. The result shows that it takes approximately 1 hour for more

than 50% of the initially added phages to be adsorbed to the host (Figure 11 B).
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Figure 11: The used adsorption receptor of Dolos is the major pilin subunit MshA of the MSHA pilus. A.
Spot assay displaying the importance of the gene msh.A for phage infection. Serial diluted Dolos-containing supernatant
was spotted on top of agar overlay plates containing different S. oneidensis strains. KI: knock-in (re-integration of zsh.A).
B. Phage adsorption assay showing the percentage of extracellular phages during a time-serial infection. Mid-
exponential 5. oneidensis AA cells were infected with Dolos at a MOI of 0.1. Phage samples were taken at different
time-points post-infection. PFU per ml was determined via plaque assay and the percentage of extracellular phages
was calculated by normalisation to the initial concentration of phages. Grey line indicates 50% extracellular phages.
C. BACTH assay showing interaction of Dolos attachment protein (pIII) with MshA. For each interaction, proteins
named first are fused to the T25 subunit, while proteins named last are fused to the T18 subunit of an adenylate
cyclase. Blue coloration of the spots indicates catalytic activity of the adenylate cyclase and thus also protein
interaction. +: positive control, -: negative control. All experiments were conducted in independent biological
triplicates.
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T'he effect of altered pilus activity on viral infectivity

Compared to other common adsorption receptors, such as components of the lipopolysaccharide (LPS)
structure, MshA is rarely found on the cell surface. In addition, it is not a direct component of the cell
surface, meaning that pilus retraction is required for Dolos to reach the outer membrane. Hence, it was
investigated whether a change in pilus activity could have an effect on the adsorption rate and infectivity of
Dolos. For this purpose, mutants were generated that are known to alter the activity of the MSHA pilus
and thus potentially alter the efficiency of Dolos binding to MshA and the entry of Dolos into the
petiplasmic space to reach the secondary receptor. Therefore, some amino acids of the extension ATPase
MshE were substituted (MshEA/LSA/LSTA) "yrhich are known to lead to a constitutively active state of the
MSHA pilus in Vibrio cholerae by preventing c-di-GMP binding [104, 123, 124]. Furthermore, an amino acid
of the retraction ATPase PilT was substituted to attenuate ATPase function (PiTK!364), which is known to

lead to a phenotype with more accessible pili in [zbrio cholerae [104, 123].

To analyse the influence of these substitutions in the pilus extension and retraction ATPase on MSHA pilus
activity, MshA was stained with a maleimide protein stain. This was made possible by the selectivity of
maleimides for thiol groups, which are part of cysteine residues [125]. The strain MshAS6°C was therefore
used for the staining. Fluorescence micrographs of maleimide stained mid-exponential cells were taken and
the pilus length as well as the amount of MSHA pili per cell were examined from these images. The analysis
shows a reduced length of the MshA filaments of MshEMA/LSA/LSTA cells and an increased amount of
elongated MshA filaments of the PilTK!36A cells compated to the control cells (Figure 12 A). The data also
shows that most MshEA/L53A/L57A cells do not have a single exposed MSHA pilus. In contrast, the number

of pili per cell of the PilTK130A strain is increased (Figure 12 B).
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Figure 12: Different MSHA pilus activity due to activity-influencing mutations of the pilus extension ATPase
(MshE) and the pilus retraction ATPase (PilT). The length of extended MshA per cell (A.) and the count of pili
pet cell (B.) of mid-exponential S. oneidensis AA cells harbouting a point mutation in zshA (MshAS®C) and further
mutations in pilus ATPases are shown. MshA filaments of the different strains were visualized via fluorescence
microscopy by using a maleimide protein stain to stain MshA proteins. Experiment was conducted in independent
biological triplicates. N = 660 cells.
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After determining the pilus activity of these mutants, changes in the adsorption efficiency and the infectivity

of Dolos were investigated.

For this purpose, the Dolos adsorption efficiency was analysed in the strains with altered pilus activity.
Phage-containing supernatants were isolated after one hour of infection (MOI 0.1). The test shows that the
measured amount of extracellular phages is significantly increased compared to the control when phages
are added to strain MshEMA/LS3A/L57A This indicates reduced adsorption to the MshEMA/LS3A/LSTA strain

(Figure 13 A). When incubated with PilTK13A only a slight increase in extracellular phages is shown.

Viral infectivity was also analysed using serial spot test. For this, mid-exponential . oneidensis strains with
altered MSHA pilus activity were infected with Dolos at a MOI of 0.1. 24 h after infection, Dolos-containing
supernatants were prepared and spotted onto agar overlay plates. The result displays that the total virion
production of the MshEMA/LS3A/LS7A strain is similar to that of the control. However, the PIITKI30A strain

produces a slightly lower level of Dolos virions (Figure 13 B).
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2.1.2  Interplay of inovirus Dolos and plasmid pDolos with themselves and with
the host

Since the originally isolated virion-containing supernatant comprises not only the phage Dolos but also a

plasmid termed pDolos, it was investigated whether this plasmid interacts with the phage Dolos. In

addition, the influence of these two newly discovered MGEs on the host S. oneidensis MR-1 was investigated

in more detail.

pDolos acts as phage satellite of inovirus Dolos

In order to determine a possible influence of the plasmid pDolos on the phage Dolos, a reproduction assay
was performed in which the reproduction of Dolos was measured at different time points after infection.
For this purpose, mid-exponential S. oneidensis AA cells were infected with a Dolos-containing supernatant
or a Dolos- and pDolos-containing supernatant at a MOI of 0.1. Since plaques are only formed by infection
with the phage, the MOI could only be defined for the phage, but not for the plasmid. The phage
concentration of the samples collected over time was calculated and normalised to the original phage
concentration at the time of infection, indicating the reproduction rate of Dolos. The result shows a reduced
reproduction of phage Dolos in the presence of pDolos compared to infection with Dolos alone (Figure
14 A). In addition, the Dolos concentration measured after 24 hours of infection, showing an approximately
10-fold decrease in the amount of Dolos virions when the cells were infected with the mixed virion-

containing supernatant (Figure 14 B).

To obtain a ratio of Dolos virions to pDolos virions within such mixed virion-containing supernatants, the
virion genomes were quantified by qPCR. For this purpose, virion DNA was purified from mixed
supernatants containing Dolos and pDolos and the amount of Dolos and pDolos genomes was
subsequently analysed. The qPCR analysis displays a mean Ct value of 19.9 for the Dolos genome and a
mean Ct value of 12 for the pDolos genome (Figure 14 C). A ACt value of 7.9 was quantified and a
normalisation was conducted according to the formula 2-4¢t [126]. This calculation clearly showed that

pDolos virions are 250 times more abundant in a mixed virion-containing supernatant than Dolos virions.

Furthermore, infection series were conducted by infecting S. oneidensis AA cells at mid-exponential phase
with a Dolos-containing supernatant or a Dolos- and pDolos-containing supernatant at a MOI of 0.1.
Samples were taken at different time points after infection and the DNA of the infected cells was isolated.
Again, PCR was performed and the genome quantity of S. omeidensis, the phage Dolos and the plasmid
pDolos was calculated. Following, the time-serial reproduction rate of Dolos and pDolos was determined.
The result shows a reduced phage replication when cells are infected with the mixed virion-containing
supernatant compared to cells infected with the pure Dolos-containing supernatant (Figure 14 D). Hence,

the reproduction rate determined by qPCR and the reproduction rate determined by plaque measurement
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(see Figure 14 A) show the same trend: the reproduction of Dolos is reduced in the presence of the plasmid
pDolos.

When analysing the qPCR-derived Dolos reproduction rates shown in Figure 14 D in detail, it is noticeable
that, the reproduction of Dolos is increasing from 2 to 4 hours after infection (Dolos-containing
supernatant: 16.8-fold increase, Dolos + pDolos-containing supernatant: 10-fold increase) and from 4 to 6
hours after infection (Dolos-containing supernatant: 26.3-fold increase, Dolos + pDolos-containing
supernatant: 12.8-fold increase). Thereafter, the reproduction rate of Dolos slows down when the cells
reach the transitional growth phase. The time-serial reproduction rate of plasmid pDolos compared to
phage Dolos shows a shift in the Gaussian distribution of the reproduction rate (Figure 14 E). The highest
reproduction rate of pDolos is measured from 6 to 8 hours after infection (9.5-fold increase), indicating

that the phage replicates first and then the plasmid.

The results show that pDolos behaves in a certain way like a phage satellite and exploits the phage Dolos.
Satellite-dependent hijacking of a phage is often characterised by a reduction of the virion quantity of the
so-called helper phage. Phage satellites have insufficient structural proteins themselves and therefore utilise
the structural proteins of a phage to package the satellite genome instead of the phage genome being
packaged [2, 83]. This observed exploitative behaviour of the plasmid pDolos has contributed to the name

“satellite plasmid pDolos”.

26



Results

>
w
o

* * ok
£ 100000~ 1012 25+
: 8 = 14
: - —
5 10000 s T 20 g-o
S 10004 4 ® o Dolos 35 . o
E w 10 3 15
B3 1001 g Dolos + & 0 e g g-e
S pDolos b4 o & 101
o 104 < (&)
e 0 a 1010 54
o @ 105i
]
(=] 0.1 T T T 100 o-—T—
2h 4h 24h
00\09 Oo\oé 0\06 o\ob
R DR
o
00\0
D E
*k
% 304 30+
c 8 o Dolos %
) * L O Dolos + pDolos ¢
3]
3 2070 2 207 © Dolos
g )y s * 9 o pDolos
o © B -g 8
O o
g 10 & o . g 10168 o
) o o o
o M ™ o
i D [l
0 T T 1 1 0 ] T T T
i & & o i & & S
9 0 ® © g © © ©
» & N ae W & &
& & & & & & S &
i «§ «§ & «§ < § S

Figure 14: pDolos acts like a phage satellite of inovirus Dolos. A. Dolos reproduction assay displaying decreased
phage reproduction when pDolos is also present. During mid-exponential growth, S. oneidensis AA cells were infected
with a supernatant containing Dolos or Dolos + pDolos at a MOI of 0.1. Phage samples for plaque assay were taken
at different times after infection. Reproduction rate was estimated by normalisation of the phage concentration to the
initial amount of phages. B. Phage concentration of phage-containing supernatants. Mid-exponential . oneidensis AA
cells were infected with Dolos or Dolos + pDolos at a MOI of 0.1. Samples for plaque assay were taken 24h after
infection. C. Ct values of Dolos and pDolos DNA of a mixed virion-containing supernatant, measured by qPCR. The
Ct value difference complies with a plasmid to phage ratio of about 250 to 1. D and E. Reproduction rate of Dolos
and pDolos estimated by qPCR. A time-serial infection of mid-exponential cells infected with Dolos or Dolos +
pDolos at a MOI of 0.1 was conducted. Samples for analysis were taken 2h, 4h, 6h, 8h and 24h after infection D.
Time-serial reproduction rate of Dolos when cells were infected with a pure phage-containing supernatant or a mixed
virion-containing supernatant (Dolos + pDolos). E. The reproduction rate of Dolos related to the reproduction rate
of plasmid pDolos. All experiments were conducted in biological triplicates. Error bars indicating the standard
deviation of the mean values. * = p < 0.05, ** = p < 0.01 (t-test).

Interaction of phage Dolos and satellite plasmid pDolos with planktonic cells

To analyse the interaction of phage Dolos and the satellite plasmid pDolos with the host, the growth of .
oneidensis AA cells was examined. For this purpose, the time-serial optical density (OD) was measured after
mid-exponential cells had been infected with Dolos or the mixed virion-containing supernatant holding
Dolos and pDolos virions (MOI 0.1). The experiment shows that cells infected with the inovirus Dolos

exhibit a slight growth delay compared to uninfected control cells (Figure 15 A). Notably, the growth delay

27



Results

of cells infected with the mixed virion-containing supernatant is slightly more pronounced than in cells
infected with phage Dolos alone, possibly indicating a greater consumption of host resources when cells
are infected with inovirus Dolos and satellite plasmid pDolos. When analysing the growth of pre-infected
cells, being cells infected one day before the start of the growth experiment, an equal growth retardation of
cells infected with Dolos or Dolos and pDolos is observed (Figure 15 B). Examination of these growth
curves also shows that long-term infected cells do not have a more pronounced lag phase, meaning that the

growth retardation appears to be the same during all growth phases.
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Figure 15: Minor growth delay of cells infected with inovirus Dolos or infected with the inovirus Dolos as
well as the satellite plasmid pDolos. A. Serial measured growth of mid-exponential S. oneidensis AA cells infected
with Dolos or Dolos + pDolos at a MOI of 0.1. B. Growth curve of pre-infected cells. Mid-exponential S. oneidensis
AlLambdaSo AMuSo2 cells were infected with Dolos or Dolos + pDolos at a MOI of 0.1. 18 h after infection cells
were diluted and time-serial growth was measured. All experiments were conducted in biological triplicates. The
shaded bands represent the standard deviation of the mean values.

Infected S. oneidensis AA cells were also analysed morphologically by TEM. For this purpose, cells were
infected with a supernatant containing Dolos or Dolos and pDolos at a MOI of 5 for 2.5 hours. The
morphological examination started after fixation and negative staining of the cells. Microscopic images
indicate a thicker capsular structure of cells infected with Dolos or Dolos and pDolos compared to the

uninfected control (Figure 16).

Dolos + pDolos

Control

Figure 16: Cells infected with phage Dolos or phage Dolos and pDolos show increased capsule formation in
the late-exponential growth phase. S. oncidensis AA cells were infected with Dolos or Dolos + pDolos at a MOI of
5 during mid-exponential growth. 2.5 hours after infection, cells were fixed and negatively stained for TEM. White
arrows indicate capsules difficult to recognise.
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Interaction of phage Dolos and satellite plasmid pDolos with biofilms

As the adsorption receptor of phage Dolos is part of the MSHA pilus, which is important for cell
attachment to surfaces and thus essential for the first step of biofilm formation, the influence of phage
Dolos and the satellite plasmid pDolos on biofilm formation and mature biofilms was investigated. For this
purpose, biofilm tests were performed with the strain S. oneidensis MR-1, which carries both prophages, as

the prophages have been shown to be very significant for biofilm formation of S. oneidensis [63)].

To analyse static biofilm formation, cells of an ODeoonm of 0.15 were statically incubated and infected with
a Dolos-containing supernatant or a Dolos- and pDolos-containing supernatant (108 PFU per ml) at
different time points after the start of the static incubation. The amount of biomass was quantified after 24
hours of static incubation through a crystal violet staining. The test shows that only the mixed virion-
containing supernatant has a positive effect on biofilm formation, while Dolos alone has no significant
effect on biofilm formation (Figure 17 A and C). Especially in the eatly stages of biofilm formation (0 and
3 hours after the start of static incubation), the mixed virion-containing supernatant has a positive effect

on biofilm formation. A biofilm biomass of up to 150% is achieved here (Figure 17 C).

To investigate the effect of Dolos and pDolos on statically grown mature biofilms, cells of an ODgoonm of
0.15 were statically incubated for 24 hours and then infected with Dolos or Dolos and pDolos (~ 108 PFU
per ml). At different time points after infection, the biomass of the biofilm was measured by crystal violet
staining. The assay displays no effect of phage Dolos or of phage Dolos together with the satellite plasmid
pDolos on mature biofilms (Figure 17 B and D).
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Figure 17: Increased amount of biofilm biomass when phage Dolos together with satellite plasmid pDolos
are infecting S. oneidensis MR-1 during an early stage of biofilm formation. Displayed are static biofilm assays.
S. oneidensis MR-1 cells were infected with virion-containing supernatants (108 PFU/ml) at different times of static
incubation. The amount of biofilm biomass was measured by crystal violet staining. The static incubation of non-
infected cells was always considered as 100% biofilm biomass. To analyse the influence of Dolos and Dolos + pDolos
during biofilm formation (A and C), diluted cells (ODgooam 0.15) were statically incubated and infected at different
time points after the start of static incubation. Biofilm biomass was quantified after 24 h of incubation. To analyse the
influence of Dolos and Dolos + pDolos on mature biofilms, 24 h statically grown cells were infected with virion-
containing supernatants and the biofilm biomass was quantified at different time points after infection of these mature
biofilms (B and D). A and B: infected with Dolos, C and D: infected with Dolos + pDolos. * = p<0.05 (t-test). Black
strokes represent the mean values of biological triplicates.

In addition, the influence of long-term infected cells on static biofilm formation was tested. For this
purpose, S. oneidensis MR-1 cells were infected with either a pure Dolos-containing supernatant or a Dolos-
and pDolos-containing supernatant one day before the start of the static biofilm assay. Cells with an
ODgoonm of 0.15 were statically incubated, and 24 hours after the start of static incubation, the biofilm
biomass was quantified by a crystal violet staining or a Live/Dead staining was performed to determine the
amount of living and dead cells within the biofilm. The results show a reduced biofilm biomass of 86% in
the mean of cells pre-infected with Dolos after 24 hours of static growth compared to the uninfected
control (Figure 18 A). The opposite was observed when the cells were pre-infected with the mixed Dolos-
and pDolos-containing supernatant. Here, biofilm formation is increased with an average of 113% biofilm

biomass after 24 hours of static growth compared to the uninfected control. The Live/Dead staining
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indicates a high quantity of dead cells and thus eDNA as part of the biofilm when the cells were pre-infected
with the mixed virion-containing supernatant instead of the pure Dolos-containing supernatant prior to
static growth (Figure 18 B). Several studies have already shown a correlation between cell death and biofilm

growth due to an increased amount of eDNA as a stabilising factor of the biofilm matrix [63, 127, 128].
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Figure 18: In cells that were already pre-infected before static incubation, phage Dolos reduced the biofilm
biomass, while infection with Dolos and satellite plasmid pDolos increased biofilm formation. Shown are
static biofilm assays of S. oneidensis MR-1 cells. Cells were pre-infected with virion-containing supernatants at a MOI
of 0.1 one day before the start of the assay. Pre-infected cells were diluted (ODgno 0.15) and statically incubated for 24
h. A. Amount of biofilm biomass was measured by crystal violet staining. The static incubation of non-infected cells
was always considered as 100% biofilm biomass. * = p<0.05, *** = p<0.001 (t-test). Black lines represent the mean
values of biological triplicates. B. Representative images of a Live/Dead staining of biofilms using a SYTO9 (blue) /
propidium iodide (red) mixture. Scale bar = 20 pum.

After the effect of Dolos alone and the phage Dolos together with the plasmid pDolos on statically grown
biofilms had been investigated, the effect on biofilms that had grown under a constant liquid flow was
analysed. For this purpose, pre-infected S. onmeidensis MR-1 cells, which constitutively produce GFP (.
oneidensis MR-1 Tn7:::¢gfp (Cm)), were analysed microscopically after 24 hours of biofilm growth in a flow

chamber system. Representative 3D micrographs of these grown biofilms are shown in Figure 19 A.

The microscopic images were analysed using the software tools BiofilmQ [129] and Image] Fiji [130].
Biofilm surface properties such as roughness and global height were determined. The biofilm surface
property results show a tendency towards rougher and higher biofilms when the cells were pre-infected
with Dolos and pDolos, and a decreasing tendency in the roughness and height of the biofilm when the
cells were pre-infected with Dolos only (Figure 19 B and D). In addition, the local density of the biofilms
was measured, showing a tendency towards denser biofilms when the cells were pre-infected with phage
Dolos exclusively (Figure 19 C). Furthermore, general biofilm properties such as the cell amount of the
biofilms, the volume and the relative biofilm biomass were analysed, whereby no tendencies in the cell

amount and the biofilm volume were shown (Figure 19 E and F). The relative biofilm biomass was
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measured by determining the relative fluorescence of the microscopic images, as the cells constitutively
produce GFP. The result shows a tendency towards a reduced biofilm biomass when the cells were pre-
infected with Dolos alone and a tendency towards an increased biofilm biomass when the cells were pre-
infected with Dolos and pDolos (Figure 19 G). This trend in relative biofilm biomass grown in a flow

chamber system matches the results obtained from static biofilm tests (see Figure 18 A).
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Figure 19: In a flow chamber system grown biofilms from cells pre-infected with the inovirus Dolos and the
satellite plasmid pDolos tend to have an increased relative biofilm biomass and higher as well as rougher
biofilms compared to cells pre-infected with the phage Dolos alone. . oneidensis MR-1 cells, which continuously
produce GFP (S. oneidensis MR-1 Tn7:::egfp), were pre-infected with virion-containing supernatants at an MOI of 0.1
18 hours before the start of the flow chamber experiments. 24 h after injection of cells (ODgoonm 0.05) into the
chambers, images were taken using a confocal microscope A. Displayed are representative confocal 3D micrographs
of 24 h old biofilms grown in a flow chamber system. The horizontal edge of each image represents 580 pm. B — G.
Analysis of in flow chamber system grown biofilm properties using BioflimQ [129] and Image] Fiji [130]: global height
(B.), local density (C.), roughness (D.), cell amount of biofilms (E.), biofilm volume (F.) and relative biofilm biomass
(relative fluorescence intensity) (G.). Experiment was conducted in biological triplicates. Error bars indicating the
standard deviation of the mean values. RU: roughness unit.
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2.1.3 Characteristics of satellite plasmid pDolos

After studying the interaction of phage Dolos and the satellite plasmid pDolos with each other and with

the host, the satellite plasmid pDolos was to be characterised in more detail.

pDolos is mainly packaged as a single copy in virions that are smaller than the phage virions

Firstly, the packaging of pDolos was investigated. Since inovirus virion assembly and secretion is a
simultaneous process, it was hypothesised that the virion length might change due to the smaller genome
size of pDolos compared to the genome size of phage Dolos. To test this hypothesis a native agarose gel
assay was performed. Therefore, virion-containing supernatants were loaded onto an agarose gel and the
virions were separated according to their size. The different virion fractions were visualised by staining the
virion DNA after disruption of the particles with NaOH. As a control, heat-inactivated virion-containing
supernatants were also loaded to show the running behaviour of the ssDNA genomes through the agarose
gel. When analysing the running behaviour of the free ssDNA genomes of Dolos and pDolos, it is
noticeable that double bands are visible, which are probably caused by secondary structures of the ssDNA
genomes (Figure 20). When analysing the intact virions, it is striking that DNA bands only appear after
disruption of the particles with NaOH. In addition, the mixed supernatant containing Dolos and pDolos
virions shows bands corresponding to virions of different sizes (Figure 20). The most prominent DNA
band of the mixed virion-containing supernatant corresponds to much smaller virions than Dolos virions.
In addition, two other but very weak DNA bands were detected, corresponding to virions of other size.
The gel was subsequently used to isolate these three virion fractions from the mixed virion-containing
supernatant. The virion DNA of these three fractions was then tested and it was found that all fractions
contained exclusively the pDolos genome (Supplementary Figure 2). The results indicate that in most
cases a single pDolos genome is packaged in particles, and in rare cases more than one pDolos genome is
packaged in a single particle. The simultaneous presence of both Dolos and pDolos genomes in a single
particle was not detected. The most abundant virion band detected in the Dolos- and pDolos-containing
supernatant represents individual satellite pDolos vitions. This result supports the previous qPCR result
showing that the ratio of Dolos to pDolos in the mixed virion-containing supernatant is approximately 1

to 250 (see Figure 14 C).
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Figure 20: Shewanella phage Dolos and satellite plasmid pDolos are packaged separately in particles of
different sizes. Native agarose gel displaying virions of different sizes. A virion-containing supernatant of Dolos and
a virion-containing supernatant of Dolos and pDolos (+pDolos) were heat inactivated, which destroyed the patticles
so that only the virion DNA was separated by gel electrophoresis. Native virion-containing supernatants (particles)
were also separated by gel electrophoresis. A. Agarose gel stained with ethidium bromide before particles were
disrupted with NaOH. B. Agarose gel from A., which was stained again with ethidium bromide after the particles
were disrupted with NaOH. White arrows indicate weak DNA bands. DNA of inactivated particles often appeared as
a double band on the gel. The experiment was performed in biological triplicates. The images are representative.

PDolos is stable as a plasmid in cells without the presence of phage Dolos

Since it was not possible to isolate pure pDolos-containing virions by isolating single plaques, analysis of
pDolos without Dolos was not possible so far. To analyse the plasmid without the presence of the phage
Dolos, a pDolos plasmid containing a kanamycin resistance cassette directly downstream of ORF 5 was
cloned (see Figure 7 B). The newly cloned plasmid was named pDolos_K. Using kanamycin, the plasmid
stability of pDolos could be investigated. For this purpose, cells harbouring the plasmid pDolos_K were
cultivated over three consecutive growth and re-growth cycles without kanamycin pressure. Finally, mid-
exponential cells were diluted and plated on LB agar plates with and without kanamycin to calculate the
percentage of cells still containing pDolos_K. The assay displays a high pDolos stability of 92% on average
(Figure 21 A). This result demonstrates that pDolos remains stable as a plasmid in the cells through

autonomous replication and vertical transmission.

In addition, a growth curve was generated with cells containing the plasmid pDolos_K. The assay shows a
slight growth delay of cells having the plasmid, which could be caused by the plasmid itself or by the inserted

kanamycin resistance cassette using host resources (Figure 21 B).
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Figure 21: Satellite pDolos is stable in S. oneidensis cells as
100+ Oe plasmid pDolos_K without the presence of phage Dolos. A.
9 o Percentage of kanamycin-resistant cells harbouring plasmid pDolos
S containing a kanamycin resistance cassette (pDolos_K). . oneidensis AA
:5 50- cells harbouring pDolos_K were cultivated without kanamycin
c pressure over three days to estimate plasmid stability. B. Growth curve
X of S. oneidensis AA cells harbouring pDolos_K. Cells were cultivated
without kanamycin pressure. All experiments were conducted in

- biological triplicates. The shaded bands represent the standard
pDolos_K deviation of the mean values.
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The size of pDolos virions varies depending on the genome size of the pDolos constructs

Next, it was asked whether variations in the genome size of pDolos would change the size of the pDolos
virions. For this purpose, a pDolos variant with a kanamycin resistance cassette (pDolos_K: 4,015 nt), a
pDolos variant with a kanamycin resistance cassette and the fluorophore venus (pDolos_KV: 5,533 nt) and
a pDolos variant that also contains an E. ¢/ lacZ' gene (pDolos_KVL: 9,850 nt) were used to test possible
variations in virion size. To generate virions containing these plasmid variants, mid-exponential 5. oneidensis
AA cells harbouring these plasmids were infected with phage Dolos at a MOI of 0.1. 24 hours post-
infection, the virion-containing supernatants were purified. The virion sizes of these supernatants were
analysed by a native agarose gel assay. The assay displays that the size of the virions increases depending on
the size of the genome packaged within the particles (Figure 22). A distinct band of pDolos_KVL virions
is not visible. It is therefore unclear whether virions can be assembled if the genome to be packaged is larger
than the genome of the helper phage (pDolos_KVL: 9,850 nt; Dolos: 8,146 nt). Furthermore, it is noticeable
that the amount of virions of the pDolos variants is very low compared to the amount of native pDolos
virions. Under these experimental conditions, the previously described effect of vitus establishment prior
to increased pDolos propagation could presumably cause this difference in the amount of pDolos (see

Figure 14 E).
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Figure 22: Extension of the pDolos genome leads to lager virions. Agarose gel displaying DNA of virions after
separation of the heat-inactivated particles (left panel) and native particles (right panel) by gel electrophoresis. To
picture DNA of native patticles, staining was achieved after disruption of particles by NaOH. The samples contained
exclusively phage Dolos or, in addition, pDolos constructs of increasing sizes (pDolos_K, pDolos_KV and
pDolos_KVL). DNA of inactivated particles often appeared as a double band on the gel. White arrows indicate DNA
bands difficult to recognize. The experiment was performed in biological duplicates. The images are representative.

Transfer of diverse genes by transduction of pDolos variants

Subsequently, the transduction of the pDolos virions had to be demonstrated. For this purpose, cells
containing pDolos_K were infected with phage Dolos, while a control group remained uninfected. 24 hours
after infection, the cells were diluted and co-incubated with S. onmeidensis MR-1 cells containing a
chromosomal encoded chloramphenicol resistance cassette (5. oneidensis MR-1 Tn7:::egfp (Cmr); MR-1 Cm).
After 24 hours of co-incubation, the cells were spotted on agar plates containing kanamycin,
chloramphenicol or both antibiotics. The experiment shows that infection with the phage Dolos is essential
for the efficient horizontal transfer of pDolos_K into chloramphenicol resistant cells (Figure 23).
Therefore, the horizontal transfer of pDolos occurs mainly by transduction and not by transformation or
conjugation. Additionally, this experiment demonstrates that the plasmid pDolos relies on a helper phage
for effective horizontal transfer. This finding further supports the notion that pDolos functions as a satellite

system. The described experiment was carried out with the kind support of my colleague Dorian Fischer.

MR-1 Cm" + X
MR-1 o/ Figure 23: Dolos-mediated transduction of the satellite plasmid
pDolos_K & s pDolos into other cells. . oneidensis MR-1 cells possessing a
P &g Q/’ 8 resistance cassette to chloramphenicol (MR-1 Cm®) were co-
S QS ék"\ Q"'\ incubated with S. oneidensis MR-1 cells carrying the plasmid
,Q * S I pDolos_K (MR-1 pDolos_K). After 24 hours of co-incubation, the
cells were plated on agar plates containing kanamycin (Kan),
Kan chloramphenicol (Cm), or both antibiotics. Colony growth was
imaged after 48 hours of incubation. + Dolos: MR-1 pDolos_K cells
Cm were pre-infected with Dolos; - Dolos: MR-1 pDolos_K cells were

not pre-infected with Dolos. The experiment was performed in

Kan + Cm biological and technical duplicates.
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It was then tested whether pDolos_KVL virions were produced and whether they could be transmitted by
transduction, as pDolos_KVL virions could not be clearly detected in a native agarose gel assay (see Figure
22). For this purpose, mid-exponential S. omeidensis AA cells harbouring the plasmids pDolos_K,
pDolos_KV or pDolos_KVL were infected with phage Dolos at a MOI of 0.1. 24 hours post-infection the
virion-containing supernatants were purified. Following, mid-exponential §. oneidensis AA cells were infected
with these mixed virion-containing supernatants at a MOI of 2. 24 hours after infection, the re-grown cells
were further analysed to determine whether they had received the variants by horizontal transfer. The test
shows that the cells infected with supernatants containing pDolos_K, pDolos_KV or pDolos_KVL virions
grow on kanamycin plates, which indicates a successful transduction of all pDolos variants (Figure 24 A).
Hence, also virions containing genomes larger than the Dolos genome are assembled (pDolos_KVL: 9,850
nt; Dolos: 8,146 nt). Furthermore, the cells were analysed microscopically to determine whether the Venus
expression system of the variants pDolos_KV and pDolos_KVL are functional. The result shows a

successful Venus fluorescence of cells infected with virion-containing supernatants harbouring pDolos_ KV

and pDolos_KVL (Figure 24 B).
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Figure 24: Horizontal gene transfer mediated by pDolos variants of different sizes. S. oneidensis AA cells were
infected with virion-containing supernatants prepared from Dolos infected cells harbouring plasmid pDolos_K,
pDolos_KV or pDolos_KVL. A. Successful horizontal transfer of all pDolos variants into S. oneidensis AA. 24 h after
infection with the prepared infectious supernatants, cells of an ODgoo 1 were spotted on LB or LB + Kanamycin
(Kan) plates. Colony growth was imaged after incubation for 24 h. B. Horizontal transmission of venus by pDolos
constructs. 24 h after infection with virion-containing supernatants, the Venus fluorescence of infected cells (ODgoo
0.4) was analysed by fluorescence microscopy. Scale bar = 5 um. The experiments were performed in biological
triplicates.

Next, transduction to other species was tested. For this purpose, the virion-containing supernatant holding
pDolos_K was used to infect the other identified hosts of the phage Dolos, . baltica isolate S4 and S44 (see

Supplementary Table 2). Following a 24-hour infection, the cells were spotted on agar plates with
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kanamycin to test for possible pDolos-dependent resistance to the antibiotic. The test shows a successful

horizontal transfer of pDolos_K into . baltica isolate S4 and S44 (Figure 25).

N

Figure 25: Successful horizontal transfer of pDolos into other Shewanella species.

§
o, R
x LC) Mid-exponential cells were infected with a MOI of 2 with a supernatant prepared from
= g - @ Dolos-infected cells containing the plasmid pDolos_K. 24 h after transduction with the
= prepared infectious supernatant, cells of an ODgoo 1 were spotted on 4M (Cont.) and 4M
% < é @ 0 Kanamycin (Kan) agar plates. Colony growth was pictured after 48 h of incubation. The
g 0 < e experiments were performed in biological triplicates. S4: S. baltica isolate S4, S44: §. baltica
I 4 isolate S44, MR-1: S. oneidensis AA.
o |E
g I 8 . '
n|c
278 [0}

In summary, the results of all these transduction experiments demonstrate that pDolos can transfer

additional genes into different host cells susceptible to Dolos infection.

Potential functions of pDolos proteins

To further characterise the satellite plasmid pDolos, the ORFs of the plasmid were analysed in more detail
to determine their function. For this purpose, the PDB structures of the 5 proteins were predicted by using
AlphaFold [131]. Subsequently, a Foldseek [132] analysis was performed to identify structurally similar
proteins. In addition, a protein BLAST [112] and an InterPro [118] analysis were conducted. The analysis
is shown in Table 2. ORF 1 of pDolos was predicted to encode a Rep protein. The Rep protein family is
known to be essential for plasmid replication [19]. The protein product of ORF 2 remained of unknown
function, while ORF 3 was predicted by Foldseek analysis to encode a potential transcriptional repressor.
The overlapping ORFs 4 and 5 were predicted by operon-mapper [133] to be part of an operon system.
Whereby ORF 4 was predicted by Foldsecek to encode a potential MazE-like antitoxin. ORF 5, on the other
hand, was predicted to encode a potential ssDNA-binding protein. Looking at these two ORFs, it is striking
that toxin-antitoxin (T'A) systems of the MazF-MazE family, which belong to the type II TA systems, have
similarly structured ORFs that are operons [134]. The promoter of these systems is followed by a
palindromic regulatory sequence, which is then followed by the antitoxin gene, which usually overlaps with
the toxin gene. The toxins of this TA system family are mRNA-binding proteins. Under normal growth
conditions, the toxin and the antitoxin form a stable protein complex that blocks the enzymatic activity of
the toxin [135]. Stress conditions mediate proteolytic cleavage of the antitoxin, resulting in free toxins,
which lead to cell growth arrest through sequence-specific cleavage of mRNAs [135-138]. Since some
ssDNA-binding proteins, such as gp32 of the phage T4, are known to bind mRNAs, it was hypothesised
that ORF 4 and 5 could encode for a potential type II TA system of the MazF-MazE family [139]. In
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addition, a prediction by AlphaFold [131] revealed that a protein complex formation of pDolos protein 4

and 5 is quite possible (Supplementary Figure 3).

Table 2: Protein analysis of the predicted pDolos ORFs using AlphaFold [131] (Benchling version
(2023.4.MB.1)), Foldseek (web search version) [132], Protein BLAST (standard web version) [112] and
InterPro (version: 96.0) [118]. The primary UniProt [140] access number of the Foldseek hits is shown in brackets.

TM: template modelling, aa: amino acids.

pDolos

Rep ORF 2

ORF 3 ori

ORF 4 ORF 5

ORF No. Protein structure (AlphaFold *)

aa

Foldseek
analysis

Protein
BLAST

InterPro

Assignment

359

47

81

130

109

RepA protein
[P36229]
TM score: 0.65

Protein of
unknown
function

Potential
transcriptional
repressor
[AOPLBS]
TM score: 0.78

Potential
antitoxin
(MazE family)
[POW]84]
TM score: 0.48

Potential
ssDNA
binding protein
[QIPKZ4]
TM score: 0.40

Rep
protein

Rep
domain

Rep protein

* model confidence: dark blue: very high (pLDDT > 90), blue: confident (< 90 pLDDT > 70), yellow: low (< 70

pLDDT > 50), orange: very low (pLDDT < 50)
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Satellite plasmid pDolos does not interfere with other Shewanella phages

As pDolos may contain a TA system, it was investigated whether ORF 4 and ORF 5 affect other Shewanella
phages. This investigation was driven by the fact that many studies suggest that TA systems play an
important role in anti-phage defence through inducing abortive infection, in which infected cells die in
order to protect the entire population from the invader [141-143]. In particular, it was shown that phage
P1 proliferates less in an E. co/i strain possessing the MazF-MazE TA system than in an E. ¢o/i strain lacking
the T'A system, indicating protection by the MazF-MazE-TA system against phages [142]. In addition, some
phage satellites have been shown not only to exploit their helper phages, but also to protect their helper

phages by using anti-phage defence systems, including TA modules [89, 144].

To test a possible pDolos-mediated anti-phage defence, the effect of pDolos on the S. oneidensis MR-1
prophages as well as its effect on two lytic Shewanella phages was investigated. The strains S. oneidensis
AllambdaSo and §. oneidensis AMuSo2 harbouring or not harbouring the plasmid pDolos_K were used to
test the influence of pDolos on the prophages. These strains each contain a single prophage, the prophage
LambdaSo or the prophage MuSo2. Prophages were induced either spontaneously by cultivating the strains
for 48 hours or by using the DNA-damaging agent mitomycin C (MMC). The generated phage lysates were
serially diluted and spotted on agar overlay plates containing S. oneidensis AA to determine any effects of
pDolos on prophage proliferation. The spot test shows no effect of pDolos on the proliferation of
LambdaSo or MuSo2 (Figure 26 A).

To test the effect of pDolos on the lytic phages Thanatos and Phonos, mid-exponential S. oneidensis AA
cells harbouring or not harbouring the plasmid pDolos_K were infected with the lytic myoviruses Thanatos
ot Phonos ata MOI of 0.1. 24 hours after infection, phage lysates were prepared, serially diluted and spotted
onto agar overlay plates containing S. oneidensis AA. This test also displays no effect of pDolos on the viral
propagation of Thanatos or Phonos (Figure 26 B). Consequently, no influence of pDolos on the

proliferation of the tested phages, which do not function as helper phages, could be demonstrated.
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Figure 26: pDolos has no effect on prophage reproduction and virulence of lytic Shewanella phages. Shown
are spot assays of serial diluted lysates A. Spot assay of lysates generated in S. oneidensis ALambdaSo or . oneidensis
AMuSo2, which were cultivated for 48 h (spontaneous prophage induction) or were treated during mid-exponential
growth with 100 pg/ml MMC for 2 h (MMC). B. Spot assay of lysates generated in . oneidensis AA cells infected with
lytic phage Thanatos or Phonos at a MOI of 0.1 during mid-exponential growth. Lysate preparation was conducted
24 h after infection. pDolos_K: strain for lysate generation contained pDolos_K. The experiment was conducted in
biological triplicates. The images ate representative.

pDolos protein 4 and 5 are important for plasmid stabilsty

Since pDolos does not appear to affect the proliferation of other phages, it was investigated whether ORF
4 and 5, which could encode a potential type II TA system, have an effect on plasmid stability, as many
studies suggest that TA systems affect plasmid stability within a host [145—147]. To test this hypothesis, §.
oneidensis AA cells containing pDolos lacking ORF 4 and ORF 5 (pDolos_ AORF4-5) were cultured for
three consecutive growth and re-growth cycles without kanamycin pressure. Finally, mid-exponential cells
were diluted and plated on LB agar plates with and without kanamycin to determine the percentage of cells
still containing pDolos. The experiment displays a mean stability of pDolos_ AORF4-5 of 39% (Figure 27
A). Compared to the stability of pDolos_K (mean: 92%) which harbours ORF 4 and ORF 5, a reduction
in plasmid stability is recognisable (see Figure 21 A).

In addition, the growth of cells expressing pDolos protein 5 was analysed. If the predicted ssDNA-binding
protein is indeed a toxin, the growth of cells that exclusively express pDolos protein 5 should be arrested.
For this purpose, the pBAD33 vector was used and expression of pDolos protein 5 was induced by
arabinose during mid-exponential growth of S. oneidensis AA cells. The ODeoo of the cells was measured
serially for more than 15 hours, which showed no effect of pDolos protein 5 on the growth of S. oneidensis

AA (Figure 27 B). The successful detection of pDolos protein 5 expression by Western Blot analysis is
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shown in the appendix (Supplementary Figure 4). This result suggests that despite the influence of protein

4 and 5 on plasmid stability, protein 5 does not function as a classical toxin of a TA system in . oneidensis

MR-1.
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Figure 27: ORF 4 and ORF 5 of pDolos are important for long-
term plasmid stability, but do not appear to function as a TA
system. A. Percentage of kanamycin-resistant S. oneidensis AA cells
containing pDolos_ AORF4-5 after three days of cultivation without
kanamycin pressure. B. Growth curve of cells containing pBAD
expression vectors. Arrow indicates time-point of gene induction via
0.2 % arabinose. Experiment was conducted in biological triplicates.
The shaded bands representing the standard deviation of the mean
values. EVC: empty vector control.
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2.2 Analysis of Shewanella phage Thanatos ADP-ribosyltransferases Altl and
Alt2

Another aim of this study was to analyse the takeover of host cells by the lytic Shewanella phage Thanatos.
In the centre of this study were the two host acquisition factors TH1_028 and TH1_029. Both Thanatos
proteins, TH1_028 (Altl) and TH1_029 (Alt2), are ADP-ribosyltransferases (ARTSs) and are homologous
to the Escherichia phage T4 protein Alt. In phage T4 three different ARTSs are known: Alt, ModA and ModB.
All these enzymes ADP-ribosylate host proteins and thereby likely regulate the viral reproductive cycle by
reprogramming the host [148]. The phage T4 Alt is part of the phage particle and is injected directly into
the host to ADP-ribosylate host proteins such as the RNA polymerase, which then most likely preferentially
transcribes early T4 genes [149]. ModA and ModB are part of these early phage genes and in turn modify
various host proteins [150, 151]. Since only 2 ARTSs are present in phage Thanatos and both appear to be
Alt homologues, their function during infection of S. onezdensis MR-1 with phage Thanatos was investigated

in more detail.

2.2.1  The Thanatos virion proteins Altl and Alt2 are injected into cells as active

proteins

At first, it was investigated whether Thanatos Altl and Alt2 are part of the Thanatos phage particles, as in
the case of the T4 phage Alt protein. For this purpose, a Thanatos phage lysate was purified using a sucrose
gradient. This method was carried out in collaboration with the Hofer group of the MPI Marburg (Nadiia
Pozhydaieva and Dr. Katharina Héfer). Following, a Liquid Chromatography (LC)- Mass Spectrometry
(MS) analysis was performed on the purified phage particles to identify the Thanatos virion proteins. This
LC-MS analysis was gratefully conducted in collaboration with the Glatter group of the MPI Marburg. The
result of the LC-MS analysis shows that 72 proteins are part of a Thanatos particle including both Thanatos
ARTs Altl and Alt2 (Table 3 and Supplementary Table 3 (lists all 72 protein hits)). Here the protein
TH1_029 (Alt2) stood out by being the second most abundant protein of Thanatos particles, with only the

major capsid protein (TH1_010) being more abundant.
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Table 3: Thanatos phage particle proteomics. Listed are the 15 most abundant phage protein hits of a LC-MS
proteomics analysis of sucrose gradient purified Thanatos phage particles. TH1_028 (Altl) and TH1_029 (Alt2) are
highlighted in bold. LFQ: label free quantification.

Number Protein ID Protein name LFQ
1 TH1_010 Major capsid protein 1561
2 TH1_029 (Alt2) RNA polymerase-ADP-ribosyltransferase 413
3 TH1_003 Tail sheath protein 318
4 TH1_011 Capsid vertex protein 258
5 TH1_058 Lipoprotein 167
6 TH1_204 Straight tail fiber protein 128
7 TH1_032 Tail fiber protein 121
8 TH1_005 Portal protein 107
9 TH1_028 (Altl) RNA polymerase-ADP-ribosyltransferase 103
10 TH1_205 Neck whiskers protein 95
11 TH1_004 Tail tube protein 90
12 TH1_170 Tail fibers protein 74
13 TH1_198 Baseplate wedge initiator 57
14 TH1_202 Baseplate wedge protein gp10 54
15 TH1_201 Baseplate wedge tail fiber connector 49

Next, it was investigated if the ARTs Altl and Alt2 are injected into the host and whether they ADP-
ribosylate host proteins. For this purpose, cells were harvested at various time points after infection with
Thanatos. The collected samples were analysed by Western Blot using an anti-pan-ADP-ribose reagent to
detect ADP-ribosylation of proteins. The analysis shows detection of ADP-ribosylated proteins as early as
5 minutes after infection. The amount of ADP-ribosylated proteins increases during the infection
progresses (Figure 28). This result indicates that these proteins must be injected parallel or even prior to
the injection of the phage DNA in order to directly manipulate the host proteins, as Thanatos requires

about 2 minutes to adsorb to the host [72].

o 6 XL SES ‘\f\,o [min] Figure 28: Thanatos-mediated ADP-ribosylation of host
[kDa] proteins starts immediately upon phage infection. Shown
1004 e — -y is a Western Blot analysis using an anti-pan-ADP-ribose
75+ . u binding reagent to analyse phage-mediated ADP-ribosylation
63+ e G TR S e & of proteins. Mid-exponential S. oneidensis AA cells were infected
a8l » o with phage Thanatos at a MOI of 0.1. Cell samples for Western
Blot analysis were taken at different time-points after phage
35 infection. Upper panel: detection of ADP-ribosylated proteins,
lower panel: Coomassie stain of total proteins. The experiment
was conducted in biological triplicates. The image is

representative.
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2.2.2  Different Altl and Alt2 host protein interaction profiles

The Altl- and Alt2-dependent protein modification profiles were then analysed. For this purpose, the
pBAD33 expression vector system was used to analyse the Altl- and Alt2-dependent modification of host
proteins without phage infection. Gene expression of the pBAD33 vectors was induced by adding arabinose
to mid-exponential S. oneidensis AA cells containing different expression plasmids. 1.5 hours after induction,
cells were harvested and analysed by Western Blot using the anti-pan-ADP-ribose reagent to detect ADP-
ribosylation of proteins. The Western Blot analysis indicates that Alt2 has a more diverse and stronger
ADP-ribosylation profile of the host proteins compared to Altl (Figure 29 A). In addition, this Western
Blot analysis displays that specific amino acid substitutions in Altl (Alt1E5214) and Ale2 (Alt2F5#14) disrupt
the enzymatic activity of the ARTs.

Following, His-tagged Altl and Alt2 proteins were purified by affinity chromatography and following size
exclusion chromatography to analyse a possible autocatalytic activity of Altl and Alt2, which has been
described for the T4 phage ART ModB [152]. Protein purification record charts are shown in the
Supplementary Figure 5 and 6. Western Blot analysis of the purified proteins using an anti-His antibody
shows His-tagged proteins at about 63 kDa in the case of Altl (Altl: 68 kDa) and His-tagged proteins at
about 75 kDa in the case of Alt2 (Alt2: 73 kDa), indicating successful purification of Altl and Alt2. The
use of the anti-pan-ADP-ribose reagent to detect ADP-ribosylation shows that the signals correspond to

the protein sizes of Altl and Alt2, suggesting autocatalytic activity of both proteins (Figure 29 B).
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Figure 29: Autocatalytic activity and differential ADP-ribosylation profiles of Thanatos ADP-
ribosyltransferases Altl and Alt2. Shown are Western Blot analysis using the anti-pan-ribose binding reagent to
examine ADP-ribosylation of proteins. A. ADP-ribosylation profile analysis of S. onmeidensis AA cells harbouring
different pPBAD33 overexpression plasmids. 1.5 h after arabinose induction of genes, samples for Western Blot
analysis were taken. EVC: Empty Vector Control. B. Autocatalytic-activity Western Blot analysis of purified His-
tagged Altl and Alt2 proteins using a chromatography system for protein purification. Upper panel: detection of His-
tagged proteins using an anti-His antibody, middle panel: detection of ADP-ribosylated proteins, lower panel:
Coomassie stain of total proteins. The experiments were conducted in biological triplicates.
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After clarifying that the Thanatos ARTs Altl and Alt2 exhibit autocatalytic activities and have a distinct
host interaction profile, the host proteins with which they interact were investigated. For this purpose, N-
terminal V5-labelled Altl or Alt2 proteins were expressed in S. oneidensis MR-1 and the cells were
subsequently distupted to isolate the cytoplasmic proteins (Supplementary Figure 7). Co-
immunoprecipitation (IP) was then performed with these samples and the precipitated proteins were
subsequently analysed by LC-MS. The mentioned co-IP was performed in collaboration with Prof. Dr.
Lienhard Schmitz (JLU Giessen) and the subsequent LC-MS analysis was kindly performed by Aleksandra
Bogucka (Lochnit group, JLU Giessen).

The MS analysis reveals significant interactions of six S. oneidensis MR-1 proteins with Altl and eight S.
oneidensis MR-1 proteins with Alt2 (Table 4). In both cases, a toxin of a TA system potentially interacts with
a Thanatos ART. In addition to toxins, which in some cases have a function in anti-phage defence [89],
other proteins known to play a role in anti-phage defence, such as a dGTPase (deoxyguanosinetriphosphate
triphosphohydrolase) [153], have also been identified as potentially interacting proteins. Interestingly, the
ART Alt2 also appears to interact with several metabolic proteins such as CfaS (cyclopropane-fatty acyl-

phospholipid synthase CfaS).
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Table 4: Shewanella oneidensis MR-1 proteins that interact with phage Thanatos ARTs Altl or Alt2. Listed
are Shewanella oneidensis MR-1 protein hits resulting from an LC-MS analysis of a co-IP. The bait proteins used in the
co-IP were the Thanatos proteins Altl and Alt2. Experiment was conducted in biological triplicates. Interacting
proteins are sorted in descending order of results p-value significance (limma t-test).

Protein ID Protein name p-value
All
SO_4641 Toxin-antitoxin system toxin RelE family 0.002
SO_3081 UPF0115 protein YfcN 0.009
SO_2485 Deoxyguanosinetriphosphate triphosphohydrolase-like protein 0.012
Bifunctional diguanylate cyclase / phosphodiesterase with PAS 0.035
SO_0427 .
sensory domain
. . . 0.035
SO_3676 DUF2956 domain-containern protein
SO_0768 NAD dependent epimerase/dehydratase family protein 0.043
Ale2
SO_0138 MoeA (Molybdopterin molybdenumtransferase) 0.004
SO_2180 Periplasmic metalloprotease M23B family 0.006
SO._3519 GInB (Regulatory protein for nitrogen assimilation by glutamine 0.009
synthetase GInB)
SO_3379 CfaS (Cyclopropane-fatty-acyl-phospholipid synthase CfaS) 0.015
SO_0301 Rsml (Ribosomal RNA small subunit methyltransferase I) 0.023
SO_2722 4-hydroxybenzoyl-CoA thioesterase family protein 0.033
SO_0063 Toxin-antitoxin system toxin HipA family 0.036
SO_3024 TrpA (Tryptophan synthase alpha chain) 0.040

2.2.3  Activity of Alt2 positively influences Thanatos propagation

To further analyse the Thanatos ARTs Altl and Alt2, Thanatos mutants showing loss of activity were
generated. Since modification of lytic phages is very difficult due to the lack of selection markers [154], a
method described by Shitrit e a/. 2022 [155] was used where the activity-disrupting substitutions were
provided along with a small Tag (~70 bp) for homologous recombination. For the subsequent screening
for phage mutants, phage enrichment steps were first carried out, followed by a large-scale PCR screening
using the inserted Tag as a primer binding site. Finally, the Thanatos mutants Alt1E521A Alt2F541A and a

double mutant with amino acid changes in both ARTs (Alt1E521A) Alt2E5414) were generated.

These three mutants were used to perform an infection assay in which mid-exponential §. onmeidensis AA cells

were infected with a Thanatos variant at a MOI of 0.1. Protein samples were taken 30 minutes after infection
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and analysed by Western Blot using the anti-pan-ADP-ribose reagent. The analysis again shows a stronger
ADP-ribosylation profile of Alt2 compared to Altl, as functional loss of Alt2 prevents Thanatos Alt2-
dependent ADP-ribosylation (Figure 30 A, see Figure 29 A). In addition, a complete loss of ADP-

ribosylation is seen when both enzymes are inactivated.

To analyse potential phenotypes caused by Altl and Alt2, a growth curve of infected cells and a Thanatos
reproduction assay were performed. For both assays, mid-exponential S. oneidensis AA cells were infected
with different Thanatos variants at a MOI of 0.1.

The ODgno and thus the bacterial growth was serially monitored for about 20 hours after infection. The
generated growth curves showed that cellular growth stagnated around 2 hours after Thanatos infection,
after which the optical density decreased continuously due to cell lysis (Figure 30 B). Looking at the first
killing curve, the lysis behaviour of the Thanatos mutants compared to the Thanatos wt does not differ.
However, it should be noted that a second Thanatos-dependent lysis of Thanatos wt phages is observed
approximately 15 hours after infection, suggesting that Alt]l and Alt2 may be important for the evolutionary
adaptation of Thanatos to the host or the prevention of the evolutionaty adaptation of the host to Thanatos.
In addition, a phage reproduction assay was performed in which the supernatants were collected 2, 4 and
24 hours after infection. The phage concentration of these samples was then determined. The result shows
a significant decrease in the Thanatos Alt2F5#14 and Thanatos double mutant phage concentration after 4
hours of infection compared to the Thanatos wt phage concentration (Figure 30 C). Furthermore, this
difference compared to Thanatos wt is still present after 24 hours of infection. Interestingly, the extracellular
concentration of the Thanatos Alt2F51A and the Thanatos double mutant phage particles is approximately
10 times lower after 4 hours of infection compared to 2 hours of infection. This observation led to the
hypothesis of particle degradation, as the growth curve (see Figure 30 B) indicates that there is no
difference in host cell number during infection with the different Thanatos variants and thus no variation
in the amount of potential adsorption surfaces.

Furthermore, a plaque assay was performed with the different Thanatos mutants to analyse the morphology
of the plaques. The test shows larger plaques of the Thanatos Alt2F5414 mutant and the Thanatos double
mutant compared to the Thanatos wt (Figure 30 D). This phenomenon is directly related to Alt2F5414, as

the double mutant was generated based on Thanatos Alt1F>21A meaning that Alt2E>1A was newly inserted.
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Figure 30: Alt-dependent ADP-ribosylation of host proteins is important for total phage reproduction and a
stable long-time infection. A. Western Blot analysis of ADP-ribosylation profiles of Thanatos mutants. Mid-
exponential S. oneidensis AA cells were infected with Thanatos phages at a MOI of 0.1. A. Samples for Western Blot
analysis were collected 30 min after infection. Upper panel: detection of ADP-ribosylated proteins, lower panel:
Coomassie stain of total proteins. B. Growth of S. oneidensis AA cells infected during mid-exponential growth-phase
with different Thanatos phage variants (MOI 0.1). ODgoo of cell cultures was measured subsequently for 22 h.
Infection time-point is indicated by a phage symbol. Shown in light grey letters are the time-point of growth stagnation
(~2 h after infection) and the time-point of phage-dependent extensive lysis (~4 h after infection). Experiment was
conducted in biological triplicates. The shaded bands representing the standard deviation of the mean values. C. Phage
reproduction assay showing the amount of phage particles in the cell culture medium during different time points of
an infection cycle. Mid-exponential S. oneidensis AA cells were infected with Thanatos phage variants at an MOI of 0.1.
Samples were taken 2 h, 4 h and 24 h after infection and the PFU per ml was determined by plaque assay. *: p < 0.05
(t-test) D. Plaque assay showing plaque morphology of Thanatos variants. Scale bar = 5 mm. Control: no infection,
Double mutant: Alt1E521A AJt2E51A, All experiments were conducted in biological triplicates.
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3. Discussion

3.1 Analysis of the Shewanella phage Dolos and the plasmid pDolos

3.11  Characterization of Shewanella phage Dolos

Inoviruses are filamentous phages that cause chronic infections and maintain a stable state within the host
while continuously producing and releasing virions [51]. The infection of cells with inoviruses is difficult to
detect using conventional plating methods due to the lack of lysis [116, 117]. Viral plaques are caused only
by a slight growth delay of the infected cells, which produce large amounts of viral structural proteins.
Plaques originating from these viruses are usually turbid, and some inoviruses do not form plaques at all.
The difficulties in detecting inovirus infections have probably led to a drastic underestimation of the
frequency of inoviruses in nature [51]. This assumption is supported by the fact that metagenomic analyses
have shown that cryptic inoviruses are widespread in microbial genomes and can be detected in a variety
of different biomes on FEarth, indicating a major importance for global ecosystems [9]. However,
considering the currently described phages, inoviruses have been described very rarely, with the majority of

all bacteriophages (>95%) being tailed phages [48].

In this study, a new member of the viral family Inoviridae which infects selected Shewanella species was
isolated and characterised. When analysing the genome of the newly described Shewanella phage Dolos, it is
apparent that of the 11 known inoviral core genes [69, 150], the genes gIV, ¢gX and gXI could not be
identified. Gene glV encodes the protein pIV, which is involved in pore formation and thus important for
the extrusion process of virions. The absence of a pIV homologue is observed in a number of filamentous
phages that infect Gram-negative bacteria [69]. The CTXy phage that infects . cholerae also lacks pIV and
instead utilises the host's type II secretion system for pore formation [157]. It is therefore likely that phage
Dolos also utilises host proteins to fully form the secretory pore. The viral gene gX, which is also missing
in the predicted genome annotation, codes for a replication-associated protein and is an in-frame
translational product that results from an internal start codon within gII [158]. The situation is similar with
¢XI, which codes for a protein important for virion assembly and export. gXI is an in-frame translational
product within gl [69, 158, 159]. Because members of the family Inoviridae mutate rapidly, it is difficult to
predict the exact position of gX within glI and gXI within gl. Normally, the assignment of the inoviral core
genes is done by analysing the arrangement of the ORFs, the length of the ORFs and the protein domains
found within the viral protein products [69]. In order to determine the translational start sites of gX and
¢XI, experiments such as an analysis of the entire viral proteome or pull-down assays should be performed.
In the latter, the C-terminus of pI and plI should be tagged, followed by an MS analysis.

In addition, the ORFs 8 to 11 of Dolos are not essential for inoviruses. ORFs 8, 10 and 11 have unknown
functions, while ORF 9 shares homologies with MazE-like antitoxins. In general, the presence of further
ORF's which are not related to the inovirus core functions are common among this virus family. Inoviruses

exhibit a high horizontal exchange of DNA, which among other things leads to the spread of virulence
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factors and anti-phage defence systems like TA systems [9, 69, 117]. The putative antitoxin encoded by
ORF 9 could be a possible remnant of a functional TA module, as ORF 9 is not part of a functional TA
operon system. Moreover, the high horizontal DNA exchange of inoviruses leads to a high mutation
frequency, resulting in low sequence homology within this family [69].

In an experiment, this high genetic variability could be demonstrated by the insertion of a chloramphenicol
resistance cassette into different intergenic regions of Dolos (Dolos_Cm constructs). However, after
electroporation into the host cells, the resistant cells were unable to produce infectious virions, which were
expected to be larger than the native virions due to the increased genome size [160, 161]. By stopping the
chloramphenicol exposure for one day, infectious virions were produced again. Genome analysis revealed
that the chloramphenicol resistance gene as well as gene 11 and the promoter of gII had been removed
within this day of cultivation, resulting in a functional virion-producing phage that utilised the promoter of
the chloramphenicol resistance cassette for the transcription of gll. This drastic and rapid reversal of the
cloning procedure has already been described for phage M13 [162]. However, this does not explain the
complete lack of virion production of the Dolos_Cm constructs (~ 9,200 nt) under chloramphenicol
pressure, since experiments with Dolos together with plasmid pDolos_ KVL (~ 9,850 nt) result in
pDolos_KVL particles that are larger than the native Dolos particles. A possible sensitivity of Dolos vitions
to the antibiotic chloramphenicol should therefore be tested, as it has been shown that some
aminoglycosides have antiviral properties on phages of different viral orders. However, an antiviral effect
of aminoglycosides against inovirus M13 or fd was not observed in this study [163]. There is also no
evidence that the antibiotic chloramphenicol, an amphenicol, inhibits virion production of inoviruses. An
fd-derived phage display system using a chloramphenicol resistance cassette for selection shows that fd-
derived functional virions are produced in the presence of chloramphenicol [164]. How this observed viral
phenotype came about and whether and how the Dolos phage can be genetically modified without

impairing genetic stability must therefore be investigated in more detail.

When analysing the basic viral properties of the phage Dolos, the major pilin subunit MshA of the MSHA
pilus was determined to be the adsorption receptor. According to current literature, all presently described
inoviruses use a pilus as an adsorption receptor [45]. The Ff filamentous coliphages (M 13, fd and f1), which
are almost identical viruses as indicated by a genetic similarity of about 98%, but were discovered
independently [73], are the best studied models and attach to the tip of the F-pilus of E. ¢/ [73, 165]. Like
Dolos, the 1. cholerae phage VGJyp uses the MSHA pilus as adsorption receptor [166], but an infection of
the VG]Jy sensitive 1. cholerae El Tor N16961 strain with Dolos was not possible. However, the MshA
amino acid identities between S. onmeidensis MR-1 and 1. cholerae E1 Tor N16961 are only about 68%. In
addition, no analysis of the exact adsorption receptor used by VGJy¢ was carried out, so it is not known
whether VGJy binds a minor pilin and thus attaches to the pilus tip like the Ff coliphages, or binds to the
major pilin subunit MshA like the Shewanella phage Dolos.

The influence of the pilus activity on the transduction efficiency and infectivity of inoviruses has already

been analysed by Floyd ez a/. 2020 using the VGJy phage [104]. In this work, amino acid substitutions in
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the pilus extension ATPase MshE (MshEMOA/LSMA/LISAY of 17 cholerae led to a constitutively active and thus
extended state of the MSHA pilus by preventing c-di-GMP binding. The quantity of surface-exposed MshA
of the strain MshEL0A/L34A/LS8A and the wt were similar, but the individual pili seemed to be longer in the
MshELO0A/LS4A/LSSA strain [104]. This phenotype was not observed in 8. omeidensis MR-1, in which
substitutions in MshE (MshELA/LS3A/LS7A) resulted in a significant reduction of surface exposed MshA. In
addition, the study showed that VGJy transduction is increased in the MshEL10A/LS4A/LS8A strain compared
to the wt, indicating a hyperretractile state of the MSHA pilus in . cholerae [104]. In contrast, the adsorption
of inovirus Dolos to the S. oneidensis MR-1 MshELA/L3A/L57A strain s significantly reduced compared to the
adsorption to the control strain. The intracellular c-di-GMP concentrations and the importance of the
second messenger c-di-GMP for pilus activity, as well as the interaction of the protein components of the
highly complex protein machinery "MSHA-Pilus", therefore most likely differ between 1. cholerae and S.
oneidensis MR-1.

Remarkably, changes in S. oneidensis MR-1 pilus activity do not seem to have a major impact on the fitness
of phage Dolos. Thus, the adsorption time and the time from phage adsorption to injection of viral DNA
do not appear to be crucial for viral fitness, as the viral output after 24 hours of Dolos infection is balanced
in both the MshEWA/L33A/L57A and the control strain. This effect could be due to the chronic infection caused
by inoviruses. Once a cell is infected with a non-integrative inovirus, the cell constantly produces viral
progenies. A slight increase in the time required for the injection of the inoviral DNA does not appear to
have a significant effect on the quantity of progeny in long-term infections.

Compared to viruses which utilise the lIytic life cycle, the general adsorption time of Dolos and other
inoviruses to their hosts is very long and difficult to measure due to the long time period and constant
growth of the host cells [167]. The Iytic Shewanella phage Thanatos, for example, requires less than 3 minutes
for 50% of the phages to adsorb to S. oneidensis MR-1 [72], while Dolos requires 60 minutes. As lytic phages
lyse their host at the end of their life cycle, the predatory pressure on bacterial hosts is very high, leading to
constant adaptation and predator-prey competition [168]. Competition between different phages within a
host also increases the selection pressure on phages, so rapid infection and the quick production and release
of numerous viral progeny are likely to increase the persistence of a lytic phage [168, 169]. A chronic
lifestyle, as practised by inoviruses, is unlikely to lead to such a high predatory pressure on bacteria as is the
case with lytic phages. Of course, like all MGEs, inoviruses also have to compete with other MGEs within
a host, but the reproduction cycle does not depend on killing the host, which thus should reduce the viral
pressure on the host. The comparatively long adsorption time of inoviruses could possibly even be a fitness
advantage, as potential hosts that are already infected with a lytic phage are doomed to die; a massive and
rapid adsorption of inovirus virions to such a host would be pointless and would only lead to a permanent
blockade of the phage attachment proteins and thus render the attached virions useless for reproduction.
Additionally, the diffusion-based spread of inovirus virions could be longer on average than that of most
Iytic phages. This is because the probability of adsorption to a relatively rare adsorption receptor is lower,

which increases the likelihood of reaching an uninfected host. Inovirus virions therefore on average possibly
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have to persist extracellularly longer than most lytic virions. This hypothesis could be supported by the fact
that inovirus virions are usually extreme pH and thermostable [117, 170]. A pronounced pH stability from
pH 4 to pH 12 has also been demonstrated for the newly described inovirus Dolos.

Since too fast adsorption and too fast DNA injection could be a disadvantage for the inoviral fitness, the
use of the MSHA pilus as adsorption receptor seems to be highly advantageous. Pili are not as abundant as
the adsorption receptors often used by lytic phages, such as LPS structures and outer membrane proteins
(OMPs) [171]. In addition, the MSHA pilus must be retracted to allow the virus to reach the secondary
receptor in the inner membrane. Apparently, rapid infection does not seem to be crucial for the successful
persistence and spread of inoviruses such as Dolos, as it is the case with lytic phages, but rather the right
timing, as the host's MSHA pilus activity depends on factors such as the host's ¢-di-GMP level, which
influences the host's growth phase and lifestyle. [96, 104, 172, 173].

The present study investigated the Dolos-dependent influence on planktonic cells and biofilms of S.
onetdensis MR-1. As described for inoviruses, a slight phage-dependent growth delay of planktonic cells can
also be observed when cells are infected with Dolos, which is probably caused by the massive production
of viral structural proteins. In addition, Dolos-infected planktonic cells presumably exhibit increased
capsule production. Bacterial capsule production is an efficient mechanism for covering surface structures
and blocking the attachment step of phages [174-176]. Thus, a phage-dependent increase in capsule
production could be a virus-mediated anti-phage system that likely protects both the host S.oneidensis MR-
1 and the phage Dolos from infection with other phages. To clarify this possible connection, a capsule
staining of the bacteria should be performed to confirm the phenotype observed by negative staining of
infected cells with subsequent EM analysis, as negative staining on a grid is very irregular. In addition, a
phage adsorption test with other Shewanella phages (e.g. Thanatos) should be performed by using cells long-

term infected with Dolos as host to elucidate differences in adsorption time.

The analysis of the sessile lifestyle of infected cells shows that Dolos has a negative effect on biofilm
formation, whereas most studies have shown a positive effect of inoviruses on biofilm formation [177,
178]. Pseudomonas Pt prophages are the best-known models used to investigate the influence of inoviruses
on biofilms. These phages, for example, positively influence biofilm formation and the stability of mature
biofilms through the accumulation of virions, which act as an important structural component of the
extracellular matrix [177]. The Pseadomonas prophage Pt4 was also found to enhance the release of eDNA,
leading to an increase of the overall biofilm biomass [64, 128]. In addition, it has been shown that the
integrative [7brio phage CTX¢ has a positive effect on the transcription of genes involved in biofilm
formation [178].

The presented study on the influence of phage Dolos on . oneidensis MR-1 biofilm formation is of great
importance as data on the influence of non-integrative inoviruses on biofilm formation is currently
underrepresented. It was shown that the biofilm formation of long-term Dolos-infected cells was reduced

compared to the uninfected control. This result was observed for both static and flow chamber grown
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biofilms. In addition, it appears that the amount of dead cells within a biofilm is reduced when cells are
infected with Dolos. Thus, Dolos strongly influences the sessile lifestyle of its host.

Another study also showed an extreme effect of a filamentous phage on the lifestyle of its host. The inovirus
pRSS1 increases the type 1V pilus pilin production of its host Ralstonia solanacearnm and thus influences the
hosts twitching ability, which is important for bacterial movement over solid surfaces [179]. Therefore, it is
necessary to investigate whether Dolos affects crucial factors of biofilm formation, such as MSHA pilus
activity or matrix production. To investigate how Dolos affects its host S. onmeidensis MR-1 in detail, especially

in relation to biofilm formation, a first approach could be to analyse the transcriptome of infected cells.

3.1.2  Characterization of satellite plasmid pDolos

In this study, a second MGE was co-isolated with the phage Dolos, which based on the data obtained was
named "satellite plasmid pDolos". In the following, this newly described MGE is viewed both in the
plasmid and phage satellite context in order to classify the reproduction strategy and the parasitic behaviour

of this genetic element.

Analysis of pDolos in a plasmid context

In this study, an extrachromosomal, circular, ssDNA-based genetic element with a length of 2,926 nt was
co-isolated together with the phage Dolos from a freshwater sediment sample. The newly described MGE
was identified as a plasmid consisting of 5 ORFs, one of which was predicted to encode a Rep protein. Rep
proteins are HUH endonucleases that contain a HUH motif consisting of a histidine followed by an
undefined hydrophobic amino acid and a second histidine [30]. HUH endonucleases are ubiquitous proteins
involved in replication, conjugation and recombination [30, 38]. The conserved HUH motif is crucial for
the binding of divalent cations that are involved in the catalytic activity of these endonucleases [30, 180,
181]. These proteins can be categorised into two replicative (Rep) protein families and six mobility (Mob)
protein families with the categorization depending on the motifs present, the order of the motifs as well as
the amount and order of the catalytic tyrosine residues [39]. Based on an AlphaFold [131] structure
prediction with subsequent Foldseek [132] analysis, it was shown that the Rep protein of pDolos is very
similar to RepA from the plasmid pBAA1 of Bacillus sp., which is likely to be replicated via rolling-circle
replication (RCR) [182]. RepA is a member of the Rep_1 family, whose main function is the replication and
not the mobilisation of plasmids [39]. Looking at the 17 RCR plasmid families described so far, pDolos
could be assigned to the well-described pC194 family [38, 40]. This plasmid family characteristically has a
RepA protein and a leading-strand nick site with the sequence 5'-cttgata-3' upstream of the Rep protein [38,
40, 183]. The isolation of pDolos as an ssDNA plasmid and the exclusive occurrence of circular ssDNA as

an intermediate of the RCR of plasmids support the assumption that pDolos could be an RCR plasmid
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[19]. Furthermore, unlike plasmids that carry out strand-displacement replication, RCR plasmids require
only a single Rep protein [19, 36]. Therefore, it is very likely that pDolos belongs to the pC194 family of
RCR plasmids.

Since pDolos appears to be an RCR plasmid the question arises regarding the exact replication differences
between these types of plasmids and inoviruses, since non-integrative inoviruses persist in a host as RCR
plasmids [69, 184]. Even though the mechanisms of inoviral replication are very similar to the replication
of pC194-like plasmids, there are significant differences. The most important point to note is that the
replication protein (pll) of inoviruses lacks a HUH motif, which is a conserved motif of RepA proteins
[38]. Nevertheless, the nicking of the DNA also depends on divalent cations that interact with plI via a so
far unknown mechanism [184]. Since a HUH motif is conserved in the pC194 plasmid family and the
absence of such a motif is a feature of inoviral pll proteins, it is unlikely that pDolos originates from an
inovirus that has lost all phage structural genes and adapted to other inoviruses. It seems more likely that
pDolos is a RCR plasmid that adapted to inoviruses by mimicking the viral packaging signal, an
approximately 80 nt long ssDNA hairpin [156, 185]. By mimicking the packaging signal, the DNA of
pDolos can be transported to the inner membrane and interact with the pVII/pIX complex, which initiates
virion assembly [156, 185].

There are also differences between pll and Rep proteins in the mechanism of RCR. The Rep-mediated
plasmid RCR terminates after each completed cycle, whereas the pll tetramers for inoviral replication are
recycled two to three times before the pIl complex dissociates from the (-)-strand. This leads to the
production of two to three sSDNA copies per replication cycle, which can then be packaged [184]. Members
of the Microviridae family, which are also circular ssDNA viruses but undergo the lytic life cycle, recycle the
(-)-strand up to 20 times, resulting in a large number of ssDNA progeny before the replication complex
dissociates from the (-)-strand [184]. This comparison of the replication complexes used for RCR leads to
the conclusion that the ratio of the infectious form ((+)-ssDNA) to the replicative form (dsDNA) differs
drastically depending on the replication strategy. Microviruses that carry out lytic infection need to produce
many progeny in a short time, whereas inoviruses that carry out chronic infection do not depend on a high
release of progeny in a brief time. However, plasmids usually do not depend at all on the production of
ssDNA for packaging and release of virions. The (+)-ssDNA of RCR plasmids is typically an intermediate
of RCR, followed by (-)-strand synthesis, resulting in a circular dsSDNA plasmid [38]. Thus, the circular
ssDNA intermediate of RCR plasmids should be less abundant compared to the circular ssDNA genome
of inoviruses. The ratio of (+)-stranded ssDNA to dsDNA of the plasmid pDolos should therefore be
analysed and compared with the ssDNA to dsDNA ratio of the phage Dolos. For this purpose, it is
recommended to use cells infected with pDolos_K and to isolate the plasmids from these cells. By following
enzymatic cutting of the plasmid dsDNA, the exact ratio of ssDNA plasmid to dsDNA plasmid can be
determined after electroporation and selection on kanamycin plates. This experiment could demonstrate a

possible replicative adaptation of the satellite plasmid pDolos to the helper phage Dolos.
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Looking at the coding genes of RCR plasmids, it is noticeable that antibiotic resistance genes are frequently
present [38]. Such genes are often discovered on MGEs such as plasmids on which they are thought to
ensure genetic stability [29, 186]. The reason for this is that, under normal conditions, the presence of a
plasmid reduces the fitness of bacteria by slowing down the proliferation of the host cell, which suffers
from the plasmid-dependent consumption of cellular resources. Plasmids are therefore just cellular
invaders, genetic parasites, that consume cellular resources for their selfish propagation [187, 188].
Consequently, plasmids often carry genes that provide the host with a fitness advantage under certain
conditions, such as antibiotic resistance genes [189].

Harbouring TA modules is also a mechanism for ensuring genetic stability, hence these modules are very
commonly found on plasmids and other MGEs [190]. Removal of a plasmid harbouring a TA system
usually leads to post-segregational killing of the host cell, as toxins are more stable than antitoxins [191].
Without constitutive production of the antitoxin, the toxin will become free after a certain period of time
and will therefore no longer be bound in a TA complex. This then allows the toxin to exert its toxic function
within the cell [192, 193]. The assumption that ORF 4 and ORF 5 could encode a TA system is based on
the fact that no other ORFs are considered for the genetic stability of the plasmid pDolos. This is supported
by the fact that, with the exception of ORF 4, the ORFs of pDolos appear to encode nucleic acid-binding
proteins, which could therefore have regulatory functions at the DNA or RNA level, whereas known
systems for ensuring plasmid stability, such as antibiotic resistance systems, all function at the protein level
[194]. Moreover, the pDolos ORFs 4 and 5 are part of an operon system that is structurally similar to
known type II TA modules [193, 195]. Additionally, it is likely that the pDolos protein 4 and 5 form a
complex, however, no evidence of pDolos protein 5 having a toxic function has been demonstrated.
Remarkably, the operon described appears to contribute to the long-term stability of the plasmid, despite
lacking any toxic function. It could therefore be possible that this operon has a regulatory function on the
host or pDolos itself.

The functional characterisation of the different pDolos proteins, including protein 4 and 5, should be the
main goal to understand the life cycle and the interaction of pDolos with the phage Dolos and its host S.
oneidensis MR-1, as most of the pDolos protein products seem to interact with nucleic acid and thus could

have a regulatory function.

Assuming that pDolos has no known stability assurance system, the question arises how it can exist at all.
This desctibed phenomenon is called the "plasmid paradox" [27, 186, 196]. Various models for the
distribution and stability of plasmids show that plasmids cannot theoretically exist [197, 198]. This is due
to the fact that the maintenance of a plasmid is associated with fitness costs for the host cell. Furthermore,
the segregation of plasmids is imperfect, which should lead to plasmid-containing cells being removed from
bacterial populations by selection, as plasmid-free cells outcompete cells harbouring a plasmid [186, 197].
Nevertheless, plasmids are extremely common and are considered to be important drivers of bacterial
evolution [186, 199, 200]. In addition, there are often plasmids in nature that do not contain known genes

that provide the host with a fitness advantage under certain conditions (e.g. antibiotic resistance genes) or
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a fitness disadvantage when the plasmid is disposed of (e.g. TA systems) [201]. Again, models predict that
even if plasmids are able to outweigh the cellular costs of their persistence (e.g. through antibiotic resistance
genes) or even if they increase the pressure on bacteria by carrying toxic properties (e.g. TA systems),
bacteria would capture these genes and then dispose the reduced plasmids [186, 197]. Plasmids which
contain no known stability genes, are referred to as cryptic plasmids. These are usually small plasmids that
carry only replication genes and a few genes of unknown function [1, 12]. It is therefore quite possible that

pDolos has no known stability genes at all and therefore likely belongs to the group of cryptic plasmids.

Analysis of pDolos in a phage satellite context

Since the newly described plasmid pDolos can be transferred into cells by transduction, the question arises
as to whether pDolos is really (just) a plasmid. According to the definition coined by Joshua Lederberg in
1952, a plasmid is a mobile or at least self-transmissible, extrachromosomal, cirenlar genetic element that is
transferred as u#npacked DNA [26, 202]. The newly described plasmid pDolos appears to have extended the
horizontal transfer through the use of transduction, which means that it is not (only) transferred as #npacked
DNA. The genetic transfer by transduction is typically carried out by viruses and by MGEs of the satellite
group [203, 204]. Satellites are genetic elements that parasitize viruses and can therefore be considered as
the viruses of viruses. MGEs of this type are ubiquitous and parasitize viruses that infect organisms from
all domains of life [83, 205, 2006].

Phage satellites are satellites that utilise bacteriophages for their own horizontal transfer. Currently, five
families of phage satellites are characterised and described in more detail: the P4-like phage satellites, the
phage-inducible chromosomal islands (PICIs), the capsid-forming PICls, the phage-inducible
chromosomal minimalist islands (PICMIs) and the phage-inducible chromosomal island-like elements
(PLEs) [2, 83, 85, 86]. In all cases, the types of phage satellites described are integrative elements that
possess phage genes [207]. In most cases, the satellite reduces the fitness of the helper phage by capturing
the structural proteins. An exception is when a PLE hijacks the ICP1 phage, which leads to a total loss of
virion production of the helper phage [208]. A regulatory influence of satellites on their helpers is also
described. For example, satellite P4 manipulates the gene expression of helper P2 in a way that leads to a

smaller P2 capsid size, matching the comparatively smaller P4 satellite genome [83, 209].

When analysing the plasmid pDolos, it is noticeable that pDolos uses the phage Dolos like a satellite. The
production of Dolos virions is drastically reduced in the presence of pDolos. The observed virion
distribution of many smaller, satellite-containing virions compared to phage-containing virions is also a
frequently described phenomenon [209-211]. Furthermore, it is also often reported that isolation of
satellites by single plaque isolation is not successtul [10, 210]. This could be due to the fact that without the
helper phage, a local distribution of virions leading to a visible plaque is not possible. pDolos thus appears
to be a plasmid behaving like a phage satellite, which is referred in this work as "satellite plasmid". Possible

regulatory interactions between the satellite plasmid pDolos and helper phage Dolos should be analysed in
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the future, as the proteins of pDolos seem to interact with DNA. Furthermore, a regulatory function of
pDolos on §. oneidensis MR-1 should also be analysed, as pDolos together with the phage Dolos strongly
influences the sessile lifestyle of the host. Initial indications of interactions could be provided by analysing

the transcriptome of Dolos and pDolos infected cells.

Since phage satellites are referred to as integrative elements, satellite-encoded genes such as integrases are
found very frequently [83, 212]. Some phage satellites that exploit inoviruses ate an exception: The phage
satellite TLCy as well as the helper phage CTXy use the host's XerCD recombination system instead of
own encoded integrases in order to integrate into the host chromosome. To do this, they mimic the djf
recognition site of the host, a conserved DNA sequence to which the XerCD recombination complex binds
[213, 214]. Such described mechanisms can be excluded for pDolos, since a sequencing analysis of the
chromosomal DNA of infected . oneidensis cells did not reveal any indication of a possible integration into

the host chromosome as well as neither genes for integration nor a diflike sequence were found.

Recent studies have shown that the diversity of satellites is probably underestimated, as, for example,
sequence analysis of marine virions resulted in the description of satellites lacking genes for integration
[212]. This observation led to the suggestion that some satellites may not need to be integrative elements
in order to interact in a beneficial way with their helper phages [210, 212]. Furthermore, in October 2023,
deCarvalho ez al. published the first observation of a non-integrative satellite system in which smaller satellite
virions bind to the neck of tailed helper phage virions [210]. The satellite DNA of this system enters the
host cell during phage infection via an unknown mechanism. Intracellular, the phage satellite appears to
utilises the tRINA reservoir and the lysis system of the helper phage for successful propagation. The helper
phage as well as the phage satellite of this newly described system seem to follow the Iytic life cycle. In
addition, the plasmid pSSVx was described in Archaea as a hybrid between a plasmid and a virus [10]. This
MGE was characterised as a cryptic plasmid of the pRN family that exhibits properties and ORF similarities
of viruses. It has also been described that this plasmid is packaged in the presence of SSV helper viruses,
resulting in a mixed virion-containing supernatant with a significantly higher proportion of virions
containing pSSVx.

pDolos does not have ORFs similar to the ORFs of inoviruses, however, the packaging signal, an
approximately 80 nt long ssDNA hairpin structure just upstream of the origin of replication, must be
present on the ssDNA plasmid to be transported to the inner membrane and packaged by inoviral structural
proteins [156, 185]. Therefore, pDolos seems more likely to be a plasmid that happens to have a packaging
hairpin structure, or it could be a plasmid that co-opt the packaging signal from a phage. Hence, the
packaging signal of both Dolos and pDolos needs to be identified in the future. Selective single base
exchanges that alter the structure of individual hairpins in this region should clarify the exact position of

the packaging signal.

All these studies, including the latest characterisation of pDolos, indicate that integrativity should not be

included in the definition of phage satellites. It is quite possible that we have overlooked many non-
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integrative satellite types, since infection with a satellite does not usually lead to plaque formation. Classical
phage isolation protocols always use single plaque purification steps and thus presumably exclude the
isolation of satellite virions [215]. It should therefore come as no surprise that the currently well-described
phage satellite families are all integrative elements, as such elements are comparatively easy to detect and
describe. Theories of satellite evolution suggest that these elements could have evolved, for example, from
other types of MGEs that co-opt phage components to extend horizontal transfer. Additionally, these
elements could have evolved through the reduction of phages, resulting in cryptic phages that were able to
hijack functional phages [83]. It is therefore questionable why only integrative prophages should be able to
reduce themselves and exploit other phages. Furthermore, extrachromosomal MGEs and thus plasmids,

should be able to acquire phage properties as well as integrative elements.

This work thus supports the hypothesis that phage satellite systems are likely to be much more diverse than

previously thought. It is therefore likely that several pDolos-like systems will be found in the future.

Categorisation of the newly described MGE pDolos

Recent discoveries of new MGLEs suggest a smooth transition from one MGE group to another. However,
this should not really come as a surprise considering that each selfish genetic element must compete with
other elements within a host in order to persist. Moreover, replicons already existed in pre-cellular times,
so that the described intracellular competition between genetic elements has existed since the beginning of
life and has probably shaped life in a unique way [216, 217]. Therefore, strictly adhering to all the criteria
used to define a MGE group may be difficult and sometimes even disadvantageous. In the case of the term
plasmid as being a mobile or self-transmissible, circular, extrachromosomal genetic element that is transmitted as
unpackaged DNA, exceptions could be observed for all the criteria described [26, 202]. In 2017, Erdmann e#
al. discovered the plasmid pR1SE in an haloarchaeon that encodes proteins which are part of vesicles [218].
When a cell is infected with this plasmid, it begins to produce vesicles containing the plasmid. Since the
term virus is mainly characterised by the fact that these MGEs are transduced by an own encoded packaging
system, this discovery was extraordinary. In addition, the term phage-plasmid was introduced because some
MGE:s are both, phages and plasmids [219, 220]. Phage-plasmids are non-integrative temperate phages that
are transmitted horizontally as phages during the lytic cycle and vertically as plasmids during the lysogenic

cycle.

Interestingly, the mobile criterion for defining a plasmid raises many questions. Plasmids are categorised into
three groups depending on their mobility [26]. Mobile plasmids encode genes for their own conjugation,
such as genes encoding a type IV secretion system as well as mobility genes (70 genes), which are involved
in DNA processing for conjugational transfer [26]. Mobilizable plasmids only possess 70b genes and are
therefore dependent on mobile plasmids in order to be transferred by conjugation [26]. Mobilizable

plasmids thus represent plasmids that exploit other plasmids. On the other hand, non-mobilizable plasmids
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are plasmids, for which it is unclear how they can be transmitted horizontally, as they have neither genes
for conjugation nor mob genes. Interestingly, about half of the currently described plasmids are non-
mobilizable [26, 28]. pDolos is also categorised as non-mobilizable, since the HUH endonuclease of pDolos
belongs to the Rep family and not to the Mob family.

When considering the currently known mechanisms of horizontal transfer of non-mobilizable plasmids,
reference is usually made to the transformation of free plasmid DNA, although this mechanism can only
explain the mobility of some non-mobilizable plasmids [26]. In 2021, Humphrey e a/. demonstrated that
non-mobilizable S. aureus plasmids can be transduced by prophages or phage satellites with a similar genome
size to the plasmid genomes [221]. The transduction of these plasmids nevertheless is a rare event that did
not affect the virion count of the phages or phage satellites used. This described event seems to be a rather
random and rare occurrence, which is exclusively determined by the genome size of the plasmids and not
by the adaption of plasmids to helper phages. However, the plasmid pDolos described in this study seems
to have evolved towards the active utilisation of a phage, since the presence of virions containing pDolos
outnumbers those containing Dolos by far. This work has therefore revealed a way in which a non-
mobilizable plasmid can be transmitted horizontally in high numbers. It is thus conceivable that many other
non-mobilisable plasmids act as satellite plasmids, like pDolos, and thus spread on a large scale through

transduction.

The discovery of pDolos is the first description of a satellite system, which is a plasmid without recognisable
phage genes that hijacks a phage belonging to the family Inoviridae.

It is interesting to note that pDolos could be described as a natural phagemid in a certain sense. Phagemids
are vectors used for phage display, a technique that is important to generate so-called phage libraries to
identify protein-protein, protein-peptide or protein-DNA interactions [81, 222]. These vectors produce
recombinant virions holding the vector DNA instead of the helper phage DNA. To summarise, phagemids
are simple plasmids that replicate by RCR. Packaging of the phagemid ssDNA is initiated by an inoviral
packaging signal that is part of the phagemid vector. This signal allows the phagemid to utilise a helper
phage for self-packaging.

The requirements for a plasmid to hijack an inovirus are therefore very simple.
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3.1.3  Satellite plasmid pDolos propagation hypothesis

The described satellite plasmid pDolos seems to be a cryptic, non-mobilizable plasmid that likely replicates
by RCR. pDolos is very stable in the host S. omeidensis MR-1 and maintain itself vertically within a species
by host cell segregation, as shown in Figure 31. When a helper phage infects a cell harbouring the satellite
plasmid pDolos, the plasmid hijacks the phage components and can thus be horizontally transferred to
other species, such as the S. baltica isolates described in this work. A hypothesis of how pDolos virions
might be produced is illustrated in Figure 31.

The data indicates that initially the helper phage replicates, which probably leads to a stabilisation of the
helper phage within a population. In later stages of replication, the satellite plasmid pDolos seems to
increasingly exploit the helper phage. This appeats to be achieved by exploiting the viral segregation system
as well as viral structural proteins to produce virions containing the satellite.

The observed reduction in the replication of inoviruses in later stages of infection is a generally described
phenomenon. Usually, the production of inoviral virions decreases in later stages of viral infection, leading
to a steady state of virion production that is likely to spare the host in the long term [45, 223]. The steady
state is regulated by the accumulation of the viral protein pV within the infected cell, which directly inhibits
the synthesis of the viral (-)-strand and thus the further production of the replicative form (dsDNA), as
well as it inhibits the translation of the for replication important pIl and pX proteins. [45, 224, 225]. Hence,
progeny production of inoviruses is slowed down in above a certain quantity of pV.

It is quite possible that during this viral stable state, the satellite plasmid pDolos exerts a regulatory effect
on the helper phage Dolos, leading to the production of more viral structural proteins to package pDolos
instead of the phage Dolos. Possible regulatory effects of pDolos on Dolos as well as the probability of

using other inoviruses as helper phages should be analysed in the future.
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Figure 31: Reproduction hypothesis of satellite plasmid pDolos. Without a helper phage, the satellite plasmid
pDolos spreads vertically via cell segregation. If a cell containing the satellite plasmid pDolos is infected by a potential
helper phage (Dolos), pDolos can spread horizontally through transduction by exploiting the helper phage. At an early
stage of phage infection, structural and segregational proteins of the phage are produced that package the phage,
probably leading to an establishment of the phage within a population. In later stages of the infection, the proliferation
of the helper phage is reduced whereas the reproduction of the satellite plasmid pDolos is increased, leading to the
production of numerous pDolos virions. It is likely that pDolos regulates the replication and gene expression of the
helper phage Dolos during all stages of infection.
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3.2 Analysis of Shewanella phage Thanatos ADP-ribosyltransferases Altl and
Alt2

Bacteriophages hijack their hosts for their own propagation. Lytic phages in particular hijack host
components such as the cellular gene expression system and reprogram the host quickly as well as in a time-
regulated manner [226, 227]. To reprogram the cell into a virion-producing factory, phage-related host
acquisition factors (HAFs) must be expressed early in the infection or injected into the host as active
proteins along with the DNA [55, 228]. Known HAFs among others include transcription factors that alter
the host transcriptional profile, nucleoid disruption proteins that digest the host chromosome, nucleases
that digest host DNA or mRNA, and ADP-ribosyltransferases (ART') that alter host proteins properties
[56, 57, 149]. The mechanisms by which lytic phages reprogram bacterial hosts, thereby exerting significant

predatory pressure on their hosts, are of current scientific interest.

To analyse the host acquisition mechanisms of the lytic Shewanella phage Thanatos, a Thanatos virion
proteomics analysis was performed, which revealed 72 proteins as part of the Thanatos particles. In addition
to typical structural proteins, a nucleoid disruption protein (TH1_046), a ssDNA-binding protein
(TH1_037) and two ARTs (TH1_028, TH1_029), homologues of the phage T4 ART Alt, were found to be
part of the Thanatos virion.

The focus of this study was on the phage T4 Alt homologues, referred to as Altl (TH1_028) and Alt2
(TH1_029). These proteins were found to be extremely abundant in the phage particle.

ARTSs catalyse the transfer of one or more ADP-ribose units from NAD* to target proteins, thereby
modifying them post-translationally and with this presumably changing their properties [229]. These
enzymes are ubiquitous in nature and are found in all three domains of life as well as in MGEs such as
viruses [230]. How ART-dependent ADP-ribosylation alters protein properties is still unclear and therefore
of current interest, as their functions are wide-ranging. Eukaryotic ARTs have specific functions in the
cellular stress response [231]. In contrast, bacterial ART's act as toxins and modify eukaryotic proteins,
making them bacterial virulence factors [232]. Some archaeal ART' are involved in the RNA processing
machinery [233] and the viral ART's described so far are associated with host reprograming and hijacking

of the host's gene expression machinery [234].

The E. cwli phage T4, a virus closely related to the Shewanella phage Thanatos, reprograms its host E. coli
among others through the ARTs Alt, ModA and ModB. The T4 ART Alt is a component of the T4 particle
and is injected into the host along with the DNA. Alt then performs ADP-ribosylation on various proteins,
including the RNA polymerase [149]. This described modification is believed to affect the activity of the
polymerase, resulting in preferential transcription of early phage genes, including ModA and ModB [150,
151]. It is known that ModA further modifies the RNA polymerase and ModB modifies among others the
ribosomal protein 1 (£tS1) and likely changes with this the translational profile of the cell [152].
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Thanatos harbours two Alt homologues, both of which, like the T4 Alt, ate part of the virion and are
injected immediately along with the viral DNA. After injection of these Thanatos-ARTS, the target proteins
are immediately labelled with ADP-ribose units, as a time-serial analysis of the infection clearly showed.
Homologues of T4 ModA and ModB are not present in Thanatos. Therefore, the function of Thanatos
ARTSs and the host remodelling they cause likely occurs differently than the host remodelling caused by
phage T4. Interestingly, analysis of the ADP-ribosylation profile of Thanatos Altl and Alt2 reveals
differences in the activity of Altl and Alt2. The ADP-ribosylation reaction of Alt2 is much stronger
compared to Altl. Furthermore, it appears that Altl and Alt2 carry out ADP-ribosylation on different target
proteins. Compared to T4 Alt, it is also interesting that proteins of varying sizes are modified, whereas Alt
of phage T4 seems to mainly modify proteins < 70 kDa [57]. Furthermore, an autocatalytic activity of both
enzymes was demonstrated through further analysis of the purified Altl and Alt2 proteins. A autocatalytic
activity could also be demonstrated for T4 ARTs [152]. How this autocatalytic reaction affects the activity

of the ARTS is currently unknown.

Since the Thanatos ART-dependent remodelling of the host appears to function differently, the proteins
that interact with Altl and Alt2 were analysed. Six proteins interacting with Altl and eight proteins
interacting with Alt2 were identified by co-1P. Overall, the proteins identified by co-IP could be categorised
into three groups. Thus, potential anti-phage defence systems, proteins that are probably involved in
regulation of biofilm formation and proteins that are involved in metabolic pathways were identified as
potential interaction partners of Altl and Alt2.

Proteins interacting with Altl are likely involved in anti-phage defence and in regulation of biofilm
formation. For example, the toxin RelE and the deoxyguanosinetriphosphate triphosphohydrolase-like
protein (dGTPase-like protein) could function in anti-phage defence. In addition, the identified bifunctional
diguanylate cyclase (DGC)/phosphodiesterase (PDE) SO_0427 and the identified NAD-dependent
epimerase/dehydratase SO_0768 could function in the regulation of biofilm formation.

Proteins interacting with Alt2 are probably mostly involved in anti-phage defence and in metabolic
pathways. Por instance, the toxin HipA could function in anti-phage defence. The identified
molybdopterin-molybdenum transferase MoeA, the glutamine synthetase GlnB, the cyclopropane-fatty

acyl-phospholipid synthase CfaS as well as the 4-hydroxybenzoyl-CoA thioesterase are metabolic enzymes.

In the following, some of these Altl- and Alt2-interacting proteins are contexed to possible functions
during phage infection. It is important to note that the proteins identified through co-IP have not been
verified as interacting proteins by other methods, such as two-hybrid assays. Moreover, the method used
identifies only interaction partners and with this does not provide any information about potential targets
of Altl and Alt2. Hence, Altl- and Alt2-dependent ADP-ribosylated proteins could not be identified. To
determine proteins modified by Altl or Alt2, a more specific MS analysis focussing on ADP-ribosylated
proteins should be performed [235]. Furthermore, a possible interaction and influence directed by S.
oneidensis MR-1 proteins cannot be excluded. Therefore, it is also possible that the identified proteins are .

oneidensis MR-1 proteins affecting the Thanatos ARTs.
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When analysing the data obtained via co-IP, it is noticeable that Alt]l and Alt2 interact with bacterial toxins
of TA systems. Both RelE and HipA are toxins of type II TA systems, but their toxic function is very
different. The toxin RelE has been described as a ribosome-dependent endoribonuclease that cleaves
strictly translating mRNA [236]. The toxin HipA, on the other hand, is a kinase that is known to inhibit
protein synthesis [237]. In both cases, the toxic function causes the translation of mRNAs to be interrupted,
which leads to a halt in cell growth. The function of bacterial TA systems is currently implicated in persister
cell formation [238], biofilm formation [239, 240], the general stress response [240] and bacterial anti-phage
defence [241]. A function in anti-phage defence has been demonstrated, for example, in the case of the
toxin MazF, which suppresses lytic multiplication of the lysogenic phage SPbeta of Bacillus subtilis by
inducing a regulated cell growth arrest. This described mechanism is an anti-phage defence system known
as abortive infection [142]. MazF is a toxin that cleaves sequence-specific mRNA, which leads to cellular
growth arrest. In addition, the type II toxins RnlA, a RNase [242], and LsoA, a mRNA endoribonuclease
[243], have also been shown to have a function in anti-phage defence. Since toxins of TA systems function
in anti-phage defence, rapid phage-dependent modification of toxins could be advantageous for phage
propagation. In the case of the phage T4, it was shown that the ART Alt negatively regulates the toxin
MazF, leading to a reduced enzymatic activity of MazI® [244]. Based on this study, a Thanatos Altl- and
Alt2-dependent ADP-ribosylation of the . oneidensis toxins RelE and HipA should be elucidated.

In addition to the two toxins of the TA system, a dGTPase-like protein was also identified that possibly
interacts with Altl. dGTPases are enzymes that cleave deoxyguanosine triphosphate (dGTP) into
phosphate-free deoxyguanosine (dG) and inorganic triphosphate (PPPi) [245]. Recent research has shown
that dGTPases function in anti-phage defence, as the cells use these enzymes to break down an essential
building block for DNA synthesis and thus stop phage replication [153]. An antiviral effect of nucleotide
depletion is not only observed in prokaryotes, but appears to be a widespread antiviral strategy, as such
systems have long been known in eukaryotes [153, 246]. Since ARTs of bacteriophages are known to
interact with anti-phage defence mechanism, it is quite possible that Thanatos Alt1 manipulates this GTPase
via ADP-ribosylation.

Therefore, ARTs of phages could also be considered as anti-defence proteins, as these enzymes seem to be
able to manipulate anti-phage defence systems, which makes the coevolution of these systems very
intriguing. Recent studies show that the degradation of NAD™ is a bacterial anti-phage defence mechanism
carried out by the widespread anti-phage defence system named Thoeris [247]. Since NAD™ is the donor
that ART's use for their catalytic reaction, one could speculate that Thoeris-mediated anti-phage defence is

a bacterial mechanism to attack the phage encoded anti-defence proteins.

In addition, proteins that probably have regulatory functions in . oneidensis MR-1 biofilm formation were
found to interact with Altl or Alt2. The NAD-dependent epimerase/dehydratase SO_0768 is an enzyme
that requires NAD and could therefore be a potential target of ARTS as it utilises the same donor. Beyond
that, a function of this protein family in E. ¢/ and Pectobacterium carotovorum in the biosynthesis of

exopolysaccharides, important for biofilm formation, has been demonstrated [248, 249].

66



Discussion

Furthermore, a bifunctional DGCs/PDEs appears to interact with Altl. Enzymes of this family regulate
the c-di-GMP level of the cells [173, 250]. C-di-GMP is an important second messenger that is involved in
bacterial lifestyle changes. An increasing intracellular c-di-GMP level has been shown to promote biofilm
formation [105]. Interestingly, an interaction of virulent PB1-like phages with DGCs of their host
Psendomonas aeruginosa has already been demonstrated. Here, phage-encoded proteins interact directly with
the DGC YfiN and increase the c-di-GMP production of this enzyme, which leads to increased biofilm
formation of P. aernginosa [251].

Additionally, Alt2 likely interacts with Rsml, the ribosomal RNA methyltransferase 1. In Psexdomonas putida
KT2440, overexpression of Rsml reduces bacterial attachment to surfaces and thus influences biofilm
formation [252].

Since so many proteins potentially involved in biofilm formation are likely to interact with Thanatos Altl
or Alt2, the Thanatos-mediated increase in biofilm formation of . oneidensis MR-1 observed in a previous

study may not be solely due to phage-mediated cell lysis [72].

The protein Rsml has also been associated with other regulatory functions. For example, RN A methylation
performed by Rsm proteins has a verifiable effect on the E. w/i gene expression quantity. In addition, a
defect in rRNA methylation increases the efficiency of suboptimal protein biosynthesis in E. co/7 [253].
Thus, an Alt2-dependent modification of Rsml could possibly influence the translation profile of the cell.

Furthermore, the ART Altl appears to interact with the ribosome rescue factor YfcN. YfcN cuts mRNAs
upstream of blocked ribosomes [254]. A study showed that the prophage CP4-57 switches the ribosome
rescue of E. co/i during phage excision and thereby alters the proteome landscape of the host [255]. A
regulatory function of Altl is therefore also conceivable here.

It was also found that Altl likely interacts with the tryptophan synthase TrpA. A recent study showed that
inactivation of TrpA in Staphylococcus aureus sensitises the bacteria to phage infection [256]. The authors
speculated that this effect is due to the accumulation of the intermediate indole glycerol phosphate, but the
exact mechanism of the observed sensitivity to phages is currently unclear.

Furthermore, Alt2 likely interacts with a periplasmic metalloprotease of the M23B family. Proteins of this
family are peptidoglycan hydrolases, which are responsible for the remodelling of peptidoglycan and are
important for cell growth, cell division and shape determination of bacteria [257]. In addition, some of
these bacterial M23B proteases are exoenzymes that act as bacteriocins by digesting the peptidoglycan of
other bacteria [257]. Phages also harbour enzymes from this family; phage-encoded endolysins are M23B
proteases, which are essential for the lysis of the host cell [257].

When S. oneidensis MR-1 cells are infected with Thanatos, an interesting phenotype of rounded-up cells is
observed at later stages of infection [72]. A possible altered function of the periplasmatic metalloprotease

SO_2180 could potentially explain the observed phenotype of rounded-up cells.

Interestingly, several metabolic proteins appear to interact with Alt2. Since ARTSs are factors for host
acquisition, it is quite conceivable that a change in the host metabolic function is important for an efficient

phage infection cycle.

67



Discussion

In general, the proteins identified by co-IP analysis to interact with Thanatos Altl or Alt2 may play an
important role in the course of phage infection. As previously mentioned, a proof of Alt-dependent ADP-

ribosylation must be conducted to exactly determine the target proteins of Altl and Alt2.

When analysing the phenotypes of the different Thanatos variants, it is noticeable that the initial phage-
dependent lysis is not affected by Altl or Alt2. Interestingly, long-term adaptation to the host seems to be
favoured by Altl and Alt2. Therefore, the activity of Altl and Alt2 is probably not crucial for initial
infection, but likely important for adaptation and evolutionary stability within a population after the
emergence of resistance mechanisms against the phage Thanatos. To verify this, a long-term infection
should be monitored over several days to provide insight into the stability of the Thanatos variants with
inactive ARTs.

By analysing the phage output over time, it is noticeable that the inactivity of Alt2 reduces the amount of
Thanatos virions. Interestingly, after 4 hours of infection, the total number of virions is lower than after 2
hours of infection. The virions must therefore either be attached, which means that a certain amount of
virions is blocked, or the Thanatos virions must be degraded. Since the growth analysis of cells infected
with different Thanatos variants shows no differences in cell density and the general lysis behaviour at these
infection time points, a degradation of Thanatos Alt2F514 is more likely. For example, the amino acid
substitution in Alt2 may affect the stability of Alt2, which in turn could impact the stability of the virion, as
Alt2 is the second most abundant protein of Thanatos particles. In order to investigate the virion stability
of Thanatos Alt2F5414 the phage concentration of a Alt2F514 phage stock should be quantified over a longer
period of time and compared to the phage concentration of a Thanatos wt stock. Since virion reduction
started 4 hours after infection, it is also very likely that the degradation of Thanatos Alt2F#1A is an active
and thus proteolytic degradation of the virions.

Interestingly, one of the proteins identified by co-IP analysis that interacts with Alt2 is a periplasmic
metalloprotease of the M23B family. As already described, enzymes of this family have different functions,
but all of them act in the cleavage of peptidoglycan [257]. These periplasmic proteases are presumably also
released by phage-mediated lysis. Since the degradation of Thanatos is evident at the time of complete

phage-dependent lysis, a possible activity of this protease in virion cleavage should be analysed.

To summarise, this study reveals first impressions of the Thanatos ART-dependent host acquisition of §.
oneidensis MR-1. Future experiments should clarify whether the interacting S. oneidensis MR-1 proteins
identified by co-IP are target proteins of ARTs and thus host proteins ADP-ribosylated by Thanatos Altl
or Alt2. In addition, the function of the Altl and Alt2 modifications should be determined to understand
the importance of Altl and Alt2 for infection.

While comparing the effect of the Thanatos ART's with those of the T4 ARTs, it is evident that inactivity
of the T4 ARTS is associated with stronger phenotypes. The inactivation of one of three T4 ARTs, ModB,
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leads to a delayed lysis and an approximately 100-fold decrease in the amount of virions [152]. Moreover,
in 2023 Wolfram-Schaute e a/. showed that the T4 ART ModB modifies proteins not only by ADP-
ribosylation but also by RNAylation, which is the transfer of selected RNAs from RNA-capped NAD to
acceptor proteins, thereby altering the activity of the acceptor proteins [152]. The T4 ART Alt also
RNAylates proteins, but to a lesser extent. A possible Thanatos Altl- and Alt2-dependent RN Aylation is
therefore currently under investigation and may provide some more information about the Thanatos Altl

and Alt2-dependent host acquisition.
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4. Materials and methods

4.1 Materials

Materials and methods

The reagents generally used in this study were purchased from Carl-Roth (Germany), Merck (Germany),
Sigma-Aldrich (Germany), Thermo Fisher Scientific (USA) and New England Biolabs (NEB, USA).

A detailed list of materials is given below.

Table 5: Media used in this study.

Medium Components Reference
Myers and Myers Minimal NaCl 150 mM [258]
Medium (4M) Na;PO, 5 mM

(NH4)2504 10 mM

MgSO, 0.5 mM

CaCl, 50 mM

MnSOy4 0.13 mM

FeCl, 0.54 mM

CoCl, 0.5 mM

7ZnSO4 0.1 mM

CuSOq4 0.02 mM

H3BO; 5.66 mM

Na;MoOy 0.39 mM

NiCl, 0.5 mM

NazSeO4 0.15 mM

HEPES 25 mM

Lactate 40 mM

casamino acids 0.5% (w/v)

pH 7.5
Lysogeny Broth (LB) Tryptone 10 g/1 [259]
(Lutia/Miller) Yeast Extract 5g/l

NaCl 10 g/1

pH 7.0
Lactate Medium (LM) Yeast Extract 0.2 g/1 [260]

Peptone 0.1 ¢g/1

HEPES 10 mM

NaCl 10 mM

Lactate [85% (v/v)] 15 mM

pH 7.5
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Table 6: Antibiotics and other additives used in this study.

Antibiotic or additive

Stock concentration

Final concentration

Solvent

Chloramphenicol 10 mg/ml 10 pg/ml 96% (v/v) EtOH
Ampicillin-sodium salt 100 mg/ml 100 pg/ml ddH,O
Kanamycinsulfate 50 mg/ml 50 ng/ml ddH,O
L-Arabinose 20% (w/v) 0.2% (w/v) ddH>O
DAP (Meso-diaminopimelic acid) 60 mM 300 uM ddH>O
Sucrose 80% (w/v) 10% (w/v) ddH>O
IPTG (isopropyl-8-
Dthiogalactopyranoside) 1M 1 mM ddH0
Table 7: Kits used in this study.
Kit Application
E.Z.N.A. PCR Cleanup Kit (Omega Bio-tek, USA) PCR purification

E.Z.N.A. Plasmid DNA Mini Kit (Omega Bio-tek, USA)

E.Z.N.A. Gel Extraction Kit (Omega Bio-tek, USA)

E.Z.N.A Bacterial DNA Kit (Omega Bio-tek, USA)

PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific, USA)

plasmid preparation
DNA extraction from agarose gels
Chromosomal DNA extraction

qPCR

Table 8: Antibodies used in this study.

Antibody Dilution
Monoclonal Anti-FLAG M2, HRP coupled (Sigma-Aldrich, Germany) 1:1,000
Anti-pan-ADP-ribose binding reagent (MABE1016 — Merck, Germany) 1:10,000
V5 Tag Monoclonal Antibody (SV5Pk1 - Thermo Fisher Scientific, USA) 1:1,000
His-Tag Antibody HRP conjugate (Thermo Fisher Scientific, USA) 1:1,000
Anti-Mouse IgG from goat, AP coupled (Sigma-Aldrich, Germany) 1:5,000
Anti-Rabbit IgG, AP coupled (Sigma-Aldrich, Germany) 1:20,000
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Table 9: Further chemical components and their application in this study.

Component

Application

Alexa Fluor™ 488 C5 maleimide dye (Thermo Fisher Scientific, USA)

Western Lightning® Plus-ECL (PetkinElmer, USA)
CDP-Star (Sigma-Aldrich, Germany)

GeneRuler™ 1 kb DNA Ladder (Life Technologies, USA)
BLUeye Prestained Protein Ladder (GeneDireX Inc., USA)

MshA staining

Western Blot (HRP conjugates)
Western Blot (AP conjugates)
Ladder (agarose gel electrophoresis)

Ladder (SDS Page)

Table 10: Enzymes and their application in this study.

Enzyme

Application

EcoRV (Fast digest — Thermo Fisher Scientific, USA)
Smal (Fast digest — Thermo Fisher Scientific, USA)
BamHI (Fast digest — Thermo Fisher Scientific, USA)
Xhol (Fast digest — Thermo Fisher Scientific, USA)
NdeI (Fast digest — Thermo Fisher Scientific, USA)
Phusion DNA Polymerase (in-house production)

Taq polymerase (in-house production)

DNAsel (PanReac AppliChem, Germany)

RNase A (Omega Bio-Tek, USA)

Proteinase K (Omega Bio-Tek, USA)

Linearization of pNPTS
Linearization of pBAD
Linearization of BACTH plasmids
Linearization of pET24c(+)
Linearization of pET24c(+)

PCR

PCR

Virion DNA isolation

Virion DNA isolation

Virion DNA isolation

Buffers and relevant solutions used in this study are listed in the following.

Acrylamide gels:

e 30% acrylamide/ bisacrylamide-solution 37.5: 1 — Rotiphorese, Catl-Roth (Germany).

e APS: 10% (w/v) in ddH:O.

e SDS-solution: 10% (w/v) in ddH2O.

e 4x lower buffer (SDS-PAGE stacking gel buffer): 0.4% SDS, 1.5 M Tris-HCI, pH 8.8.

e 4xupper buffer (SDS-PAGE separating gel buffer): 0.4% SDS, 0.5 M Tris-HCI, pH 6.8.

e 10x SDS-PAGE running buffer: 250 mM Tris-Base, 1.92 M glycine, 0.25% (w/v) SDS, pH 8.3.

e  SDS-PAGE sample buffer (2 x): 125 mM Tris, 4% SDS, 20% glycerol, 10% B-mercaptoethanol,

0.02% bromophenol blue, pH 6.8.
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Coomassie staining solution: 0.1% (w/v) Coomassie, 200 ml methanol, 50 ml acetic acid, 250 ml
H>O.

Fixing solution: 25% (v/v) ethanol, 5% (v/v) acetic acid, 70% (v/v) H2O.

Western Blot:

10x Western transfer buffer: 0.25 M Tris Base, 1.92 M glycine.

1x Western transfer buffer: 100 ml 10x Western transfer buffer, 100 ml methanol (100%), add
ddH2O up to one litre.

10x PBS: 80 g NaCl, 2 g KCl, 17.8 g Na,HPO4 x 2 H>O, 2.4 g KH,POy,, add ddH>O up to one
litre, pH 7.4.

1x PBS-T: 100 ml 10x PBS, 1 ml Tween 20, add ddH»O up to one litre.
Blocking solution: 5% milk powder in PBS-T.
Antibody solution (primary): 5% milk powder in 1x PBS-T.

Antibody solution (secondary): 2.5% milk powder in 1x PBS-T.

Agarose gel electrophoresis:
1x TBE-buffer: 89 mM Tris-Base, 89 mM boric acid (100%), 1 mM EDTA, pH 8.0

6x Agarose gel electrophoresis loading buffer: 0.5% (w/v) xylene cyanole, 0.5 % (w/v)
bromophenol blue, 30% (w/v) glycerine.

Chromatography:

Lysis buffer: 50 mM Ttris-HCI (pH 7.4), 400 mM NaCl, 50 mM KCI, 5 mM MgCl,, 0.3 mg/1 DNase,
20 mM AEBSF, 4 mM Benzamidine.

Buffer A: 50 mM Tris-HCI (pH 7.4), 400 mM NaCl, 50 mM KCI, 5 mM MgCl, 10% Glycerol, 20
mM Imidazole.

Buffer B: 50 mM Tris-HCI (pH 7.4), 400 mM NaCl, 50 mM KCl, 5 mM MgCl,, 10% Glycerol, 600
mM Imidazole.

GeFi buffer: 50 mM Tris-HCI (pH 7.4), 400 mM NaCl, 50 mM KCI, 5 mM MgCl,, 5% Glycerol.

Further solutions:

5x isothermal reaction buffer: 25% (w/v) PEG 8000, 500 mM Ttis HCI pH 7.5, 50 mM MgCly, 50
mM DTT, 5 mM NAD, 1 mM of every dNTP, fill up to 1 ml with ddH-O.

Gibson Assembly master mix: 320 ul 5x isothermal reaction buffer, 0.64 ul T5 exonuclease, 20 pl
Phusion DNA polymerase (2 U/ul), 160 ul Taq DNA ligase (40 U/ul), 699,36 ul ddH-O.



Table 11: Laboratory equipment and its use in this study.

Materials and methods

Equipment Usage
Mastercycler nexus gradient (Eppendorf, Germany) PCR cycler
NanoDrop 1000 Spectrophotometer (PEQLAB, Germany) Spectrophotometer

Leica DMI6000 B microscope (Leica AG, Germany)

Intas Photo imager (INTAS science imaging, Germany)

Fluorescence microscopy

Chemiluminescence imaging

TE77 ECL Semi-Dry Transfer Unit (Amersham Biosciences Corp., UK) Blotting

Tecan INFINITE M NANO+ (Tecan, CH)
Akta pure 25 (Cytiva, USA)

TCS SP8 microscope (Leica AG, Germany)
JEM-1400 electron microscope (JEOL, Japan)
QuantStudio3 (Thermo Fisher Scientific, USA)

Microplate reader (growth curves)
Chromatography

Confocal microscopy

Electron microscopy

qPCR

Table 12: Software and its use in this study.

Software

Usage

Leica LAS X (Leica, Germany)

“Design & Analysis” software (QuantStudio™)
BiofilmQ [129]

Fiji (Imagc])

Benchling (Benchling Inc., USA)

GraphPad Prism 10 (GraphPad Software, Inc, USA)
Unicorn™ 7 (Cytiva, USA)

iControl 2.0 (Tecan, CH)

Visiview (Visitron, Germany)

BioRender (BioRender)

Affinity Designer / Affinity Photo (Serif Europe Ltd.)
Microsoft Excel (Microsoft Corporation, USA)
Foldseek (Foldseck Search)

BLAST (ncbi)

Confocal microscopy
qPCR analysis
Biofilm analysis

Image analysis

Primer design, AlphaFold prediction, plasmid
construction

Graph design, statistics

Chromatography

Tecan measurements

Fluorescence microscopy

Hlustration (Fig. 1, 3, 4, 5, 6, 8, 31)

Figure design

Data management

Alignment / search of protein PDB structures

Alignment searching
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Table 13: Bacterial strains used in this study.

Strain

Relevant genotype or description

Source or reference

Shewanella oneidensis MR-1 strains

S79
52828
S176
S6608
51381
S6593
5882
S6758

57290

S6896
S7413

Further Shewanella strains
S. oneidensis Isolate S52
S. oneidensis Isolate S54
. oneidensis Isolate S62
. oneidensis Isolate S63
. oneidensis Isolate S66
. oneidensis Isolate S69
. oneidensis Isolate S74
. baltica Isolate S4

. baltica Isolate S44

. baltica Isolate S37

. baltica Isolate S38

. baltica Isolate S50

S S T S S S S S S T o

. amazonensis SB2B

S. seobaensis Isolate S8
S. seobaensis Isolate S10
S. seohaensis Isolate S11
S. seohaensis Isolate S31
S. seohaensis Isolate S32
S. putrefaciens CN-32

S. putrefaciens CN-32

S. putrefaciens W3-18-1
S. sp. ANA-3

S. sp. MR-4

S. sp. MR-7
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Wild type

Tn7::egfp (Cmy)
Tn7::ecfp (Cm)
ALambdaSo
AMuSo2
ALambdaSo AMuSo2
AmshA

AmshA::mshA

ALambdaSo AMuSo2 MshAS69¢
MshELOA/LS3A/L57A

ALambdaSo AMuSo2 MshAS®¢

ALambdaSo AMuSo2 MshAS69C PiITKI136A

Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Wild type
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Unspecified isolate
Wild type

Acas1_2

Wild type

Wild type

Wild type

Wild type

[261]
[63]
[63]
[63]
[63]
[72]
[262]
[263]

This study

This study
This study



Escherichia coli strains

E. coli MG1655

E. coli DH50 Apir

E. coli BL21 (DE3)

E. coli WM3064

E. coli BTH101

Further strains

K12 Wild type

©80d/acZ AM15 A(lacZY A-argF) U169
recAT hsdR17 deoR thi-1 supE44 gyrA96
rel A1/ \pit

ShuA2 [lon] ompT gal (A DE3) [dem]
AbsdS 2 DE3 = A sBamHIo AEcoRI-B
int::(lacl::PlacUV5:T7 genel) i21
Anin5

thrB1004 pro thi 1psL. hsdS lacZ AM15 RP4-

1360 A(araBAD) 567Adap.A 1341: [erm
pin(wo)]

F, ¢ya-99, araD139, galE15, galK16, rpsL.1

(8tr), hsdR2, merAT, merB1.

Materials and methods

[271]

[272]

NEB

W. Metcalf,
University of Illinois
Urbana-Champaign

Euromedex, France

>

pNPTS_MshAS6*C
pNPTS_MshELIA/L53A /L57A
pNPTS_PilTKI36A
pNPTS_AmshE
pNPTS_ApilT

pBAD33

pBAD_V5_Altl

pBAD_V5_Alt2
pBAD_Alt]1E521A
pBAD_Alt2E541A

pBAD_ORF5
pBAD_ORF5_3xFLAG
pBAD_AIt1F214_for engineering
pBAD_AIt2F314_for engineering

vector for in-frame deletions or integrations)
aa substitution (MshAS®C)

aa substitution (MshELIA/LS3A/L57A)
aa substitution (PilTK1364)
Deletion of mshE

Deletion of pi/T

P15A, araBp, Cm* (expression vector)
Expression of V5_Altl

Expression of V5_AIt2

Expression of Thanatos Alt]1F>214
Expression of Thanatos Alt2F>#14
Expression of pDolos protein 5
Expression of pDolos protein 5_3xFLAG
Vector used for phage engineering

Vector used for phage engineering

P. putida KT2440 Wild type [273]
V. cholerae E1 Tor N16961 Wild type [274]
Table 14: Plasmids used in this study.
Plasmid Description Source or
reference
T - R
pNPTS138-R6KT mobRP4+, R6K ori, sacB, KmR® (suicide [275]

this study
this study
this study
this study
this study

[276]

this study
this study
this study
this study
this study
this study
this study

this study
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pKT25

pKT25_mshA
pKT25_¢Ill

pKNT25

pKNT25_mshA
pKNT25_glIIT

pUT18C

pUT18C_mshA
pUT18C_glII

pUT18
pUT18_mshA

pUT18_glll

PET24c(+)
pET24c_Altl_His
pET24c_Alt2_His

Pplac, PI5A, MCS downstream from T25 fragment
encoding region, Kan® (vector for protein-protein
interaction analysis)

Fusion with mshA

Fusion with Dolos gIII

Pplac, PI5A, MCS upstream from T25 fragment
encoding region, Kan® (vector for protein-protein
interaction analysis)

fusion with zshA

fusion with Dolos gIII

plac, Col E1, MCS upstream from T18 fragment
encoding region, AmpR (vector for protein-protein
interaction analysis)

Fusion with mshA

Fusion with Dolos gIII

Pplac, Col E1, MCS downstream from T18 fragment
encoding region, AmpR (vector for protein-protein
interaction analysis)

Fusion with mshA

Fusion with Dolos gIII

lac promotor, Kan' (expression vector)
Altl_His expression

Alt2_His expression

[277]

this study
this study

[277]

this study
this study

[277]

this study

this study
[277]

this study

this study

[278]
this study

this study

pDolos Isolated from a virion sample this study
pDolos_K Kanr this study
pDolos_KV venus (Kan') this study
pDolos_KVL venus, lacZ~ (Kan) this study
pDolos_ AORF4-5 Gene deletion of pDolos ORF4-5 this study
Table 15: Bacteriophages used in this study.
Phage Description Reference
Phonos Native [279]
Dolos Native This study
Thanatos Native [72]
Thanatos Alt1E5214 Alt1E5214 This study
Thanatos Alt2E>14A Al2E>A This study
Thanatos double mutant Alt1F321A AJ2F541A This study
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Table 16: Oligonucleotides used in this study.

ID Name Sequence (52 3")

Check primer

M13 TGTAAAACGACGGCCAGTCC
FWD

M13 CAGGAAACAGCTATGAC
REV

AD214 pBAD FWD
AD215  pBAD REV
JH460 pKT25-for
JH461 pKT25-rev
JH462 pUT18-for
JH463 pUT18-rev
JH404 pKINT25-for
JH465 pKINT25-rev
JHA466 pUT18C-for

JH467  pUT18C-rev

pDolos constructs

GCACGGCGTCACACTTTGCTATG

GCCAGGCAAATTCTGTTTTATCAG

CACTGACGGCGGATATCGACATGTT

CCGCCGGACATCAGCGCCATTC

CCAGGCTTTACACTTTATGCTTCC

GACGCGCCTCGGTGCCCACTGC

CCCAGGCTTTACACTTTATGCTTCC

GTTTTTTTCCTTCGCCACGGCCTTG

CGGCGTGCCGAGCGGACGTTCG

TCAGCGGGTGTTGGCGGGTGTC

pDolos_179 cut
FWD

pDolos_179 cut
REV

pDolos _Venus
FWD

pDolos _Venus
REV

pDolos _pBBR
Promotor FWD

pDolos _pBBR
Promotor REV

NES476
NES477
NES610
NES611
NES612
NES613
NES614  pDolos _Kan FWD

NES615  pDolos _Kan REV

pDolos _pBAD
Promotor FWD

pDolos _pBAD
Promotor REV

NES616

NES617

CTAGAGGCTTGCAGAGCGA

AGGCCGCGCCCCGCCT

AATTCGAGCTCGGTACCCTTACTTGTACAGCTCGTCCATG

ATCGAATTCCTGCAGCCCAGGAGGGCAAATATGGTGAGCAAGGGCG

AG

CTCGCCCTTGCTCACCATATTTGCCCTCCTGGGCTGCAGGAATTCGA
T

GCGATGGCCCACTACGTGTCATGCCGTTTGTGATGG

AAGCCATCACAAACGGCATGAGGAGCGCCTGAAGCCC

GAATGATGTAGCCGTCAAGTTGTCATAACCTGAATCGCCAGCGG

AATATGGTATTGATAATCCTTATGACAACTTGACGGCTAC

AGTGAATCCGTAATCATGGTCATATTTGCCCTCCTGGGTACCGAGCT

CGAATT
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CGAGCTCGGTACCCAGGAGGGCAAATATGACCATGATTACGGATTC

NES618  pDolos _LacZ FWD A

NES619  pDolos _LacZ REV ~ CGACTCTAGAGGATCCCCTTATTTTTGACACCAGACCAA

NESgoo  PDolos _Kan GCCTGCAGGTCGACTCTAGAGGATCCCCGGATTATCAATACCATATT
no_LacZ REV TTTGAAA

NES486 1;?9011%5051{” Insert 1A GGCGGGGCGCGGCCTCACGTAGTGGGCCATCG

NES487 If%og\;l{an Insert  C CTCTGCAAGCCTCTAGGGATTATCAATACCATATTTTTGAAA

NESG54 Y enus insertion AGGCGGGGCGCGGCCTTTACTTGTACAGCTCGTCCATG
pDolos _179 FWD

NESGs5  Ac/ insertion ATCGCTCTGCAAGCCTCTAGTTATTTTTGACACCAGACCAACT
pDolos _179 REV

NES657 EOEI\Q;CZ pLolos 179\ 1CGCTCTGCAAGCCTCTAGCCTGAATCGCCAGCGG

NEsgg]  PDolos _Kan TCAGGCGGGGCGCGGCCTGGAGCGCCTGAAGCCCGT
ORF4-5 KO FWD

NEsggy  PDolos _Kan TAGCCAAAAGGTAAAATCCCTGAATCGCCAGCGGCA
ORF4-5 KO REV

qPCR

NES581  pDolos gqPCR FWD  CAGTTGGCCATTCATGGT

NES582  pDolos qPCRREV ~ GCAAGCAGATGATGAAACG

NES583 MR-1qPCRFWD  CTGTCTGAAACTCAACGGC

NES584 MR-1qPCR REV CATGCCATTACTCTATCTCTACTGC

NES464 Dolos gPCR FWD  TAGAACGATTCTCATGCTTCG

NES447 Dolos PCRREV  GGCTCGGTCTTTACTAAATGG

BACTH

NES400 IEI\;%mShA new CAGGGTCGACTCTAGAGTTTACCTTAATCGAATTAGTCGTAGT

NES401 ?éé{D—mShA new CTGCAGGTCGACTCTAGAGTTTACCTTAATCGAATTAGTCGTAGT
B2H_pKT_mshA TTAGTTACTTAGGTACCCGGGGTTAACAACCACTATCTGTAATAACA

NES384
REV TACTT

NES383  B2H_mshA REV GAGCTCGGTACCCGGGGACAACCACTATCTGTAATAACATACTTAGG

NES374 B2H_D_plll FWD  CTGCAGGTCGACTCTAGAGATGGCTTTTAGTCCTTTTGGTA

NES375 B2H_D_pIIIREV  GAGCTCGGTACCCGGGGGTGATATTTAACAATCATTAAGCCA

NES376  B2H KT D pHL ) G GTCGACTCTAGAGATGGCTTTTAGTCCTTTTGGTA
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NES377

B2H_pKT_D_plII
REV

V5 tagged Altl and Alt2
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TTAGTTACTTAGGTACCCGGGGCTAGTGATATTTAACAATCATTAAG
CcC

NES597

NES598

NES599

NES600

NES601

NES602

NES603

NES604

pBAD TH1_28-V5
REV

pBAD_TH1_28_29-
V5 V5 Tag FWD

pBAD_TH1_28_29-
V5 V5 Tag REV

pBAD V5-TH1_28
FWD

pBAD_V5-
TH1_28_29 V5 Tag
FWD

pBAD_V5-
TH1_28_29 V5 Tag
REV

pBAD_TH1_29-V5
REV

pBAD_V5-TH1_29
FWD

ACCGGTGCTATCCAGGCCCAGCAGAGGGTTCGGAATCGGTTTGCCA
ATTCCTTTAGCTGTTATAGGTCTAGG

GCTGGGCCTGGATAGCACCGGTGGCAAACCGATTCCGAACCCTCTG
CTGGGCCTGGATAGCACCTAAGGGGATCCTCTAGAGTCGAC

GTCGACTCTAGAGGATCCCCTTAGGTGCTATCCAGGCCCAGCAGAG
GGTTCGGAATCGGTTTGCCACCGGTGCTATCCAGGCCCAGC

TAGCACCGGTGGCAAACCGATTCCGAACCCTCTGCTGGGCCTGGAT
AGCACCTCAGAAGAATTAATGTTATGTGAAGTT

AGCGAATTCGAGCTCGGTACCCAGGAGGGCAAATATGGGCAAACCG
ATTCCGAACCCTCTGCTGGGCCTGGATAGCACCGGTGGCAAACCGA
T

ATCGGTTTGCCACCGGTGCTATCCAGGCCCAGCAGAGGGTTCGGAA
TCGGTTTGCCCATATTTGCCCTCCTGGGTACCGAGCTCGAATTCGCT

ACCGGTGCTATCCAGGCCCAGCAGAGGGTTCGGAATCGGTTTGCCA
TACAAATAATCTGCTGTTTCTGG

ATAGCACCGGTGGCAAACCGATTCCGAACCCTCTGCTGGGCCTGGA
TAGCACCTCAGAAGAATTAATGTTATGCGA

Construction of pDolos protein 5 expression vectors

NES492

NES684

NES493

pBAD_ORF5 FWD

pBAD_ORF5
3xFLAG REV

pBAD_ORF5 REV

AATTCGAGCTCGGTACCCATGAGCATGCTAACCATGA

TCGACTCTAGAGGATCCCCCTATTTATCATCATCATCTTTATAATCAA
TATCATGATCTTTATAATCGCCATCATGATCTTTATAATCGAGGCTTG
CAGAGCGATTC

CGACTCTAGAGGATCCCCCTAGAGGCTTGCAGAGCG

Construction of pPBAD based Altl and Alt2 expression vectors

NES514

NES515

NES516

NES517

NES518

NES519

NES520

pBAD_TH1_028
FWD

pBAD_TH1_028
REV
pBAD_TH1_029
FWD
pBAD_TH1_029
REV

TH1-028 E to A
FWD
pBAD_TH1-028 E
to A REV

pBAD_TH1-029 E
to A FWD

AATTCGAGCTCGGTACCCAGGAGGGCAAATATGTCAGAAGAATTAA
TGTTATGTGAAG

CGACTCTAGAGGATCCCCTTAAATTCCTTTAGCTGTTATAGGTC

AATTCGAGCTCGGTACCCAGGAGGGCAAATATGTCAGAAGAATTAA
TGTTATGCG

CGACTCTAGAGGATCCCCTTAATACAAATAATCTGCTGTTTICTG

CAAGATGAATCAGCAATTATTTTACCTAGA

TCTAGGTAAAATAATTGCTGATTCATCTTG

AGCTCAGAACAGGCAGTTATTTTACCTA
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NES521

pBAD_TH1-029 E
to AREV

TAGGTAAAATAACTGCCTGTTCTGAGCT

Construction of pET24c(+) based Altl and Alt2 expression vectors

NES436

NES437

NES440

NES441

pET_T028-His
FWD

pET_T028-His REV

pET_T029-His
FWD

pET_T029-His REV

Thanatos phage engineering

GGTGGTGGTGGTGCTCGATTAATGGTGATGGTGATGGTGAATTCCT
TTAGCTGTTATAGGTCTAG

TTAAGAAGGAGATATACATAATGTCAGAAGAATTAATGTTATGTGAA
G

GGTGGTGGTGGTGCTCGATTAATGGTGATGGTGATGGTGATACAA
ATAATCTGCTGTTTCTGG

AAGAAGGAGATATACATAATGTCAGAAGAATTAATG

NES589

NES519

NES518

NES571

NES572

NES590

NES591

NES575

NES576

NES521

NES520

NES592

pBAD_TH1_28 E
to A1 FWD

TH1-028 Eto A 1
REV

TH1-028 E to A 2
FWD

TH1_28 Tag 2 REV

TH1_28 Tag 3 FWD

pBAD_TH1_28 E
to A3REV

pBAD_TH1_29 E
to A1 FWD

TH1_29 E to A new
1 REV

TH1_29 Tag 2 FWD

TH1-029 Tag 2 REV

TH1-029 Eto A 3
FWD

pBAD_THI1_29 E
to A3 REV

AATTCGAGCTCGGTACCCTTTTTATTAGGTAGAGATGAATTTGC

TCTAGGTAAAATAATTGCTGATTCATCTTG

CAAGATGAATCAGCAATTATTTTACCTAGA

TATCATGATCTTTATAATCGCCATCATGATCTTTATAATCTTAAATTCC
ITTAGCTGTTATAGGTC

ATTATAAAGATCATGATATTGATTATAAAGATGATGATGATAAATAA
ACCGAAAAAGGAGGCTAA

CGACTCTAGAGGATCCCCTTTAGGATGGATGCCTICTG

AATTCGAGCTCGGTACCCTAGATTGCCTCTTTTAGCGA

TAAAGATCATGATATTGATTATAAAGATGATGATGATAAATAAATTA
AGGAGACTTCGGTCTCC

CAATATCATGATCTTTATAATCGCCATCATGATCTTTATAATCTTAATA
CAAATAATCTGCTGTTTICTG

TAGGTAAAATAACTGCCTGTTCTGAGCT

AGCTCAGAACAGGCAGTTATTTTACCTA

CGACTCTAGAGGATCCCCAAAAAGGCTATGGGGTACG
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4.2 Methods

4.2.1 Microbiological methods

Cultivation of Shewanella strains

Shewanella strains were incubated overnight at RT with shaking (120 rpm). Unless otherwise stated,
overnight cultures were diluted (ODg0 0.02) for experiments and then incubated in liquid medium at 30 °C
and 180 rpm until mid-exponential phase was reached. If necessary, the liquid media or the agar plates were
supplemented with antibiotics or other additives (see Table 6). Incubation of §. oneidensis MR-1 strains was
performed in LB medium. Incubation of unspecified Shewanella isolates [264] was always performed in 4M

medium.

Cultivation of E. co/ strains

E. coli strains were incubated in LB medium at 37 °C. Liquid incubation was performed on a shaker at 180
rpm. If necessaty, liquid media or LB agar plates wete supplemented with antibiotics/additives (see Table

6).

Storage of strains

For long-term storage of bacteria, strains were grown to ODeoo 1 and supplemented with DMSO to a final

concentration of 10% (v/v). The strains were then stored at -70°C.

Static biofilm assay

The influence of Dolos and Dolos as well as pDolos on the biofilm formation and mature biofilms of §.

oneidensis MR-1 was investigated by carrying out static biofilm assays.

For this purpose, cultures were diluted to an ODgoo of 0.15 in LB medium. A transparent, flat bottom 96-
well plate (Sarstedt, Germany) was then inoculated with these diluted cultures (200 ul/well) and statically
incubated at 30°C for 24 h. For short-term tests, Dolos or Dolos + pDolos (108 PFU/ml) were added to
the wells 0, 3, 6 and 22 hours after inoculation to investigate the effects of these MGEs on developing S.
oneidensis MR-1 biofilms. For long-term testing, the inoculated 96-well plate was incubated at 30°C for 24 h
without the addition of MGEs. After 24 hours, the mature biofilm was infected (108 PFU/ml) and

incubated for a further 2, 6,9 or 24 h. To test the influence of long-term infected cells (infected 24 h before
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the start of the static assay) on S. oneidensis MR-1 biofilm formation, infected cells were inoculated (200

ul/well) and statically incubated for 24 h.

After the static incubation was completed, the ODgoo was determined to measure bacterial growth. The
surface-associated biomass was then stained with 12 ul of 0.5% (w/v) ctystal violet per well for 10 min at
RT. The supernatant was then removed and the wells were washed with 200 ul ddH>O. Following, 200 pl
96% (v/v) ethanol was added to dissolve the retained crystal violet. Following, the surface-associated
biomass was quantified by measuring the absorbance at 580 nm. The absorbance at 580 nm was then
normalised to the absorbance at 600 nm and the biofilm biomass percentage of infected cultures compared
to untreated cultures (addition of an equal volume of LB medium) was calculated. All experiments were

repeated three times independently.

Cultivation of biofilms grown within flow cells

To analyse S. oneidensis MR-1 biofilms developed under hydrodynamic conditions, biofilms were grown at
RT in LB medium in a three-chamber flow system. The size of each chamber was 1 x 4 x 40 mm. Coverslips
(Carl-Roth, Germany) were used as colonisation surfaces for the bacteria. The coverslips were attached to

the channels with silicone (Aquasil, JBL, Germany).

Pre-infected S. oneidensis MR-1 tn7:::egfp cells (infected 24 h before the start of the static test) were used for
biofilm analysis. The flow chamber system was sterilized and set up as described in [96]. For the
experiments, overnight cultures were diluted in LB medium (ODeoo 0.05) and injected (~500 pl) into the
system. After a short pre-incubation of about 20 min without flow, flow was started (0.75 rpm). The cells
were incubated in these flow cells for 24 h. Biofilms were then observed by confocal microscopy (TCS SP§
microscope (Leica AG, Germany)) and analysed using the software tools Fiji (Image]) and BiofilmQ [129].

The biofilm analyses were performed in triplicates in at least two independent experiments.

Measurement of planktonic growth

To generate growth curves, cell cultures with set ODgoo were inoculated into a transparent, flat bottom 96-
well plate (Sarstedt, Germany). Each well was filled with 200 ul of culture. The plate was following inserted
into a microplate reader (INFINITE M NANO+, Tecan, CH). The ODgwo was then measured every 10
min for at least 10 h. Shaking incubation conditions and 30 °C were used inside the device. Finally, growth
curves were generated with these data points using Microsoft Excel and GraphPad PRISM. All growth

experiments were conducted in biological triplicates.
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Plasmid stability assay

The stability of the plasmid pDolos was analysed by incubating S. oneidensis MR-1 ALambdaSo AMuSo2
cells containing the plasmid pDolos_K over six consecutive regrowth phases (over three days). At mid-
exponential growth during the last regrowth without kanamycin in the medium, cells were diluted and plated
on LB agar plates with or without kanamycin. Colony forming units (cfu) were counted after 48 h of growth.

The experiment was performed in biological triplicates.

Electron microscopy of infected cells

For electron microscopy of infected cells, S. oneidensis MR-1 ALambdaSo AMuSo2 cells at mid-exponential
growth were infected for 2.5 h with Dolos or a mixed virion-containing supernatant (Dolos and pDolos)
ata MOI of 5. Cells were then fixed by addition of glutaraldehyde (final concentration: 1.25% (v/v)). After
15 min incubation, the cells were washed once with LM medium and concentrated by centrifugation at
13,000 rpm (initial volume: 500 ul; final volume: 50 pl). Subsequently, 5 pl of the cell suspension was spotted
onto carbon-coated copper grids (400 square mesh; Plano, Germany). After 5 min of incubation, the grids
were washed twice with ddH>O and negatively stained with the UA zero stain (Plano, Germany) for 45 sec.

The grids were examined using a JEM-1400 electron microscope (JEOL, Japan) at 100 kV.

The microscopy was carried out thanks to the support of Anke Treuner-Lange from the Segaard-Andersen

group at the MPI Marburg,.

MSHA pili staining

For MSHA pili staining, mid-exponential . oneidensis MR-1 ALambdaSo AMuSo2 MshAS®C cells were
harvested by centrifugation of 1 ml at 3,000 X g for 5 min at RT. Following, the pellets were washed with
50 ul 1 x PBS. A total of 1.5 pl of Alexa Fluor™ 488 C5 maleimide dye (Thermo Fisher Scientific, USA) was
added to reach a final concentration of 25 pg/ml. The cells were then incubated in the datk for 15 minutes.
Subsequently, the cells were sedimented by centrifugation at 3,000 X g for 5 min at RT and washed with
500 ul PBS. Washing was repeated and cells finally resuspended in 950 ul LM medium. 3 ul of the stained

culture was spotted onto a 1% (w/v) LM agar pad for microscopy.

Fluotrescence mictroscopy

For microscopic analysis of cells, 3 ul of a mid-exponential cell culture was spotted onto an agarose pad
(1% (w/v) agarose in LM medium) and images were taken using a DMI 6000 B (Leica AG, Germany)
inverted microscope equipped with an sCMOS camera and HCX PL APO 100x/1.4 objective. VisiView
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software (Visitron Systems, Germany) was used for image acquisition. Image processing was performed

using Fiji (Image]).

To verify horizontal gene transfer by fluorescence microscopy, cells transduced with different pDolos
constructs were analysed. For this purpose, mid-exponential S. oneidensis MR-1 ALambdaSo AMuSo2 cells
were infected with a mixed virion-containing supernatant (containing different pDolos variants) at a MOI

of 2. 24 h after infection, regrown mid-exponential infected cells were analysed by microscopy.

4.2.2 Virological methods

Virion isolation of aquatic or freshwater sediment samples

Virions were isolated and enriched from aquatic and freshwater sediment samples by incubation with a
liquid culture of 5. oneidensis MR-1 ALLambdaSo AMuSo2 (1:1). After 24 h of incubation at RT and 120 rpm,
the cells were harvested and the supernatants were filtered using a polyethersulfone (PES) 0.2 pm filter.
The presence of phages in the filtrates was assessed by spot assays (see 4.2.2 (phage spot and plaque assay)).

The supernatants were stored at 4 °C in the phage-collection.

Phage working stock preparation and single plaque incubation

Virion-containing working stocks were prepared by infecting a 10 ml mid-exponential S. oneidensis MR-1
AlLambdaSo AMuSo2 culture with 100 ul phage-containing supernatant (from the phage collection). 24 h
after infection, the cells were harvested and the supernatants were filtered through a PES (0.2 um) filter.

Working stocks were stored at 4 °C.

To generate phage-containing supernatants resulting from a single plaque, a plaque assay was performed
(see 4.2.2 (phage spot and plaque assay)). Using a sterile pipette tip, a single plaque was isolated and
following incubated with a mid-exponential . onezdensis MR-1 ALambdaSo AMuSo2 culture. 24 h after

infection, the cells were harvested and the supernatants were filtered using PES (0.2 um) filter.

Phage spot and plaque assay

Plaque and spot assays were performed to analyse the infectivity of Phages. For both assays, 400 pl of
stationary cell culture was mixed with 7 ml of 47 °C warm soft agar [agar: 0.5% (w/V)], vortexed and poured
onto an agar plate [agat: 1.5% (w/v)] (agat overlay method). For a plaque assay, 100 ul of diluted phage-
containing supernatant was mixed with the soft agar before being poured onto the agar plate. For a spot
assay, phage-containing supernatants were spotted onto a hardened overlay plate. Plaque and spot

formation were assessed after 24 h (Thatatos) or 48 h (Dolos) of incubation.
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Virion temperature and pH stability assay

In order to investigate the pH stress resistance of phage Dolos, 10 ul of a supernatant containing phage
Dolos (10° PFU/ml) were incubated with 90 ul of LB medium that had been adjusted to different pH
values at RT. The phages were incubated in these media of different pH values for 24 h at RT. In order to
test the thermal stability of Dolos, supernatants containing phage Dolos (10° PFU/ml) were incubated for
24 h at different temperatures using a thermal cycler (Mastercycler nexus gradient, Eppendorf, Germany).
The supernatants were then serially diluted with LB medium and 1.5 pl of each dilution was spotted onto
agar overlay plates. Plaque formation was assessed after two days of incubation. pH and temperature

sensitivity were determined in three independent biological replicates.

Dolos adsorption assay

To test the adsorption of Dolos on host cells, mid-exponential 5. oneidensis MR-1 ALambdaSo AMuSo2
cells were infected at a MOI of 0.1. At various times after infection, samples were collected, filtered through
a PES filter (0.2 pm) and a plaque assay was performed to calculate the PFU/ml of these samples. As a
control, phage Dolos was also added to LB medium. The percentage of extracellular phages was estimated

by normalisation to the calculated PFU/ml of the control.

Transduction assay

To determine whether the horizontal transfer of pDolos is predominantly transduction, mid-exponential .
oneidensis MR-1 cultures harbouring pDolos_K were infected with Dolos at a MOI of 0.1. 24 h post
infection, these as well as uninfected cells were diluted to an ODeoo of 0.02 and following incubated to an
ODgoo of 0.2. These eatly-exponential cells were then mixed with eatly-exponential . oneidensis MR-1
Tn7:zeefp (Cm) cells. The dilution factor for the co-incubation was 1:10. The cell mixture was plated on LB
agar plates containing kanamycin, chloramphenicol or both after 24 h of co-incubation. Colony growth was

monitored after 48 h of incubation. Experiment was conducted in biological duplicates.

Virion reproduction assay

To analyse phage reproduction, mid-exponential S. oneidensis MR-1 ALambdaSo AMuSo2 cells were infected
at a MOI of 0.1. At various times after infection, samples were collected, filtered through a PES filter (0.2

um) and subsequently a plaque assay was performed to calculate the PFU/ml of these samples.
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Transfer of pDolos variants into different Shewanella species

For the transfer of different pDolos variants into bacteria, mixed virion-containing supernatants were
prepared by infecting mid-exponential S. oneidensis MR-1 ALambdaSo AMuSo2 cell cultures harbouring
different pDolos variants with a Dolos-containing supernatant (MOI 0.1). 24 h after infection, virion-
containing supernatants were harvested like described in 4.2.2 (Virion stock preparation). These virion-
containing supernatants were then used to transduce the different pDolos variants into several Shewanella
strains. For this purpose, mid-exponential cells were infected with these supernatants at a MOI of 2. 24 h
after addition of the supernatants, cells (ODgoo 1) were plated on kanamycin-containing agar plates.
Depending on the medium used, colony growth was imaged after 24 h (LB medium) or 48 h (4M medium)

of incubation.

4.2.3 Molecular biological methods
Polymerase chain reaction (PCR

PCR was performed either to generate DNA fragments for cloning (Phusion PCR) or to control genotypes
(Taq PCR). The used PCR components and the programs are described in Table 17. For the reaction the

Mastercycler nexus gradient (Eppendorf, Germany) was used.

Table 17: Programmes and components for Taq and Phusion PCR.

Component Taq PCR Phusion PCR
Cycle Temperature Time
ddH>O 19.4 wl 36.65 pl
Taq: 95 °C 5 min )
1 Reaction buffer 2.5l 10 pl
Phusion: 98 °C 30 sec
dNTPS 0.5 ul 1.5l
Tagq: 95 °C 30 sec .
FWD primer (50 um) | 0.3 pl 0.3 ul
Phusion: 98 °C 30 sec .
30 REV primer (50 um) | 0.3 pul 0.3l
56-60 °C 30 sec
Polymerase 1l 0.25 ul
72 °C diverse
Template 1wl 1ul
1 72 °C 10 min
Total volume 25 ul 50 pl

Gel electrophoresis

PCR products were analysed by agarose gel electrophoresis. For this purpose, 2 ul or 10 pl (Phusion or
Taq) of the PCR product was mixed with an appropriate volume of sample buffer and loaded onto a 1%
(w/v) TBE agarose gel containing 0.05 ug/ml ethidium bromide and immersed in 0.5 x TBE buffer. 5 pl
of the GeneRuletrTM 1 kb DNA Ladder (Life Technologies, USA) was loaded onto the gel and used to
determine the size of the PCR products. The gels were run at 140 V for 20 min at RT. At the end of the
run, the DNA products within the agarose gel were detected by using UV light.
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Purification of plasmid, chromosomal and PCR-generated DNA

Plasmid DNA, chromosomal DNA and PCR products were purified using E.Z.N.A Kits (Plasmid DNA
Mini Kit, Bacterial DNA Kit, PCR Cleanup Kit; Omega Bio-tek, USA). Finally, the DNA was eluted in
ddH-O.

The DNA concentration of the eluate was then measured using a spectrophotometer (NanoDrop).

DNA sequencing

DNA sequencing was carried out to check whether the products are free of point mutations. Microsynth
Seglab GmbH (Géttingen, Germany) was used for this purpose. A plasmid concentration of at least 30

ng/ul was required to obtain a sequencing result.

Restriction enzyme digest

Restriction enzyme digestion was used to linearise plasmids for plasmid cloning. Digestion was performed

according to the FastDigest protocol (Thermo Fisher Scientific, USA).

Gibson assembly

The Gibson assembly was used for plasmid cloning [280]. Using this assembly method, DNA inserts were
ligated into a linearised vector. The required amount of DNA inserts was calculated according to the

following formula:

Vector (ng) x Insert (bp)
Vector (bp)

Amount of insert DNA required =

1 pl of linearised vector containing 25 ng/ul DNA was used for Gibson assembly. Calculated insert and
vector volumes were added to 15 pl Gibson Assembly Mix, filled to 20 pl with ddH2O and incubated at
50°C for 1 h.

Transformation

To perform transformation of bacterial cells, 1 pl of plasmid DNA or a complete Gibson assembly mix
containing the ligated plasmid (20 pl) was added to 50 ul of chemically competent E. co/f DH5a Apir, E. coli
BL21, E. c0/i WM30064 or E. /i BTH101 cells and incubated on ice for 20 min. Heat shock was then applied
at 42 °C for 45 seconds, after which 1,000 ul of LB medium was added to the sample. The bacteria were
then regenerated on a thermoblock shaker at 37 °C (30 °C for BTH101) and 600 rpm for 1 h, after which

the bacterial cells were precipitated by centrifugation (9,000 x g for 2 min) and 900 ul of the supernatant
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was discarded. The pellet was then resuspended in the remaining supernatant and plated on an agar plate
containing selective additives. The plates were following incubated for 24 h at 37 °C. The cultured bacterial
colonies were then checked using Taq-PCR (see Table 17) to confirm the presence of ligated plasmids
containing the insert of interest. For this, no DNA template was added to the PCR mixture, but some cell

material was added using a toothpick.

Generation of §. oneidensis MR-1 mutants by conjugation and subsequent homologous recombination

Conjugation was carried out to transfer pNPTS into . oneidensis MR-1. For this, 1 ml of a stationary culture
of E. ¢co/i WM3064 containing the pNPTS plasmid of interest and 1 ml of a stationary culture of S. oneidensis
MR-1 were washed twice with LB medium and centrifuged at 9,000 x g for 2 min. The cells were then
combined in 200 ul and spotted (50 pl spots) onto LB-DAP plates. DAP was required as an essential
additive to ensure the growth of E. cw/i WM3064, as this strain is DAP auxotroph. After an overnight
incubation at 30 °C, the cells were washed from the plate with 2 ml LB + Kan medium. To remove DAP,
the harvested cells were washed twice with 1 ml LB + Kan medium before being resuspended in 1 ml LB
+ Kan medium and diluted 1:10 and 1:50. From these dilutions 100 pl were plated onto individual LB +
Kan agar plates. After these plates were incubated overnight at 30 °C, 25 Kan-resistant colonies were
restreaked individually first onto an LB + Suc plate and then onto an LB + Kan plate using the same
toothpick. These plates were then incubated overnight at 30 °C. Colonies resistant to Kan and sensitive to
Suc were identified. For the loop out, 3 colonies with the above-mentioned characteristics were selected
and co-inoculated into a single flask containing 10 ml of LB medium. The inoculated culture was then
incubated for 3.5 h at 30 °C on a shaker at 180 rpm and then plated onto LB + Suc plates at 1:10 and 1:50
dilutions. Following an overnight incubation at 30 °C, a total of 25 colonies were individually restreaked
first onto an LB + Kan agar plate and then onto an LB + Suc agar plate, followed by another overnight
incubation at 30 °C. A colony PCR using the Taq polymerase was performed on colonies that were both

sensitive to Kan and insensitive to Suc to determine whether the required mutation had been achieved.

Electroporation

pBAD and pDolos plasmids were transferred into . oneidensis MR-1 via electroporation. For this purpose,
1 ml of a S. oneidensis culture (ODgoo 1) was centrifuged for 3 min at 8,000 rpm and following resuspended
in 1 ml of ice-cold sorbitol (1 M). From this step onwards, the cells were always kept on ice. The washing
was repeated and the cells were finally resuspended in 50 ul of sorbitol. Approximately 100 ng of the
plasmid to be transformed was added to the cells. The whole preparation was then transferred to an
electroporation cuvette and electroporation was performed by applying a pulse of 2.5 kV for 4-5 ms. 1 ml
of LB medium was pipetted into the sample before the cells wete allowed to regenerate for 1-2 h at 30 °C.

The preparation was then centrifuged and the bacterial pellet was then resuspended in 100 pl of LB medium.
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Following, the entire volume was plated onto LB plates containing selective additives and incubated at 30

°C for 1-2 days.

Native gel electrophoresis assay

To determine differences in virion size depending on the packaged genome, the native agarose gel
electrophoresis method developed by Bennett ez a/. 2011 [160] was used. For this purpose, a virion-
containing supernatant was incubated with 0.1 mg/ml DNAse I for 15 min at 37 °C to digest the free DNA
of the supernatant. For separation of virion DNA, 10 pl of virion-containing supernatant was incubated
with 2 ul of DNA loading dye (30% glycerol (v/v), 0.25% bromophenol blue dye (w/v) and 0.25% xylene
cyanol FF dye (w/v) in 1x TBE) and a final concentration of 1% (w/v) SDS and following heat-inactivated
at 80 °C for 15 min. To separate virions, 2 pl DNA loading dye was added to the 10 pl supernatant. Samples
were loaded onto a 0.6% (w/v) TBE agarose gel. Virions and DNA were separated by electrophoresis at
2.5 V/cm for 14.5 h. Visualisation of free DNA was achieved by incubating the gel with ethidium bromide
(1 pg/ml) for 15 min. To visualise packaged DNA, the particles were degraded in a 0.2 M NaOH bath for
45 min. The gel was then neutralised in a 0.45 M Tris-HCI (pH 7.2) bath for 15 min. A second ethidium
bromide stain and UV light analysis revealed then the DNA of the virions that had passed through the gel.

Bacterial-adenvlate cvclase two-hvbrid assay (BACTH)

The bacterial adenylate cyclase two-hybrid (BACTH) assay was used in this study to determine a protein
interaction between Dolos plll and the . oneidensis MR-1 protein MshA. Plasmids containing the proteins
of interest genetically fused to either the N- or C-terminus of the T18 or T25 fragment of the adenylate
cyclase catalytic domain were used to test various protein interaction constellations. For the assay, 1 ul T18
and T25 fragment containing plasmids were co-transformed into 20 pl of E. /i BTH101. After
regeneration at 30 °C for 1 h, the total transformation reaction mixture was transferred to 5 ml of LB
medium containing Kan and Amp. The subsequent incubation step was performed overnight at 30 °C.
After incubation, 10 ul of each co-transformation culture was dropped onto an LB agar plate containing
Kan, Amp, IPTG and X-gal and incubated for 24 h at 30 °C. Following, the plates were checked for the

interaction phenotype of each colony drop (blue colour) and scanned.
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Cloning of pDolos plasmid variants

For the creation of pDolos variants, the plasmid was linearised by PCR by generating forward and reverse
primers adjacent to each other at the same position in the plasmid. The PCR was conducted with the
Phusion Polymerase (Thermo Fisher Scientific, USA). Constructs of pDolos were made using the Gibson
assembly method (see 4.2.3 (Gibson assembly)). The resulting constructs were purified by using the
E.ZN.A. DNA Probe Purification Kit (Omega Bio-tek, USA) and then electroporated into S. oneidensis MR-1

strains (see 4.2.3 (Electroporation)).

Thanatos phage engineering

A method based on Shitrit ez /. 2022 [155] was used to generate recombinant Thanatos phages. For this
purpose, cloning vectors (pBAD33 based) containing a short Tag (~70 bp) and 2 x 500 bp homologue
overhangs upstream and downstream of the Tag were generated by the Gibson assembly method (see 4.2.3
(Gibson assembly)). In one of these homologous overhangs, point mutations were present that led to
Alt1E521A or Alt2B51A, After vector generation, mid-exponential S. onezdensis MR-1 ALambdaSo AMuSo2 cells
carrying such a phage engineering vector were infected with Thanatos at a MOI of 0.01. 24 h after infection,
the supernatant was filtered through a 0.2 um PES filter. Phusion PCR was then performed to verify the
presence of recombinant phages in the supernatant. One of the primers used for the PCR annealed within
the inserted Tag and the other primer annealed outside of the 500 bp overhang region. This step was
followed by an enrichment step in which mid-exponential S. oneidensis MR-1 ALambdaSo AMuSo2 cells were
divided into 4 x 96-well plates (200 pl per well) and infected with 10 phages per well. After 24 h of infection,
each well was screened for recombinant phages by PCR. Supernatants from wells containing recombinant
phages were collected and plaque assays were performed (see 4.2.2 (Plaque assay)). Subsequently, 50 plaques
were isolated and incubated with S. oneidensis MR-1 ALambdaSo AMuSo2 for 24 h. These 50 cultures were
then screened by PCR for the presence of single plaque-purified recombinant phages. Finally, positive PCR
products were sequenced to ensure the presence of the point mutations and the filtered supernatants

containing single plaque-purified recombinant phages were stored at 4°C.

Density centrifugation, staining and electron microscopy of virions

The density centrifugation, staining and electron microscopy of phage Dolos was kindly conducted by Clara

Rolland, Mathias Miisken and Johannes Wittmann (Leibniz Institute DSMZ, Braunschweig, Germany).

For virion entichment and purification, 300 ml of a Dolos-containing supernatant (~10'* PFU/ml) was
centrifuged for 2 h at 16,000 rpm (Sorvall RC6Plus, F21S 8 X 50Y) to concentrate the phages. Phages were
following resuspended in 4 ml LB medium and purified by ultracentrifugation in a discontinuous CsCl

gradient (0.5 mL CsCl solution with densities 1.6, 1.5, 1.4 and 1.3) for 2 h at 4°C and 35,000 rpm (SW 60
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Tirotor). The phage bands were then isolated and dialysed against SM buffer (100 mM NaCl, 8 mM MgSO,
and 50 mM Tris-HCL (pH 7.5).

For TEM analysis, the phages were prepared as described previously [281]. For this, phages were allowed
to adsorb onto thin carbon support films. Negative staining was then performed with 2% (w/v) aqueous
uranyl acetate, pH 5.0. Samples were examined in a Zeiss EM 910 or Zeiss Libral20 Plus transmission
electron microscope (Cartl Zeiss, Germany) at an acceleration voltage of 80 kV/120 kV at calibrated
magnifications using a crossed line grid replica. ITEM software (Olympus Soft Imaging Solutions,

Germany) was used for size determination.

Virion enrichment by PEG precipitation and virion DNA isolation

Virion enrichment and DNA isolation were essentially performed using a variation of an established
protocol (Phage DNA Extraction - Traditional. Texas A&M University, College Station, TX 77843 Rev.
21.9.2018). To enrich the virions, PEG precipitation was performed. For this, 10 ml of a virion-containing
supernatant was incubated overnight at 4°C with 5 ml of 30% (w/v) PEG 8000 in 3M NaCl. Following,
the samples were centrifuged at 10,000 x g for 90 min to precipitate the virions. The sediments were

resuspended in 5 mM MgSOy for DNA extraction or in LB medium for a simple enrichment of the virions.

For virion DNA extraction, free DNA and RNA in the samples were first digested with DNAse I and
RNase A (final concentration: 0.1 mg/ml) for 1 h at 37 °C. A final concentration of 20 mM EDTA was
then added for DN Ase inactivation. For the subsequent digestion of the virions, the samples were incubated
for 1 h at 60 °C with a final concentration of 20 pg of Proteinase K and 10% (w/v) SDS. A phenol-
chloroform extraction was following performed to isolate the DNA encapsulated in virions. For this, an
equal volume of phenol:chloroform (1:1) was added and the samples were inverted several times. The water
phase containing the DNA was separated after centrifugation at 6,000 x g for 5 min and the phenol-
chloroform step was repeated with the separated water phase. An equal volume of chloroform was then
added to the samples, which were gently mixed by inversion. Following, the water phases were again
separated by pipetting after centrifugation. DNA precipitation was petformed by adding 1/10 volume of
3M sodium acetate (pH 7.5) and 2.5 volumes of 96% (v/v) ice cold ethanol. After storing overnight at -
20°C, the DNA was precipitated by centrifuging at 10,000 x g for 30 min. The DNA pellets were then
washed twice by half filling the tubes with 70% (v/v) ethanol followed by centrifugation at 10,000 x g for
3 minutes. The tubes were then opened to disperse the final amount of ethanol and the DNA was dissolved

in 50 pl of water and stored at 4°C.

92



Materials and methods

aPCR

qPCR was performed to determine the amount of pDolos in comparison to the amount of Dolos. In
biological triplicates, virion DNA was isolated (see 4.2.3 (virion DNA isolation)) from Dolos-containing
supernatants and from Dolos- and pDolos-containing supernatants. Chromosomal DNA from cells at
different stages of infection was also isolated. For this, §. oneidensis MR-1 ALambdaSo AMuSo2 cells were
infected during mid-exponential growth phase at a MOI of 0.1 with Dolos or with a mixed supernatant
containing Dolos and pDolos. DNA from biological triplicates was isolated at 2 h, 4 h, 6 h, 8 h and 24 h
post-infection. For DNA isolation of infected cells, the protocol of the E.Z.N.A Bacterial DNA Kit
(Omega Bio-tek, USA) up to the column step was then performed, followed by phenol-chloroform DNA
extraction. qPCR was performed using PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific,
USA), the gPCR cycler QuantStudio3 (Thermo Fisher Scientific, USA) and the Design & Analysis software
(QuantStudioTM). In order to determine the reproduction rates of Dolos and pDolos, the ACt values of
Dolos and pDolos were calculated by subtracting the Ct values of the host genome from the Ct values of
Dolos and pDolos. The temporal reproduction rate was determined by normalising these values using the

formula 2-ACt [126], followed by a calculation of the ratio between different time points.

Genome sequencing, assembly and annotation of a mixed virion-containing supernatant

Dolos and pDolos genome sequencing, assembly and annotation was kindly conducted by David Brandt

and J6rn Kalinowski (CeBiTec, Bielefeld University, Germany).

The extracted virion DNA was sequenced using Illumina (San Diego, USA) and Oxford Nanopore
(Oxtord, UK) technology. For Oxford Nanopore sequencing, the Rapid Barcoding Kit (SQK-RBK004)
and an R9.4.1 flow cell were used. Sequencing was performed on a GridlON machine. A MiSeq machine
was used to prepare Illumina libraries using the NanoL'T workflow. After sequencing, hybrid genome
assembly was performed using Unicycler v0.4.6 [282]. The assembled contigs were annotated using prokka
v1.14.5 [111], supplemented with HMMs from the PHROG database and refined using AlphaFold structure
predictions [131, 283, 284]. Unless otherwise stated, tools were used with default settings. Annotated

genome sequences were made available on Genbank.
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4.2.4 Biochemical methods
SDS-PAGE

Protein samples were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) as described by Laemmli [285]. Protein samples were obtained from exponentially growing cultures
unless otherwise stated. Cells were sedimented by centrifugation so that the resuspension of the cell pellet
in 2x SDS sample buffer would reach an ODgoo of 10. The cells were then boiled for 5 minutes and stored
at -20°C. Frozen samples were boiled again for 5 minutes before loading onto an SDS gel consisting of a
5% stacking gel and an 12.5% resolving gel (see Table 18). 5 ul of a molecular weight marker was loaded
as a standard (BLUeye Prestained Protein Ladder (GeneDireX Inc., USA)). Electrophoresis was performed
in a Tris/glycine-based buffer system at 80 V. The protein bands were then visualised by Coomassie staining
overnight at RT and a subsequent incubation in fixative solution for 6 hours. Another SDS-PAGE was

used for Western Blot analysis (see next section).

Table 18: SDS-PAA gel recipe (for two gels).

12.5% SDS-PAGE 12.5% resolving gel 5 % stacking gel
ddH>O 3.2ml 2.8 ml
30% Acrylamide 42 ml 825 ul
4x upper buffer - 1.25 ml
4x lower buffer 2.5ml -
10% APS 80 ul 50 ul
TEMED 6wl 3.75 ul

Western Blot

Following SDS-PAGE Western Blot was conducted to detect proteins of interests or ADP-ribosylated
proteins. For Western Blot, a semi-dry system (Electroblotter TE 77 ECL Semi Dry (Amersham
Biosciences, Germany)) was used. Prior to the assembly, the PVDF membranes were first activated in 100%
methanol for 20 s, washed in ddH2O for 2 min and equilibrated in Western transfer buffer for 5 min.
According to the manufacturer's instructions, the activated PVDF membrane and the SDS gel were
sandwiched between blotting paper (2x 3 blotting paper) soaked in 1 x Western transfer buffer. Proteins
wete blotted onto the PVDF membrane by applying an electric field of 2 mA/cm? for 45 min. The
membrane was then blocked in 5% (w/v) milk powder dissolved in PBS-T for 1 h at RT. Subsequently,
primary antibody was added to the blocking solution and incubated over night at 4 °C. After antibody
incubation the membrane was washed three times with PBS-T for 10 min each time. If a secondary antibody

was needed, it was dissolved in 2.5% (w/v) milk powder solution. The washed membrane incubated with
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the secondary antibody for 1 h at RT. Afterwards, the membrane was washed again as described before and
depending on the conjugate, Western Lightning® Plus-ECL (PerkinElmer, USA) for HRP conjugates or
CDP-Star (Sigma-Aldrich, Germany) for AP conjugates was used for visualisation. Chemiluminescent

signals were then visualised by the Intas Photo imager (INTAS science imaging, Germany).

Co-Immunoprecipitation and LLC-MS analysis

Co-IP was carried out in cooperation with Prof. Dr. Lienhard Schmitz (JLU Giessen) and the subsequent

LC-MS analysis was kindly performed by Aleksandra Bogucka (Lochnit group, JLU Giessen).

To analyse protein interaction partners of Altl and Alt2, S. oneidensis MR-1 cells harbouring plasmid
pBAD_V5_Altl or pPBAD_V5_Alt2 were used. At mid-exponential phase, 0.2% L-arabinose was added to
the cultures and 2 h after induction, 20 ml of each culture was harvested and the pellets were dissolved in
5 ml of ice-cold lysis buffer (50 mM Tris-HCI (pH 7.4), 400 mM NaCl, 50 mM KCl, 5 mM MgCl2, 0.3 mg/1
DNase, 20 mM AEBSF, 4 mM benzamidine). Cells were disrupted using a French pressure cell (2 cycles at
1000 psi) and the resulting lysates were cleared by centrifugation at 13,000 x g for 20 min at 4 °C. Protein
concentrations were adjusted and 1 pg anti-V5 AB (Thermo Fisher Scientific, USA) or anti-mouse AB
(Sigma-Aldrich, Germany) was added to the samples (10 mg of protein (dissolved in 1.7 ml)). Samples were
incubated for 3 h at 4°C with gentle shaking. 25 ul protein A/G agarose beads (Sigma-Aldrich, Germany)
were then added and the samples were again incubated (3 h, 4 °C, gentle shaking). After incubation, the
beads were washed 3 times with lysis buffer and 3 times with PBS (13,000 x g, 1 min). Finally, proteins were

eluted in lysis buffer after incubation of the beads for 10 min at 70 °C.

For LC-MS analysis the samples were digested with trypsin using the Filter-Aided Sample Preparation
(FASP) protocol [286]. All MS measurements were performed on the Orbitrap Eclipse Tribrid mass
spectrometer coupled to the UltiMate 3000 RSLCnano system via the Advion source. Samples were
dissolved in 0.1% Trifluoroacetic acid and the peptide concentration was measured using a
spectrophotometer. 500 ng of the sample was injected onto the pPAC trapping precolumn washed with
loading buffer (0.05% Trifluoroacetic acid, 1% acetonitrile) at a flow rate of 5 ul/min. The peptides were
separated on a pPAC HPLC column (C18, 315um, 50 cm) with a gradient of 0 to 55% buffer 2 (buffer 1:
0.1% formic acid; buffer 2: 80% acetonitrile, 0.1% formic acid). Spectra were acquired in positive mode
using a data independent acquisition (DIA) method with a cycle time of 3 sec. The MS1 survey scan was
petformed in the range of 375-1500 m/z with the following settings: Automatic Gain Control (AGC) target
of 400,000, 30% RF lens, Orbitrap resolution of 60,000 and a maximum injection time of 50 ms. MS2 was
acquired in 40 ovetlapping acquisition windows of 15 m/z in the range of 375 to 975 m/z with the following
settings: AGC target of 1000000, Orbitrap resolution of 30,000, 30% HCD collision energy, and 54 ms

maximum injection time.
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The raw files were processed using DIA-NN 1.8 software in a library-free mode using a FASTA file
containing the S. oneidensis MR-1 reference proteome (UP000008186), including the sequences of the V5-
tagged bait proteins: TH1_028 (Altl) and TH1_029 (Alt2). Digestion was set to trypsin/P with 2 possible
missed cleavages, methionine oxidation and N-terminal acetylation as variable modifications and cysteine
carbamidomethylation as fixed modification. The precursor FDR was set to 1%. The resulting report file
was further analysed using the autonomics package in RStudio. Experimental conditions were compared

using a limma t-test and a p-value of 0.05 was used as the threshold for statistical significance.

Phage particle proteomics

Sucrose gradient purification was carried out in collaboration with Nadiia Pozhydaieva and Dr. Katharina

Hoéfer from the MPI Marburg. LC-MS analysis was kindly conducted by Dr. Timo Glatter (MPI Marburg).

For Thanatos particle proteomics, the virions were first purified by sucrose gradient. For this, Thanatos
lysate (100 PFU/ml) was treated with 20 U DNase I (Thermo Fisher Scientific, USA) and 2 ul. RNase
A/T1 mix (4 ug RNase A, 10 U RNase T1, Thermo Fisher Scientific, USA) at 37 °C for 30 min to remove
free nucleic acids. The phage was then purified in a 0-45% sucrose gradient (based on TM buffer (50 mM
Tris-HCI, 10 mM MgCI2, pH 7.5)). For sucrose gradient purification, 500 puL. of phage solution was added
to the gradient and centrifuged at 70,000 x g for 20 minutes at 4°C. Following, the phage fraction was
removed with a blunt cannula and transferred to a new centrifuge tube. Subsequently, 30 ml of ice-cold TM
buffer was added and the phages were pelleted at 100,000 x g for 1 h at 4 °C. Pellets were finally resuspended
in 500 uL. TM buffer.

For particle proteomics (LC-MS analysis) an on-bead digestion [287] was performed and the dried peptides
were reconstituted in 0.1% Trifluoroacetic acid. Following, a liquid-chromatography-mass spectrometry
analysis was conducted on an Exploris 480 instrument connected to an Ultimate 3000 RSLC nano and a
nanospray flex ion source (all instruments: Thermo Fisher Scientific, USA). Peptide separation was carried
out on a reverse-phase HPLC column (75 um x 42 cm) packed in-house with C18 resin (2.4 um; Dr Maisch).
For separation, the following gradient was used: 98% solvent A (0.15% formic acid) and 5% solvent B
(99.85% acetonitrile, 0.15% formic acid). The flow was conducted over 45 min (flow rate: 300 nl/min). The
data acquisition mode was set to generate a high-resolution MS scan at 60,000 full width at half maximum
(at m/z 200). This was followed by MS/MS scans of the most intense ions within 1 s (cycle 1s). The charged
state screening mode was enabled to exclude unassigned and single charged ions to increase the efficiency
of MS/MS experiments. The dynamic exclusion duration was set to 14 sec. Ion accumulation time was set
to 50ms (MS) and 50ms at 17,500 resolution (MS/MS). AGC was set to 3x106 for MS and 2x105 for
MS/MS. For spectral based evaluation, MS raw files were searched using MSFragger embedded in Scaffold
4 (Proteome Software) with 20 ppm peptide and fragment tolerance with carbamidomethylation (C) as

tixed and oxidation (M) as varying modification using a uniprot protein database.
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Affinity chromatography and size exclusion chromatography

Affinity and size exclusion chromatography of Altl and Alt2 was conducted with the kind support of Svenja
Thoénebdhn (Thormann lab, JLU Giessen).

E. coli BL-21 cells containing the pET24c¢ plasmid encoding the gene of interest were used. 11 of BL-21
culture was incubated at 37°C with gentle shaking until an ODeoo of 0.5 was reached. The culture was then
cooled in an ice bath for 10 min before protein expression was induced by the addition of 1 mM IPTG.
Protein expression was continued for 24 h at 16 °C with gentle shaking before the cells were harvested by
centrifugation at 5,000 rpm for 10 min. The resulting cell pellet was frozen in liquid nitrogen and stored at

-20°C until use.

The pellet was resuspended in lysis buffer (see 4.1 Materials) and lysed by sonication (Sono plus, Bandelin)
through at least 3 cycles for 45 sec. The sample was centrifuged at 20,000 rpm for 20 min to remove cell
debris and unlysed cells. The supernatant was then extracted and clarified by filtration through a 0.4 pm
syringe filter. An affinity chromatography column was then attached to the AKTA PURE 25 system (Cytiva,
USA) and a 150 ml Superloop (Cytiva, USA) was added. The sample was injected into the Superloop using
an external peristaltic pump and the run was started. The programme started with washing the column with
5 column volumes (CV) of water (5 ml/min), followed by equilibration with 5 CV of buffer A (see 4.1
Materials). To ensure binding of the protein of interest to the NiNTA column (HisTrapHP 5 ml, GE
Healthcare), the sample was applied at a slower rate (1 ml/min). At the end of this step, unspecific proteins
are removed by washing at 10 CV with 5 ml/min lysis buffer supplemented with 10% buffer B (see 4.1
Materials). Proteins were eluted with 3 CV of a linear gradient from lysis buffer with 10%buffer B to 100%
buffer B (3 ml/min). This step was followed by 3 CV of 100% Buffer B to ensure removal of the proteins.
Proteins were following stored at — 70 °C. The column was then washed with 5 CV of water (5 ml/min)
and 5 CV of 20% ethanol (5 ml/min). For the following SEC, Superdex200 PG column (GE Healthcare)
was used. SEC run began with injection of the proteins onto the column, followed by isocratic elution for
1 CV (GeFi buffer (see 4.1 Materials)). Following use, the column was washed with 1.5 CV of water at

maximum flow rate and 2 CV of 20% ethanol. Proteins were stored at — 70 °C.
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Data processing and statistics were carried out using Microsoft Excel and GraphPad PRISM. Diagrams
were created with GraphPad PRISM. Affinity Designer was used to compile figures, while schematic

diagrams were created using Biorender (biorender.com).
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5. Appendix

Supplementary Table 1: Protein analysis of the predicted Dolos ORFs using AlphaFold [131] (Benchling
version (2023.4.MB.1)), Foldseek (web search version) [132], Protein BLAST (standard web version) [112]
and InterPro (version: 96.0) [118]. The primary UniProt [140] access number of the Foldseek hits is shown in
brackets. aa: amino acids, TM: transmembrane domain, S: signalling domain.

Phage Dolos
v
gVII/ gVIII ORF ORF ORF ORF
oIX 8 9 10 11
ORF Foldseek Protein
] o ]
No. Protein structure (AlphaFold *) aa analysis BLAST InterPro  Assignment
1 714 Replication - pll
protein
2 ~ 104 - - pV
3 76 - ™ pVII / pIX
4 67 Coat %rotem ™ pVIII
5 é s 468 Attachment = plII
w g protein
Lo
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T Foldseek Protein
. . .
No. Protein structure (AlphaFold *)  aa analysis BLAST InterPro  Assignment
6 115 op6 IS .
: Zot
7 442 Zot protein domain pl
Protein of .
8 61 unknown Hypf;ieiscal ] _
function p
Potential
antitoxin
’ 7 (MazE NikA _ ]
family)
[POCL61]
Protein of )
10 109 unknown ) ] cr(:] N ]
function oma
Protein of .
! unknown HYPOthéncal ) _
function protein

* model confidence: dark blue: very high (pLDDT > 90), blue: confident (< 90 pLDDT > 70), yellow: low (< 70

pLDDT > 50), orange: very low (pLDDT < 50)
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Supplementary Figure 1: The isolation of individual plaques from a supernatant containing mixed virions
leads exclusively to the separation of the phage Dolos, not the satellite plasmid pDolos. A gel electrophoresis
of PCRs of individual plaques from a supernatant containing mixed virions (Dolos and pDolos virions) is shown. SN
cont: mixed virion-containing supernatant, DNA cont: Isolated virion DNA of a mixed-virion containing supernatant.
Numbers 1 to 6: 6 different single plaques.
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Supplementary Table 2: Host range of phage Dolos. Listed are strains that have been tested for phage infection.

The strains that can be infected by phage Dolos are listed on the right. The host range was determined by a spot assay.
V. cholerae E1 Tor N16961 was kindly tested by Susanne Brenziger (Brochado group, Universitit Wiirzburg).

Not infected by Dolos

Infected by Dolos

. oneidensis Isolate S17
. oneidensis Isolate S52
. oneidensis Isolate S54
. oneidensis Isolate S62
. oneidensis Isolate S63
. oneidensis Isolate S66
. oneidensis Isolate S69
. oneidensis Isolate S74
. baltica OS195

. baltica Isolate S7

. baltica Isolate S37

. baltica Tsolate S38

S. baltica Tsolate S50

S S S S S S N S S S S S

S. amazonensis SB2B

S. seohaensis Isolate S8
S. seohaensis Isolate S10
S. seohaensis Isolate S11
S. seohaensis Isolate S31
S. seohaensis Isolate S32
8. putrefaciens CN-32

S. putrefaciens CN-32 ACas1_2
S. putrefaciens W3-18-1
S. sp. ANA-3

S. sp. MR-4

S. sp. MR-7

E. coli MG1655
P. putida K12440
V. cholerae E1 Tor N16961

S. oneidensis MR-1

S. oneidensis MR-1 AASo AMuSoll

S. baltica Isolate S4
S. baltica Isolate S44
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Supplementary Figure 2: The middle and small particle fractions shown in Figure 20 contain exclusive
pDolos. Separated virion fractions from a supernatant containing mixed virions were tested for their packaged
genomes by PCR. Shown is a gel electrophoresis of these PCRs. The white arrow indicates a weak DNA band. SN
cont: mixed virion-containing supernatant.

Supplementary Figure 3: Protein complex modelling of pDolos protein 4 and 5 by AlphaFold. Green: protein
4, blue: protein 5. pLDDT score (protein structure confidence score (scale: 0 to 100)): 64.2, pTM score (a model
confidence score (scale: 0 to 1)): 0.45.

O
&
o
o/
5 &
4 Q
(kDa] ' e Supplementary Figure 4: Expression control of pDolos protein 5. Mid-
— exponential S. onmeidensis ALLambdaSo AMuSo2 cells containing pBAD expression
vector systems were induced with 0.2 % L-Ara. 1 h after induction cells were sampled
for Western Blot analysis. Upper panel: Western Blot using the anti-FLAG antibody,
~14.5¢+ “ lower panel: Coomassie stain of total proteins. prot: protein
B ¥ —1
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Supplementary Table 3: Thanatos phage particle proteomics. Listed are all 72 phage protein hits of an LC-MS
proteomics analysis of sucrose gradient purified Thanatos phage particles. TH1_028 (Altl) and TH1_029 (Alt2) are
highlighted in bold. LFQ: label free quantification.

Number Protein ID Protein name LFQ
1 TH1_010 Major capsid protein 1561
2 TH1_029 (Alt2) RNA polymerase-ADP-ribosyltransferase 413
3 TH1_003 Tail sheath protein 318
4 TH1_011 Capsid vertex protein 258
5 TH1_058 Lipoprotein 167
6 TH1_204 Straight tail fiber protein 128
7 TH1_032 Tail fiber protein 121
8 TH1_005 Portal protein 107
9 TH1_028 (Altl) RNA polymerase-ADP-ribosyltransferase 103
10 TH1_205 Neck whiskers protein 95
11 TH1_004 Tail tube protein 90
12 TH1_170 Tail fibers protein 74
13 TH1_198 Baseplate wedge initiator 57
14 TH1_202 Baseplate wedge protein gp10 54
15 TH1_201 Baseplate wedge tail fiber connector 49
16 TH1_044 Transthyretin-like family protein 49

17 TH1_025 Tail tape measure protein 48
18 TH1_196 Baseplate wedge protein gp6 42
19 TH1_199 Baseplate wedge subunit 42
20 TH1_171 Tail connector protein 34
21 TH1_124 VWFA domain-containing protein 33
22 TH1_203 Baseplate wedge subunit 25
23 TH1_013 Head decoration protein 23
24 TH1_008 Prohead assembly (Scaffolding) protein 21
25 TH1 183 YugN-like family protein 21
26 TH1_057 Phage protein 20
27 TH1_026 Baseplate tail tube cap 19
28 TH1_206 Head completion, neck hetero-dimeric protein 19
29 TH1 186 Phage protein 19
30 TH1_027 Baseplate tail tube initiator 18
31 TH1_023 Baseplate hub subunit 16
32 TH1_059 Superinfection immunity protein 14
33 TH1_031 Tail connector protein 14
34 TH1_193 Lysozyme 12
35 TH1_189 Tail completion protein 11
36 TH1_046 Nucleoid disruption protein 10
37 TH1_037 Single-stranded DNA-binding protein 10
38 TH1_208 Tail completion protein 9

39 TH1_043 Valyl-tRNA synthetase modifier 9

40 TH1_075 dCTP pyrophosphatase 9

41 TH1_169 Holin 8

42 TH1_185 LytR_cpsA_psr domain-containing protein 7

43 TH1_207 Head completion, neck hetero-dimeric protein 7
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Number Protein ID Protein name LFQ
44 TH1_190 DNA end protector protein 6
45 TH1_051 Sliding clamp 6
46 TH1_103 Thymidylate synthase 6
47 TH1_192 Baseplate wedge subunit 6
48 TH1_146 Transposase 6
49 TH1_067 Recombination protein 5
50 TH1_009 Prohead assembly (Scaffolding) protein 5
51 TH1_085 Toxic anion resistance protein 5
52 TH1_145 TIR domain-containing protein 5
53 TH1_056 DNA-directed DNA polymerase 4
54 TH1_062 Deoxycytidylate 5-hydroxymethyltransferase 4
55 TH1_020 Baseplate wedge subunit / tail lysozyme 4
56 TH1_091 Anti-sigma facto 4
57 TH1_106 Ribonucleoside-diphosphate reductase 4
58 TH1_151 DUTF4304 domain-containing protein 3
59 TH1_039 Lysozyme 3
60 TH1_065 Peptidase 3
61 TH1_105 Uncharacterised protein 3
62 TH1_187 Histone-like nucleoid-structuring protein 3
63 TH1_015 RNase_PH_C domain-containing protein 3
64 TH1_050 Uncharacterised protein 3
65 TH1_104 Ribonucleoside-diphosphate reductase 2
66 TH1_042 SLT domain-containing protein 2
67 TH1 162 HEPN domain-containing protein 2
68 TH1 143 AbiTii domain-containing protein 2
69 TH1_049 Recombination-related endonuclease 2
70 TH1_197 UDP-3-O-[3-hydroxymyristoyl] glucosamine N- 2

acyltransferase
71 TH1_070 Recombination protein 2
72 TH1_097 Ovule protein 2
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Supplementary Figure 5: Shown are the recordings of the affinity chromatography and the size
exclusion chromatography of the Altl_His purification. Akta pure system (Cytiva, USA) was used.
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Alt2_His

5ml column gradient 600mM Nicole first try TH29-6x-His Tris HIGH SALT 001
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Supplementary Figure 6: Shown are the recordings of the affinity chromatography and the size
exclusion chromatography of the Alt2_His purification. Akta pure system (Cytiva, USA) was used.
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Supplementary Figure 7: Altl and Alt2 protein detection after cells
were disrupted by a French pressure cell. Mid-exponential . oneidensis
AlLambdaSo AMuSo2 cells containing pPBAD expression vector systems
were induced with 0.2 % L-Ara. 2 h after induction cells were diluted in
lysis buffer and disrupted by a French pressure cell. The collected
supernatant was used for Western Blot analysis. Upper panel: Western
Blot using the anti-V5 antibody, lower panel: Coomassie stain of total
proteins.
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6. Abbreviations

A alanine

aa amino acids

AB antibody

AP alkaline phosphatase

Amp Ampicillin

Ara arabinose

ARTSs ADP-ribosyltransferases
a.u. arbitrary units

BACTH bacterial adenylate cyclase two-hybrid system
C cysteine

cfu colony forming units

Cm Chloramphenicol

Ct Cycle threshold

DAP 2,6-diaminopimelinic acid
ddH2O double distilled water
DMSO dimethyl sulfoxide

DNA desoxyribonucleic acid

E glutamic acid

E. coli Escherichia coli

EDTA ethylenediaminetetraacetate
et al. lat.: et alii (and others)

EM electron microscopy

EPS extracellular polymeric substances
EtBr ethidium bromide
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FWD

HAFs

HRP

IF

M

IPTG

K

Kan

KI

KO

LB

LC

LPS

MCS

MGE

ml

MOI

MPI

MS

NEB

OD

OM

ori

ORF

PAA

forward

host acquisition factors
horseradish peroxidase
infectious form

inner membrane

isopropyl-B-D-1-thiogalactopyranoside

lysine

Kanamycin

knock in

knock out

leucine

lysogeny broth

liquid chromatography
lipopolysaccharides
multiple cloning site
mobile genetic element
millilitre

multiplicity of infection
Max-Planck-Institute
mass spectrometry
New England Biolabs
optical density

outer membrane

origin of replication
open reading frame

polyacrylamide

Abbreviations
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PCR
P. putida
PFU

Primer

REV
RF

RT

Suc

SDS

SP

Taq
TEM
TEMED

TMD

v/v
w/v
wt
X-Gal

AA

111

polymerase chain reaction
Psendomonas putida

plaque forming units

starter oligonucleotide
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